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Preface

. . " " kin
The amateur telescope making pursuit began with the v::_trp ;::_ of E.ﬁW _un
E S .
i i -mi 1 people to whom it ap-
5 i 'xt to no time the nimble-minded
telescopes, but in next copl ) Wwhom [t up-
mimmﬁémﬂm running all over the field of precision optics in m»m.Z:ﬁA f e
i 1 AT . n A -
b m‘,::-:m:? they could build, while some delved into physical c_;_m,n o~ :ﬁ -
n ) ° i H 5 . v twee
“,.E:a its theory, and all to some cxtent did both, The old Qm:..:.. ,_.:m: ./mw::ﬁ.
mateur and _,w:r;ﬁc::_ optics receded, became blurred, oﬂ S_::.m :w.. .: e
wn . " i e -olume, which is for a
arcation be found in the present volume,
can that demarcation ¢ . h or Al who
.Zu 5%%3?& in optics, though essentially for amateurs. UE:M _.R its ::. om
e : i > é as ¢ ateurs and have remain
Gy S are fessionals who began as amate
are amateurs, some are pro " > ¢ e
mm_ ﬁ.rla spirit of enthusiasm, and a few are professionals who never v
S0 S i are
v sless have fun with optics. )
amateurs but nevertheles h A -
~ Some of the chapters deseribe projects and procedures, o?a?ﬁﬂé”: 3,
) ¢ té C ers
»thers tests, others professional methods adaptable to LELQM:M._;P sti A
the destgn sion: thods including ray trac
i sles > lenses by professional me 3 L
the design of telescope et o uy tracing
m i i / av not to “keep ’em mj
i y SYmpad ¢ writers who have striven
ade lucid by sympatheti ) : . -
mmﬁ » There are chapters on the selection of lenses, v_mﬁmvﬁmzm M:Swmcm s
. h : . cti lens systems for the sar
ice aphy, and on the construction of
tronomical photography, T . s syste he sume
purpose. Others are on the construction of %m;qomﬂ.vrf a mt_rmﬂﬂmgq W.Ow
e ctri raris ¢ vork, a monochro
i stric photometer for variable star work,
yrecise photoelectric p . ’ . chromator for
M ~._ AT o_v_ﬁﬁ. ration, and on the mechanical understanding, complete o;:::c?_.m
e , n e ai esi onsidera-
i.m:;?. adjustment of binoculars. A chapter wxvr.::m the mwmﬁ_: nlmn._zc:ﬁ
.:V:; for 34.2;2.%, describes 91 eyepiece types and _Mnh:mnm M e vTM::QA.m .:._,w
. ' & i rrstandi iffraction. E
: repiece r is on the understanding o ¢
for 39 eyepieces. Anothe ! r : . «m cti Others ar
on the _lecé lens, optical flat making, Schmidt MMBQM 5.;5“._%@%._? ooﬂyzzm
: 5 i a small professional scale, coa
ary ci a lenses, lens production on a sm . :
elementary camera lense 'Y ) il . s qw_nm;
; inizi uilding and using 1
¢ : ng of telescope mirrors,
of lenses and aluminizi 1 . nd s an optical
i 5 g asives, a null test and ¢
i ne scratchless optical abrasives, 4 !
testing bench, preparing tsive e
i ¢ ¢ edure for designing a Maksu
i st for mirrors, and a procec H chel
D i i i intime biography of each contributor,
i ration is a brief, intimate biography ¢ T
telescope. An innovatio : o o o ot
i ¢ discover human interest tha ]
from which the reader may r 1d Inerease i
i i ot remote abstrac
joy authors being human beings, n )
enjoyment of the book, its a P ¢ stractions.
‘Hmwmircaw% feeling is further enhanced by the reproduction of their aw
i i i iformity.
instead of reduction to un 3 . < e
Enm\fzs .woow One of this series, has been described by the r_::g_.mmﬁm ziﬂ
: e of many
Herring ,mm “an incomparable paragon of reverse sequence ?rw/w.mm:. of man)
: i JeATS h is h
additions and internal operations down ?3,:%7 the vn.:uV” A or V:EW ) c>n
Book Two,” in a logical sequence; how could such a varied asser g
£l

de so? There is logic, however—that of the ulphabet—in the sequence of the
made so? oic,

running heads at the tops of the pages of the present volume. A CL
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Optical Systems for Astronomical Photography

By JaMESs G. BAKEKR
Research Associate of Harvard College Observatory and of the
Lick Observatory of the University of Californ
Consultant to the Perkin-lilmer Corporation

Many kinds of optical systems of actual or potential use in astronomical
research have been developed in recent years. An adequate discussion of these
systems would prove to be both voluminous and technical. For the purpose at
hand, which is to provide the skilled amateur telescope maker with several
optical systems that he can construct and use for astronomical photography,
the author has selected two types of more than ordinary value.

The first such optical system consists of an interchangeable optical corrector
for the usual paraboloidal mirror telescope that converts the instrument into
a wide field photographic telescope of excellent quality. The second type
satisfies a neced of the skilled amateur who cannot often put his hands on a
detailed, reliable formula for a photographic lens of moderate clear aperture
and focal length suitable for astronomical photography. This second type
consists of a related pair of Cooke triplet lenses, designed expressly for use on
the stars, one for violet and one for visual light.

Both forms of equipment come within the time and budget possibilities of
the skilled amateur. Astronomers should also take note that these designs are
well adapted to use in professional research work of the highest caliber, and
that nothing essential has been sacrificed in making these designs available to
amateur needs.

PART 1. Tue RerFLECTOR-CORRECTOR

Observational astronomy is making an ever increasing use of the large
reflecting telescope not only as a collector of light for photoelectric and
spectrographic attachments but for a photographic instrument as well. Tech-
nological improvements made possible by the enhanced budgets and activities
of recent years are now being applied with much success, particularly to
auxiliary equipment for the reflector. Among these improvements one can
cite advances in sensitivity and stability of photoelectric photometers, inter-
ference filters of many kinds, permanent reflecting films for mirror surfaces,
hard anti-reflection coatings of improved efficiency, infrared detectors, faster
photographic materials of finer grain, and a variety of special devices.

Astronomers have known since the 17th Century that the front surface
paraboloidal mirror is the simplest form of telescope. Although many modifi-
cations have been proposed and are in use, the need for efficiency in handling
starlight exerts a decisive influence over what one may dare to attempt in the
line of mathematical improvem~nts, However, at present the criterion of
cfficiency is more important in the cuses of photoelectric photometry and
spectrographic observation than in direct photography, for in the latter case,

1
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exposures are cut short by sky fog anyway. Hence, where direct .E:;QE:EWM
is W:,:.mamnm:, we are privileged to give priority to image quality and fie

rerage over efficiency. . . .
“ MM M,Ez discussion we shall demonstrate that there exists a correcting me m:.,f
for the standard paraboloidal reflector that converts the .ﬁl?ﬁa:_:. ::_o mw
shotographice instrument comparable in quality to the ,r.n._.:.a.:: E::m_.:u‘ ﬂ_n.u
M_f; when the corrector is removed, the paraboloid may continue to be used in

| iency g ic spectrographic observations.
11 efficiency for photometric and spee ) it . .
fu ﬁm is ..mmw_z:i in this writing that the reader is familiar with the r:”:w
n.m_@m:w to the use and construction of the paraboloidal J,_cmc.::: and m. :..w
2,,”&5@ interested in making up the attachment to be .E.wn_._‘r‘ni have .::: ~.~._
least one successful paraboloidal mirror. Both tZz.mz‘_:n ATM hooks :.:;.H.__:
.L._.:Ew is necessary to clarify anything in this discussion left undefined in the
ader’s mind. ) o )
HQ‘::. well-made paraboloidal mirror is capable of ?:‘.E:n.:: image at .;m
srime focus limited in sharpness only by the nature of light itself in Zv_.;._md
wc the adopted aperture and focal length. The image of a m.ﬁz. on the B;_m;
xis of the mirror can then be directed into a photoelectric photometer ; om
an.,_m:g:_mzw of the quantity of light, or into a Zx..n:onﬂ:v: .woa m::;wrﬁ_m
mg.%cm For observations of one object at a time in such wise ::um simple

saraboloidal telescope is completely sufficient and need not 7.m ::E.oamw. .
" Star images formed off the optical axis of the paraboloid M:H?m.w M,:E an
. a. The i arallel bundle of light from a

ation known as coma. The oncoming para Jig ot
wwm.wﬂ.mgq when inclined to the optical axis, is not m::,‘nwwxi_ ;_Mazﬂﬂ?_w o_u«M
s g ’ . . . . . . . g e oca
id: ¢ i a sharp point image, but instead strike
the paraboloidal shape into a § ut e e O o
hlane i f a small fan-shape pattern. The apex E :
Dl e atieal i he field of view. The size of the comatic
ard the optical axis or center of t ¢ fleld « . :
.MZMM«EVZ be w:c:m:ﬁi_ by the total radial extent of the flare of __w:.m.?czm J:W
;mx,x »o, ‘the outermost ray. The coma is of such a nature m:mﬁ the size .:v TM
.am.:n is closely proportional to the off-axis angle. Coma is :,E.mmcﬂm. a mMM
gw »_3,’834 center of the field but grows ever larger as one departs from the
jcal axis of the mirror. ) . ; .
ovﬁ_mwwa visual purposes the paraboloidal mirror contributes a Wn:“ of view e.Sw:.”u:
epiec ibly free of coma. If the coma is ob-
asp of the usual eyepiece, sensibly free o ¢ coma |

ﬁrmdmﬁ_ﬂw Mﬂ all at the edge of the field, owing to choice of a low m.wn,z ratio m.:m
”Mmm angle eyepiece, the residual flare can be eliminated by opposite wva:mﬂ_uos
m::o;:nmm in the design of the eyepiece. Thus, for visual purposes the ﬁm.?_.&o-
loidal telescope remains the most efficient form of reflector, particularly in the

erschelian form. .

H Because of the perfect achromatism and possible size of the ammwimw, M—MM
araboloidal mirror has been used for many mmom%m. as a vrcﬁoma,% 8. in-
M::EQ:“ Some photographic work has been monoawrmrow at me Mmmmmwmwm
i f . » most part, the Newtonian or prime focus has been used.
jan focus but, for the most part, o | : | een e
i opes hav focal ratio in the neighborhood of f/:

st large reflecting telescopes have a . /
W_ow\m W is of considerable concern to the astronomer making use of such mm
mmm::wcw:w year after year as to whether his photographs have the overa
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desired precision and sufficient field. In these respects the ordinary paraholoi-
dal telescope is sadly deficient,

The photographic emulsion examines all stars focused upon it with admira-
ble objectivity. The size of the photographic plate to be used is largely a
matter of choice and may depend on the nature of the particular research in
progress.  For photographic work on celestial objects of small angular size,
such as the fainter external galaxies, the ordinary paraboloidal telescope may
continue to be all that is needed and the photographic plate used can be of
convenient dimensions such as 2 by 3 inches. For other kinds of research the
astronomer may wish to have photographic plates as large as 14 by 14 inches

with star images sharp to the corner. Of course, the maximum plate size
must be kept quite appreciably smaller than the clear aperture of the telescope
where the reflector is of moderate size.

We can assume that the photographic plate will be placed perpendicular to
the optical axis of the mirror and that the optical axis will strike the glass
plate near its center of symmetry. Even after careful focusing for the center
of the ficld, the observer will find a growing deficiency in the quality of the
star image furnished by the paraboloid according to the distance off axis.

A paraboloidal mirror whose focal length is about five times its aperture
(focal ratio f/5) will have a field of view on the photographic plate approxi-
mating one inch in diameter. Qutside of this somewhat arbitrary circle the
comatic flare becomes of such a size as to be apparent over the graininess of
the emulsion or larger than the sceing disk.

The size of the comatic flare varies directly with the field angle off axis and
more or less inversely as the square of the focal ratio of the telescope. For
example at a given linear distance off the optical axis the coma given by an
f/3 telescope will be reduced to one fourth its size if the telescope is stopped
down to f/6. 1In turn, the usable field of the f/6 telescope is approximately
four times in diameter and 16 times in area that of the f/3 telescope.

If we compare the coma of two f/5 telescopes, one of twice the focal length
and hence aperture of the other, we see that both have the same usable field
of about one-inch diameter. The one of greater focal length will form an
image of a star twice as far off axis in terms of inches, as compared te the other.
The coma, being an angular error, is then doubled in size on the photographic
plate. At half the given field angle the coma is reduced to half. Consequently,
the f/5 telescopes have the same linear field, as limited by the first appearance
of comatic flare. The field of the 100-inch f/5 telescope is therefore of the
order of one-inch diameter. The field of a 6-inch f/5 telescope would also be of
the order of one-inch diameter. The useful field of the 200-inch telescope is of
the order of 0.4-inch diameter. Faint star images may still appear to be point
images on the photograph outside of this circle, but it is evident that much
light is lost from the image with damage to the limiting magnitude.

It is for such reasons that the large telescopes suffer seriously from re-
stricted angular field. The focal length may be very large, but with the linear
size of the field fixed, the angular field becomes very small. The useful field of
the 100-inch f/5 telescope approximates only 1 percent of a square degree on
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¢ : i riew, it would take well over a million
the sky, or from L:oz_mn Do .awm_ ,:_ X ne S.E:,a:w overlap. 'The limits
; ; » accessible sky once ap.

hotographs to cover the a 3 : lhe lim

m:.:}wa in this discussion may be doubled or halved according to the crite .‘:w:

of performance based on seeing, emulsion graininess, and opinion of the ob-

o e >

server. The fact remains, however, that the coma of a large reflecting telescope

seri atter. )

N :uwﬂ.ﬁ”hﬂhw::: reflecting telescope suffers _:ﬁ&ima from :%. .:T.J?..ﬂcwﬂ
of curvature of field and astigmatism. ZCT,,m reflecting ﬁicmﬁ:”.v.m:ﬁm ws__d._ .“m
relatively small focal ratios, from m\“w to f/6. For these w:.m. m mmr. J_:h”“.;wm:.,
so large as to conceal or render unimportant the added defects of astigm
¢ ‘i > of field. .
e ﬂﬂw.ﬂ.ﬂ.ﬂﬂ;:qc and astigmatism are a._:zlm related M;:J.E:“c:m. A r.ﬁ_mm..
scope afflicted by pure astigmatism forms an image of a f?__q _;,”_ M.:Mﬁ:.“‘.:.c;
other of two short lines at right angles to one another ::& S _m ~‘ N hﬂ _,.g. w: d
in focus along the line of sight.  With _.p.,.n_:;.ﬁ to the optical axis the M w,,;
matic lines are either radial or tangential ::.»ryc.nz:,:.ﬁm of _wznw% *.:.B.:ﬂ_:w_.:u
to the square of the off-axis angle. The radial M._:m.m.::. various fﬁ,..? Am:. o
ficld lic in one focal surface and the tangential lines in anothe ﬁ A M:. e
paraboloidal reflector the radial lines lie on a flat surface and *._: ?:F,ﬂ, 5.
lines on a spherical surface curved about the ﬁ.n:?.q of the ::3.:_1 Z.y.ﬂm...n.n_.
The mean focal surface is curved and :A.J about ‘:m_?f,.% rn—,.f.m: the radica
and tangential surfaces, all of which coincide at the ovrcﬁ_.mw_mw. Star imaecs

Photographic plates used with the 2&2.?.: are always flat. .,m LM ag d
far off axis will show both coma and radial lines. For an f/10 wm_on wcaw%::w
flat photographic plate the astigmatism overtakes the n.%::_. :ﬁ,...m_o: B
axis, and predominates at greater ::,Ecz. Ewéﬁd? at 1° off :r.w‘ :u, Mo\m.:cr
alrcady so large as to inhibit the usefulness of the photograph. ( M:.. a 30-in
f/10 the flare is already 0.25 mm in maximum length.) At f/3 the coma Jﬁ.;ﬁ_
at 1° off axis is so large that one does not even get around to wondering wha

> astigmatism may be. .
the MMM_%HMMZ,LZ:EW: made a most basic addition to photographic N.m:o::%w
in 1930 when he introduced a coma-free type of telescope that ::é‘—%:wm :u
name. There have been other and varied optical developments wx.w_c_? Mﬂw
since, but none that reaches so directly to the r..:l of the problem as ,J/o ::_M. S
contribution. Other portions of ATM3 describe w}a ::gwm m:;.nc:ﬁacw jon
of the now world famous Schmidt telescope sir. its mv_._ﬁ‘:.:_ H:.::w:‘., H.:»_AZ:W
and correcting plate at the center of curvature of the mirror. Many :m:_._.C:..“
have built Schmidt telescopes of fine quality and %wlowamdc? Pro ﬁ.yuf.::m
astronomers are turning more and more to the Schmidt telescope as the .TT_: M
ard of quality desired in astronomical photography, h.::.ﬂ there would be a good
many more such telescopes if wishes wo:E.vo ::.Q,Ez:somu . N

The largest existing Schmidt telescope is the F__:M.mw vi::::.a.,.:H its 48-
inch clear aperture (actually 30 inches are :.f:r?ﬁ 72-inch spherica HM.,_EM,MN
mirror, and 14 by 14 curved photographic plate. :5. photographs made %M.L
this instrument leave little to be desired. 'The px.l_so.: n_m.:q m_.am.q?:m v,_
places this Schmidt well behind the largest paraboloids in point of light grasp

k
H
¢
m,
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on individual objects on axis. However, the most pertinent need now is not
so much a larger Schmidt instrument as a duplicate of the Palomar Schmidt
for the southern hemisphere. This need is now approximated by Harvard’s
conversion of its southern 24-inch Bruce telescope into a two-mirror modified
Schmidt with flat field (the ADIH telescope).

Without detracting from the remarkable and successful performance of
the Schmidt telescopes, we ean mention that the optical system has two pro-
nounced inconveniences that lead to enhanced costs, and hence fewer and
smaller Schmidt telescopes. The first difficulty is that the length of telescope
tube is approximately twice the focal length, whereby the dome contains per-
haps eightfold more material and design.  To overcome this trouble, most
Schmidt telescopes have low focal ratios, and are deemed “fast” instruments.
While one gains in angular field, at least for large Schmidt telescopes where
the photographic plale is but a fraction of the clear aperture, one loses in
terms of “limiting magnitude.” The slightly luminous night sky background
photographs according to the “speed™ of the telescope. An f/2.5 Schmidt tele-
scope will produce pronounced sky fog in a matter of perhaps 30 minutes'
exposure on a fast plate, whereas an f/5 Schmidt can well go on exposing for
two hours or more to fainter magnitudes. For nebulosities there is little to
choose, save where the fine details of nebulosity are better resolved at- the
larger scale. On the other hand, the star images with a Schmidt telescope are

so sharp that remarkable penetration can be obtained even with short
posures.

€X-

The second inconvenience occasioned by the Schmidt telescope is that of
curvature of field. The photosensitive emulsion must be caused to lie in a
spherical focal surface whose radius of curvature is very accurately equal to
the focal length. The curved field causes no insuperable trouble except for the
smaller Schmidt telescopes, and glass plates can be made to bend to moderate
curvatures without breaking. In the case of the Palomar Schmidt telescope,
glass plates measuring 14 by 14 are used successtully by the expedient of coat-
ing the scnsitive emulsion on an unusually thin and hence flexible glass base.
Many small Schmidt cameras employ cut film.

There is a great deal of literature on the Schmidt telescope. The reader
will find a sufficiently complete account in both ATMA, ATM3 and in the
Harvard book on “Telescopes and Accessories.” While discussion of the
Schmidt very properly belongs in a chapter of this kind as a most effective
instrument for photographic astronomy, we seck only to describe an alternate
type of instrument adapted to the needs of those who already own the standard
type of paraboloidal reflector.

It will be seen that the Schmidt instrument with its primary spherical mirror
and correcting plate offers the simplest possible improvement over the parabo-
loidal telescope. Astronomy might get along véry well with only these two
forms of instrument. However, there are other considerations. Many ob-
servatories cannot afford to obtain and operate both a large Schmidt and a
large paraboloidal telescope. It would be somewhat of a shame for a Schmidt
telescope to be used as a light collector for photoelectric and spectrographic
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instruments, although such use is not out of the question.  Yet it would be
fine if a paraboloidal telescope could deliver ,c:._::rﬁ performance for wv.so?m
graphic applications and maintain its economy of light for photoelectric an
spec aphic work.

wﬁnmﬂmmwwwﬂ—m:e::ﬁ of a large telescope is a major enterprise. If the U:n_nw*
is so limited as to afford a choice of but one instrument, the astronomer is
naturally cager to obtain the largest clear aperture telescope AZ:Q..Q_: SUCCeSS-
fully be made for the money. If one chooses the regular Schmidt T.u::, he
loses some efficiency, which in itself is not too ::?2.::;? 7:?. ,.1:; is more
important, may find that his limited funds will ..%n.cwm_r;m a L».SJ:A, 3.::.:.::N
of clear aperture. Thus, one might obtain a 60-inch \\“a _::.:w:;::r: telescope
for the cost of a 30-inch Schmidt with 50-inch spherical mirror, or possibly
2 40-40 Schmidt employed with central stop. If the ”.5-::.7 Schmidt has a
focal ratio of f/3, then the mirror will have a focal ratio of f/1.8. No doubt
one could design a correcting lens in the converging beam that would .:.zJum::M
the f/1.8 beam into a spherically correeted f/4 beam T:.. mﬁﬁ.nno.n«mﬁ_:a an
photoelectric work, but the perfect achromatism of the image might be par-
tially destroyed. If, on the other hand, one chooses the .m_::zo and ..an_.ma
vmﬁm?:cai.Bm:oﬁ one is faced with loss of photographic field and quality.

The question has been raised a number of times as .:., E_.Ewrma. there are
other systems that can serve all demands. Schwarzschild :..,dmfﬁ:?m the
*:.o_%l.mmm of two-mirror systems and arrived at results .3. rarying and doubt-
ful usefulness. Similarly, many two- and cven three-mirror ?:.:.,m have been
studied by several investigators with adequate success for certain ._u—:.znm of
the overall problem. The addition of a second mirror is attended cﬁ? loss QM
light both from silhouetting and maacsmumcl_.:aw amm..ndm.:. A two-mirror an
correcting plate system can meet photographic needs Qz_?.s..»_r‘c:ﬂ is deficient
for photoelectric and spectrographic studies rmn::mﬁ. i... inefficiency. .

F. E. Ross has long since studied the problem of w.m%:m small lenses in the
converging beam from the standard zm_.:cc_o:r;. mirror for the 1:26%:&
eliminating comatic aberration, which for the .mcoL:n: ?Fxma:vm Z,:n.rnm dev .wm-
tating proportions. Yet the comatic mcm:mw_o: of an x\c. ?_;_S_.Em 9_, ev w:
of an f/3 paraboloid is not large, when considered as an ::E;Ecm_m.mw a %3%:
tion of a compound optical system. Many m:L.mT:c::n. m.«iwm:.w have prodi-
gious amounts of coma and other aberrations at intermediate _Emﬂn.ﬁ_.m:.mm vzﬁ
are adequately corrected at the final image plane. For the vmﬁ.:wiowm ma is sim-
ply that the coma is altogether uncorrected and hence appreciable in its effect
at the prime focus. Where a correcting means can be found, the residual aber-
rations are likely to be negligible. )

Ross stipulated that a doublet form of corrector .om weak or zero optical
power should be used, located near the focal plane in w_:. converging .Unm::
from the primary. Such a lens must maintain achromatic 51::3\,. msm _:ﬁo-
duce no marked astigmatism, while climinating coma. An _:;m.rmxfc: was
made of an entire gamut of these so-called zero correctors. H_:mET_Ev: elimi-
nation of coma is accompanied in a thin system of doublet .»o:d by a reap-
pearance of spherical aberration. Ross sclected a compromise form of lens,

|
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which is limited in effectiveness for low focal ratic Ross points out that the
lens form was intended to improve the uniformity of the star images over the
ficld for photometric purposes, and that one cannot expeet overall star images
as small as obtained on axis by the uncorrected paraboloid.  In practice, the
Ross lenses have indeed achieved the required uniformity of image, and have
the inevitable softness of focus associated with removal of coma in such wise.
In later years Ross has successfully developed other such lenses in connection
with the 200-inch telescope.  Some of these lenses succeed in reduction of coma
and spherical aberration within the lens system while at the same time the
speed of the 200-inch is changed from f/3.3 to about f/5 or so. The increase in
scale and reduction of sky fog are desirable for certain applications.

The writer had occasion to consider these several points during the summer
of 19146 in connection with a possible modification of the f/8.5 Schmidt tele-
scope at IHarvard’s Agassiz Station.  Although the modification proved fi-
nancially inadvisable in the end, the computations made at the time led to a
novel form of corrected telescope reported to the American Astronomical
Society in December, 1917, Afterward this new type of telescope was
studied in Fngland by C. G. Wynne, who has investigated the subject of field
correctors for paraboloidal mirrors in detail.  His findings appeared in the
Proceedings of the Physical Socicty, Volume 62, pages 772-787 (December
1949), to which the reader is referred.

It is well known that the field curvature of a positive mirror is opposite
in sense to that of a positive lens system. It is likewise well known that a
positive simple or compound lens can be added to an ordinary Schmidt system
for the purpose of achieving a flattened focal surface. It is also well known
that a positive lens located in a strongly converging beam can be caused to
contribute negative astigmatism to the combincd optical system. Finally, it
was clear that a correcting plate added to the paraboloidal mirror with Ross
correcting lens, all with redesign, would serve to eliminate the small but ob-
jectionable spherical aberration of the lens. There was no evident reason why
all these benefits could not be put together to achieve a flat field photographic
telescope, free of spherical aberration, coma, astigmatism, longitudinal and
lateral color.

Investigations of the pertinent optical considerations were carried out in
September of 1946 but, because of numerous other optical enterprises afoot,
were placed aside for a time. These investigations showed that there exists a
family of highly corrected telescopes feasible for practical use. Figure 1a,
under the title of “reflector-corrector,” shows such a system.

The optical system of the paraboloid plus the Reflector-Corrector necessarily
works as an integrated unit. However, onc can point out special functions of
each part, even though intermingled with intermediate overlapping properties.
Thus, the positive achromat has such lens power-as to provide flatness of field.
The same lens has such a shape as to eliminate astigmatism. The same lens ix
located at a certain distance in front of the focal plane in order to eliminate
the coma left over from the adopted positioning of the correcting plate. Finally,
the correcting plate is figured aspherically to eliminate spherical aberration.
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If one intends to build a complete systemn for photographic purposes alone,
one can choose a form for the primary mirror anywhere from an oblate sphe-
roid to a sphere to a paraboloid and beyvond.  Tf the oblate spheroid is used,
the system in the limit resembles the Wright-Viiisidli form of Schmidt re-
flector, but is fully corrected for astigmatism and flatness of field. The oblate
spheroidal primary means that the coma compensation required of the correct-
ing lens is beld to a minimum. The elimination of coma can be exact for only
a chosen color for the Reflector-Corrector, owing to the nature of the simple
achromat. Therefore, where the oblate spheroidal primary is used, the varia-
tion of coma with color is more or less minimized.  In any casc, the chromatic
coma is very small compared to the original uneorrected coma of the mirror.
The consideration is not sufficient to justify seleetion of an oblate primary
over a spherical primary.

FIGURE \a THE REFLECTOR - CORPRECTOR

Drawings by the author

It would appear Lhat the use of a spherical primary represents the casiest
colution for the Reflector-Corrector type of instrument. The overall result is
comparable to the ordinary Schmidt with added ficld flattener, except that the
tube length is cut in half. Tt is also a convenience that the plateholder of the
Reflector-Corrector system is external to the telescope and in an ac essible po-
sition for loading and guiding. (C'f. Figure la). For instruments where tube
length is of no importance the Schmidt form with field flattener is to be pre-
ferred over the Reflector-Corrector system with spherical mirror. For larger
telescopes the reduction of tube length is a real factor. Also, the primary
mirror tends toward a smaller diameter for the same vignetting present in the
comparable Schmidt, or toward less vignetting of the field for the same pri-
mary mirror size.

A photographic system built up of spherical primary and Reflector-Corrector
will not be as efficient for photoelectric and mvnc:cn;vrwn purposes unless
again when the corrector is removed one can employ a lens in the converging
beam from the spherical wirror for use of the telescope as a light collector.
In this respect, we should consider the most important question of all: can the
ordinary reflecting telescope with paraboloidal primary mirror be changed
over into a Schmidt-quality flat-fleld anastigmat by the addition of a suitable
Reflector-Corrector? The answer is yes.
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Figure 1a is meant to be such a system in schematice view. The foeal rati
may be chosen within the range from f/3 to f/6 with satis ».:3.:3‘ 2;::;_ ?h‘ -
the purposes of this chapter, we adopt a primary mirror of 20 :.:._ f d| HZ.
..:i.rl_:”c and 100 inches focal length which then is “for an :2::,::% 20 _.;._A | _M
prime focus telescope. As we have already mentioned, most :m. #._:... e

existing reflectors have focal ratios between f/3 and f/6 e

Any one of thes

«an be converted i a2 hi . . AAny ¢ of these

constr ».M:.:;T.Z _m;: a high quality photographic instrument by the design and
struction ot this Reflector-Corrector type of :;.._.q:::nw::._._ attachment

6:605
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(Same location as correcting piate in reflector-corrector ottachment )
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w of the trace of a star i i f

sy o 7 v of the 1] K image in the foeal plane of ~di-

Z:,:.:“_: :\“WN_W:“.&\ \N:N.:Z correction and for the Ei3.?:...53.3.5xﬂf\xi‘s. zﬂhmweﬁb‘
. fu ine arhiel goes throngh a double looy is the trace of the “d“‘

cular outer edge oi th nt ¢ i shed 1 § the s rt e of
- P J ¢ entrance pupil. T it e ine i y{nn i f
o0 e of The entrnmoe bUuyp Ire dashed line is the similu ruce oj

An enlarged

Z5>MHWH%_%:ZE __.:mm::.ﬁ in Figure la is only schematic, it will be noted that
the correet! Mcm w J .Ln:::sm._ﬁ. m:m. photographic plateholder assembly are
meant to | w<.~ :Hﬂn _: ::n.EEm unit to be attached to the telescope in some
G enient .m o e idea i 3.2.5:? the photographic attachment during

1at the primary f/5 mirror is in use as a light collector for photo-

electric spec aphic ins
elect ¢ or spectrographic instruments, or for small ficld photographic work
cquiring utmost efficiency or greéat spectral range. o h

Unless the tube of the
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telescope is unusually flexible, it is likely that the adjustment of the Reflector-
Corrector will not be found critical. One has the usual tolerance on depth of
focus for a precision f/4 beam to meet, which for good seeing is of the order of
plus or minus 0.004 inch. A guiding telescope can readily be designed that will
enable an observer at the side of the tube to guide on a selected ficld star oft
the side or sides of the photographic plateholder.  Tn this way the observer
has nearly the full aperture of the telescope at his disposal for selecting a
bright guide star at high magnification.

Figure 2 shows a dached line at the far left, which represents the position
of the prime focus of the mirror. The addition of the positive lens not only
reduces the overall distance from the mirror to the focal plane but also lessens
the focal length. Figure 1b shows the state of correction of a star image at
the designated radian angle off axis (approximately 1.°5, 2.°2, and 3.°0 off axis).
The upper large image outlines arc for the uncorrected paraboloid, a 20-inch
f/5, with the full linc from the rim of the entrance pupil or stop, and with the
dashed line from the 0.7 zone of the aperture. The small lower image outlines
are for the corrected star images.

Figures 2, 3, 4, and 5 provide the optical data for the particular case of the
cited 20-inch f/5 primary. The primary mirror then has a focal length of 100
inches and a radius of curvature of 200 inches. For this system the recommended
photographic plate measures 4 by 5 inches. The system is designed for blue
photography with optimum results at 4341 angstroms. The compound system
has 2 new focal ratio of approximately f/+.5 for an adopted correcting plate
aperture of 17.0 inches. It is to be noted, therefore, that the angular field of
view is somewhat larger than that obtained on a 4 by 5-inch area with a focal
length of 100 inches, inasmuch as one must evaluate it from the new focal
length of 76.38 inches. The 4 by 5-inch plate covers an area of about 11
square degrees on the sky.

We should note particularly how other versions of the Reflector-Corrector
are to be scaled from the numerical data of this chapter. Very few amateurs
or professionals will build Reflector-Correctors for 20-inch /5 telescopes, and
it is even more unlikely that any existing 20-inch mirror will have a focul
length of 100 inches plus or minus 0.5 inch. Therefore, if the data in the
accompanying figures are to apply, it will be necessary for the builder of a
unit to use a scaling factor.

The important unit length of the system is the focal length of the primary.
It is for this reason that a focal length of 100 inches has been chosen for the
particular system presented here. Let us suppose that we have a primary
paraboloid of 60 inches focal length and of an aperture between 11 and 13
inches. The scaling factor is precisely 0.60, or 60 percent. All dimensions
relating to radii of curvature, thickness, and separation are then to be scaled
down to 60 percent of the values given in the Figures 2-5. 'The diameters
might also be scaled down by exactly 60 percent, but such scaling is of sec-
ondary importance. For example, Figure 3 shows that the radius of the outer
surface of the flint component is 36.45 inches. Scaled down by 60 percent, the
radius for the smaller system would become 21.87 inches. The thickness of the
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§inew) = 76.38" — £/4.5
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_E.um wonld be reduced from 0.4538 inch to 0.275 inch, etc. Lens thicknesses
might safely be held within 5 percent of assigned <m:u:.. m::m?:.,T‘ .F :w.mwmw
able tolerance on the radii of curvature for the cemented mo_:.c_ ) Mw,_lmo‘:.m
vqaw.m:» c.m value, though it is easy for one to do better work. mat e 02
:-.n m.:sa,: ons given in Figure 5 for the clear aperture of the correcti
w::?‘ indicate a reduction from the clear aperture of the mirror. The arpose
in the reduction is to accomplish uniformity of illumination .c<§. Zm,:wmmmwm
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Silhouetting By Lens

Figure 6.

One might complain at the loss of :?.1:2”,, but the an} J ::w. :.x.m« ﬂ_wﬂmw
would be required for the usual Schmidt. ::.rf ::..F-.::: 1::”;.: m ©
of the Palomar Schmidt telescope takes a drastic :.im in __E;..r:_:: ring t:_,, n_~”
because it is used with a 48-inch aperture ».:‘Ziv.r:n plate, if we E.dc,.:,v ._:,7
at the problem in such a reversed way. Similarly, ::,. presence i.»:~,: ,Mc
matic lens of the Reflector-Corrector causes a shadow in the oncoming bundles
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of starlight and a further loss in light-gathering power.  The photographic
plate is concealed within the same shadow, however, so that the loss is held to
a4 minimum.

The indicated loss of light is not serious for photographic applications.
Modern blue emulsions like 103a-O are so fast that an exposure of 2 hours at
f/45 is all one can expect to obtain hefore sky fog becomes heavy. Generally,
a one hour exposure is suflicient.  While one might obtain the sky fog limit
in 30 pereent less exposure it the efficicney of the system were not so reduced,
it is pointed out that the prolonged exposure recovers the lost light. Remem-
ber that the ineficiency applies to the sky illumination as well as to starlight,
and it is the relative light that determines how faint one can go. All we are
saying is that the observer ean recover the penetrating power of his telescope
simply by exposing longer.  The limiting magnitude of the compound system
will not be quite as good as that of the primary paraboloid used on axis, owing
to the reduction of the focal length and the somewhat increased speed.  On
the other hand, the useful field will be increased by a factor depending on the
size of the telescope. The factor approximates 40-fold for the 20-inch syvstem
described in the figures to as much as 100-fold for a 60-inch f/5 telescope.

The nature of a Reflector-Corrector leads to another choice that will help
dimnish the loss of light.  Here one makes a full-size correcting plate with re-
spect to the primary mirror. The diameter of the achromatic lens is increased
to approximately half the adopted clear aperture of the correeting plate. A
system of this kind will have more light concentrated on the photographic
emulsion relative to that given by the smaller correcting plate, but the percent-
age of vignetting will be greater. It the vignetting is regarded as important,
then an aperture stop in the form of a sheet metal diaphram can be placed
halfway along the axis between the correcting plate and mirror. For the
20-inch £/5 primary telescope serving as the example, one might assign a clear
aperture of 18 inches to this aperture stop, and 9 inches to the diwuneter of the
achromatic lens. The vignetting would then be much reduced for photometric
applications, and yet the stop can be removed for purposes that benefit from
the 20-inch aperture. The particular case can be left to the maker’s discretion.

In making the correcting plate one can drill out the central hole at the start,
The glass plate can be brought to approximate planc-parallelism through me-
dium Carbo stage on both sides. The plano front face can then be carried to
completion even to the final figuring against a test flat. The surface fig-
ure should be smooth and spherical to within half a wave. The departure
from flatness can be considerable, but it seems best to work against a master
flat.

The aspheric face of the correcting plate is to be finished only after every-
thing else has been completed. The aspheric departure from the nearest sphere
Is very small, and can readily be accomplished by knife-edge testing alone.
As in the case of the correcting plate for the ordinary Schmidt telescope, one
can place the zone of zero deviation al 70 percent of the way from axis to the
edge of the aperture, or howsoever one prefers. The thing to be noted is that
final figuring should follow test results carried out in blue or violet light. One
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can obtain a suitable filter from the Kastman Kodak Company through any
of the retail outlets. Wratten 34A, called the Fluorescence Process Filter,
will suffice for the violet, or Wratten t7A, called Stage Blue, for the blue-
violet. Good results will be obtained even with tests made in ordinary white
light, but in such case the figure might be left slightly undercorrected.  'The
chromatie aberration of the compound system is relatively small.

Exact calculations indicate that the aspheric side of the correcting plate
can profit slightly from having a general very slight convexily with the
aspheric correction superimposed. The ordinary Schmidt plate makes use of
such a central convexity for the purpose of minimizing chromatic aberration.
While the similar purpose is served for the correcting plate of the reflector-
corrector, there is also a very slight need for improving the residual ¢hromatic
aberration of the lens achromat. The matter is relatively unimportant, but
nevertheless it is easy to impart such a figure to the correcting plate. More-
over, the central convexity makes it possible for one tabulation to serve for
a run of focal ratios from f/2.5 to f/5.

Figure 5 at right shows the general shape of the correcting plate. The
solid line represents the aspheric curve very much exaggerated. A “negative”
aspheric trend is superimposed on a “positive” general spherical convexity.
The coordinates for the correcting plate curve are given in Table 1. Column 1
gives the zone height, called r, in terms of inches off the optical axis.  Al-
though the correcting plate of our particular example has a nominal clear
aperture of 17.0 inches, as given in Figure 5, the clear aperture can be extended
as needed, either to lower focal ratios than f/4.5 or toward equality with the
mirror aperture as described above, or both. In the limit Column 2 provides
data for a system with correeting plate aperture of 40 inches for a primary
mirror focal length of 100 inches. The new speed rating at full aperture is
then f/2.5 but, as mentioned earlier, a stop placed halfway between the cor-
recting plate and mirror can be used to advantage. A primary paraboloid
at f/2.5 is not useful for other applications, and hence part of the purpose
of the reflector-corrector is defeated. If so fast a system is desired, it would
be preferable to use the ordinary Schmidt type, or the ordinary Schmidt with
field flattener.

Iet us suppose that a system is to be made up for a 12-inch f/4 telescope.
The focal length is then to be 48 inches. For this purpose we must apply
the scaling factor in reverse. The focal length of the compound system in
Figures 2-5 is 76.38 inches. The focal length of the primary of the same ex-
ample is 100.00 inches. Therefore, the focal length of the primary in the case
of the 12-inch f/4 is 100/76.38 X 48.0 or 62.84 inches. If the clear aperture of
the correcting plate is to be 12 inches, we can adopt an aperture of 16 inches
for the primary mirror which then will become a 16-inch f/3.93 paraboloid.
The scaling factor of 62.84 percent is now to be used on all radii of curvature,
thicknesses and separations. The diameter of the achromat can be kept to
approximately half that of the correcting plate, or 6 inch for the 12-inch
f/4 camera. The useful size of photographic plate will then be 3 by 3 inches
or s0. The unaided f/3.93 paraboloid will have a useful field of about 0.6 by
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0.6 inch. The added Reflector-Corrector will therefore increase the field by
25-fold in area. , ’

For making up the correcting plate, one should apply the scaling factor
of 62.84 percent to the tabulation of Columns 2 and 3, and to r of Column 1
mﬂ:.. example, r equal to 8 inches zone height in Column 1 becomes r equal rw
5.0 inches for the 12-inch /1 system.  The depth of curve in Column 2 for this
new r then becomes —0.000 91 inch, and in Column 3, —0.000 05 .m.:n__, n:“

TABLE 1
OE::E 1 Column 2 Column 3
(inches) (inches) (inches)
r Total Depth Aspheric Depth
0 0.000 00 0.000 00
1 -0.000 03 —0.000 01
2 —0.000 11 —0.000 02
3 —0.000 24 —0.000 05
4 —0.000 42 —0.000 08
5 —-0.000 63 —0.000 09
6 : —0.000 89 —0.000 12
7 —0.001 16 -~0.000 11
8 —0.001 45 —0.000 08
9 —0.001 74 —0.000 00
10 —0.002 01
11 —0.002 25
12 -0.002 44
13 —0.002 57
14 —0.002 60
15 —0.002 53
16 —0.002 31
17 —0.001 93
18 —0.001 37
19 —0.000 57
20 0.000 47

Column 2 of Table 1 gives the departure of the curve on the correctin
plate from flatness. Evidently, the convexity strongly predominates ::rumm
one adopts the extreme focal ratio of f/2.5 or so. Column 3 of Hmr_w, 1 gives
.ﬂ:m, departure of the superimposed aspheric figure from the nearest mmmrw«o
which :.:m been fitted to a limiting clear aperture of 18 inches, and ,i:n_ﬁ_ will
serve :.Elw for actual work to be accomplished on a clear aperture of 17
inches in our specific example. One notes that the aspheric figuring for this
.m\p;a. system is very slight and amounts to 6 waves of green light at the inter-
mediate zone height of 6 inches. The sagitta of the spherical convexity at
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zone height of 9 inches amounts to —0.00L T4 .::.:.. One ::?mcmwﬂu .:,,N_; ».;
f/2.5 the maximum depth of correcting plate is still only 0.002 53 inch, In
¢ re from a plane surface. .

?E%M MHQQHMMWMM the data A_:. Column 2 ﬁ:‘n.;.c_.: the shape of ﬁw_n wn.cn__..‘.ﬁm__._ﬁﬂ
plate for the 20-inch f/5 primary and 17-inch ¢l ar aperture, he f:_m”“ww ::,.:
grind in a spherical convex curve leading to a m:m;w: of gc.c:» _.i - . _.::.ml
at 9.5 inches zone height. One can then 13:.2,.; r.. :E.:?. .F_» mwwﬁ.___wr,_.,\_dm
edge testing. Column 3 again shows that the :,n_:._.:n is ? a ”,mﬂ.u ﬁm:_nrc ,,:ni

The slight spherical convexity of the ,f.cm.::a face is oc¢ .m_v_w_uﬂ.m _»: be s _o:_M:.
design by the need to bring both the :E:._ ::ﬂ_‘ corner ::;T?Iw ?.; o
balance for 4341 angstroms. The color an,.,..:_::_ is so slight, d..? ever, u ‘.:< .
convexity can be ignored if convenience is to be mﬁ:;@. :5ﬁ oﬂd:”;.:::
about Qm_:E:c:ﬁ to the addition of a weak v._::clnm.zf,y ._EM..ﬁo e me: M;.
system, of focal length nearly one ::_n.. It is sy to f..,_ i m:_w. &:1 o
such a lens would hardly affect the performance after a slight refocusing has

ace ished.

roﬁm._Mﬂh..:%:mﬂmwém the nature of the zﬂwm.:o”::.ﬂ patlern at the inam.n.ﬁcvw M_MM
field. For the 20-inch f/5 primary n.ssfq..?m 2:::.2:, :cm‘c,ﬁ.riwﬂ.:.MM.A:A‘ ,57
have adopted a photographic plate size of 4 by 5 A::.:m, ,_,:m m_w:m v__._mm».w..;m
tern in Figure 6 is for the side of the Ein. .:_c E:a.:.:w c: EZH.V c.wo,m
somewhat more vignetted but have ﬁlﬁzﬁ:d_—% :Jﬁ ME:J other tha
sonvenience in handling and storing rectangular plates. . ]
ec:w”:m_m» _M.A,WA__M:” .mr:ﬁ M—m im.:n#::m arises from 73:. ::.:?@z:»_o: m._“\h of W:..M
mary and too small an achromatic lens. A compromise _mA :mc,cu .A,:.f ME””:»”T
less as given here. Vignetting will be 2;:._2; for ﬂ:m. umw:w m&m m_:ﬂ.n:_:
graphic field if one adopts a lower focal ﬁ::.. and ::,—.mrs.w _,_wmrﬁﬂ M 2::.:%
plate and correcting lens. Some compromise is necessary also .mw:. mﬁ ‘o ::_R:u.d.
Schmidt telescope unless the mirror reaches a diameter n,::m,:.own. ;,« %_:m:ﬁ:
than that of the correcting plate. Hr:m.u the z.::mw.m 24-36 :_?M_ ,. ot
telescope yields an unvignctted field of .o. inches m:::o»m? ::rw:mu Mrm%::::ﬁ
graphic plate used with the instrument is 8 by 8 inches. M,CHSH :w. wzhd; smount
of vignetting a Zcmmﬁc?h::mqﬂcﬂ system could get by with even ¢ >

i a 24-inch correcting plate. ) .
E:W%«mﬁwmh% in optics are me?er and it is necessary to mw:::wm. Zu.o W:M_m
tations of the Reflector-Corrector system. As long as the mwow__. a_g.m:.u _.m; WMT
within bounds and the best overall performance obtained by sligh M_ME. ﬂm .
justments of the achromatic lens, it appears that w:m H.:c%ﬁ c«cso:wnwm. H.m.w:._“wm
error is that of lateral color. 'This color aberration is J:nr Z%.n a ,fw..; _ﬂq.www,ﬁ
becomes a short spectrum directly radially outward from the o% _o.u ﬂ_;_ m
In the case of the Reflector-Corrector the lateral color arises from the so-calle

g ; spectrum of the achromatic lens. ) .
mwaﬂﬂﬂuw;w:m: the star image in any one nio«.?i:m& m.m a m:%:_ mm\wﬂm
point may be perfectly sharp, the images of varying color lie m.n m.wm,g y o
ferent distances from the optical axis. uo:ﬁ.nr:mm: color has :M,. _Jznw pm:y
est to the optical axis with respect to the images .3. other n:vc?. w M._H‘dam
case of the optical data of Figurcs 25 the achromatic lens has been desig
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for optimum results at £341 angstroms in the violet. Accordingly, at a point,
say, 2.7 inches off the optical axis in the focal plane, the star image formed
of 4341 rays focuses slightly nearer the axis than the blue or ultraviolet ravs.
Caleulations show that the total length of the radial streak between 4000 and
5000 angstroms amounts to 0.010 mm at 2.7 inches off axis. Star images lying
closer to the optical axis have proportionately smaller radial extensions. For
most photographic purposes we can consider that a lateral color error as small
as 0.010 mm is entirely negligible.  Astrometrically, one should anticipate that
blue and red stars will be slightly shifted with respect to a star of mean
color, and that this shift will increase linearly from a value of zero at the op-
tical axis to perhaps 0.002 mm at the side of the field.

The Reflector-Corrector system transmits a good deal of ultraviolet light.
Bright stars may show a tendency toward formation of radial streaks, owing
to the more pronounced lateral color error in these short wavelengths.  Should
the defect be objectionable, vne can make usc of a Corning glass filter, such
as Corning 3850, called Greenish Nultra. Corning filters are procurable in the
form of molded squares up to 6.5 by 6.5 inches. Interposition of the filter
Just in front of the photographic plate will displace the focal plane outward
away from the mirror by approximately one third the thickness of the filter
glass. Very likely, such a filter will be found unnecessary.

The residual laferal color is caused by the inability of ordinary crown and
flint glass to be perfectly achromatized. The crror is directly related to the
color aberration of refracting telescopes, but here shows up as a defect in the
lateral position of the star image rather than as a colored halo around the
image point. There seems to be little possibility that the color error can be
eliminated altogether. A combination of fluorite and light crown glass would
suffice for photographic plates up to 3 by 3 inches, but fluorite is expensive.
Optical glasses available differ too slightly to provide any noticeable improve-
ment in color correction. Optical plastics have something to offer in this re-
spect, and it may prove feasible to employ an achromat of CHM and light
flint glass.

The longitudinal color error is very nearly negligible in this compound sys-
tem. Thus, ultraviolet, violet and bluc focus practically at the same point on
the optical axis, and the central part of the field will show sharp, color-free
star images. In the design given in Figures 2-5, wavelengths 4047 and 4861
have been combined accurately even within the small secondary spectrum re-
maining.  The departure of the minimum focus of 4341 from the focal point
for 4047 and 4861 amounts to only 0.000 022 of the focal length of the com-
pound system, in this case 0.043 mm along the optical axis. One cannot de-
tect any change in quality of star images on a photograph within a range of
plus or minus 0.100 mm at f/4.5. Hence, it is clear that the entire violet-blue
spectral region will be in simultancous foeus when the Refleclor-Corrector is

used.

If the compound system is used for photo-visual photography with 103a-G
emulsion and Wratten Minus-Blue No. 12 filter, or Corning 3385 Noviol Shade
C glass filter, there may cxist a slight need for refocusing by 0.1 mm or so.

BREARDTER, ™
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Ideally, because of the lateral color, one should have another interchangeable
achromat redesigned for green light. For all amateur use, however, the one
violet-blue achromat will suffice.  The residual lateral color necessarily in-
creases in green light but the spectral range is short.

Similar considerations hold true where the system is to be used in red light
with 103a-E emulsion and Wratten 25A gelatin filter, or Corning 2418 H.R.
Traffic Red. The professional astronomer might wish to have two interchange-
able achromats, one figured for violet light at 4341, and the other a compromise
lens for yellow and red work with optimum design for 5800 angstroms. The
amateur can get along quite well enough with but one achromat according to
the design of this chapter. Again, the lateral color increases rather rapidly
in red light but the spectral range is so short as to minify the error. In any
case, the improvement over the unaided paraboloid is drastic.

With respect to the monochromatic aberrations, caleulations (Figure 1b)
indicate that there may remain a slight comatic flare at the edge of the field
of the order of 0.035 mm total extent. So small an error may not appear on
the photographs and will be partly climinated anyway by the vignetting of
the upper rays of the aperture. However, one can experiment with small
axial adjustments of the achromatic lens, or correcting plate, or both together,
for the purpose of obtaining the best sharpness of image over the field. For
this purpose onc should design a spacer ring or rings in the mounting of the
optical parts to facilitate such adjustment. Movement of the correcting plate
along the optical axis is likely to be insensitive as a means of adjustment and
it is recommended that such adjustment be carricd out with either the lens
alone or with lens and correcting plate together. The data given in Figure 2
may indicate need for precision construction, which is not the case. Measure-
ment with an ordinary steel rule or tape should suffice.

Residual astigmatism and field curvature are entirely negligible for angu-
lar fields within the grasp of the Reflector-Corrector. The initial error in the
images formed by the primary paraboloid is small, and yet in principle this
error can be compensated completely by the Reflector-Corrector.  Any resid-
ual astigmatism that appears may arise from slight maladjustment of the
Reflector-Corrector or slightly imperfect curves.

The distortion is given by the displacement of the star image at a given
off-axis point from where it should be for perfeet reproduction of projection
of a sphere onto a plane through a point of perspective. The distortion varies
closely as the cube of the field angle. For the 20-inch /5 system the calcu-
lated distortion at 2.5 inches off axis amounts to only 0.012 mm. The er-
ror is of no conscquence cxcept to astrometric work where its effect would
normally be removed by proper reduction. For the amateur distortion in
this sense means nothing at all.

1f possible, the design for the platcholder assembly should call for a
slightly tapering light-tight sleeve between photographic plate and correct-
ing lens. Otherwise, off-axis bundles of light are sufficiently inclined to the
optical axis to cause increased shadowing by a cylindrical sleeve. The taper
required is not considerable, amounting to only 0.6 inch in 17 inches of length.

BAKER 19

@.:c. might build up a light welded cage of tubing with a sheet metal surround
Similarly, supporting fins indicated in the schematic M:.;:ﬁc::,:m of Fi ,-
:.3 la should be streamlined to prevent excessive shadowing of starli ‘_m
..::, design of the reflector-corrector at start was chosen to locate .Q:., A.::WA.T.
ing plate at the approximate center of gravity of the over-all attachment
The correcting plate itself can be used to w:E,:wﬁ the main weight of the r.:;.
M:m MVWMA.HA.T.AV_341 assembly by means of some form of clamping ring and L:E_,.
m”ﬂhz“._gm inclined fins can be used, then, to prevent twist and pivot of the as-
) The Reflector-Corrector unit deseribed in this chapter reaches its most effec-
tive form for telescopes of intermediate size. Tt is unlikely that n:,«:uni.:
plates larger than 60 inches will be made in the foresceable future. Z:Z.:ﬁ._m.
?ﬁ _q_,.wﬂ.c_%x as small as 10 inches clear aperture, one can equally well :mm
a Schmidt with field flattener, and a separate paraboloid in a dual :_c::@
:E.Iw:cﬁ.?:rﬁc«Z,n.::. will then be most useful for telescopes having 11..
maries ranging from 20 inches to 60 inches in diameter. Many telescopes of
such size are in existence and hence can be converted into _,—.:;cn?.:;:n in-
m:_.::..:: of approximate Schmidt quality. Where the primary mirror is
60 inches, the photographic plate can well measure 14 by 14 inches. In ?~:.,
removal of the Reflector-Corrector will make the ?._mmccflw mﬁ:r;:m.?:. :,:»cu
electric and spectrographic work in its fullest efficiency. m
Amateurs will be interested in smaller instruments with primary mirrors
of 12 or 16 inches diameter. TIf the telescope has an adopted clear aperture
of 12 inches for the correcting plate, the amateur can expect to photograph
stars as faint as the 18th magnitude. e

Part IT. Two Puorocrapnic Lexs DesigNs

%lez.n:_xv making as a hobby seems to grow with the vears, and there is
an ever increasing interest in phases of optics that go beyond the construction
of the simple paraboloidal reflector. In recent years amateurs have made
successful refracting telescopes and Schmidt cameras. During World ﬁm.n. 11
amateurs contributed in a number of ways to the national mmcl. and many
became professional opticians during the period. !

The average amateur must always work within a very limited budget and
do w.rn best he can with simple materials. This is one reason why the re-
flecting telescope has been so popular. For a few dollars the amateur can
make up a sizeable telescope. The author remembers that his 8-inch reflector
of college days would have cost no more than $35 even now.

waom.:wm there have heen many queries by amateurs concerning compound
lens designs for use in astronomical photography, the author believed it wﬁ::m
be .:ml.:_ to contribute several designs within the budget possibilities and
equipment of the amateur, while at the same time keeping astronomi .E,:mwmm
foremost. The Reflector-Corrector described in Part 1 of this a_:;.;m« n,;ME
serve as a means of obtaining a relatively large clear aperture for photo-
graphic uses over limited angular fields but to faint limiting magnitudes. For
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blue-green.  On the other hand, Ienses designed specifically for aerial photog-
raphy with yellow or red filters have a minimum tocus in orange light.

The residual color error of the average lens is so large that star images
suffer badly. The observer of course will focus the lens to go with the
particular emulsion and filter combination, but the rate of change of focus
with color is pronounced. The importance of the residual defect depends also
upon the focal ratio of the lens.

If a lens has been designed for optitmum performance in green light, it is
quite normal for the error in focal position to amount to 1 percent of the
focal Tength in the near ultraviolet. A lens of 21 inches focal length will
then produce an error in focus of the order of 0.21 inch, or about 5 mm. If
the aperture ratio is f/4.5, then the image diameter for the extreme color is
about 1 mm, which is a very bad error. vormally, one would focus for best
results in blue-violet and the out-of-focus error would be cut in half, but the
error is still bad. Even a 12-inch f/4.5 lens designed for panchromatic use
will yield an average image error diameter of perhaps 0.25 mm in the blue-
violet where 0.025 mm is to be desired.

Nevertheless, lenses have heen used in this w
pretty good results.

ay, and often seem to give
What is the rub? The point is that, for star photographs,
the lens serves as its own filter. The out-of-focus ultraviolet light is so reduced
in surface brightness as to be recorded only for the brightest star images.
The fainter star images show as good points, but only because the out-of-focus
halos are too weak to record. The strong color error therefore does not show
up to the disadvantage of the appearance of the star photograph, except
where the user becomes critical and wonders where all the starlight is going.
The limiting magnitude is directly affected. A Schmidt photograph for the
same aperture and focal ratio will show much fainter stars than will
graph taken by an ordinary lens system,

A star ficld photographed with a lens may, the
factory and redound to the pride of the owner.
ask hitself which part of the lens
Moreover, the owner

a photo-

n, appear to bhe very satis-
However, the owner should
aperture he is using to form star images.
should examine the structure of the brightest star
before becoming too pleased with the faint images.
a sharp central peak of brightness in the star image will behave much as the
color error. Fainter star images will look like good points, but the brighter
images may show a large and varied structure. The limiting magnitude is
the give-away. The speed rating of a lens is often a poor criterion of its
light-gathering power for stars, and the limiting magnitude may vary
the ficld, Even a simple f/2 condenser lens will show passable
graphs, although only a few percent of the ente
image.

There are other conside
effective speed of an

images
Aberrations that leave

over
star photo-
ring light is used to form an

rations relating to aperture and focal ratio. 'The
astronomical lens system is not necessarily indicated by
the focal ratio except for luminous surfaces. The reader should examine
Table 2, which relates limiting magnitude to fo

‘al ratio and aperture. Tt
will be scen that the f/7 lens

can’ photograph fainter stars than the f/3 lens
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Thi in is achieved solely by increase in exposure

same di: T s gain is achieved solely by ! ;
he same diameter. Thi : ) ‘ posure
M.* . %.:1 £/7 lens is slower in speed for photographing the _:M.::::»_,f F:..

ime. S d ) Erap] nos e
sky background than the f/3 lens. 'The light-gathering 1:,“._ .:», ' .:?
N : e TG 3 Q e 2

the ar ape ¥ rast for systems of moder:

f 'pends on the clear aperture, at le 3 .
the other hand, depen . b les Y ot moderate
focal length.  Consequently, the f/7 lens permits a long exposurc __:MA:% \\,.w

A . o o eeored over wha ;
fog becomes serious, and fainter stars are thereby recorded over v

lens can do.

TaBLE 2 *
) - s /7
f/3 f/5 ]
Aperture Image Image ) Himmm )
Diam. Lim. Diam. Lim. Diam. H:Ms.
Cms Inches mms. mag. mms. mag. mms. mag.
1 ‘, 0.4 0.023 10.20 0.026 11.18 0.028 MWMM
2.5 1.0 .024 12.15 027 prm .owm Hm;ww
m.o 2.0 025 13.61 029 14.55 .032 Hm.wm
q,m 3.0 .026 14.44 031 wwwm www ;.mH
. 39 027 1503  .032 9 . .
wmw 5.9 .030 15.80 .036 16.71 .042 WWWM
mo.o 7.9 .032 16.35 .040 17.21 .c»m Hm.gm
mm.o 9.8 034 16.77 .043 :.m.m 052 Hm.go
wo.o 11.8 .036 17.10 .047 Mwww me Hw.ww
. 5 054 k ) .
40.0 15.7 041 17.58 . 18.88
061 18.756 .078 2
50.0 19.7 .045 17.96 . s 192t
069 19.01 .08
60.0 23.6 .049 18.28 . 1948
> 080 19.33 103 .
75.0 29.5 .056 18.61 . 105 s o
354 062 18.90 .091 . . :
wam 394 067 19.05 .098 19.74 129 20.17

* Table from Whipple and Rubenstein, Popular Astronomy, 1942, by permission.

An f/7 lens can be used for two hours or more with _cw:-ﬂ 2_4::”.“3:_ rmMQMM
: objecti S rould show a fairly black pla
y becomes objectionable. An f/5 lens wou y black pla
,.nwwmmﬂm.::_wmz. exposure. An f/3 lens can be exposed for perhaps half .:M.
w“::. or ‘mc Now, if we examine the table and compare the vimcmdumwﬂ._nm Om
a 6-inch lens at f/7 and at f/3, we see that the \\q__mmm MM: a%:n. mhMMFMq
1727 b . : *h only 15.80. rom
agnitude, whereas the f/3 lens can reac _only 15 Fror
_HVM.W.H ﬂm m<r.€ m, 6-inch /7 lens can do as well in limiting magnitude as a
-inch f/3 lens, namely, about 17.3. ) - ,
12 _‘M,_Mm %M?c?:. preference of the author is for lens systems from \\»%. ﬁ.oﬁh\h
for the purpose of increasing the penetrating power of the _,:ogmﬂ.mﬂ:% m:Wi
se. As wec shall sce shortly, there are other cogent reasons w J.H ..:
mmﬂcm. up .Ho f/7 are to be preferred. Professional astronomers in mnwmw; .emwu
Mwmc prefer greater penetration over the wider angular fields and smalle
scale of the “faster” lens systems.
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Schmidt systems are often of the order of f/3 or so, partly because of the
need to conserve tube length and partly to provide an increased angular field.
The best all-around speed for Schmidt telescopes of large size is probably
f/3.5. For lens systems, the best all-around speed will depend on the applica-
tion.  The author feels that the color errors of lenses of focal ratio smaller
than f/7 rule against adopting these lower focal ratios, and that the fast
modern blue plates make f/7 an acceptable focal ratio for precision lenses.
Even in the absence of color aberration, an f/7 rating makes it possible for
a small lens to do the work of a larger f/3 lens, and in practice the f/3 lens
wastes still more light relatively because of aberrations.

The color aberration of lenses of small focal le

ngth is of lesser importance.
The focal ratios of such lenses

‘an then be reduced to f/4.5 or even to f/3.5
if we overlook sky fog as a consideration. Lenses of 50 inches focal length
or more had best stay close to f/7. The Petzval lens with field flattener is

an exception to the rule. For Petzval lenses the secondary spectrum is ap-
proximately two thirds normal and

a focal ratio of f/4.5 is not unreasonable.
The Harvard 16-inch has such a doublet construction but employs a curved
field instead of a field flattener. The focal ratio of this lens is f/5, but the
secondary spectrum is no greater than that of a 12-inch f/5 symmetrical lens.
On the other hand, so-called telephoto lenses have pronounced secondary spec-
trum, and except for short spectral regions or small focal Iength the use of
such lenses is not to be recommended. Aerial photographic lenses of telephoto
construction are particularly bad for astronomical blue photography, though
usable in red and yellow light with proper filters.

Various types of lens designs have been used for astronomical photography.
The two forms that have been more or less standard through the years are
the Cooke triplet and the F. E. Ross four clement lens. In Europe some use
has been made of a four clement Tessar construction, which resembles a Cooke
triplet with a cemented doublet as the reuar component, and of a four element
form which resembles a Cooke triplet with its front element divided into two
positive elements.

There are many specific forms of Cooke tri
correction varies over a wide
types chosen, on distribution

plet and the quality of image
range. The residual errors will depend on glass
of powers, on the adopted focal ratio, the color
correction, ete. In general, it is ad ‘antageous to employ glass types with
high indices of refraction. A properly designed Cooke triplet will exhibit
negligible lateral color, and the mean focal surface can be made quite flat.
Usually, there are appreciable residuals of zonal aberration (residual spherical
aberration), coma, astigmatism, distortion, oblique spherical aberration (reap-
pearance of spherical aberration in the outer part of the field), chromatic
spherical aberration (variation of the spherical aberration with color), and of
course the inevitable secondary spectrum.

The Ross lens form has added much to the photographic equipment of
astronomers and can be made superior to the triplet in one or more respects.
The usual Ross lens does have sowe chromatie spherical aherration which is
concealed on star photographs by the above-mentioned failure of the emulsion
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to record out-of-focus halos, except for bright stars. If the chromatic spherical
aberration is eliminated by the expedient of cmploying a relatively long lens
barrel with respect to the focal length, then the astigmatism residuals become
comparable to those of the Cooke triplet of similar length. In such case the
Ross form offers no real advantage over the simpler triplet form.,

There exists a more elaborate form of Cooke triplet which in the limit is
to be preferred over the ordinary triplet or Ross type. This lens form is
related to the triplet, but the first and third components are cemented doublets
(Pentac or Dynar basic form). By proper design it is possible to eliminate
spherical aberration not only on axis but also at a chosen off-axis angle. The
same off-axis angle can be used as the node for the intersection of the radial
and tangential focal surfaces. Consequently, such a lens is capable of showing
sharp star images in an annulus quite far off axis of a degree of purity
normally obtainable only on the axis. Intermediate field angles show images
not far from desired perfection, and the ficld need not be extended much
beyond the annulus of good definition,

More elaborate lens forms can be corrected for all these things. One can
obtain essential freedom from such aberrations as longitudinal color (except
for secondary spectrum), lateral color, spherical aberration, coma, astigma-
tism, field curvature, distortion, chromatic spherical aberration, chromatic
coma, chromatic astigmatism, chromatic distortion, zonal spherieal aberration,
zonal coma, oblique spherical aberration, oblique coma and balancing of all
of these foregoing aberrations in the form of small residuals against uncor-
rected hybrid higher-order aberrations. Such lenses are necessarily expensive,
and out of the reach of an amateur’s time, budget, and interest. Moreover,
such lens forms may be very useful for ordinary photographic applications of
limited spectral range, but mnot necessarily for astronomical photography.
These lenses still have the usual magnitude of secondary spectrum, which then
remains the chief disadvantage to the astronomical user. As long as it is neces-
sary to design and build lenses for specific spectral regions, it would appear
that emphasis should be placed on simplicity of construction, good transmis-
sion, and quality of monochromatic image formation.

There are a few forms of apochromatic astronomical lenses that may sooner
or later become of interest to amateurs. The word apochromatic in its strictest
sense goes far beyond ordinary achromatism. An apochromatic lens should
have not only three widely separated colors brought to a common focus, but
should also be corrected for spherical aberration and coma at two widely
separated colors. There is little purpose in replacing a colored blur by a
white one. Hence, an apochromatic lens should at least match the monochro-
matic performance of the ordinary lens.

It is feasible to design an apochromatic flat-field anastigmat based on the
Cooke triplet form, wherein the negative central element is made up of two
negative crown elements cemented around a central fluorite element., In this
way one might design un apochromatic lens at f/7 up to 8 inches clear aper-
ture that would cover the spectrum adequately for blue, yellow and red pho-
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tography. The cost of fluorite is very high, however, and only a major project
could finance such a lens.

The author debated the question of designing for this chapter some four-
or five-clement lens form, but came to the conclusion that for a start the
amateur will be better off with a satisfactory triplet lens.  In this way the

glass costs are moderate, the transmission high, and the amount of work

limited.

Ml

S Figure 7

Scale - Inches

Two designs of Cooke triplets are provided below, one for blue-violet
photography with 103a-O or similar blue-sensitive emulsion, and the other for
photo-visual work. The design work was based on the supposition that the
focal length could be scaled according to the wishes of the individual maker,
and that £/7 lenses up to 6 inches clear aperture might be desired. The plate
size for the 6-inch f/7 lens is normally 8 by 10 for most types of research
where precision takes precedence over field angle and more expensive v:mﬁmm.
Both of the specific designs given in the accompanying figures are for 3-inch
f/7 lenses. The recommended plate size therefore becomes 4 by 5 inches,
which will be well within the average amateur's needs. A readjustment of
curves would permit extension of the field for the 3-inch lens to the 8 by 10
plate, but in so doing, the average quality of image would suffer. Those who
can afford the effort will get the most satistaction out of making up the
6-inch f/7 lens for 8 by 10 plate, but cven a 3-inch lens is a useful thing.

Examination of Figure 7 shows the reader that the clear aperture of the
front element is 4 inches, for a lens system which we call a 3-inch. 'The pur-
pose here is to eliminate most of the vignetting that would result if too small
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outer elements were employed. One can trim down the clear apertures of
the first and third elements if he so desires, but some degree of vignetting will
be introduced. As it stands, the vignetting does not begin until a point 2.5
inches off axis is reached, and even in the corner amounts to only a few
percent.

Two separate lens designs are given. The first, given in Figures 8, 9, 10,
11, 12, 13, and 14, is designed for optimum performance at 4341 angstroms in

Lens - &

To Focal Plane 1759

4341

Use Light Bevels

Space 2592 _ Spece 3212 \
/ \ T 5656 Yo.00g
S - - — —_ ——— -
\_Thichness 0.500¢0.010
) o , 7643, o
#T #1001
I T r ‘.
- Figure 8 Figure 9.

+o.a0e
“oes3

o o
s 559
__Thichners 0,198 £0.010 B -2 (sizeos)
° oz -
4519008 Thickness 0.506 £0.010
2795t 00t -
s ke
Figue 30, _Figure .

the violet. The second, given in Figures 13, 16, 17, 18, 19, 20, and 21, is de-
signed for optimum performance at 3461 angstroms in the green. The first
lens is intended for use with blue-sensitive plates, The second lens is to be
used with a yellow-sensitive emulsion such as 103a-G, together with a minus-
blue filter, such as Wratten No. 12, or Corning No. 3385, The second lens
may also be used successfully with a red-sensitive emulsion and red filter and
focused for the new combination. For professional use, there should be a
third lens designed for optimum results at 6300 angstroms in the red. For
the time being, the second lens form will serve.

The accompanying figures are intended to give all the necessary information
for fabrication of either or both of the triplets. However, almost everyone
has his own ideas and in any case may have to adapt machine designs to his
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equipment. The drawings can be used to establish fundamental dimensions
for anyvone undertaking a redesign of the metal mount. The mounting is
essentially the same for both designs, and differs mostly in the width of the
spacer rings and in several of the clear apertures.

The tolerances reproduced in the figures are possibly too small to decipher.
Lens elements should fit into their cells with reasonable snugness and be held
by the retainer rings with something between a light and a firm pressure.
The several dimensions that relate to the airspacing of the elements are to be
held to individual tolerances of plus or minus 0.002 inch. In the end the
axial positions of the lens surfaces should be within plus or minus 0.015 inch
of the assigned values.

The pertinent portions of ATM and ATMA referring to lens making
ought to be studied by the amateur interested in making up one of the triplets.
At f/7 the lens elements are not sensitive to adjustment.
workmanship should apply, if only a matter of pride. 'The only extra word
of warning to be given here is not to hold the lens cells in a three- or four-jaw
chuck, if it can be avoided. In any case the turned parts should be under no
appreciable stress.

The mounting design incorporates spacer rings, as shown in Figure 13b
and 13d. Variations in melts of optical glass will cause slight changes in
image quality which ¢an be eliminated by proper adjustment of the airspaces.
The adjustment can be accomplished with the spacer rings omitted from the
assembly, and the screw threads used as a micrometer. Therecafter, the exact
value for cach spacer ring thickness can be measured and the proper rings
inserted.

Both of the triplet designs are safely within the Rayleigh diffraction limit
at f/7 for a 3-inch aperture. Under the knife-edge, however, the observer
will se¢ a zone of undercorrection in the axial image. There is no real purpose
in correcting this zone by hand figuring, but many amateurs may wish to add
this bit of finesse to their work., 'The slight figuring is best done on the front
surface of the central element. Foucault testing is best carried out in the
color of light for which the lens is designed. The first lens should be tested
in violet light, and the second lens in green light. (Cf. recommended filters
for similar application in Part 1.)

In the outer part of the field a knife-edge test will show some overcorrec-
tion of the outer rim of the aperture, but only in the shape of lunes to the
right and left with respect to horizontal off-axis tilt. Figuring comes easy
to the amateur, and hence it is recommended that this slight overcorrection
be figured out of the lens at an image point 2.25 inches off axis. Even without
the figuring work, the star field will show sharp images in the outer field, but
with the figuring, the light grasp of the lens will be slightly improved. 'The
aspheric work is of the nature of a turned down edge and is easy to do.

In order to clarify the testing set-up, let us consider for the moment that
we are looking down on the test bench. We are to test the lens in parallel
light produced by a paraboloidal mirror and light source at its focus. Now
we rotate the lens off axis clockwise as seen from above by a tilt of 6°.

However, good
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Now as the observer sits down at the end of the bench to carry out a knife-
edge test, the optical axis of the lens will be on his left.

The clear aperture of the front element is 4 inches, whereas the central
bundle of light from a single star is but 3 inches in diameter, as limited by
the clear aperture of the negative central element. It is evident that the
outer half-inch annulus plays no role in forming the axial image. Hence, the
figuring of a turned down edge on the outer half-inch annulus of the back
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surface of the front element will serve to reduce or eliminate the slight over-
correction present in the image 6° off axis, without affecting the quality of
the axial image. Similarly, the outer 0.65-inch annulus on the inside surface
of the rear clement can be figured to a turned down edge. Figuring of the
front element removes the overcorrection apparent in the left-hand lune as
seen in the Foucault test, and figuring of the rear element eliminates the over-
correction in the right-hand lune. The figuring should not encroach on the
central 3-inch clear aperture of the front element or on the central 2.5 inches
of the rear element. 'T'he Foucault testing should not be overdone, and should
be supplemented regularly by evepicce testing. The idea is to obtain as round
an image as figuring will permit. Too close figuring by knife-edge may instead
produce a slightly astigmatic image.

Although the author belicves that these two triplet designs are about the
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most satisfactory that can be accomplished with such standard glass types,
where both distortion and chromatic spherical aberration have been removed,
nevertheless the amateur can hardly expect images that compare with the
quality obtained with his on-axis paraboloid. A certain amount of judgment
is required in assessing the best overall image quality, and it should be re-
membered that the faster photographic plates are unable to distinguish ap-
preciable difference between a diffraction image or a slightly imperfect image.

The removal of the chromatie spherical aberration means that the secondary
color is about the same over the entire aperture of the lens. Hence, the
minimum focus for the first lens is about the same in wavelength for central
rays of the aperture as for the 70 percent zone, and placed at 4311 angstroms.
From another point of view, the central image is free of spherical aberration
over a considerable spectral range and it is only the sccondary spectrum that
prevents a pertect image. The calculated secondary spectrum is of normal
magnitude for symmetrical anastigmats. At the F-line, 4861, the focal shift
amounts to 0.000 829 of the foeal length with respect to 4341. For a 3-inch
£/7 lens the shift is then 0,442 mm. The corresponding error on the ultraviolet
side of 341 occurs at about 3900 angstroms. Now an f/7 lens will have a
depth of focus for sharp images of the order of plus or minus 0.15 mm or
0.30 mm in all, to be compared to 0.442 mm for the color spread of the 3-inch
£/7 lens, It is clear that the 4861 and 3900 radiation will lie outside the mean
focus and produce enlarged images for the brighter stars. For these outlying
colors the central portion of the lens aperture is still contributing to the
mean central image, but a portion of the aperture is wasted.

As pointed out earlier in detail, these harsh facts are characteristic of lens
systems of ordinary optical glasses. Consider the difficulties of the 20-inch
f/7 astrographic lens of the Lick Observatory, which has nearly 7 times the
above-described focal error. Evidently quite an appreciable amount of light
is lost from the star images in outlying colors with consequent effect on the
limiting magnitude. The star photographs are nevertheless of pleasing ap-
pearance, and have the desired astrometric qualities.

The two triplet designs given here are somewhat unusual in being well
corrected for distortion, and are therefore well suited to astrometric measure-
ments. The calculated distortion for the 3-inch f/7 lens in the outer part of
the field amounts to only one or two microns (0.001 mm) in terms of the
shift in the lateral position of the star image from where it ought to be. The
lateral color error is nearly as small, and amounts to only a couple of microns
between 4000 and 5000 angstroms, except in the very corner of the plate. The
mean field for both lens designs is essentially flat. A slight amount of astigma-
tism will be discernible monochromatically in the intermediate part of the
field, but photographically will be concealed by the secondary spectrum. That
is, the photographic plate is of approximate uniform sensitivity along the spec-
trum surrounding 4341 and the emulsion will select those colors most nearly
in focus. Field curvature and astigmatism when small simply cause a slight
shift in the color or colors in focus at a given off-axis point. 'Therefore, one
can anticipate quite sharp star images to the very corner.
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As lens designs go, the two Lriplets may be considered to have somewhat
sharper images than usual for the special astronomical application. The
limiting magnitude will quite likely be improved over the valucs given in
Table 2. A 3-inch f/7 lens can be expected to reach 16.3 magnitude. A
6-inch f/7 lens can be cxpected to reach 17.6. A 6-inch f/7 paraboloidal
telescope used on axis should be capable of photographing stars down to
magnitude 17.8.

Tt is hardly worthwhile for an amatcur to make up a photographic lens
unless he has some form of equatorial clock-controlled telescope at hand. One
will have a very nice multiple-duty telescope if he combines a paraboloidal
mirror with Reflector-Corrector on the same mount with one or both of the
f/7 photographic lenses.  In this way the guiding arrangement of the mirror
telescope can be used profitably for taking critical photographs with either
the Reflector-Corrector or the f/7 lenses, or possibly all together.

High I'acuum Equipment

By FarpLe B. BrowNw
Farrand Optical Company, Ine.*

Every TN has probably had the desire to aluminize his own mirrors and
anti-reflection coat his own lenses, but has felt that the equipment for doing
this work was so complicated and expensive that it was not worth while for
the small amount of work required by an individual or even by a small group.
Coating lenses and aluminizing mirrors, however, is only a small part of the
work which can be performed by high vacuum equipment, and the processes
of which it is capable offer a fascinating field for the 'I'N, with his mechanical
ingenuity and intellectual curiosity. The field has limitless horizons, and is
only now being explored by various types of industry. The optical processes
possible with high vacuum include, as well as aluminizing and lens coating,
the production of interfercnee filters, beam splitters, photo-electric cells,
aspheric reflecting and refracting surfaces, and many others. There are nu-
merous applications in chemical, physical and electrical fields in which the
interested hobbyist may find much interest. High vacuum is a vast, largely
unexplored territory. The properties of materials subjected to vacuum is a
new world for discovery and adventure. There are fifty articles a month in
technical journals on high vacuum and associated fields.

Not the least of the appeal of high vacuum to the TN is its natural per-
versity. Compared to a high vacuum system, the most recalcitrant optical
surface is a paragon of meek submissiveness. This sort of thing makes raving
maniacs of most people, but TN’s are of the peculiar breed of cat which thrive
on frustrations.

We shall attempt here to describe the usual form of high vacuum unit
from the point of view of the individual who intends to construct one for
himself, and bricfly describe some of the operational procedures and technics.

I. GExErRAL DEescripTioNn AND CoMPONENT PARTS

Figure 1 shows the principal parts of a typical modern laboratory and
industrial high vacuum unit for general work. Some industrial processes
which require high vacuum have developed their own specialized equipment
but, for a unit which is to be used interchangeably on many different applica-
tions, no one has yet come forward with any arrangement fundamentally dif-
ferent from the old-fashioned bell-jar, which you may remember from chemis-
try and physics laboratories.

The vacuum chamber itself is the inside of a bell-jar of glass or metal,
cylindrical in form and with domed top. This is open at the bottom and sits
on a metal base plate. Inside the chamber are the outlets to the pumping
and gaging systems, electrical terminals for filaments, heaters, high voltage
discharge, etc., racks for holding objects to be processed, etc. The pumping

< 4401 Bronx Boulevard, New York 66, N. Y.
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7. When low vacuum gage indicates 1 micron, switch on high vacuum
gage.

8. Proceed with coating or other operation when pressure is sufficiently low.

9. If heated lenses are in chamber, do not open too soon—shut off heaters
and allow to cool.

10. If diffusion pump is not valved off, allow to cool before opening chamber.

I11. Fuxerion Al CHARACTERISTICS

In high vacuum it is customary to discuss the degree of vacuum in terms
of the absolute pressure of the residual gases in the system; that is, we talk
not of how much vacuum we have, but of how much actual pressure remains.
Thus, a perfect vacuum would have zero pressures with no vacuum at all
we have atmospherie pressure, or 760 millimeters of mercury, mm of Hg
being the customary units of measurement in this work.

“High” vacuum is generally considered to prevail when the residual pres-
sure is less than 1 micron (107 mm) of Hg. 'This is about one millionth of
atmospheric pressure. It is customary, in the sort of vacuum unit being de-
scribed, to work in the neighborhood of 10-% mm. Electronic vacuum tubes
are often maintained at a pressure of the order of 10-% mm. Gages are avail-
able to measure to about 10-° mm. Lower pressures than 107" mm are not gen-
erally achieved.

Vacuum systems may be classified as “static” and “kinetic.” A static
system is one in which every precaution is taken to seal the system absolutely
against all leaks, to cleanse everything within the system thoroughly, to “out-
gas” all components, ete. After the pumps have removed all the gases pos-
sible, they are sealed off, and recourse is had to technics for absorbing some
of the gases remaining in the chamber by means of “getters,” that is, ma-
terials, such as barium, calcium, magnesium, ete., which absorb large volumes
of gas under certain conditions. A kinetic system is one in which the pumps
remain connected and in operation throughout the cycle, the theory being that
small leaks may be present, because the system is sealed with gaskets and
rubber seals instead of with wax and cement, but, the pumps being very fast,
will remove air faster than the leaks permit it to seep in.

The type of system we describe is a kinetic system; the static system.
while capable of higher degrees of vacuum, is not adapted to processes where
it is necessary to open the chamber frequently. Modern developments in
pump design have resulted in pumps of such high pumping rates that kinetic
systems are readily capable of working at pressures as low as 1076 mm,
which is sufficiently low for anything but the most refined types of experiment.

I1I. MecrANICAL Pumps
1t is not recommended that the amateur try to construct a mechanical

vacuum pump. Figure 2 shows a typical rotary mechanical pump used on
high vacuum systems. These pumps are available from the Central Scientific
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m:u. W. M. Sl.e: Scientific Co., Kinney Manufacturing Co., and others.
Prices depend, of course, on size, and run from $§50 up.

The pumping speeds

o . ) s

of mechanic: S p : . i i !
wechanical pumps run from about 2 cu. ft. per min. for the Cenco IHyvac

pump to about 25 cu. ft. per min. for one of the Kinney pumps. Larger sizes
are available, of course, but are not likely to be considered for small <.:., m
units. The ultimate pressures attainable with mechanical pumps on _.,,::u:n
systems run as low as 10 microns. Manufacturers’ literature will list ultimate
vacuum as 1 micron or even lower, but this is measured under ideal E::::,c.:f
with the pump operating out of a vacuum chamber of practically no E::E.m,
and is not to be cxpected under any practical application. A !

uurry

mechanical

Schematic of
mechanical pump

Kinney VSD

Efreen sy

Fiaure 2

pump is useful if it will pull 100 microns, but any pressure greater than this
Is too much for diffusion pump efficiency. . , ,

Mechanical pumps depend upon their supply of lubricating oil to maintain
a vacuum scal, and consequently this oil must be of good n:ﬁ:?
Special oils are sold by the pump manufacturers and these are, c(m course, the
best. :.OS..V.SWP they are rather expensive, and it will often be mo::m ,:;;
::woio—:_o oil of about SAE 10 or 20 will serve quite satisfactorily. Tt would
v.a wise to obtain data as to the vapor pressure of the ?.:.:q:r;{o: in ques-
tion, E.E choose the lowest vapor pressure possible.  The oil will wmnc:.um
contaminated by the gases being pumped out, and should be changed rather
».2.@:.&53%. Tt is possible for a mechanical pump to become so contaminated
that _.n must be disassembled and thoroughly cleaned. This will be especially
S.:m,‘ if any work is being done on plastics in the vacunm chamber. , )

The chamber, piston and vanes of a mechanical pump should never be

and clean.
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cleaned with anything coarser than very fine emery cloth. When these work-
ing surfaces become pitted and scored, the pump has lost most of its effective-
ness. Do not disassemble the mechanical pump unless it is absolutely neces-
sary, as continual disassembly and reassembly will reduce its efliciency.

When loss of efficiency has indicated the necessity of an overhaul, clean
all the working parts with kerosene, and follow with a cleaning in acetone to
remove the kerosene. Reassemble the pump dry, placing a light film of
shellac between metal surfaces which are bolted together. Be sure no shellac
gets into the pump chamber. ‘Turn the pump over slowly by hand a few
revolutions to lubricate the parts before starting the motor.

In some types of mechanical pumps, it is possible to reassemble some of
the parts backward, in which case the pump will not work effectively, hence
mark all parts upon removal to assure their being replaced in the proper
orientation. Pumps are designed to operate at an optimum speed, so if you
obtain the motor separately, be sure that the speed ratio is correcl.

The pumping speed and limiting pressure of a mechanical pump depend
upon the effectiveness of the seal, which in turn is a function of the mechanical
tolerances between the working parts, and also upon the ratios of chamber
volume, rotor speed and intake area.

To avoid the wearing out of a good mechanical pump too rapidly, it is a
useful practice to‘use an old pump for “roughing out” the chamber, and cut
in the good pump only after the old pump has reduced the pressure as far
as it is capable.

The time necessary to create a high vacuum in the system and the degree
of vacuum attainable are dependent perhaps principally upon the efficiency of
the mechanical pump, since the efliciency of the diffusion pump increases as
the pressure at its output is reduced. Hence a good mechanieal pump is one
of the first requisites for an cffective vacuum system. Within reason, the
larger the mechanical pump, the more effective the system. Larger pumps
usually have a lower ultimate pressure.

=N

1V. Dirrusiox Pumes

Mercury diffusion pumps were first used, and are still used to some extent,
principally upon laboratéry systems. Caution: Mercury fumes are poison-
ous. The oil diffusion pump (Figure 3) has become the standard for most vac-
uum systems. 'The diffusion pump may be made of glass or of metal, the metal
being, of course, free from the danger of breakage, which is always a problem
with glass pumps. Glass, however, is a better material, vacuum-wise.

In the diffusion pump, a high velocity stream of oil or mercury vapor is
provided by vaporizing the pump fluid, and shooting it through jets. The
residual gases at the intake of the pump diffuse into the vapor stream, which
is directed toward the output of the pump, where sufficient pressure is built
up to make the mechanical pumyp effective. A good diffusion pump can main-
tain a pressure differential between intake and output of about a million to one.

The speeds of diffusion pumps are usually stated in liters per second. This
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is a function of the area of the intake as well as of the efficicncy of the pump
itself. If an opening one square centimeter in area existed between a chamber
at pressure P and one at a perfect vacuum, the rate of air flow across this
arca would be 11.7 liters per second. This rate of flow is independent of
the pressure P. Obviously, no pump can remove air faster than this, which
represents the maximum rate at which the air will flow into the pump chamber.
The speed factor of a pump is the ratio of its pumping speed to this maximum
value. For a good oil diffusion pump this speed factor is about 0.5 or 0.6.

SCHEMATIC
DIFFUSION PUMP

Ewog_./

FiGure 3

An oil diffusion pump with a throat aperture of about 4 inches has a pumping
speed of about 250 liters per second.

The metal oil diffusion pump is merely a long section of metal tubing,
closed at the bottom. An electrical immersion heater is placed in the bottom
and a chimney, or jet, is placed over the heater. Copper coils surround the
upper portion of the tube, through which water is circulated to cool the
walls.  The design features of the pump are the exact contours of the jets
and the chimney, and the spacing of the cooling coils.

Cooling coils are also provided around the heater scction of the tube, to
accelerate the cooling of the hot oil after the pump is shut off, since the
system cannot be opened to the atmosphere until the oil in the diffusion pump
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is cool. This is not necessary, of course, if a valve is provided between the
diffusion pump and the vacuum chamber.

Some operators never open the diffusion pump to the atmosphere but fill
it with dry nitrogen when it is not in use.

It is quite feasible to make one’s own diffusion pump, although the exact
dimensions of the chimney may be rather troublesome. Many details are
available in the literature on diffusion pump design.

It is usually advisable to have some sort of control on the heater of the
diffusion pump, although it is quite possible to operate it satisfactorily with-
out a control. A variable transformer is the usual type of control provided.
The pump will operate faster at the higher pressures with the heater on full,
but is more effective at the lowest pressures and will attain a somewhat lower
vacuum at about 60-70 percent of full voltage. It is necessary to provide a
control on the circulating water for the cooling coils. Usually, the pump
will operate most efficiently when the top of the pump is about 20° below
room temperature and the lowermost cooling coil is slightly above room tem-
perature. Some diffusion pumps are made with water jackets instead of coils.

Diffusion pumps are sometimes made with an ordinary heater coil outside
the housing. Effective temperature control can then be attained by merely
moving the heater toward or away from the pump. Cooling at the end of a
eycle is also accelerated.

The oil in the diffusion pump is of special type. Manufacturers offer
various types of oils, the principal difference being the limiting pressure at-
tainable, which becomes lower, as might be cxpected, as the price of the oil
goes up.

Fortunately, this oil will last indefinitely if carefully treated. It must
be occasionally drained and cleaned by allowing it to setile or by straining
through chamois. When the oil is drained, the chimney of the pump is removed
and cleaned of varnish.

Air must never be allowed to contact hot diffusion pump oil, or it will
oxidize, resulting in not only the loss of valuable oil, but a messy cleaning job.

Of the diffusion pump oils available, Octoil-S, procurable from Distillation
Products, Ine., is one of the best (and most expensive). Butyl phthalate is an
effective pump fluid, and relatively inexpensive. It is capable of a vacuum
of about 10-* mm. For better vacua, better oils are necessary. Silicone fluids
have been offered for diffusion pumps, and serve very satisfactorily. One
advantage claimed is freedom from danger of oxidation, it being stated that
silicone fluids may be exposed to atmospheric pressure when hot without
danger. :

V. VaLves axp MANIFOLDING

If suitable valves (Figure 4) are provided at strategic points in the system,
the time required per operation eycle will be materially reduced, and the
location of leaks is considerably simplified. A valve at the intake of the
mechanical pump is almost a necessity; other valves may or may not be
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provided, depending upon the individual constructing the system. A separate
line from the roughing pump directly to the chamber, together with a valve
at the diffusion pump intake, will make it possible to keep the diffusion
pump operating between two vacuum cycles, thus saving at least a half hour
or more. When the work in the chamber is completed, the diffusion pump
intake valve is closed, and the chamber opened to the atmosphere. At the
beginning of the next cycle, the diffusion pump is cut off from the roughing
pump, and the latter opened directly to the chamber; when the chamber has
reached forepressure, the roughing pump is cut oft from it, the valve between

VALVING

Vacuum ARRANGEMENT

chamber

Holding
C:awu
\Ffusion AOUTOJD_V

Forepump

Lfepen 2

Ficurre 4

the roughing pump and diffusion pump is opened, and, finally, the valve be-
tween the chamber and the diffusion pump. The heater in the diffusion pump
remains on throughout all the above, since, by proper valving, we have clim-
inated any opening of the diffusion pump to the atmosphere.

Some back-streaming occurs in the diffusion pump when it is cut off from
its forepressure during the time the roughing pump is working directly on
the chamber, but, since this is usually a matter of only about ten minutes
with a good mechanical pump, it is not too important. It would be better, of
course, to provide a small mechanical pump to maintain forepressure at the
diffusion pump output during this period, but this is a refinement that is of
interest principally when it is required to make as many operating cyceles as
possible in a working day.

The Kinney Mfg. Co. offers vacuum valves suitable for the roughing pump
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intake valves, or the amateur may construct his own by modifying a steam
valve of proper type. Metal bellows (Figure 5) is the A._._z?:::am Tﬂm c,». seal
for vacuum valves; packing will not suffice for high vacuum. Some :_x;:p,ﬁcwm
report having made satisfactory vacuum valves from ordinary steam 4.._72
by M:E.:_% replacing the packing with Neoprene washers and :mm:n a Za.:“:.:n.
seat.

A valve for the diffusion pump intake, where the aperture is of the order
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of ~. inches, will probably be found too expensive for purchase; it is quite
feasible to make one. A suggested type is shown in Figure 6. | .
For z-w. relief valve in the base plate Figure 7 shows the customary type
Regarding piping and connections in the system, the guiding va:m:v_,w 7
that the pipes should be as short and as large as possible; m:.«« sharp bends

or constrictions will inhibit the flow of gases through the system and thus
cut down the overall pumping speed. ’

V1. Bavrres axn Corn Traps

Baffles and cold traps are often provided in vacuum systems to prevent
m::mm..ﬂ::.mm such as diffusion pump oil from entering the vacuum chamber by
providing a low temperature region where they are condensed upon the ralls
In the usual vacuum system, a small, water-cooled chamber just above :E.
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diffusion pump, fitted with a flat baffle plate somewhat larger in diameter
than the diffusion pump throat and placed some distance above it, is sufticient.
It is possible to construct complicated baffle assemblies, which usually result
in a cutting down of the pumping speed. When mercury is used in the pump
or in any gages, a full-fledged cold trap is necessary. This usually consists of
a U-bend in the connecting pipe, around which is placed a cooling mixture,
such as liquid air, or dry ice and alcohol or acetone.

Metal bellows

\\]‘ B

LARGE VALVE

EBrown #9

FiGURE 6

As a precaution the cold trap should not be operated until the pressure
in the system has reached a relatively low value. Operating the cold trap
when the system is at high pressure will result in condensing a great deal of
water vapor in the trap. When the pressure is reduced, the condensed water
rapor will begin to evaporate, and will have all the symptoms of a leak. It
may take a long time to sublimate the ice which will galher in a cold trap
if it is operated at high pressure.

VII. Gacss

There is no really satisfactory substitute for a suitable and reliable gage
system. An expert can usually make a rather close estimate of pressure by
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such intangibles as the sound of the pumps, the appearance of filaments, ctc.,
but this is unreliable to say the least. The neophyte may be advised that
gages are not necessary.  For one unfamiliar with high ‘acuum, however,
gages are considered essential by the author. When the operator can guess
the gage reading without looking at it, he is permitted to throw it away.

Two different gages will be necessary; one in the region of mechanical
pump pressures (above 1 micron), and one for the lower pressure region
(down to 10 5 or below). There is no one gage which will operate satisfac-
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?.:.:% over the entire range. We will describe here only the operating prin-
ciples of some of the gages; detailed descriptions will be found in the litera-
ture.

The standard vacuum gage is the McLeod gage; this is a mercury gage,
by means of which a sample of the gas in the chamber is ncgcaommom. into a
small capillary; its consequent pressure against a column of mercury is a
measurc of the pressure in the chamber. The standard MeLeod gage is a
large and eumbersome instrument; modifications have been made which are
relatively inexpensive and convenient; it is a very handy instrument to have
because, with only a few exceptions, it is the only vacuumn gage which does
not have to be calibrated. Because of its two disadvantages, it is not quite
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suitable for a kinetic vacuum system; but it is extremely useful as a calibra-
tion tool for the gages which may be used on the system. The two disad-
‘antages are that it cannot be used without a cold trap, due to the mercury
it contains; and it measures only the partial pressures of non-condensible
gases, The sample of gas which is measured by the Mcl.eod is compressed,
and in this compression process, condensible gases are eliminated from the
sample. Since water vapor is often a significant component of the residual
gas in a kinetic vacuum system, the Mcl.eod will not give a reliable pressure
reading.

For the low-vacuum region (above 1 micron) two general types of gage
seem most suitable and most widely used; these are the Pirani gage and the
thermocouple gage. In the Pirani gage, two heated filaments, one sealed off
in a high vacuum, the other exposed to the chamber, are connected in a bridge
circuit.  Residual gases in the chamber cool the filament exposed to them,
changing its resistance, and unbalancing the bridge. The degree of unbalance
is read on a meter. This gage is useful in the region 1 micron to about
50 mm. It would be advisable to purchase the actual gage elements, which
are not very expensive; the electrical circuit can be home-made; circuit dia-
grams will be found in the literature. Remcmber that the gage must be
‘alibrated against some gage such as the Mecl.eod.

The thermocouple gage is useful in the same region as the Pirani, and in
some respects it is more sturdy. A thermocouple element is placed close to
a heated filament; the heating effect of the filament upon the thermocouple
is read on a suitable meter; the higher the pressure in the chamber, the
lower the reading, because of the cooling effect of the residual gases. As in
the case of the Pirani guage, the gage clements can be purchased and the
circuits constructed at home.

For the high vacuum region, an ionization gage is customarily used. This
gage is essentially a three-element radio tube, connected to the vacuum cham-
ber; it consists of a hot cathode, a positive grid and a negative plate. The
electron current flows from cathode to grid. The electron stream creates
positive ions in the residual gases of the chamber, which are collected by the
plate, and the resulting current, which is a measure of the pressure, is read
on a meter. As in the above cases, the gage elements can be purchased and
the circuits built.

All the above gages are supplied with a tubular glass neck; this may be
passed through a perforated rubber stopper, which is in turn clamped into
a hole in a wall of the vacuum system, or it may be connected to the system
by means of a section of heavy-walled rubber tubing.

More recently, the Phillips gage has come into rather wide usage. It con-
sists essentially of a two-element radio tube, in which an electronic discharge
is produced. Measurement of the electron flow by a suitable circuit indicates
the pressure. The Phillips gage as currently produced has a very wide range;
it will cover the range of both the ionization and Pirani gages for most vacuum
systems.

Tn all these gages, two or more gage units may be used with a single elec-
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trical circuit; it is often convenient to have gages in more than one place
in the system. A scparate low-vacuum gage at the roughing pump intake
will provide a measure of the operation of this pump independent of the
rest of the system; the high-vacuum gage should enter the system below the
basc-plate, preferably in the batHe chamber; if this is done, the search for
leaks is simplified; when a leak occurs which cannot readily be found, the
opening in the base plate which leads to the diffusion pump is closed up with
a pressure plate and the system operated; if the system can create the de-
sired vacuum in the batfe chamber, then the leak is obviously somewhere
above the base plate. The difference in pressure between the chamber itself
and the bafle chamber is not usually significant during operation.

It is advisable to provide bafiles over the gage openings, especially in the
case of the ionization gage, to prevent possibility of conlamination of the fila-
ment with diffusion pump oil or other contaminant; this will cause the gage
to give incorrect readings.

Under no circumstances should the ionization gage be turned on when the
pressure is higher than 1 micron; to do so will cause the filament to burn out
very rapidly.

There are innumerable other vacuum gages; the Knudsen gage, the Lang-
muir gage, the Miller gage, and many, many others. Descriptions of these will
be found in the litérature; the five types described above, however, are most
commonly used today.

/TITI. Tae Vacvtrym CHAMBER

Certain apparatus must be provided in the vacuum chamber: holding de-
vices for the items to be worked on, a heater if anti-reflection coating is to
be done, holders for the heating filaments, electrical connections through the
base plate for filament, hcater, glow discharge (if used) and possibly other
items. An arrangement permitting the simultaneous use of two or more
filaments will be found desirable for multiple coatings.

As to general arrangement, it is customary to provide a circular, horizontal
base plate, and a cylindrical, domed-top bell-jar, glass or metal. A metal jar
is more expensive, but there is no danger of breakage. If a glass jar is used,
cover it with a heavy wire screen for protection in case of breakage; jars do
not often break, but when they do, it is a very dangerous accident. Pyrex
bell jars are available in 12- and 18-inch diameters; or a large glass jar may
be utilized by cutting off the bottom and sealing the neck. Don’t cut off the
neck end—the domed shape is essential.

The base plate should be sufficiently thick to obviate any bending under
a 15 1b/sq. in. pressure—for an 18-inch jar, the base plate should be not less
than % inch thick, preferably more. Stainless steel is the best material, but
cold-rolled steel, brass, or even cast iron is serviceable. If cast iron is used,
it should be thoroughly buffed to fill the pores and then nickel plated. A
thorough coating with Glyptal on the outside will be helpful, as cast iron
tends to be porous.
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The bell-jar is sealed to the plate with a Neoprene gasket (Neoprene is
better than natural rubber in a vacuum system; other synthetic rubbers are
also quite satisfactory). 'The base plate must, of course, be ground smooth
on top, although a high polish is not necessary.

a. Geometry of the Vacuum Chamber: ‘The home builder is completely
free to arrange the vacuum chamber as he will. The usual arrangement is
with the diffusion pump outlet in the center of the base plate, with holders
for items to be coated overhead. The heater may be either overhcad (re-
sistance type) or on the base plate (infrared lamps). The writer favors an
off-center location for the diffusion pump, in order to avoid any unnceessary
restriction of the opening to it and consequenl decrease in pumping speed.
Some operators prefer to evaporate downward when metals such as aluminum
are being used; in this case there is always the danger of hot droplets of
metal falling on the items being coated and damaging them. Most non-metals
must be evaporated upward; metals can usually be evaporated in any di-
rection.

b. Heaters: For anti-reflection coatings, and certain other operations, the
items being coated must be heated to rather high temperatures; both infrared
lamps and resistance heaters are used. Some sort of voltage control should be
provided. Since the heating, even by a resistance heater, is almost wholly by
radiation (being in vacuum), the heater should be backed up by a reflector.
The heater should never be allowed to become bright red, but should be wound
with a sufficiently heavy wire to furnish the required heat at a color tempera-
ture not higher than dull red. If the wire is too hot, it will evaporate onto the
items being heated. Nichrome wire is usually used.

After a coating operation, heater wires should be burned off in low vacuum
before the next cycle.

c. Electrical Terminals: A sufficient number of electrical leads must be
provided through the base plate for all the equipment required. There is
usually a heater, two or more filaments, and perhaps a glow discharge. The
terminals for the filaments must be able to carry upward of 150 amperes. A
common type of electrode is shown in Figure 8. This is not adequate for
high voltage; in this case, the electrode shown in Figure 9 is suggested. Use
glass or quartz (not rubber) as insulation in the vacuum chamber.

d. Optics Holders: The type of holding devices provided depends entirely
upon the work being done. A metal ring supported upon three or four posts
about 12 inches above the base plate makes a good support for whatever
type of holder is desired. Some advantages are gained if the holders do
not permit any of the evaporated material to pass the surface being coated;
with some metals, back-coating is common, and in any case, confining of the
evaporated materials saves a great deal of bell-jar cleaning.

e. Source Shields—Mechanical Molions: It is usually desirable to provide
some sort of shield above the evaporating source which may be moved aside
at the proper time after evaporation has begun. TUsually, when the material
begins to evaporate, impurities are given off, and a clean-up period with the
shield in place is desirable. 'These shields can be made to operate mag-
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netically, or by motion introduced through the base plate by means of a metal
bellows. A venetian blind type of shield has been used very effectively.

f. Glow Discharge—Eleetronic Bombardment: A high voltage E.zh.:»:.ﬁ..
between a high potential cathode and a suitable anode has been found very
effective as a final cleaning operation before coating, It is believed that the
jonic bombardment set up is effective in removing the adsorbed moisture layer
(two or three molecules thick) which is always present on surfaces exposed
to atmospheric pressure.

ELECTRODE
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We avoid making any specific recommendations here regarding high voltage
discharges in vacuum. The technic is quite complicated, many dangers are
involved and, for effective use, the pressure in the chamber must be at the
optimum value (in the 10 micron vicinity)., The reader is referred to the
literature for discussions of this particular field.

Glow discharges may lead to a lot of trouble. The phenomena are not well
understood, and anything which is done is-at the operator’s own risk. One
source of trouble is dirty electrodes, which may give off contaminating ma-
terial when used.

g. Filaments: Both metals and non-metals are evaporated by means of
electrically heated filaments. Tn industrial applications, induction heating has
proved very effective, but the equipment is quite expensive, There are four
principal types of filaments which are used.
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L. Wire filaments: Metals which will wet a filament., and which can be
clectroplated onto the filament wire, are usually evaporated from wire of
suitable material—usually tungsten, which is available in wire form. Coils are
*asily made by winding the wire around a % or % inch bolt or the wire may
be bent into an “accordion-pleated” flat filament. Tungsten wire forms very
easily when heated to a dull red, although it is quite brittle when cold. It
may be heated with a small alcohol toreh while forming. Avoid overheating,
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which will result in sharp bends and subsequent breakage at these points.

2. Crucibles: non-metals, such as magnesium fluoride for anti-reflection
coatings, are usually evaporated from porcelain crucibles. The crucible is
filled with fluoride, and a flat coil of tungsten is suspended a few millimeters
above the surface of the fluoride. These flat filaments may be wound upon a
suitable mandrel as described above.

3. Refractory crucibles: Refractory crueibles may be built up by first
winding a conical filament of tungsten or other wire, and then dipping this
filament repeatedly in a suspension of refractory material, such as Alundurm.
Baking out of the crucible in a low vacuum (1 micron) is nccessary before
using.  These crucibles are useful for metals which will not wet filaments,
and for non-metals.

4. The fourth form of evaporating device is the so-called “boat,” which is
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merely a flat strip of tungsten or other heater material bent into a V form in
a vise, to form a sort of trough, in which e raporating materials may  be
<w.~uo~.iwm. Tungsten is not very suitable for boats, but molybdenum and
tantalum are very uscful for this form of heater.

h. Assembly: The entire system is assembled with Neoprene gaskets,
coated with a film of vacuum grease (Plicene, Celvacene, ete.) and bolted
tightly together. Glyptal is used as an cxterior paint over joints, and (as a
temporary expedient) to plug small leaks.

IX. Evrecrricar Sveerny

There will be four items in the vacuum system requiring electrical power
supply: the filaments, the heater, the diffusion pump, and the gage system.
The filaments will cach require at least a kilowatt for effective work, and this
supply should be available at a voltage of about 5-15. This means a sizeable
transformer—one from a welding outfit will be ideal. If more than one fila-
ment is provided for, as is récommended, there should be sufficient power to
operate simultaneously at least two of them—preferably more. The electrical
leads to the filaments should have a apacity of at least 200 amperes.

The heater will require 1000 watts or more—for really hard anti-reflection
coatings, the more the better; the diffusion pump will require from 200-300
watts. As has been pointed out, a voltage control on both of these devices is
desirable—especially on the heater.

The gage system will require only a few watts—and a d-c power supply,
which is part of the gage electrical system—a copper oxide or selenium recti-
fier is adequate for the Pirani gage—an jonization gage will require a vacuum-
tube rectifier with smoothing inductances—the reader is referred to the bib-
liography for detailed information on gage circuits.

If a glow discharge is to be used, a high-voltage transformer will be re-
quired—from one to several amperes capacity. Neon sign transformers are
useful here.

X. Nores oN ProcessEs AND OPERATIONS

General: a. Qutgassing: Outgassing is the term used to describe the giving
off of absorbed and adsorbed gases by materials when subjected to vacuum.
All materials absorb gases (air) to a certain degree, depending upon their
porosity and other characteristics. The amount absorbed will depend upon
the air pressure to which they are subjected. When materials which have
been exposed to atmospheric pressure are subjected to a vacuum, these
gases will be given off, and given off rather. slowly, so that the chamber is
continually being subjected to a “virtaal leak” until this outgassing ceases, In
addition, most materials exposed to the atmosphere have a surface layer a
few molecules thick consisting of water vapor and other gases, which are
termed “adsorbed.”

Outgassing is acceleraled by heating the parts concerned. In addition to
absorbed and adsorbed gases, most materials will ¢ yaporate to a finite extent
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even at low temperatures; some materials, of course, are highly undesirable
from this viewpoint, especially certain plastics, the “fillers® of which tend to
outgas continuously and voluminously over a long period of time, and organie
materials in general.

The products of outgassing of such materials as plastics are likely to be
very damaging to the pump oils, both in the diffusion pump and in the me-
chanical pump. The diffusion pump oil has an opportunity to clean itself to
some extent because of its constant distillation, but the mechanical pump oil
may become contaminated very rapidly, resulting in a significant rise in the
forepressure. This oil must be changed from time to time in any event, due to
contamination, principally from water vapor.

The entire inside of the vacuum chamber, of course, gets a coating of
whatever is being evaporated at the same time as the objects within it, uand
must be frequently cleaned. A dirty chamber will rapidly become more and
more difficult to evacuate to the required pressure, because of outgassing from
the contaminants-—evaporated metals especially are powerful absorbers, Steel
wool, soap and water, followed by acetone to remove the water film, are about
the most effective general agents for cleaning the inside of the bell-jar. Certain
specific contaminents yield to specific agents—Ilye for aluminum, nitric acid for
most other metals, ete. For small parts, such as electrodes, periodic disassem-
bly and treatment with a buffing wheel is effective.

XI. Evaroratiox or METALS

a. Alwminum Mirrors: One of the most frequent jobs for a vacuum system
is the production of evaporated aluminum front-surface mirrors for telescopes
or other purposes. Aluminum is one of the simplest metals to evaporate, but
there are several important considerations in its use.

A helical tungsten filament is the most generally used type. Aluminum
and tungsten form a very brittle alloy which makes it impossible to use a
tungsten filament more than once for aluminum.

Do not use a fine tungsten wire for aluminum; the aluminum will dissolve
it and it will burn up. Use wire about .050” diameter.

The following are the usual steps in evaporating aluminum, as for coating
telescope mirrors:

1. Prepare the filament and the aluminum strips (aluminum wire or alumi-
num foil, prepared in small strips about 8 by 6 mm and bent into a U-shape)

2. Preheat the filament for about 30 seconds in low vacuum.

3. Open the chamber and hang the aluminum strips on the separate turns
of the filament coil. Evacuate to about 1 micron and then operate the fila-
ment until the aluminum strips have melted and firmly adhered to the coils.

4. Open the chamber and place the object to be coated in position, If it is
a telescope mirror, it must be placed perpendicular to the filament, and as far
away as is practicable, considering the degree of vacuum achieved. Placing
the mirror at an angle or too close will result in a change in its figure upon
metallizing.
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Evacuate to the highest vacuum attainable and coat. All metals should be
evaporated as rapidly as possible to assure an even, adherent film. If heated
too rapidly, however, metals may spatter. Once evaporation has begun, it will
require only 15-30 seconds to complete a mirror. Telescope mirrors should not
be coated too thickly, clse the figure will be altered. A coating which is barely
short of complete opacity is usually best. This usually results in a certain
number of pinholes, which are not objectionable if not too numerous. The
usual practice in aluminizing is to observe the hot filament through the surface
being coated; thus it will be possible to determine just when opacity is attained.
Be sure you are watching the true filament; not a reflection of it off the back
surface of the mirror.

b. Other Metals: Silver mirrors are superior to aluminum in reflectivity in
the visible spectrum; they are, of course, subject to tarnish, but are very satis-
factory when furnished with a protective coating, such as magnesium fluoride.
Hard protective coatings for mirrors offer a fertile ficld for experimentation.
Silver is perhaps the easiest metal to evaporate—a tantalum or molybdenum
boat is the most satisfactory means.

Gold, copper, nickel, etc., are readily evaporated onto mirrors which may
be desired for special purposes—gold for infrared, for example, or Nichrome
or stainless steel for neutral filters.

Table 1 is taken by permission from W. C. Caldwell, Jrl. Appl. Physies,
ol. 12, p. 779, 1941, and will be found very valuable.

¢. Filament materials: Tungsten and tantalum are the most common fila-
ment materials; these two metals, together with molybdenum, will suffice to
evaporate practically all metals (Table 2). A few words may not be amiss in
the usc of these materials.

Molybdenum, or “moly,” is usually used in the form of a boat; it is the
cheapest of the three filament materials, and is readily available in sheet form,
(:010 to .020-inch thickness will be satisfactory) from which Y-inch strips may
be cut with shears and bent lengthwise into a V-shape. It is quite easily
worked, and not especially subject to work-hardening. It becomes somewhat
brittle after heating in vacuum, but may still be handled. Tt is a bright, silvery
metal, not subject to oxidation in air. Tungsten is used more often than any
other filament material, its greatest advantage being its very high melting
peint; it is somewhat more expensive than moly, but is readily available in
wire of any desired diameter. (.025 to .050 inch will be found most useful).
Tungsten is quite brittle, and must be heated to be worked; heating to a low
red heat is best. Tungsten oxidizes quite readily in air, especially when heated;
normally it is a dull silvery color, becoming darkened when exposed to air, and
when heated too much in working, becomes covered with a greenish film of
oxide. After winding, it must be cleaned by heating in low vacuum. Tungsten
sheet is available, but is prepared in laminated form and does not readily form
boats.

Tantalum is the most expensive of the three materials, and in some ways
the most desirable; it is dark gray in color, quite ductile and readily formed
into coils or boats; it is available in wire, sheet and ribbon; the ribbon form




TABLE 1 —EVAPORATION OF METALS FROM FILAMENTS
(Melting and boiling points in degrees Fahrenheit)
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Nores: Numbers given with each material are melting and boiling points respectively.

EXPLANATIONS: R;  No reaction with filament 3 Iron forms low melting point alloys—
W; Wets filament well R. Slow reaction—little effect on evapo- {ungsten wrapped tightly about iron
W2 Forces of wetting not large— droplets ration core should yield differential evap-

may fall Rs Filament burned out by reaction oration of iron from tungsten-iron

Wi Metal will not wet filament Filament burned out from excess tem- alloy.

M; Not melted perature required Lo melt metal 4 Platinum evaporates slowly due to low

E: Evaporates readily 1 No wetting, but globule supported by vapor pressure

E: Evaporates slowly surface tension 5 Refractory shell was forimed

E3 No evaporation 2 Fine wire wrapped on filament should

work
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though it is not the best material, optically, it provides the most durable n:w;-
ing. “'The coating must be Y wavelength thick, and should have a Z.mzunrf.
index equal to the square root of the index of the glass; this would Z.»,:J;._c::%
require a different coating material for each kind of glass and a .m_?,z._;
thickness for each wavelength of light; it is obvious that in a practical case
the coating is a compromise with the theoretical requirements. n::z:mm are
usually made % wavelength thick for light near the middle of the visible
spectrum—about 5300 angstroms, in the green; this furnishes the greatest
reduction in white light reflectivity.

Anti-reflection coatings work because of interference of light; the light
reflected from the lower boundary of the coating interferes destructively with
that reflected from the upper boundary—the thickness requirement of the m:.:
controls the phase relationship, and the index requirement controls the ampli-
tude relationship; when the amplitude of the two light beams are equal and
their phase difference 180°, the destructive interference is nc.::w_o.ﬁ? :E._ the
reflectivity is zero. Further discussions of the theory of coatings is available
in the literature. )

Magnesium fluoride is a white crystalline solid; for coatings, it must .ww
especially prepared in a form of high purity; commercial grades are not .m:?w-
factory for optical work. It is generally prepared in granular form, 2::..: is
more satisfactory than powder, because of spattering. It is e ;‘;E_‘:.ri from
a porcelain crucible, a tungsten filament wound in a flat spiral being set a
millimeter or two above the surface of the fluoride. It may also be evaporated
from molvbdenum boats, from built-up crucibles, or even from a cake em-
bedded in a tightly-wound helical coil.

The proper thickness of coating is determined by sﬁ?.:m:m. the nn.__ﬁ..c?m
image of a suitable light (a fluorescent tube is best) in one of the surfaces
which is being coated. There will, of course, be two reflections from a lens,
one from each surface; be sure you are watching the right one. As the thick-
ness of the coating builds up, it reaches the Yi-wavelength EVZBE:.»..C# blue
light first, blue light being of the shortest wavelength. In this n::%?.o:, the
blue reflection is reduced most, and the reflected image is deficient in blue
light, appearing of a straw color. The straw fades away ;:m._m nwt?nwa by
violet; this is the correet appearance of an anti-reflection coating for highest
white-light efficiency. 1f the coating is allowed to build up, it will become
blue and then green. A green reflection indicates a coating which is wave-
length thick for green light, the reflectivity now being a maximum for .::z
wavelength, and equal to the reflectivity of uncoated glass. When magnesium
fluoride is used as a protective coating for mirrors, a 1. wavelength coating
should be laid down. When coating an aluminized mirror with a transparent
material, the thickness is measured on a clear glass sample mounted at the
same distance from the source as the mirror.

For a durable coating, it is necessary to heat the lenses to at least 300° F;
in general, the hotter the lenses, the harder the coating. Hardness is .E:x:..«N
tested by rubbing the coated surface with a soft pencil eraser. Standard speci-
fication for a hard coating is that it be not scratched or sleeked by 40 strokes
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with a clean pencil eraser. Unfortunately, the most durable coatings are
usually of less optical efficiency; the index of refraction of these baked coatings
seems to be somewhat higher than those laid down cold. Tt is therefore some-
times desirable to use a sott coating, laid down on a cold lens, in such locations
in an instrument that they will not be subjected to damage. A coating for the
outside surface of an objective, however, should be of the highest durability.

For a good coating, the pressure should be at least as low as 10-% mm; lower
is better. Mectal evaporation can be successfully carried out at higher pres-
sures but, in general, the lower the pressure, the better are the results.

XIII. InrterrereNceE FirTers

It a coating consisting of alternating layers of high- and low-index materials
is built up on a glass surface, an interference filter is produced. Thesge filters
may, by the proper selection of materials, thicknesses, and number of layers,
be given almost any light-selective properties desired; they may be made to
reflect yellow light and transmit blue; to transmit (or reflect) a narrow region
anywhere in the spectrum, and so on. Since they operate on the principle of
interference, they are essentially non-absorbent. The interference theory is
quite complicated, mathematically, and much has been written about it in the
literature, where will also be found much material respecting particular types
of filters and their composition.

Cryolite or magnesium fluoride is the customary low-index material for

these filters; titanium dioxide and zinc sulfide are commonly used for high-
index layers,

XIV. Orarr Dierectric Finms

Multiple layer coatings on mirrors have been used by Turner to increase
the reflectivity of aluminum to as high as 98 percent. On low-index crown
glass, where a magnesium fluoride film is not very effective in reducing re-
flections, due to the small difference of index between coating and glass,
multiple layer coatings have been proposed which are more efficient; the sim-
plest is to lay down a layer of relatively high index, followed by a low-index
film.

Quartz is evaporated with difficulty because of its high boiling point, but
evaporated silicon monoxide oxidizes to quartz upon exposure to air and, when
properly applied, supplies a hard protective film for mirrors, plastics, cte.
This method was developed by German scientists and is presented in the Whip-
ple report (Office of Technical Services, Dept. of Commerce, Washington, D. C.
Report PB 4158).

XV. Creaxing or OprICs

For any coating operations, the items to be coated must be thoroughly
cleaned. If coating is to be done on cemented lenses and heat is to be used,
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the lenses must be de-cemented prior to coating and then recemented.  The
cemented surfaces are not coated.

Soap and water is probably the best method for cleaning opties. The
modern detergents, such as Dreft, Orvus, Tide, Vel, etc., are more effective for
this work than ordinary soap, as they leave no film behind. The washing
should be followed by a thorough scrubbing with a non-abrasive cleanser,
precipitated chalk being the customary material. This is sold under such trade
names as Wet-Me-Wet, cte.

After cleaning, the items must be dried, and this is the most difficult part.
Such items as degreasers and centrifuges are sometimes resorted to, but wip-
ing with clean white laundered cloth is usually quite satisfactory. ‘The final
wiping should be done with a lintless cloth, such as Celanese.

Any of the various cleaning solvents, such as alcohol, acetone, benzene, and
others may, of course, be used, especially if there is grease to be removed.

XVI. Vacvuy Leaks

The search for small leaks in the vacuum system is one of the more dis-
couraging aspects of high vacuum work. The customary method with a small
installation is to go over the equipment with an acetone spray, watching the
gages carefully. When a leak is sprayed with acetone, the volatility of the
solvent will cause the pressure to rise rapidly, and the gage will respond
quickly. When the pressure is sufficiently low that the ionization gage may be
used, the search for leaks by this method is greatly aided, since the gage de-
flection will be much greater than will be the case if the leak is so large as to
preclude attaining a pressure of a micron or less.

The search for leaks is made much easier if vacuum valves are provided, as
pointed out elsewhere in this chapter since this makes possible the isolation of
various sections of the system for separate testing.

For large industrial systems, mass-spectrometer leak detectors have been
developed and are very cffective. The instrument detects the presence of a
specific gas, such as helium, which is permitted to enter through the leak by
spraying the outside of the system with the gas. These instruments can detect
extremely tiny leaks. They are, however, very expensive, and not likely to be
used by the individual with one small bell-jar.

XVII. SrUTTERING

This coating technic was in common use for many decades before thermal
evaporalion was developed. It is carried on at relatively high pressure (sev-
eral millimeters), and often in an atmosphere of inert gas, such as helium or
argon. A cathode of the coating material is the source, and either the item to
be coated is made the anode (if a conductor) or an anode is mounted behind
it. A high voltage is impressed between cathode and anode, and the conse-
quent electrical discharge creates high-velocity particles in the residual gases,
which in turn bombard the cathode and liberate particles which are drawn to
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the anode and deposited. The phenomenon is relatively complex and the re-
sults depend greatly on the voltage, the pressure, the nature of the residual
gas and other factors.

To do sputtering with a system containing high-speed pumps means the
maintenance of a carefully controlled leak. The process is very slow, but this
slowness has a certain advantage in that it permits precise control. Sputtered
films differ somewhat in structure from evaporated films. Not all materials
can be sputtered with equal effectiveness; the voltage and pressure require-
ments vary with the material of the cathode.
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SUGGESTED SOURCES OF SUPPLY

Equipment:

A complete line of vacuum equipment and supplies is carried by:
Optical Film Engineering Co., 2737 No. 6th St., Phila. 33, Pa.
Distillation Products, Inc., Ridge Road, Rochester, N. Y.
National Research Corp., 100 Brookline Avenue, Boston, Mass.

This includes n.o::vx#o units, bell jars, mechanical and diffusion pumps, gages,
pump oils, special électrodes, bell jar gaskets, valves, vacuum grease, cte.
Mechanical pumps:

Kinney Zm:wﬁzqglbm Co., 3565 Washington St., Boston, Mass.

Central Scientific Co., 1700 Trying Park Blvd., Chicago, Ill.

W. M. Welch Co., 1515 Sedgwick St., Chicago, IlL.

F. J. Stokes Machine Co., 5900 Tabor Rd., Philadelphia 20, Pa.

Vacuum Valves:

Kinney Manufacturing Co., 3565 Washington St., Boston, Mass.
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Gages:
Tonization gages: Optical Film Eng. Co.
Distillation Products, Ine.
itional Rescarch Corp.
Pirani gages: Distillation Produets, Inc.
Thermocouple gages: National Rescarch Corp.
Continental Elee. Co., 188 W. Randolph st. Chicago,
Il
Mecl.eod gages: Central Scientific Co., 1700 Trving Park Blvd., Chicago, Il
Eimer & Amend, 635 Greenwich St., New York, N. Y.
Electronic Products Co., Los Angeles, Calif.
General Eleetrie Co., Schenectady, N. Y.
General Physical Lab., 509 Fifth Ave., New York, N. Y.
Knudsen gages: Distillation Products, Inc.
Phillips gage:  North American Phillips Co., 100 E. 42nd Street, N. Y.
Distillation Products, Inc., Radio Corp. of America, 30
Rockefeller Plaza, New York, New York
Miller gage: Miller I.abs., Latham, New York.

Electrical Equipment:
General Radio Co., 30 State St., Cambridge, Mass. (Vuariacs, meters)
Weston Electric Instrument Co., Freylinghausen Ave., Newark, N. J. (me-
ters, photocells)

Materials and Supplies:

Central Scientific Co., 1700 Irving Park Blvd., Chicago, Ill. (chemicals,
vacuum grease, lab. supplies)

Fimer and Amend, 633 Greenwich St., New York, N. Y. (chemicals, lab.
supplies)

American Cystoscope Makers, 129 E. 78th St,, New York, N. Y. (fluoride)

General Electric Supply Corp., (your local branch) (Glyptal)

Union Carbide and Chemical Co., 30 E. 42nd St, N. Y., N. Y. (fluoride)

Kearfott Engineering Co., 117 Liberty St, New York, N. Y. (Hermeflex
acuum seal)

Universal Shellac and Supply Co., 540 Irving Ave., Bklyn.,, N. Y. (fluoride)

Sauereisen Cements Co., Pittsburgh 15, Pa. (Insulute insulating cement)

Molybdenum Corp. of America, 500 5th Ave., New York, N. Y. (tungsten,
molybdenum)

Tansteel Metallurgical Corp., North Chicago, Tl (tantalum, columbium)

J. T. Baker Chemical Co., 100 E. 42nd St., New York, N. Y. (chemicals and
metals)

Hoskins Mfg. Co., Grand Central Terminal, New York, N. Y. (Chromel)

Dow Corning Corp., Midland, Mich. (Silicone oils)

Handy and Harman, Inc., 82 Fulton St., New York, N. Y. (rare metals)

Miller Rubber Products Co. 29 Warren St.,, New York, N. Y. (Neoprene)

Cerro de Pasco Copper Corp., 40 Wall St., New York 5, N. Y. (“Cerroseal
35, a glass-to-metal or glass-to-glass scaling material)

Small Pinholes

By . R. Brren, RS,

Warren Rescarch Fellow, 1. . Willx Physics Laboratory
Bristol University, Brixtol, England

What size star oughl we to use for the knife-edge test?  Contradictory
opinions have been published. Ellison (ATM, p. 84) “has known grotesque
errors result from using too fine a hole.” The user who did this “saw a series
of diffraction bands inside the margin of his mirror, and took them for a turned
down edge.” G. W. Ritchey, on the other hand, writes (quoted from ATM,
p- 294): “When the knife-cdge test is used with an extremely small pinhole
between 145, and 14, of an inch in diameter, illuminated by acetylene, or what
is much better, oxy-acetylene or electric arc light, minute zonal irregularities
are strongly and brilliantly shown, which are entirely invisible with large pin-
hole or insufficient illumination.” What in fact determines the delicacy of the
knife-edge test?

If light traveled in straight lines, a given zone would show quite black on a
fully bright mirror.(or conversely) if its tilt with respect to true figure was
just enough to divert the rays reaching it from every part of the pinhole, so
that they fell completely clear of the image of the pinhole formed by the rest
of the mirror. The delicacy of the test would then be inversely proportional
to the diameter of the pinhole (provided enough light could be got through
the pinhole). If on the other hand we ask, not that a given zone should show
fully bright, but merely that it should show «appreciably bright on a fully black
mirror, the delicacy of the test will be limited only by the intrinsic brilliance of
the source feeding the pinhole. On the “ray™ theory of light, then, we should
make the source as bright as possible, and the pinhole only just large enough
to let through a reasonable amount of light.

But, as we hope to test correct to a small fraction of a wavelength, we must
take into account the wave properties of light. We can then argue that since
the mirror cannot produce a “point” image of a “point” pinhole, but produces
an “Airy disk” of finite width, we shall not gain much in delicacy by reducing
the diameter of the pinhole below that of the Airy disk produced by the mirror
—which depends on the focal ratio at which the mirror reccives the light from
the pinhole. !

Thus, for testing a spherical mirror of diameter D, radius of curvature
R =2F, we should use a pinhole of the order of smallness of 0.01F/D mm
diameter. So, for example, a spherical mirror of D =6 inches, R =8 feet,
should be tested with a pinhole not bhigger than 0.008 min = 0.00032 inch diame-
ter—a hole 6 times smaller than the smallest hole advised even by Ritchey.

This raises immediately the question of whether one will see a series of
diffraction rings round the edge of the mirror—for if such rings are seen, much
of the advantage of the small pinhole would presumably be lost. You cannot
do good optics by guessing what things would look like if they were not sur-
rounded by diffraction rings.
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When I first used the knife-edge test, I used a hole 0.013 mm diameter, and
saw about 6 diffraction rings inside the edge of the mirror (no knife-edge
being present). Tt was difficult to know what to do about these rings, and in
desperation T decided to work out theoretically how they should behave. My
result was that they should be invisible, because their spacing on the retina
should only just equal the resolving power of the eyclens, and the retina would
then be incapable of resolving them. T looked at the mirror again, and was
able to count 6 distinct rings. I then remembered that Lord Rayleigh had
made a similar calculation many yvears ago. On referring to it, I found that
he also concluded (in effect) that no rings should be visible. T looked at the
mirror for the third time, and could not see any diffraction rings. . . !

Tt was all very mysterious: T could understand the mirror showing its con-
tempt for my theoretical treatment, but it must have known that Lord Rayleigh
made the same calculation before. A vear later, T found the explanation: a
visitor, looking at the mirror, complained of diffraction rings, which T could
not see, and it occurred to me to look at it through his spectacles, which he had
taken off. T then saw the rings, and when he wore his spectacles he saw no
rings.

Theory predicts that, if you focus your eye not on the mirror but in front
of it or behind it, you will see diffraction rings around its edge. (The extreme
example of this is the series of rings seen in the extra-focal image of the star,
which is after all, also the extra-focal image of the mirror!)

The reason why anyone with normal sight tends to focus his eye anywhere
but on the surface of the mirror is simply that, if for a brief moment he
malfocuses the mirror, he sees diffraction rings, and his eye antomatically tries
a further change of focus in the direction that enabled it to see something—
the rings—which it had not seen before. Therefore the proper advice to give
to such an one, who complains of diffraction rings, may be cast in the epi-
grammatic (if exasperating) form, “If you don’t look at them, you won’t see
them!” If he still sees them, there is nothing for it but the right spectacles,
and--in the last resort—a friendly oculist to paralyze the focusing muscles of
his eye with the appropriate “dope,” so that he cannot unconsciously vary his
focus. But it is worth while, before adopting so drastic a measure, first simply
to use the test for some hours. Refraining from malfocusing one’s eye is like
riding a bicycle—most of us have to learn it by practice but, when learnt, it is
quite automatic.

There remains Lhe question of how to get enough light through a hole as
small as 0.008 mm diameter. It is necessary to use a source of very high intrin-
sic brilliance, such as a gas-filled lamp, or a Pointolite, or an arc, and since these
sources are too small to provide the required solid angle of light even when
placed as close to the hole as is practicable, it is necessary to usc a condensing
lens, to form an image of the source on the hole. One need not, however,
correct the aberrations of the condensing lens complelely, or even at all. These
aberrations will cause the image of the hole which the lens forms on the source
to be larger than it would otherwise be, but provided this image is not larger
than the source, the aberrations will not reduce the light issuing from the hole,
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nor will they falsify the test by appearing on the mirror. T use a 12-volt, 16-
watt gas-filled lamp, the filament of which is coiled in a very close helix, and a
simple biconvex lens of 1-inch focal length to image it (with unit magnifica-
tion) via a prism on to the pinhole. To adjust this star, one puts one’s eye
very close to the pinhole, and moves the lamp (the base of which is fixed on
three “leveling” screws) until the blurred patch of light seen through the pin-
hole is as wide and as bright as possible. The resulting cone of light is wide
enough for testing a system imaging at f/8: if a wider cone is needed, either
the lens must be corrected, or a wider source must be used. As the lateral
aberrations of a lens are proportional to its focal length (for given aperture),
the focal length of the lens should be as short as the size of the lamp-bulb
permits.

One can sometimes find natural holes of the order of 0.01 mm diameter
in “tinfoil”: the following account of the technic of making even smaller holes
is quoted from the Monthly Notices of the R.A.S., March 1936 (p. 452).

“The principal difficulty T found in making pinholes .0025 mm diameter,
by piercing tinfoil with a needle, lay in making the needle really sharp. But
Dr. J. M. Dodds, of the Metropolitan-Vickers Co., solved this difficulty by
the following honing technic. The needle, mounted on a rod, is first honed
on a fine stone until the diameter of its *point® does not exceed 0.01 mm. This
is not difficult, provided one inspects the point frequently during honing with
a microscope. The final honing is done on glass. ILay the needle on a glass
plate, and press heavily with one finger behind its point., Lift the rod in
which it is mounted slightly so that the needle is bent through several de-
grees. I'hen, still pressing with the finger, simultaneously twist and with-
draw the slightly lifted rod, so drawing out the needle under the pressing
finger. This process is repeated until on inspection under 500 diameters
magnification the needle looks quite ‘sharp'-—that is, its ‘point’ is of the order
of 0.001 mm diameter or even less. Fifteen minutes honing on glass usually
suffices.

*“The ‘tinfoil’ in which cigarettes are wrapped forms an excellent material
for the pinhole. The foil is tacked (at its edges only) to a glass plate; the
needle point is then placed very gently on it, and the needle rotated without
pressure through at least one revolution and then lifted off. Some practice
is necessary to avoid dragging the point sidewise in lifting it off. If the
needle is not rotated the hole will not be reasonably circular. 'The needle
requires rehoning after a few piercings. Not every pierce is successful, but
one can in this way make reasonably circular pinholes 0.002 mm diameter, and
occasionally even smaller.”?

There are two main points of difference in the behavior of the knife-edge
test when it is carried out not with a large pinhole, bul with a pinhole—an
“artificial star” as som@é term it—smaller than the resolving power of the mir-
ror (say, 0.001 f/D mm dia. for a sphere tested at its center: 0.0005 f/D mm for
a paraboloid tested at its focus, with a flat).

First, the test becomes noticeably more delicate, especially for slow errors
of curvature—simple spherical aberration, and more particularly coma and
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astigmatism. For example, one obtains appreciable “paraboloid” shadows on
a 12 inch paraboloid of f/18. The test becomes more sensitive without dia-
phrams than when diaphrams are used, but zonal focal measurements taken
without diaphrams can give hopelessly wrong results—as was predicted by Lord
Rayleigh, many years ago. A simple (though admittedly loose) way of explain-
ing this is to say that when the knife-edge is not at focus, its shadow is preceded
by diffraction fringes (not to be confused with eye-malfocus diffraction rings
seen in the absence of the knife-edge). Thus a large error, on one part of the
mirror, by putting the knife-edge out of focus for that part, can produce dif-
fraction fringes on an error-free part of the surface. Accordingly, the only
part of the error which one can be certain of interpreting correctly is the
largest error present. 'This diffraction fringe difficulty automatically de-
creases as the errors are reduced and vanishes when the mirror is error-free.
T'he mirror then shadows symmetrically as the knife-edge is advanced, but not
uniformly, the center darkening before the edges. If the test were interpreted
on a “ray” basis one would then say that, since the edges shadow last, one edge
must be turned up, and the other turned down—in fact, that the mirror is
comatic. One can, however, check whether coma is really present, for if it is,
on bringing in the knife-edge in the opposite direction, the edges will shadow
before the center.

The second point is that the delicacy of the test—expressed in wave
lengths—becomes independent of the focal ratio of the mirror, provided that
the test is made null-fashion, without diaphrams. When diaphrams must
be used—as in testing a wide aperture paraboloid at its center of curvature
the limit of observational accuracy always corresponds to an uncertainty of
the tilt of each zone amounting to a given fraction of a wavelength at the
edge of the zone. It is extremely difficult to reduce this error to one hundredth
of a wavelength per zone. Now, the effect of such an error is cumulative: if
one zone is measured wrongly by A/100 the resulting height calculated for the
10th zone from it, will be in error by A/10—a by no means negligible amount.
That is why it is preferable to test wide aperture paraboloids, for which many
zones would be necessary, at the focus, with the aid of a flat.

Diffraction effects can complicate the “paraboloidal shadows” seen at the
center of curvature so much that even at the modest aperture of f/8 there
may sometimes be difficulty in locating irregular error from the “general run™
of the shadows. It may then be preferable to gain ease of interpretation at
the expense of sensitivity by increasing the diameter of the pinhole “till it is
as big as a porthole” and obvious diffraction troubles disappear. We have
to fall back on “ray” theory to determine a reasonable size for the “porthole.”
On this basis, if we wish to see the “paraboloidal shadows” ranging in contrast
from fully black to fully bright, we should make the “porthole” diameter equal
to that of the geometrical circle of least confusion produced by the mirror.
That is, for a paraboloid of diameter D, focal length f, we should use a “port-
hole™ of diameter D/61(D/f)?.  So, for example, a 12-inch paraboloid of f/8
would require a ‘“porthole” 0.003 inch in diameter.

But to detect a given error we should then have to look for differences

»
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of contrast considerably smaller than those with which the same error would
show in a spherical mirror tested at its center with a really small star: this
is especially the case with the three errors of longest period: coma; astigma-
tism; and “error” of absolute focal position.

[Eprror's Nore: The preceding chapter was in ATMA from 1937 to 1944,
then was separated from it, and is now made available in ATM3.]



The Theory and Application of the Concave Diffraction Grating *

By C. Frip CLARKE

The purpose of this paper is to explain the construction and operation of a
small grating spectrograph. In order to accomplish this it will be necessary:
(1) to review briefly the theory of the grating, (2) to give the mechanical de-
tails of the necessary construction ot the spectrograph, (3) to consider in
detail the difficulties and limitations arising in the adjustment and operation
of the apparatus, and (4) to compare its resolving power with the equipment
available in this laboratory.

To meet the above objectives it was necessary to provide a mounting for
the grating which would: (1) be flexible, (2) provide casy adjustment from
one setting to another, and (8) give accurate resetting to any desired region
of the spectrum.

Theoretical Considerations: An optical grating consists of a piece of glass
or speculum metal which has been ruled with from 3000 to 30,000 lines to the
inch. The glass allows the light to pass between each ruled line but the ruled
line is practically opaque. The speculum metal acts as a mirror, each groove
acting as a small reflector. The ruling of these gratings is a delicate, ex-
pensive, and slow task. 'There has been developed, by T. Thorp, R. J. Wallace,
and others, a method of reproducing these gratings by making a collodion or
pyroxylin cast of the original, and mounting this cast on some suitable founda-
tion.! Rowland discovered that if a grating were ruled on a concave mirror
the grating would produce sharp images, itself, without any lens system being
necessary.

The concave grating used in this problem is a Wallace replica of a grating
ruled on Michelson's engine at the University of Chicago. The cust is mounted
on a silvered glass mirror, which in turn is mounted on a block of plaster of
Paris. This grating has 25,110 lines to the inch, and a focal length of 106.0 ¢m.
The lines are 3 c¢cm long and the ruling extends for 5 em.

From the elementary theory of the diffraction grating the relation between
the angle of the incident ray 6, the angle of the diffracted ray 6,, and the wave-
length A, for any plane grating, is given by the equation *

n\ = a(sin 6; + sin 6,) 1)

where n is the spectral order observed and « is the grating spacing; wviz., the
distance from a point in one ruled line to a corresponding point in the ad-
jacent line or, simply, the reciprocal of the number of lines per unit length of

* A portion of an unpublished masters thesis from the Department of Physies, Michi-
gan State College, 1935, I wish to express my appreciation to Dr. C. ). Hause who sug-
gested this problem and who has guided throughout: to Prof. C. W. Chapman for his
cooperation in furnishing the neceszary equipment: to George L. Chapman for his guid-
ance in the mechanical construetion, and to the physics staff for many helpful suggestions
and encouragements.

1 Charles F. Meyer, “The Diffraction of Light, X-rays, and Material Particles,”
p. 130, p. 182,

2 Meyer, p. 116.
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grating.  This elementary theory is applicable to any plane transmission or
reflection grating. If this equation is applied to each element of a concave
reflection grating an expression should be found which would determine the
focal relation.

In the development of this focal relation for the concave grating, the grat-
ing space « is considered constant along the are. In practice a grating is ruled
with the spacing constant along the chord. However, since the aperture of a
grating is small, the spacing along the arc or chord will not differ appreciably.

) Freure 1
Drawings by J. F. Odenbach after the author

(It can be shown that this constant spacing along the chord instead of along
the arc is essential in the perfection of the image.)?

In Figure 1 let O be the source and its image I formed by the grating M.M".
With DL, the radius of curvature of the grating as a diameter, draw a cirele
tangent to the grating at its center. Consider the two rays from O, and
O, incident on the grating. Let ¢ represent the small clement of the grating
between M and 3i”. The angles 6, and 6, 4 df, and 6, and 8, 4 df, are the
angles of incidence and diffraction since any line from D is NDSEML to the
m«xﬂ:n surface. In order to form a diffracted image in a given order of a
barticular wavelength it is necessary that »\ remain constant over the surface
of the grating. This condition may be expressed by differentiating the grating

3 Meyer, p. 450,
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equation with respect to 6 and setting this equal to zero. The correct focal
relation will then be that which satisfics this equation.
d(n)\) = dla(~in 8y + sin 6.)]
Since a is a constant for any particular grating this equation reduces to
cos 81d6; + cos Budfs = 0 *®)

In order to have an image, 6, and 6, must compensate for cach other to
satisfy equation (2).

Letting R represent the radius of curvature of the grating, r, the distance
OM, and r, the distance LM in Figure 1, by gecometry

é1 6 =y =y + 6 + dby
l [4
or %_H?\,SNI:IM
by using radian measure to represent the angles ¢, and y,.
= e cos 6, since for small ares the are may be substituted for its chord or
the chord for the arc (the error introduced being small) and the element of
the grating surface is small. Therefore

" e cos 6y [

do, = -

! rn R
and similarly df, may be written 3)

e cos 02 e

doy = T8

ry R

Substituling these values in equation (2) gives
e cos b .) (€ cos b e
cosh {——— — =\ Fcosbp({— — -1V =0 (4)
71 Rj Lo R

If r, = R cos 6,, and r,= R cos 6,, equation (4) is satisfied. This condition
exists when O and [ both lie on the circle having DL as a diameter. Other
conditions may satisfy this equation but this one is of particular significance.
This circle is commonly called the Rowland circle and is understood to be the
circle tangent to the center of the grating using the radius of curvature as
its diameter.

In general practice a narrow slit is used as the source 0. It follows from
equation (4) that if the slit is placed anywhere on the Rowland circle, its
image will be in focus on this circle also, and for any given 4, its position will
depend upon n and X of equation (1).

Figure 2 is a sketch of the Eagle mounting.* Light enters the slit S and is
reflected to the grating (¢ where it is diffracted to the plate P. Here the

4 Astrophuysical Journal, Vol. 31, p. 120 (1910).
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various wavelengths are separated over the plate. Optically the slit 8 is just
above or below the center of the plate . Since it is necessary that the grating
and plate remain on the Rowland circle as they are rotated, the corresponding
change in the chord is made, as illustrated in Figure 3. The center of the
Rowland cirele moves along the normal to the line P67 as the machine is ad-
justed to the various spectral orders. From Figure 2 it is evident that the

N

. Fiorre 2

/¥Qq
4th. Order
Ga

FiGure 3

angle of incidence 6, and the angle of diffraction 6, are identical. Therefore
equation (1) reduces to

n\ = 2a sin @ (5)

for the Eagle type of mounting. It is also evident from equation (4) that if
all points on the plate P are to be in focus at the same setting it must have
the curvature of the Rowland circle.

Definitely to illustrate these positions, take the iron line A = 4859.757A and
calculate the required positions with equation (5). This particular grating has
25,110 lines per inch, or 9885.8 lines per cm. Therefore a = 10115.4A. R —
106.0 cm. From equation (5) is obtained
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. N ©
= aresin —
resin 2 )
TABLE 1
N (5] PG R D
113 34/ 103.04 7.5 2.3
2 28 43 92.96 15.9 6.2
3 46 06.5 7349 25,6 143
4 13 55 2936 412 30.9

Figure 3 gives graphically the relative positions of the camera and grating
for the orders as shown in Table 1. As the length of the chord is changed,
the grating and the plateholder must rotate equal amounts in opposite direc-
tions in order to remain tangent to the Rowland circle.

It is clear from equation (6) that in the same position in which the first
order diffracted image of N = 4859.75A is obtained, will occur the second order
of A =242987A and the third order X = 1619.75A; neglecting, of course, the
probability of absorption of these shorter wavelengths.

CONSTRUCTION

There are four main parts to a grating spectrograph: (1) the grating sup-
port, (2) the camera or plateholder, (3) the slit and mounting, (4) the general
support for these three arranged in a manner which will provide the necessary
adjustment,

In lhe Eagle mounting ® it is necessary to have the slit and center of the
plate optically coincident. This is impossible mechanically. However, a very
close approximation to this ideal may be had by lifting the plate just above the
plane of the Rowland circle which includes the optical axis of the grating, and
then placing the slit just below this circle, both coincident with a line through
the circle perpendicular to the plane of the circle.

Actually this last may be accomplished in two ways. The slit may be
mounted directly beneath the plateholder (the disadvantage being that only
one exposure may be obtained on any given plate, as there is no opportunity
to move the plate into successive positions without covering up the slit with
the plateholder). Or the slit may be mounted perpendicular to this optical
path and just below the plane of the Rowland circle with a 45° totally re-
flecting prism at the foot of the perpendicular, and the optical path adjusted
until it is the same length as in the previous condition. This is similar to the
mounting used in the Littrow type of prism spectrographs.

The distance between the grating and the plateholder must be capable of a
wide range of lateral adjustment and must be capable of reset positions quickly

5 k. C. Baly, “Spectroscopy,” Vol. 1, pp. 205212,
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and easily. The maximum length must be the focal length of the graling, in
this instance 106 ¢m. The minimum length will depend on the spectral order
possible with the grating at hand. This one was constructed with a range
of 42 to 16 inches from grating to plate. This adjustment is the length of the
chord of the Rowland circle.

As the chord is changed in the Rowland circle the grating must remain
tangent to the circle and the curve of the plateholder must always coincide
with this circle. Therefore, rotational motion must be given to the change
from one part of the spectrum to another and from one order to another.
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This will amount to a right hand motion of one and a corresponding left hand
motion of the other, of equal amounts.

The simplest support seemed to be a lathe bed, although a U-beam or even
a flat plate could be machined as a track for the lateral movement of the
grating carriage. This one is a wood-turning lathe bed 53% inches long by
6%, inches wide. The camera, slit, and grating are mounted on carriages
machined to the ways of the lathe bed. The' camera carriage is mounted
permanently on one end of the bed since it receives the greatest mechanical
stresses during operation. The slit carriage clamps to the bed and may be
changed at will by loosening two clamping screws. This carriage also supports
the totally reflecting prism. The grating carriage is free to move laterally on
the ways and is controlled by a screw the length of the bed with a pitch of
0.1 inch. The plan, elevation and a section are shown in Figure 4.

The grating carriage, the details of which are shown in Figurc 5, is of -
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inch rolled brass stock 5% by 12 inches. The V-ways are cut lengthwise, In
the upper side a circular recess is turned 4.8968 inches in diameter in which
the worm gear rests. The center of this is cut and threaded for a %-inch
mounting stud. A recess is cut on one side for the worm. Cone bearings on
cither end of this worm hold it in position against the worm gear. A square
shaft through the worm allows the longitudinal motion of the carriage. This
worm and gear have a pitch of 14, R.H.

The diameter of the circular plate, 1.89 inches, is such that 200 threads
are cut in its periphery. Thus one complete revolution of the worm moves
the worm gear 7/100 radians, which is one division on the calibrated dial
mounted just above the plate. ‘The worm gear was cut with a standard 13
thread tap by constructing a jig to fit into the tool post of the lathe to carry
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the gear level with the centers annd allow free rotation of the gear. The tap
in the lathe will automatically feed the circular plate as it cuts the gear.

Just above this worm gear and supported by it is the circular scale 6 inches
in diameter. Above this is the grating mounting, supported by three leveling
screws and held in place by a coil spring. The grating is capable of being
tilted either forward and backward or to either side and its height is also
controlled by these leveling screws. It may be given a slight rotational mo-
tion by two screws at the top of the mounting.

The carriage is connected to the screw by a 4-inch cast babbit nut linked
with a flat spring.  This suffices for the reset purposes required of this ap-
paratus; but, if direct measurcments are necessary, a direct mounting should
be used such as is used on comparator secrews. Then, by dividing the dial in 100
parts, the movement could be read directly to 0.001 inch.

The details of the camera and its carriage arc shown in Figures 6 and 7.
The carriage is made of a rolled iron plate %-inch thick, 6 by 8 inches. A
circular recess is also turned in this plate of the same diameter as that in
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tap is used. 'This worm gear is held in place by a %-inch studscrew into
the iron plate. A steel ball in the center of this stud carriecs a brass bolt
which supports the camera mounting plates. The lower plate is clamped to
the worm gear by four studs, giving opportunity to level in ecither direction.
The upper plate is fastened to the lower plate by means of the brass bolt
supporting the c¢amera and two circular ways bolted near either end of the
lower plate with corresponding ways in the upper plate. This allows rotation
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FIGURE 3

of one plate with respect to the other, which gives opportunity to correct
for errors in the worm gears. Between these plates and fastened to the
lower one is a 6-inch calibrated and verniered dial identical with the one
used in the grating mounting. The upper plate is rotated over the lower one
by means of a worm meshing in a rack near one end of these plates. The
amount of rotation is rcad from the circular scale.

On the upper plate is mortised a 34-inch brass plate 12 inches wide and
91146 inches high. This is so placed that the emulsion of the photographie
plate in the platcholder is directly above the center of the two supporting bolts.
This places the center of the photographic plate coincident with the center
of rotation of the camera. Ience any rotation of the camera alone should
in nowise alter the focus of the center of the plate.
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On this vertical plate in vertical ways (see section O. Figure 6) is a carriage
which supports the plateholder.  This carriage is free to move through a
vertical distance of 6 ¢cm and is controlled by a screw at the top. These ways
are also high enough so that they give covering to the ends of the plateholder
and with the upper and lower clamps furnish a complete light seal between
the plateholder and its carriage.

The back of this arriage, except a small distance on each side which is
left as a bearing surface, is machined down about 0.008 inch to permit these
surfaces to be painted a dull black which furnishes a very usable light seal.
On the back of the camera a Z-bar was formed into a square box 11% by 6
inches, over which the light-tight cloth hood is fastened. 'This frame also
contains a ways whereby a mask can be lowered. This mask is suitably cut
with horizontal slots of varying width which allow different widths to be
exposed on the plate.

Fraree 9

The slit wounting, details of which are shown in Figure 8, consists of an
iron bar % by 2 by 8 inches in which ways are milled so that it will fit rigidly
on the lathe bed. One end extends 5%, inches from the center of the bed. It
is held in place by a clamping plate directly beneath the ways of the bed,
and secured by means of two clamping screws. Five inches from the center of
the ways a mortice is cut so that a brass bar % inch thick will set vertically
on this carriage. This bar carries the slit and its mounting and shield. The
mounting is made by taking a heavy I-inch brass tube and fitting a brass
collar to a press fit and then sweating the two together leaving 14 inch of
the tube extending on one end to fit in the square block which backs up the
slit.  This block fits over this tube against the eollar and is held in place by
a ring nut countersunk flush with the square block. The block is held to the
slit by means of four studs, two of which have holes drilled and tapped at
right angles in their heads to carry adjusting screws. These adjusting screws
face each other and engage pins set in the collar, thus controlling the rotation
of the slit in its mount. This collar is turned to fit the hole in the vertical brass
bar and to carry on its other end a %-inch brass tube which acts as a shield
to the pencil of rays from the slit to the prism.
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At the center of the ways on the slit mounting carriage is a 34-inch hole
with a permanent key mounted in one side of the hole and a setserew with
knurled nut on the opposite side. A brass shaft with a keyway fits in this
hole and carries at its upper extremity a double brass plate. The lower plate
is fixed rigidly to the vertical support, the upper one is lett free to turn as

Frarre 10

FiGrre 11

two screws arranged opposite in a slot in the upper disk engage a pin in the
lower disk which extends into the slot of the upper disk. This upper disk
carries the totally reflecting quartz prisin. Thus we have two adjustments on
this prism; one a rotational movement in the horizontal plane and the other
a movement of translation along the axis of rotation.

A hood covers the lower end of the slit. This hood has a hand door in the
top for convenience and is connected to the camera by means of a light-tight
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cloth hood. The bottom of the lathe bed is covered with a picce of sheet iron.
This allows the apparatus to be operated in a light room. thus adding greatly
to its adaptability and efficieney.

Figures 9, 10, 11, 12 show parts of the cquipment and the finished spectro-
graph.

Frovre 12
ApitstMENT AND OPERATION

To arrange the spectrograph to photograph any particular spectral region
two major and one minor adjustments are necessary. 'The major adjustments
consist of a lateral movement of grating with respect to plate and a rotational
adjustment of grating and plate. The minor adjustment consists of a small
additional rotation of the plate.

In this discussion the rotational motion R controlled by the left hand dial

will be considered the independent variable and the other adjustments will be
considered in respect to it. The rotational dial controls both the camera and
the grating, giving to one a left hand and to the other a right hand motion
simultancously. This is accomplished by a left hand screw on the camera
and a right hand screw on the grating. FEach revolution of the screw imparts
a rotation of /100 radians, which is equivalent to one division .of the gradu-
ated dial. There is approximately one fourth turn of backlash in this train.
Any difference in backlash between the two gears is climinated by setting as
the dial reading increases. The bearings on the screws are cones and can be
adjusted if necessary.
‘he lateral adjustment is obtained by the control dial. There is about
one sixth turn of backlash in this adjustment but all settings are taken as the
scale readings increase. Any lateral play in the screw may be eliminated by
tightening the centering pin at the rear of the instrument.

A small knob at the right of the camera rotates the plateholder independ-
ently und can be used to apply the necessary correction to keep the plate on
the Rowland circle. This correction is also read on the graduated dial.

When setting up the instrument the slit is set to give vertical lines on the
plate. Then the grating is rotated by mcans of screws at the top of its
mounting until the ends of the lines seem to be symmetrical. If the rilings
of the grating and the slit are not optically parallel the lines will have a




82 CILARKE

rhomb shape caused by the successive images not exactly coinciding. The
spectrum is brought into the slot in the camera by means of the three leveling
serews on the grating carriage.

The mask may be set to give different widths of spectra across the plate.

The prism should be set so that the entering beam of light is normal to
the longitudinal axis of the instrument. When the slit is opened and no con-
densing lens is used the pencil rays form an outline of the slit which should
center on the grating.

The curvature of the plateholder must be relatively high in order that the
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emulsion will coincide with the Rowland circle. Extra-thin glass plates have
been tried with poor success. The necessary curvature breaks them. Films
were used for the exposures for this paper.

Trial exposures have been taken of different spectral regions and the re-
sults correlated in Figure from which dial settings for any particular
range may be obtained. At the top of the figure three shaded areas give the
part of the spectrum covered by the plate at any setting of R. The center line
of each shaded part gives the approximate wavelength in angstrom units at
the center of the plate. The main curve gives the corresponding lateral selling
for each rotational setting. A very interesting correlation should be pointed
out. The circles, from which the curve is plotted, are from experimental re-
sults while the X’s are the theoretically computed results from Table 1.
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Reset trials using this curve as a standard have given very favorable
evidence of its reliability.

Limitations of Grating: This instrument has very definite limitations, and
some very definite advantages.  The collodion of which the grating is made
gives a sharp limit in the ultraviolet at about 3100A. It appears that below
this limit a rapidly increasing amount of absorption takes places. The upper
limit, as far as observable, is dependent only on the photographic emulsion
available.  However, suitable filters must be used to eliminate the overlapping
higher order as illustrated by the overlapping of the shaded arcas in Figure 13,
and explained earlier in this paper.

The rotation of the plate is limited to about 257/100 radians or 45° by the
reflecting prism and its mounting. From Table 1 it is scen that the green
line of iron A = 4859.757A in the third order will be near the center of the
plate at this limil. Further rotational adjustment is of no ad antage with
this instrument, however, as the imperfections of the grating are such as to
give poor definition in the third order and, therefore, no advantage over lower
orders.  The reflecting prism and mounting could casily be moved if any ad-
vantage were to accrue.

Aberrations: Several aberrations will be mentioned. The central image
appears as a sharp image of the slit with considerable difused light on each
side and with several false images symmetrically arranged. In Figure 13
a picture of this central image is shown. As a narrow mask was moved over
the grating the intensity of these false images varied continuously. The most
probable explanation seems to be that small parts of this grating are acting
independently as well as collectively to form various images.  This may be
due to uneven shrinkage of various parts of the collodion transter. The dif
fused light, no doubt, comes from the dust on the surface of the collodion.

These false images carry over into the spectra and appear as light lines

ing to the spectrogram the appearance of

on one side of the parent line givi
being out of focus.

Ghosts: In the ruling of a grating any periodic error in the ruling engine
produces in the spectra from that grating false images of a line which are
called ghosts.  These by their nature are symmetrical with the parent line.
They have been studied by Rowland, Anderson, Quincke, Picrce, and others
and many of their causes have been analyzed.5

Figure 14, at B, gives a picture of the ghosts present near the mercury
line 5460A. 1In order to photograph these the plate was exposed about 7.7
minutes under conditions such that an exposure of one minute produced an
over-exposed line. The plate shows that the ratio of intensity of parent line
to ghost is high; so high, in fact, that only when dealing with faint lines ncar
a very intense line is there any danger of mistaking them.

The only ghosts found are those which are commonly known as Rowland
ghosts. They are caused by a periodic error in the screw of the ruling engine.
They are symmetrical about the parent line and relatively close to it. Their

6 Meyer, p. 173.
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relative intensity increases in the higher orders. However, this 5460A line
showed no ghosts in the second order after an exposure of 80 minutes and only
slight ghosts after an ¢xposure of cight hours.

Astigmatism: The images formed by a grating are, in general, astigmatic.”
That is, a concave grating produces a line image of a point source. Since a
slit source is a succession of point sources the spectral lines will be a com-
posite of superimposed lines. ‘These lines when combined will form a line
which decreases in intensity toward its ends.

Ficvre 14

This astigmatism has two serious disadvantages: (1) it decreases the in-
tensity of any given line, thus requiring longer exposures, (2) it prohibits the
use of a mask in front of the slit to facilitate comparison spectra. The char-
acteristics of the Fagle mounting are such that this astigmatism is consider-
ably less than in the common mountings. Il is about one half, in the first
order, of that produced by the Rowland mounting. This mounting is suffi-
ciently stigmatic that a wedge may be used in front of the slit (see Figure 13)
from the ultraviolet through the green of the first order. For above the red
of the first order and for other orders a mask, which may be adjusted easily
without disturbing the camera, has been placed in front of the camera carriage.
This facilitates the use of the instrument in comparison spectra work.

7 Meyer, p. 158.
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Resolving Power: ‘The resolving power of the optical instrument is its
ability to separate the images of two objects which are close together. In
spectroscopy the resolving power is determined by the ability of a spectrograph
to separate wavelengths that are nearly the same. It may be defined by the
ratio A/AN, where N is the wavelength of either of a pair of lines which can
just be resolved and AX is the difference of their wavelengths.

By means of Figure 15 the relation of the resolving power to the constants
of a plane grating may be developed. This result may then be applied to
any grating. If /B is the grating surface having m lines, and if » is the
order of the spectra, then BF must be equal to mn\. This wave front will
give rise to the diffraction pattern p, and the first minimum of the diffraction
pattern will be given by the wavefront 1K when EF =X Therefore,
BE = (mnx +X\). A wavelength A =X 4+ AN will give rise to a diffraction
pattern p7. The wavefront necessary to produce this pattern will be 4K, and

FIGURE 15

the increment FE will be equal to mnAN, Therefore, BE will be equal to
(mnX + mnAX). By equating these two values of BE it develops that,® which

mn\ + N = mn\ + mnAN or A/ AN = mn (7)

gives the theoretical resolving power of a grating spectrograph as dependent
only .on the trial total number of lines of the grating and the order. For a
prism instrument the resolving power is given by the formula ¥ where ¢ is the

it ®)

thickness of the prism at its base, and u is the index of refraction of the
material of the prism for the particular region of X. Aw/AX, which is the
dispersive power of the prism, varies for different wavelengths and various
substances.

By equation (7) the theoretical resolving power of this grating ix 58000n,
or approximately 50000 in the first order. From experimental results the two
iron lines at A =4934A are well defined at about 14, mm 12:1:3::\&5 the
plate. The resolving power is then 4934/.675 = 7320 which is about 14 of the

i

theoretical. At A\ = 38402A two lines are well defined giving a resolving power

ever, p. 198,

&M
? Meyer, p. 204.
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of 3102/.639 = 5330. 1In the second order the iron lines at X = 1957 are barely
olved which is equal to a resolving power of $+957/.301 = 16400. In com-
parison with these results the Littrow, 1.-253, in this laboratory, gives the
following resolving powers in the same regions. The Littrow barely resolves
the two lines at A = 4919A and has a resolving power in this region of
1919/1.51 = 3260, while at X =3402A it casily resolves .320A which is a re-
solving power of 31402/.320 = 10,600 approximately. These two lines give, in
bricf, the comparison of the resolving power of the two instruments.  Below
4200A the Littrow has a greater resolving power than the grating in the first
order. At 3700\ the dispersion of the Littrow and the grating in the first
order are almost identical. Above 4200A the dispersion of the quarlz train
rapidly decreases while that of the grating remains almost constant.  The
dispersion of this instrument in the visible region in the first order is such that
this region covers more than a 10-inch photographic plate.  Therefore, for
wavelengths in the visible and above, this grating has a definite superiority
when compared with the Littrow. In the second order this resolution is ap-
proximately doubled.

[Hustrative Spectra: Figure 14 is composed of photographic prints of vari-
ous plates and illustrates some of the possibilities and limitations of the ap-
paratus.  Though the detail of the original is lost in a print much can be shown
in this way.

A is a picture of the central image. 'The extrancous lines are very definite
on the plate although they blend in the print.

B is the green line of Hg X = 3460A with its ghosts in the first order.

(" is the same line in the second order.

D is a photograph of the iron are from 3200A to 4900A in the first order.
1 corresponds to A = 3399A, 2 to A = 404547, and 3 to A = 1283A.

E is a photograph of the iron arc from 1800A to 7100A in the first order.
As an illustration of the close proximity to lincar dispersion even in this
region the separation of the lines A = 4859A (1) and 5328\ (2) is 51 mm,
giving 9.18A/mm, and the reparation of the lines A = 5328 and 6137A (3) is
89 mm, which gives 9.09A/mm and the separation of the lines N = 6137 and
A = 6494 (1) is 40 mm, which gives 8.95A/mm.

In F, lithium and potassium chiorides were used in the carbon arc and an
iron comparison was placed by means of the mask. 1 is the iron line
A =5328A, 2 is the sodium D lines, A = 5890A and 3896\, 3 is the lithium
line A = 6103A. 4 is the lithium line N = 6708A, a doublet, which is resolved
by this spectrograph.

In @ the mercury arc was used and its spectra is shown in the region
A =3100A to X\ =4300A. The comparison iron placed by means of the
wedge in front of the list. The dispersion is almost linear. for from the triplet
lines A = 3650A, 3655A and 3663A to the pair N = 3131A and X =3125A the
distance is 57 mm, which gives a dispersion of 8.9A/mm (sce K). 1 is

= 38581A, 4 is N — 4046A, 5 is X — 4350A, 6 is X — 4383A.

H is a photograph of the cyanogen bands in the region X =3300A to
A =4800A. This was obtained by photographing a naked carbon are. 1, 2,
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and 3 are band heads at X = 3590A, N\ = 3883A, and X = 4216A respectively.
The comparison is iron.

Conelusion: This instrument proves novel in several ways. The direct
mechanical link between the grating and camera rotation has proved success-
ful and is of great convenience in rapid resetting to previous values. The
dispersion and resolving power in the visible and infrared is definitely much
better than can be found in any glass or quartz instrument of an equal cost.
It is casily portable. It can be used in a light room the same as a prism
spectrograph. Tt is sufficiently stigmatic that weak sources may be used with
good success. The ghosts are extremely weak compared to any parent line
and should never offer any serious problem. The spectra in the first order is
very near to a normal spectra, that is, the dispersion along the plate is almost
a linear dispersion.

The diffused light from the grating is a problem and if an original could
be obtained much better results would be expected. The threads of the
worms and worm wheels would be better if made after the Acme T._x. instead
of the 15° type. The grating mounting could be improved by a provision for
a rotational motion about the normal to the center of the grating.
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The Design and Construction of a Five-Foot
Wadsworth Type Grating Spectrograph

By STRATHMORE R. B, (C00KE and ROBERT A. WIiLsON 1

The purpose of this chapter is to describe in detail the design and construe-
tion of a grating spectrograph constructed in the Mineral Dressing Labora-
torics of the Montana School of Mines. The instrument was designed to fulfill
a need in the laboratory for a quick and casy method of identifying the
metallic elements dealt with in mineral dressing and other metallurgical
problems.

Using ordinary methads, speetrographic analysis is suitable for the identifi-
cation of about 70 of the 92 elements. By employing specialized technics most
of the remaining elements may be detected. An analysis can be carried out
in a few minutes, producing results for immediate study. This assists the in-
vestigator to control subsequent experimentation without waiting for chemical
analysis. As a supplement to chemical analysis the spectrograph is invaluable
since the presence or absence of metallic elements can be quickly and positively
determined.

By using carefully controlled conditions and proper auxiliary equipment
quantitative spectrographic analysis may be made. 'The best accuracy so far
obtained has been between 3 and 5 percent of the amount of the element
present. Compared with chemical results the accuracy is low when used with
high element percentages. For amounts below 5 percent the absolute accuracy
of spectrographic methods is extremely high. ’

In the fall of 1939 the senior author considered building a grating spectro-
graph and he subsequently worked out the basic optical design for the instru-
ment. The mechanical design was worked out by both authors, and most of
the machine work was done by the junior author in the school shops. The
instrument was completed in the summer of 1940. Since that time it has been
in constant use and has proved almost indispensable.

The assistance of Dr. G. L. Shue of the Physics Department, and the avail-
ability of tools from that department, is also deeply appreciated. Dr. Shue
offered various invaluable suggestions including the method by which the focal
curve of the camera was cut.

General History: Spectroscopy had its origin in the middle of the 17th
Century but was not developed to a usable stage until a relatively recent
date. In 1666 Sir Isaac Newton observed that on passing a ray of sunlight
through a glass prism a regular series of colored images appeared. He con-
cluded from this experiment that rays of different color were refracted dif-
ferently. Unfortunately, Newton used a round hole to produce the beam of
light and thus just missed the real significance of his discovery. It was not

. 1 This A.r.m:;,mw is a .,o:.mm:w:»woz of a thesis submitted to the Montana School of
Mines by the junior author, in partial fulfillment for the degree of Master of Science in
Mineral Dressing.
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until 1802 that Wollaston discovered that by using a narrow slit for orienting
a4 beam of sunlight a spectrum was produced that was crossed by numerous
dark lines parallel to the slit.

In 1814 Fraunhofer, an optician in Munich, made a study of these lines
and the methods of producing them. By placing a convex Iens between the
slit and the prism he obtained a better spectrum and eventually used a tele-
scope for the observation of this spectrum. This instrument was the first
prism type of spectroscope.

The spectrum lines, known as Fraunhofer lines, were discovered in great
numbers in the solar spectrum and the discoverer, in his observations, recog-
nized that the position of the lines was constant. He mapped the position of
576 lines. Fraunhofer then turncd his attention to the actual measurcment
of the wavelength of light. Tt had been suggested in 1801 by Thomas Young
that the wave theory of light accounted for observed interference phenomena
and Fraunhofer, utilizing this conception, succeeded in developing the theory
and in constructing a grating. Using this grating he measured the wave-
length of the sodium D lines with a considerable degree of accuracy.

The diffraction grating had been invented in 1785 by an astronomer, David
Rittenhouse. Because he did not follow up his work it remained for Fraun-
hofer to discover the .real significance and possibilities of the diffraction
grating. Fraunhofer’s first gratings were made by winding fine wire over a
frame consisting of two fine screws. The threads of the screws served to
space the wires equally. He was able to make gratings with as many as 340
lines per inch. In order to increase the number of lines he finally turned to
the use of a dividing machine of which no description has survived. Fraun-
hoter first ruled through gold foil placed on glass, and later on a glass plate
covered with a thin film of greasc. He was able to produce gratings with
1800 lines per inch. Finally, by using a diamond point, he succeeded in
ruling directly on the glass surface. Using this method he produced a grating
having 8000 lines per inch.

Although Fraunhofer used most of his gratings for transmission he also
discovered that reflection gratings could be made and that the grating law
held for both types.

'The gratings ruled by Fraunhofer and by F. A. Nobert, a Prussian instru-
ment maker, remained the best available until 1870, when L. M. Rutherfurd,
a lawyer, became interested in the problem. After several years of experi-
menting he succeeded in making the first gratings ruled on speculum metal,
an intermetallic compound containing 32 percent tin and 63 percent copper.
This compound is very hard and possesses, when polished, a very high reflee-
tivity without much tendency lo tarnish. Most of Rutherfurd’s gratings had
about 17,300 lines per inch, ruled on an area of 1 to 2 inches square. They
were the first gratings giving better spectra than could be produced by the
most powerful prisms then in use.

Most of the gratings in use today are concave, and this type was invented
by Henry A. Rowland of the Johns Hopkins University. Rowland built a
vastly improved ruling mechanism capable of ruling gratings up to 30,000
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lines per inch. He also developed the theory and practice of ruling on a
spherical surface.

The Diffraction Qrating: The simple theory of the transmission diffrac-
tion grating can be illustrated as in Figure 1, left. Light enters through the
slit and is rendered parallel by placing the slit at the focus of a collimating
lens L,. This parallel light then travels through the grating and is refocused
by lens L, at M,. From Huygens’ principle, the grating rulings may be con-
sidered as secondary or new sources of spherical wave tronts. If monochro-
matic light is used the problem is simplifiecd. Suppose some of the light is
diffracted at an angle to the original direction. From the geometry
of Figure 1, right, it can be seen that if the distance BC is cqual to one wave-

FIGURE 1

length then all rays of light diffracted at angle « will be in phose with each
other and reinforcement will occur.
From the figure,
BC

— = sine

B BC = ABsina

Calling the grating space b instead of 4B the reinforced sit image at M, is
bsina = A 0

The grating space is assumed to be constant across the grating so that all
rulings contribute to the image M . 'The same principle is true if the distance
B(' is any whole number of wavelengths such as 2, 3. 'The general equation
then becomes,?

bsina = n\ )

when n is a whole number. If polychromatic light is used in place of mono-
chromatic light a spectrum will result since sin a varies with N\, A little
consideration will show that spectra will be formed on either side of the
undeviated central beam. The equation indicates that the shortest wavelengths
in the spectra will be nearest the undeviated beam or nearest to M. The
first order spectrum is produced when the phase difference n is 1 and the
second order is produced when n is 2, The spectra of different orders overlap.

To obtain sharply focused spectra by the use of a plane grating two lenses

2 A. C. Hardy and F. II. Perrin, "The Principles of Opties,”” p. 286 (1932).
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are required, one to collimate the light and the other to image the resulting
speetra. Rowland discovered that by ruling a grating on a concave spherical
surface the grating itself would produce a perfectly focused spectrum. ILenses
with their inherent aberrations and ultraviolet absorption could then be
eliminated.

The Rowland Mounting: The mounting devised by Rowland (Figure 2)
consisted of a concave grating mounted on the reference circle with the
camera directly opposite to it and on the grating normal. The slit was fixed
and, in moving from one spectral region to another, the reference circle also
moved. 'This was accomplished by moving the grating toward the slit and by
moving the camera away from the slit at right angles to the grating motion,
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The grating and photographic plate were mounted on a beam and separated
by the diameter of the reference cirele. The angle between the grating center,
the slit, and the camera center must always be 90°.

The Abuey Mounting: 'The Abney Mounting (Figure 3, left) is a variant
of the Rowland mounting and depends on the Rowland reference circle as its
principle of operation. The photographic plate is curved to conform to the
reference circle and is mounted on the grating normal. The slit is mounted
so that it may be moved along the reference circle to give any desired spectrum
region at the camera. The slit mounting usually consists of a beam pivoted
at the center of the Rowlund circle with the slit mounted on the circumference.

The Paschen Mounting: In the Paschen Mounting (Figure 3, right) there
are no movable parts. The grating and slit are firmly mounted on piers in
their proper places on the Rowland cirele. The plateholder is also fixed and
usually constructed so that its range extends along practically the entire.
Rowland circle.

The amount of astigmatism present varies with the angle the incoming
rays form with the grating normal.

Vi
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The main disadvantage of a Paschen mounting is its space requirement.
Proper temperature control becomes difficult as the space occupied increases.

The Eagle Mounting: This mounting (Figure 4) is based on the Rowland
reference circle but is so constructed that the space occupied is small in com-
parison with other types. ‘The image of the slit is reflected by a right angle
prism to the grating, which focuses the spectrum on the photographic plate
situated behind the prism and slightly below it. Different regions are reached
by moving the grating toward the prism and by rotating both prism and plate
so that both conform to the reference circle.

The Eagle mounting is an excellent design as it has less than half the
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Left: Abney mounting. Right: Paschen mounting.

astigmatism of either the Rowland or Abney types. It possesses the disad-
vantage of requiring simultaneous translation and rotation of the grating and
a rotation of the camera.

The Wadsworth Mounting: The Wadsworth mounting is the only grating
mounting in common use that does not depend on the Rowland reference circle
as its principle of operation. This mounting, because the spectra produced
are free from astigmatism at the grating normal, is also known as the stig-
matic mounting. A schematic drawing, Figure 5, shows the various parts.
Light from the excitation source, usually an are, is brought to focus on the
slit. After passing through the slit, the light falls on a paraboloidal mirror
and is reflected as a parallel beam directed to the grating. For the reflected
beam to be parallel it is necessary that the slit and the reflecting mirror be
separated by the focal length of the mirror. The light then falls on the
grating, by which it is resolved into its component wavelengths. Because the
grating is concave each separate wavelength is brought to focus as an image

.
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of the slit in the focal curve. The slit and the grating may be so close to-
gether that mirror aberration is very small and the resulting image is without
appreciable astigmatism. The camera or film holder is mounted at right
angles to the grating normal. The grating is pivoted about a vertical axis
through its optical center. The camera and grating are mounted on the same
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Wadsworth mounting

swing arm so that in changing from one desired spectral region to another
the entire structure is rotated through an arc about the pivot center. For
every change of the position of the arm the angle of incidence i, changes and
hence the wavelength brought to focus on the grating normal will change.
To maintain focus with each change of position of the arm the distance of

the grating to the camera must be altered. When the instrument is to be
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used in different wavelength regions, movement of the camera along the arm
‘is necessary to focus.

The distance from the grating to the camera along the grating normal
may be calculated for any given grating by the use of the equation

o B ®
cosz + 1

D is the distance from the grating to the camera along the normal, R is the
radius of curvature of the grating, and i is the angle between the incident
beam and the graling normal. In comparison with other mountings it may
be seen that as the angle i increases from zcro the distance D increases from
R/2 to slightly more than R/2. Mountings based on the Rowland circle
require that the distance D equal R, and thus a Wadsworth mounting needs
only about half as much space as the Rowland type for a given grating. The
linear dispersion of the instrument varies with the distance D, and so the
Wadsworth mounting has about half the dispersion of other mountings at” no
sacrifice in the optical resolving power., )

Actually the astigmatism equals zero at the grating normal but for all
practical purposes it is equal to zero over the entire length of the photographic
plate provided the plate is not made too long. This lack of astigmatism
results in a decided increase in the image intensity. In this mounting there
is an additional gain because the grating is mounted at about half the distance
from the camera compared with other mountings. This increases the aperture
ratio about four times. The jntensity gain from this type of mounting has
been estimated by Meggers and Burns? to be between five and ten times
over that of other mountings.

The wavelength brought to focus at the center of the camecra may be de-
termined by the equation

esint
A =

. @

A is the wavelength brought to focus at the center of the plate, e is the grating
space, i is the angle between the incident and the diffracted beams, and n the
order of the spectrum. In the instrument being described the grating is
so ruled that practically all the light energy is in the first order spectrum,
leaving only a few percent to be distributed among the other orders ang the
undeviated beam. Actually the amount of light in the other orders is so
small that they do not interfere even on long exposures.

The advantages of this type of concave grating mounting can be sum-
marized as follows: (1) The mounting is free from astigmatism. (2) The
instrument need be only half as large as other types for cquivalent resolving
power. This reduces vibration and temperature change effects. (3) The
spectrum intensity is from five to ten times as great as with other mountings.

:wmmuws. F. Meggers and K. Burns, Scientifie Papers, Bureau of Standards, No. 441
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(4) The resolving power of such a mounting is the cqual of that of any other
mounting with any given grating, but the linear dispersion is approximately
halved.

The disadvantages may be summarized as follows: (1) The parabolic mir-
ror used must be of high optical quality, % wavelength. (2) The various
parts of the instrument must be carefully made so that wavelength settings
and focus are accurately reproducible. (3) Some authors claim that this
mounting is more likely to be thrown out of adjustment than others. The
instrument built in this laboratory showed no need of readjustment after
nine months of operation.

Properties of a Stigmatic Grating Mounting: The properties of gratings
have been considered very completely in texts on physical opties.» ¢+ The
fundamental formulas derived by Baly® can be applied to any grating
mounting.

Let § equal the distance from the slit to the grating, R the radius of
curvature of the grating, D the-distance from the grating along its normal to
the primary astigmatic focus, i the angle of incidence, and 6 the angle of
diffraction. Then the distance from the grating to the focus is given by
equation 5.

: D SR cos*
" S(cos ¢ + cos 8) — R cos?e
Since the distance D is made infinite by collimating the incident beam of

light the quantity 8 (cos i + cos ) becomes infinitely large compared to (R
cos? i). This later quantity may then be neglected and the equation rewritten,

)

D=— 6
cos ¢ + cos @ ©

If the distance from the grating to the focus, at the grating normal, is
required, then 6 equals zero and cos 6 equals unity. The equation then becomes
R
D=—7—— )
cost+ 1
A given wavelength refracted from the grating will form constructive
interference in the first order when

A = b(sin ¢ == sin @) : (8)

Sin 6 becomes negative when the incident beam and the diffracted beam are on
opposite sides of the grating normal. At the grating normal 6 equals zero,
therefore, sin ¢ equals zero and the equation becomes

A =bsin: 9)

3 C. F. Meyer, ‘‘The Diffraction of Light, X-rays, and Material Particles,” (1934).
4 Wood, ‘“Physical Optics.”
5E. C. C. Baly, “Speetroscopy,” Vol. 1 (1929).
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* From equation (9) the wavelength focused at the center of the photo-
graphic plate depends on b, the grating space and on i the angle of incidence
of the collimated beam. For a given grating the wavelength varies directly
as the sine of the angle of incidence. This means that, for a grating ruled
with 15,000 lines per inch, irrespective of the radius of curvature, the wave-
length at the grating normal will be determined by i, the angle of incidence.

The shape of the focal curve may be determined from equation (6). In
this equation the distance I applies not only along the grating normal but
also along the entire focal curve. 'To determine the focal curve for any given
value of i, both I and cos i become constants and D may then be determined
for various values of 6, the angle of diffraction from the grating normal.
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For every different value of i there is a different focal curve. The shape of
the curve is determined by the values of 6; its position in space is determined
by the values of R/cos i.

From the fundamental grating equation (8) it is evident that a spectrum
is produced on both sides of the grating normal and the direction of increasing
wavelengths is to each side of the reflected or undeviated beam of light. In
this equation » is the order of the spectrum, X is the wavelength and b the
grating spacing. In Figure 6 the angle ¢ denotes the angular measurement
from the grating normal to the reflected beam or ray.

When the film holder is in position 1 and 2, the angle of incidence i, equals
i, which is the corresponding angle between the normal and the undeviated
unreflected beam. The wavelength increases on each side from this reflected
beam. In position 1, the camera is near the undeviated reflected beam and
therefore records a short wavelength region. In position 2, the camera is at
a greater angular distance from this undeviated beam and records a longer
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wavelength region. If it were possible to have the incident ray on the grating
normal then the angle of incidence would become zero, and from equation (9)

nA = bsint 9)

the wavelength recorded at the center of the plate would equal zero. Then
the wavelengths would increase symmetrically on each side of the plate.

Design Caleulations: The most important part of a grating spectrograph
is the grating and hence it is natural that the design of the entire instrument
should center about the grating constants. When the construction of this
instrument was started a grating was not available but the grating constants
were obtained from the Physical Laboratory of the University of Chicago,
the manufacturers of the grating used. The constants were specified within
the tolerances shown. This permitted construction of the spectrograph before
receipt of the grating. Only minor adjustments were nccessary when the
grating was installed.

Grating Specifications

Number of lines per inch 15,000
Ruled area 115 by 2145 inches
Diameter 3114 inches
Thickness 916 inch
Focal length 5 feet + 155 inch
Radius of curvature 10 feet

With these constants known the various design calculations were made. The
required wavelength range for the instrument was from 2,000 angstrom units
(A) to 10,000 angstrom units. The calculations were based on the assumption
that the grating had 15,000 lines per inch.  The number of grating lines could
depart slightly from this value but sufficient latitude in design was allowed
to compensate for all reasonable differences so that the desired spectral regions
could be reached.

To reduce astigmatism at the ends of the photographic plate it was decided
that the plate length should not exceed 10 inches, that is, 5 inches on each
side of the normal. When the film holder was designed it was found desirable
to reduce the film length to 9344 inches. However, the design was based on
a 10-inch plate. :

Table 1 was computed using cquations (3) and (5). These gave the wave-
length at the center of the plate and the distance between the center of the
grating and the center of the plate for the different values of the angle of
incidence i.

R 10 X 12 X 2.54
D=——— D=—7"7"7—— ()
cost+ 1 cost 4+ 1
nA = bsinz 9)
1693 X 1077 sin ¢ 1693 sin 7

A= —
1X 107 10-8
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TABLE 1

1 cos i sin 1 d (em) A

5° 199619 .08716 152.68 1476
10° .98481 17365 153.56 2940
15° .96593 .25882 155.04 4382
20° .93960 .34202 157.14 5790
25° 190631 42262 159.89 7155
30° .86603 .50000 163.34 8465

b = grating space in centimeters
= 1693 X 1077
angstroms=cm X 107%

This calculation shows that for the angles given the distance from the grating
to the plate varies from 153 to 163 e¢m. Tt also shows that the smallest angle
of incidence i will probably be somewhere between 5° and 10°. The actual
determination of this angle was the next calculation. The distance from the
grating to the plate was taken as 153 e¢m, a compromise focal length. The
plate extended 5 inches, or 12.7 cm, on each side of the normal. /ith this

information the angle of diffraction 6 was calculated, as shown in Figure 7.

/27em

/km/
1§53 cm T

F1GURE 7

12.7

153
The angle of diffraction 6 is 4°45. It was necessary next to determine the
minimum angle of incidence, i, when the end of the plate recording the short
wavelengths just reaches 2,000 angstroms. The basic grating formula was used

n\ = b(sin ¢ =+ sin ) (8)

Since the calculations were based on the first order spectrum, » becomes unity.
‘When the angle 8 is on the opposite side of the grating normal from the angle
i, the sign becomes negative and when 8 and i are on the same side of the
normal, the sign is positive. This indicates that the shorter wavelengths are
on the opposite side of the normal from the incident ray as has been previously
pointed out.

= tan@ 6 = 4°45

1 X 2000 X 10® = 1673 X 107 (sin ¢ — sin 44°45")
sin 7z = .20094
1 11°35
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This is the minimum value required to reach 2000 angstroms and, although
not exact, as average values were taken, it is sufficiently accurate for design
purposes.

With the information obtained from these calculations the wavelengths
recorded at the center and the long wavelength end of the plate were deter-
mined (Figure 8). 'The results are:

X =bsin{ (9)
1693 X 1077 X sin 11°35’
3402 angstroms (at the center of the plate)
b (sini — sin9) (8)
1693 X 1077 (sin 11°85" — sin 4°45")
4804 angstroms
R .

D = —— = 154.23 em (focal distance) )
cost+ 1

il

A
A
A

i

i- 11°35'(min)

GRATING

F1GURE 8

The ecalculations for the maximum value of ¢ were carried out in the same
manner. When the long wavelength end of the plate just reached 10,000

angstroms
A\ = b(sin ¢ + sin 6) (8)
1 X 10,000 X 10781693 X 1077 (sin 7 + sin 4°45")
sini = .50786
¢ = 30°31

This is approximately the maximum for the angle i. In this position the
wavelength recorded at the center of the plate is given by

A =bsinz 9)
A = 1693 X 1077 sin 30°31’
A = 8598 angstrom units

The wavelength rccorded at the other end of the plate is given by
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3 A = b(sin i — sin 6) (8)
A = 1693 X 1077 (sin 80°31’ — sin 4°45")

A = 7196 angstrom units (Figure 9).
The accurate focal distance is then

R 304.8
D= ——=——— =163.74 cm.
cos?+1 1.86148
The calculations up to this point show that the minimum angle of i should be
slightly less than 11°35%. It may be approximated to 10° for latitude in design.
Also the maximum value of i should be slightly over 30°31"; say 32°. The

7196 A

i =30°3/"(max.)

FIGURE Y

focal distances should be adjustable from slightly less than 15423 c¢m to
slightly more than 163.74 cm respectively.

The focal curve next required determination. There is a different focal
curve for every single ¢ but the actual difference between the individual focal
curves is very slight, as the calculations show, so the focal curve was con-
structed for a mean value of i. Since most metallurgical spectrographic work
is performed in the blue and ultraviolet region it was decided to make the
first film holder with a focal curve to fit this region. The value of i finally.
decided on was 18°30’, and the focal curve made to correspond to this value.
1t was found that this film holder was perfectly satisfactory for all other
spectral regions on this instrument. :

From equation (6)

R = 10 feet = 304.8 cm,
1 = 13°30/, -
cos t = 0.23345

The distance D (Figure 10) to the point of focus was calculated for various
values of 6 and the results are presented in Table 2.
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TABLE 2
[ cos 6 T D z Y tan 0 x
0°00’ 1.00000 154.535 154.535 0.000 0.000 0.000 0.000
0°30' .99996 154.541 154.526 0.015 0.015 .00873 1.349
1° .99985 154.558 154.501 0.057 057 01746 2.698
1°30/ 99966 154.588 154.457 0.131 131 .02619 4.047
2° .99939 154.629 154.394 0.235 235 .03492 5.396
2°30' 199905 154.682 154.316 0.366 .366 .04366 6.747
3° 199863 154.747 154.219 0.528 527 .05241 8.099
3°30/ 99813 154.825 154.103 0.722 721 06116 9.451
4° 99756 154.913 153.968 0.945 .943 .06993 10.807
4°30’ 199692 155.012 153.824 1.188 1.184 07870 12.162
5° 199619 155.126 153.655 1471 1.465 08749 13.52
i = 13°30’

The distance D (Figure 10) represents the distance in centimeters from the
grating center to the point of focus: = equals the difference between 7 and D.
These quantities are nsed to determine y and «, Table 2, and Figure 10. With

—&

X

FIGURE 10

the values of y for various values of « it was possible to plot the focal curve for
a given value of i (18°30").

The focal curve is very nearly a parabola and since only a small portion
near the normal is used practically no error is introduced by considering it as
Yeing parabolic.

The general equation of a parabola is

y = Ka?
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and the value of K was determined from the information already calculated.
Transposition of (10) gives K —y/x?
Using the values of @ and y for 6 = 5° the equation becomes
1465
(13.520)2
K = .00815

K

Then
y = .00815 x?

when dimensions are in centimeters. This permitted the values of y to be
determined for any desired value of a.

In making the focal curve an approximate curve was first laid on two strips
of 34¢-inch brass each 10 inches long. A hacksaw was then used to cut a rough
curve as close to the scribed curve as possible and a file was used to smooth it.
This permitted the curve to be machined in a shaper in one traverse, taking
light cuts and thus not straining the brass. (With care, the curve could be
finished by file alone, for the small aperture of the spectrograph—about /20—
gives considerable depth of field. However, to use the full resolving power of
the instrument the job should be done on a shaper or some similar machining
device.)

The crossfeed screw gave x values and the vertical head screw gave the y
values. Starting from the center of the brass, each half of the focal curve was
cut by setting the vertical feed,at zero and advancing this feed to the proper
setting for each corresponding crossfeed setting. 'The shaper used had a
vertical serew with 8 threads per inch, or .125 inch per revolution. The hori-
zontal drive was through a 30-tooth ratchet, so that with every stroke of the
ram the crossfeed screw was advanced 14, of .250 inch, or .0083 inch, when the
feed was set to pawl one notch at a time. Each inch of crossfeed represents
120 strokes of the ram. One half of the curve was calculated from the center
out, as follows: from Table 2 we find that 2 is 13.52 cm for 8 = 5°. Converting to
equivalent strokes of the ram, we obtain: 13.52/2.54 X 30 X 4 = 638.740 strokes.
The vertical component of this setting (y in Table 2) is 1.465 cm. Converting
to thousandths of an inch, we have:

1.465
2.54

X 1000 = 576.771 (thousandths)

The value of K was then calculated in terms of strokes on the crossfeed and
thousandths on the vertical feed.

Ka? (10)
y 576071

]

y
K

@ (638.740)
00141369

>
I
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The equation then becomes

y = 00141369 N?

Using this equation, the setting on the vertical head feed was calculated for
each stroke of the ram, starting from the center. The calculations for one half
of the curve were tabulated as in Table 3.

N = number of strokes from center.

y = setting of the vertical screw in thousandths of an inch.

Construction of the Main Frame: The frame of the spectrograph consists
of a bed of steel 'I's as shown in Figure 11. The members are marked 4, B,

© Avab kT

Figure 11

¢, D, and E, and will be referred to by these letters in this description. All the
Ts are of hot-rolled steel so that there is a minimum of strains present in the
fabricated structure. To avoid introducing new strains the webs were cut
with a hacksaw rather than with a torch. Since it was desirable to have the
frame accurate and rigid the tops of members 4, B, C, D, and E were machined
true and smooth. The undersides of the ends of members 4, B, and C were
machined because they overlap and rest on the tops of members D and E. The
two short Ts D and E are 4, by 4 by % inches and of the lengths shown. The
side beams 4 and C are 3% by 3% by Y by 69 inches and 72 inches respec-
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TABLE 3

N y (thousandths of an inch)

0 0.000

1 001

2 .005

3 013

4 023

5 035

6 051
100 14.137
200 56.548 ‘
638.74 576.770 = 1.465 cm.

tively and the center swinging beam is 4 by 5 by % by 69 inches long. The end
member D is set at an angle, as shown in the drawing, so that the swinging
beam B can travel from side to side with a minimum of longitudinal overlap
change on beam D. The position of D depends on the position of the pivot
center on which B swings. The ends of D should be almost equidistant from
this pivot center so that the roller truck carrying the swinging end of B will be
able to travel the full arc without allowing the rollers to get off the beam D.

The corners of the frame are fastened together by %-inch SAE bolts. 'The
frame was laid out on a bench and clamped in position during the drilling and
reaming of the corner holes. Lock washers were used and the bolts were
drawn up tightly. This type of construction provides a very strong, rigid, and
accurate frame.

The pivot center of beam E is placed as close as possible to béam €. The
grating is centered over the pivot and it is desirable to keep the angle between
the light from the slit and the reflected collimated light from the mirror at
minimum. This angle is indicated as angle a, Figure 5.

Since the center of curvature of the grating is placed directly over the pivot
center, the dimensions of the grating cell should be kept at a minimum, as a
large holder would tend to swing into and restrict the light from the slit.

The mounting of the center beam B is very important since it carries the
grating on the pivot end and the camera on the swinging end. The pivot end
of B is carried on a Y;-inch steel ball held between two cupped steel bearings.
The steel cups were made as shown in Figure 12, The pivot cups are fastened
to It and F by four 6-32 flat-head machine screws. A -inch hole is provided
to hold the dowel end of the bearing cups.

The camera end of the beam B is mounted on a traveling carriage of the
design shown in Figure 13. This carriage consists of a %-inch steel plate
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. inch in diameter.

nderside of B and carried on ball bearings 1
Nﬂwn%mwwmm% _M:.m mounted on Vi-ineh tool steel axles that lie in %-inch milled
slots in the underside of the %-inch steel plate. ,_.._:, axles :.:J.ﬁ be :_o::ﬁmm
on radii from the pivot center so that the rollers will follow ZS_«. proper arcs
without longitudinal stiding. The two rollers were mounted on Q_mﬂ,ﬁ.; radii
in order that they might travel as near to the center c*u vmzzﬁ D as ﬁ...:mm_zn..
The carriage plate was machined in a milling machine. :E radii on ,cm:mr
the axles were to be mounted were scribed on the underside of the %-inch
plate while it was bolted in place to the beam B. Then :45 v_w:a was :,,:::6&
and set up in the milling machine so that the cutter was in mr:..:uz,:ﬁ with m:n
seribed radius. When properly alined the cutter machined a _\_-::._.d slot ¥
inch long. By milling the axle slots 194, inch deep,

inch deep and about 1

75%6.
SRS
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the ball-bearing rollers project g inch below the _goﬁcj of the Emﬂm .;.1@ are
level with the top. The slots for the rollers were machined the width ‘of the
bearings and accurately at right angles to the axle slots. These slots are cut
¢ the % inch plate.
n_?%rw:wﬂhmh. B z.m\w is 3%::?& on a three-point support, a steel ball and .Tzc
rollers. Since the rollers travel along a machined w:amwom, and the ball pivot
is accurate, the mounting is stable and any given setting can be reproduced
without optical tests. . ] . o
The control of the position of the swinging beam is very _Evclmy:m as its
position determines the spectrum region covered by the camera. .H:._m amiqoﬂ
is obtained by a steel screw mounted in a pivoted bronze bearing m:m‘ mz.v_f;ng
on the side beam 4 and the nut is pivoted on the swinging beam B. 'This screw
i i are shown in Figure 12. .
m:@%ﬂw ﬂmﬁuﬂﬂmmﬁm for the mn«oém are situated ma&ﬁ:m»w:ﬁ from the 1.?3 o.J
which B swings and the distance from the ball pivot to the screw v:dﬁ is
12325 em. This dimension was calculated to give a change of about 40 ang-
stroms at the camera per revolution of the screw. Since the .?QL length is
slightly different between any two settings of .:E:d B, and since ?m, screw
represents a chord of the arc, this calculation is only inoN:ﬂuﬁl.« correct.
The calculations were made using the average focal length. (Figure 14).
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Focal length on the long setting  157.95 cm.
Focal length on the short setting  154.54 cm.

2)312.49
average 156.245 cm,

r X 504 X
For small values are = chord = 1§ = -
180 X 60
2.54 ry
Chord for 1 revolution of the screw = =27
3 180 X 60
. 2270/
Angstroms per minute of arc = ——
504
. 2270 2270 X 180 X 60 X 2.54
Angstroms per revolution of the screw = —— =
504 504 X XrX8§
. 4930
Angstroms per revolution ——
-

Angstroms per revolution 40, then r = 123.25 cm.

The Slit Mounting: The slit through which the light emitted from the arc
enters the spectrograph is a very important part of the instrument and must
be very accurately made. The types available vary slightly in détail but almost
all of them have accurately ground hard steel jaws of which at least one can
be moved to vary the width of the spectrum line produced. With the time and
tools available it was deemed advisable to purchase a slit rather than to make
it. The one obtained for the spectrograph was a Gaertner slit costing about
$85 in 1941.

The slit is mounted as shown in Figure 15. The slit is attached to a brass
plate % by 9 by 3 inches. This plate is mounted on the base by two cast-iron
angles which were machined to an accurate right angle in the shaper. 'The
angles are secured to the base by four %20 N.C. machine cap screws tapped
into the frame. 'The holes through which these screws pass are slotted so that
an adjustment can be made in the position of the slit by sliding it along the
frame. This adjustment is necessary since the slit is mounted at the focal
length of the spherical mirror and the final adjustments made when the instru-
ment is assembled. These slots are about % inch long, giving % inch adjust-
ment with the Y-inch screws. '

The slit plate is secured to the angles by four '4-20 N.C. bolts. The bolts
are tapped into the brass and the nuts are used as lock nuts.

The center of the slit is 6 inches above the top of the frame beam C, so as
to coincide with the optical center of the other parts. A brass sleeve was
turned and fitted into the upright brass plate and secured with a lock screw
as shown in the drawing. This sleeve was used because the thickness of the
upright plate (3% inch) was inadequate properly to support the protruding
tube on the slit case. The hole in the upright brass plate was bored by mount-
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ing the plate on the lathe face plate and machining to a firm push fit for the
adapting sleeve.

As the slit must be in exact parallelism with the grating rulings, some
provision must be made to rotate it into position. This adjustment was made
out of #;¢-inch brass strips 1134 inch wide bent to form a small right angle, as
shown in Figure 15. A Vs-inch brass rod was turned and threaded with %4—20
N.C. threads for the adjustment screws. These two screws are tapped into the
brass angles and provided with lock nuts. The heads of the adjusting screws
and the lock nuts are drilled with %4-inch hole to take an adjusting key.

The two adjusiments are mounted above and below the slit case to one

O« | ¢3¢ serews

S odjustmerls

Jul srce Lock gerew™

Quartz window frome

FiGure 15

side of center, as shown. The brass angles are fastened to the upright plate
by three 6-82 flat-head machine serews tapped into the plate. In the lower
mmﬁ:mﬁaw:w one of the ¥,-20 bolts takes the place of a 6-32 screw.

The slit is provided with a thin quartz window to protect it fromh dust.
This window is not provided by the slit manufacturer and the frame had to be
made up as shown in Figure 15. The frame was turned down from 2 inch
brass rod. In order to have both sides machined smooth, the piece was turned
to size on the rod and then cut off. A piece of aluminum was then chucked in
the lathe and recessed to fit the frame, which was then cemented into the recess
with celluloid dissolved in acetone and finish turned on the back. The window
frame is fastened to the slit case by two 2-56 machine screws tapped into the
slit case in such a way that they do not interfere with the operation of the
jaws. The quartz window was purchased from the Bausch & Lomb Optical
Company at a cost of about one dollar.

The Mirror and Mounting: The spherical (long-focus paraboloidal) mirror
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was made from a disk of glass 3 inches in diameter and ' inch thick to a focal
length of 178.9 em, and then was aluminized, aluminum being superior to silver
because of its higher reflectivity in the ultraviolet.

The mirror is held in the mounting cell by three small brass strips attached
to the edge of the cell by three small round-head screws. The brass strips
extend out onto the mirror edge and touch it only very lightly.

The light entering the spectrographic slit is directed to the mirror which in
turn reflects the light to the grating. In order that the collimated light may

FIGURE 16

be properly directed to the grating, the mirror must be mounted in a ¢ell that
will fill the following requirements:

1. The mirror must be held free from strain.

2. The holder must have all degrees of freedom of adjustment.

8. The holder must be easily adjusted and locked.

4, The holder must be very rigid and strong to prevent loss of adjustment.

5. The. holder must be reasonably easy to construct and mount. These re-

quirements are identical with those of the grating mounting with the ex-
ception of the additignal adjustment which will be discussed in the
description of the grating mounting.

The design of mounting selected as the most nearly fulfilling the require-
ments is shown in Figure 16. The main casting is made of aluminum billets,
as aluminum is easily melted and machined. Some scrap aluminum was melted
down in an iron crucible but the first attempts at casting were not successful.
After some experimental work, a little copper and tin was added and proved
a decided help in producing smooth castings. The molten metal was poured
into a short section of 6-inch pipe to a depth of about 3 inches. The pipe
served as a mold and the aluminum was easily removed when it had cooled
sufficiently. Due to the shrinkage of the top of the casting, the bottom was
used as the back, allowing the porous portion to be removed in machining.
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The inner cell in which the mirror is mounted is made of steel, as is the
suspension support. Steel was selected as the best material for this part since
the coefficient of expansion is low.

Since the amount of adjustment available is limited in this type of mount-
ing, the entire holder must be placed accurately on the frame and be within
one degree of arc of proper alinement. This accuracy is easily obtained and
presented no great difficulty.

The mirror holder was mounted on the beam of the frame ¢, Figure 11. To
bring the optical center of the mirror to G inches above the frame, which
corresponds to the center of the slit, a hardwood mounting block was made out
of a piece of well-seasoned oak. The block was squared up to size in the
shaper and then drilled so that a Ys-inch boll could be used to mount it on the
lathe face plate. After bolting it to the lathe face plate, the two corners
nearest the center were set at the radius of the cell from the lathe center.
Then the bolt was drawn up tightly to prevent further movement and the
block bored to the proper diameter. Since the block represents only a section
of the periphery of the cylinder to which it is bored it is difficult to measure
the diameter directly. This dificulty was eliminated by using the aluminum
cell which was to rest on the block as a test eylinder. When the block fitted
properly on the cell the piece was finished.

Construction of the Grating Holder: The grating holder was constructed in
much the same manner as the mirror holder except that one additional motion
was necessary to aline the rulings with the slit. Apart from this the grating
has all degrees of freedom, coptrolled by the three screws in the outer cell.
As with the mirror holder, the cell containing the grating is mounted on a
flexible steel suspension and is controlled by the three screws on the outer cell.
Another cell within this intermediate cell holds the grating. These two inner
cells were machined aceurately so that a good bearing surface existed between
them. Steel was used for the center suspension and the two inner cells, while
aluminum was cast in a 6-inch pipe for the outer cell. The adjusting screws
were turned from Vs-inch brass rod and threaded with 14—20 U.S.S. thread.

The dimensions of the inner cell were dctermined by the size of the grating.
The grating is held in this cell by three small brass clips screwed to the edge
of the cell and extending out % inch on the grating face. When installing the
grating great care should be exercised to prevent damage, and in setting or
adjusting the grating nothing should be allowed to touch the surfaces of the
ruled area. It is necessary for the grating to be held in place securely but
without pressure. To this end the grating rests an a paper pad.

The mounting (Figures 17, 18) of the completed grating holder on the spec-
trograph frame was effected in the same manner as with the mirror holder. A
block of well seasoned hardwood was machined square in the shaper and turned
on the lathe face plate to fit the contour of the holder. The finished mounting
was reduced to 6 inches between the grating normal and the top of the outer
frame members so that all parts were on the same optical level. In centering
the holder over the ball pivot it was found that best results were obtained by
mounting the holder and marking the position of the base on the swinging
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Fi1GUrRE 17

frame member. The holes for the V,-inch rod were then drilled and the holder
remounted in its proper position. The Y-inch rods were threaded on both ends
the top end being screwed into the outer cell and the bottom secured by TEH
=:wm under the top web of the steel . In order to provide a small amount of
adjustment for the mount the holes in the swinging beam were drilled slightly
oversize. This allowed accurate centering of the grating when the instru-
ment was finally adjusted.

Construction of the Camera: This part (Figure 19) of the spectrograph
was constructed of rolled sheet brass. 'T'he base of the camera (Figure wcv is
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a brass plate % by 10 by 3 inches. An opening 9334 by 1144 inches was cut
by laying out the pattern and drilling numerous small holes along the lines to
be cut. After drilling, the small sections of brass between the holes were cut
with a jeweler’s saw. The rough edges of the rectangular hole were then care-
fully filed smooth and to exact size.

FIiGURE 18

FI1GURE 19

The body of the camera is made of 4-inch brass plate cut to the sizes
shown and assembled with 2-56 steel screws. All parts of the camera were
carefully machined on the shuper to exact fit.

The pieces marked f are two brass plates 34 by %g by 934s. These two
plates are very important as they support the edges of the film and hold the
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film to the exact focal curve. In the design calculations the focal curve is a
parabola. This curve was cut in the brass plates by first carefully laying out
the calculated curve on the brass and then shaping it roughly with hacksaw
and file. The two pieces screwed together were then set up in the shaper and
machined in the manner already mentioned in “Design Calculations.” When
the machining was completed the curved surface was smoothed up with light
filing and polishing paper.

The photographic film is held to this curve by a spring brass strip fastened
to one end of the camera and controlled by a small cam at the other end. This

provides pressure against the focal curve and tension along the spring. This

Fi1Gure 20

cam can be turned to release the brass strip and allow the film to be loaded
and unloaded at will. The camera is provided with a dark slide made of this
spring steel running in groeves along the camera sides. The dark slide pro-
vides a means for loading the camera in the darkroom and bringing it to the
spectrograph without danger of fogging the film.

As has been indicated in the design calculations, it was necessary to provide
for a camera movement of about 10 cm along the swinging beam of the frame,
This was accomplished by using a cross compound slide from an old lathe.
This part included the gib ways, tool post block and the feed screw. The
block was machined square with the slide and the entire camera mount at-
tached to it (Figure 21) shows the assembly in elevation.

The entire camera assembly was mounted on an aluminum plate 3% by 12
by 8 inches. This plate (Figure 22) was machined smooth on the face next the
camera to provide a suitable bearing for the vertical movement of the camera
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slide. It was fastencd by one %-20 machine screw tapped into the tool post
block. By using only one screw it provided a slight movement of the camera
around a horizontal axis so that both sides of the film holder could be brought
to the same level. This movement is controlled by the vertical adjustment
screws. These screws are fastened to a rectangular steel bar 12 inches long

Fiaure 21

FIaURE 22

that extends along the back of the aluminum plate. This bar is sccurely
screwed to the tool post block.

The camera was provided with a vertical movement by a gibway running
vertically on the aluminum base plate. The edges of the brass plate to which
the camera is attached were machined perfectly parallel to a 45° bevel in the
shaper. Two brass rectangles 3 by 1 by 8 inches were also machined with 45°
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angles and fastened to the aluminum plate by five %4-20 cap screws. The holes
in one of ihese gibs were slightly elongated to allow adjustment of the ways.

The camera is held between two brass strips ¥ by % by 104 inches. The
strips are screwed to the vertical slide with 2-56 flat-head machine screws. A
small brass dowel pin extending from the vertical side plate prevents the
camera from moving horizontally between the brass strips.

The vertical movement of the camera slide is controlled by a screw having
24 threads per inch. The screw is threaded into a hand wheel which in turn
rests in a bearing attached to the top of the aluminum base plate. The hand
wheel was fitted with a 4-to-1-ratio worm and gear so that, with a long shaft

FiGUure 23

extending to the slit end of the instrument, the camera could be controlled
from the operator’s position.

The camera is held to the vertical slide by a yoke that slips over the camera
and hooks under the heads of the two steel screws in the two brass strips that
support the camera.

Construction of the Light-tight (over: After all other elements of the
spectrograph had been completed the light-tight cover (Figure 23) was built.
The first patterns were cut from cardboard and an almost complete mock-up
finished before the final cover was made out of plywood. Three-ply fir board
%-inch thick was used. The actual design had to be fitted into the other parts
of the instrument and was therefore worked out piece by piece rather than by
a previous design.

The cover consists of a bottom deck, sides and a top, together with baffles
and sliding tape. The bottom deck is supported by the sides and is mounted
3 inches above the top of the swinging beam. The edges are supported on 1
by 1-inch strips of wood screwed to the deck and sides. All corners and joints
in the cover were reinforced by 1 by 1-inch strips. These strips also scrved as
additional light baffles and made extremely close fitting of the joints unneces-
sary.
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A hole was cut to admit the grating holder. A baffle was fastened to the
base of the grating holder to prevent the passage of light into the instrument.
The sides were screwed to the frame with 6-32 screws tapped into the edge of
the T-section.

The plateholder mounting was difficult to render light-tight, but after sev-
eral designs had been discarded the problem was solved by fitting a thin and
very flexible steel tape to & piece of Yi-inch plywood through which passed the
sheet iron cxtension from the plateholder mounting. The '4-inch plywood was
fitted between wooden guides cut to the arc described by the swinging beam.

FiGure 24

The tape bends sharply and slides along both sides when the plateholder is
removed. To facilitate the installation of the top when the tape was in place
a hole was cut in the top which allowed the tape to be reached from the inside.
The outside of the sheet iron extension from the plate mounting was covered
with black velvet and the entire inside of the plywood cover painted with a
dull finish blackboard paint. Besides this, various baflles were installed to
prevent stray light from reaching the photographic film.

When the light-tight cover was completed a small plywood door was fitted
to the grating holder and provided with a flexible shaft and control knob

which is operated from outside the spectrograph. This cover keeps dust and..

stray chemical fumes from the grating when it is not in use.
The entire cover, when finally assembled, became a single unit and may be
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removed in one piece when necessary. After a complete sanding the plywood
was stained with dark oak oil stain and given three coats of pood varnish.

Excitation System: The excitation system of the spectrograph consists of
an arc stand (Figure 24) and a motor-generator set with controls. Usually
220 volts d-—c is most desirable for the arc, but as no d—c generator of that
voltage was available an old four pole generator delivering 125 volts was used.
The motor was borrowed from the Anaconda Copper Mining Company and is
a 10 hp unit operating on three-phase 220 volts a~—c. The generator was set
up on its old slide base and belted to the motor. The generator turns at 1800
rpm. The generator was provided with its original ficld and line resistance to
control the d—c¢ voltage and prevent overloading (Figure 25) when the arc was
struck.

By adjusting the field resistance the voltage was stepped up to 150 volts.
This has proved adequatc for most spectrographic analysis. The line resistance
is adjusted so that the current does not exceed 10 amperes in ordinary use.
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The motor was provided with a three-phase line switch and a magnetic starting
box. The entire control system was mounted on a 1-inch plywood panel which
was supported on angle irons fastened to the floor and wall of the laboratory
Electrical conduit was used to bring the direct current to the are stand.

The Are Stand: The arc stand was purchased from the Bausch & L.omb
Optical Company and is their standard model straight-line stand. The elec-
trodes are held between metallic clamps which can be moved vertically or
horizontally by insulated adjustments. A quartz lens is mounted between the
arc and the slit to keep the arc image focused on the slit.

Just in front of the slit is mounted a motor-driven sector disk with ad-
justable opening. The variable opening sector provides for the reduction of
the amount of light entering the instrument. This allows samples to be burned
for a longer time without danger of overexposing the film.

The entire are stand is mounted on a heavy bench built for the purpose and
securely fastened to the floor.

In operation it is desirable to have the electrodes, especially the lower
electrode which is usually positive, easily removable. For this reason a graph-
ite holder was turned out and placed in the lower electrode clamp. When the
graphite electrodes are used the 4 by %-inch graphite rod containing the
sample is set in the graphite holder. In using the iron arc, the upper elec-
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trode is replaced with an iron rod and a small piece of iron, ¥4 by % inches, is
slipped into the graphite holder.

The Ventilation System: 'The arc must be properly ventilated to remove
noxious fumes. The nitrous oxides and other elements and compounds released
by arcing are more or less poisonous and to safeguard the operator a sheet
iron hood was built and installed over the arc. The hood is 12 inches square,
12 inches high and connects to a 3-inch sheet metal tube that rises to the labora-
tory ceiling and thence to the wall where it discharges through a hole cut to
the outside. At the discharge end a small suction fan of the Sirocco type hav-
ing a capacity of 90 cubic feet per minute provides ample draft to prevent

n?o.wmxo. (3Mn lines) JrooA

FiGUure 26

Spectrogram in the ultraviolet region. TUpper spectrum: iron are. Lower:
A raie ultime powder.

fumes from the arc circulating into the laboratory. Many spectrographie
laboratories use a hood that is completely covered in but in this installation the
small open hood placed about 12 inches above the arc provides ample discharge.
To help steady the uprising current around the arc and to shicld the operator
from the are a rectangular shield, open on one side, is fitted to the bench.
This shield can be moved away from the are when necessary.

Final Adjustment of the Spectograph: The adjustment of this type of
spectrograph is not difficult. Excellent results (Figure 26) were obtained
after a few simple optical and photographic tests. .

After the instrument was set up and the mirror and grating installed the
slit and mirror were scparated by the focal distance of the mirror. 'This
distance was checked by a direct measurement rather than by optical test, as
the accuracy needed al Lhis point is not extremely great. N

The mirror was the next part to be alined. By turning the three screws
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that provide motion for the mirror the reflecting surface was collimated so
that by looking through the hole in which the slit is mounted a reflection of the
grating surface could be seen. Final adjustment of the mirror was effected
with the slit in place and closed to the point where the grating image could
just be seen. The slit wedge was then installed and closed to the last notch,
leaving only a short portion of the center of the slit through which the mirror
could be viewed. By then adjusting the three screws in the mirror cell the
reflecting surface was brought into final alinement and locked in place with
the lock nuts.

Next, the grating was adjusted so that the grating normal was made to pass
directly through the center of the camera. The grating had been set pre-
viously directly over the pivot center. The pivot setting is not critical and was
done mechanically. A small piece of brass 35 mm wide was cut and drilled on
the horizontal center line with two holes about 1 inch apart. A small light
bulb was fitted behind one of the holes and covered with a small brass tube to
prevent light from going in any direction except through the hole. This test-
ing device was then placed in the film holder so that midway between the two
holes corresponded to the center of the camera and the point through which
the grating normal should pass. By adjusting the three screws on the back of
the grating holder the grating was brought into such a position that the reflec-
tion of the point of light could be seen through the other hole. Due to the
rulings on the grating surface it was necessary to use the unruled portions
around the edges when viewing the reflected ray.

Vith these tests completed the instrument had the collimated light from the
slit fully illuminating the grating and the alinement between the grating and
the camera was correct.

It was necessary next to delermine whether or not the entire optical path
was in the same plane. This instrument did not need any such adjustment
but the adjustment, if needed, could have been made by raising or lowering
cither the slit or the mirror until the slit image coincided with the film center.

The only remaining test was for focus. This was done in the visible region
by placing a ground glass on the focal curve. With light coming from the arc
through a wide slit the camera was roughly focused. The position of the
dividing head on the focusing screw was noted and then turned back several
divisions. ith a photographic film in the camera, several spectra were re-
corded using a shortened slit and moving the camera vertically between ex-
posures. The focusing screw was advanced one division for each new spectrum
recorded. The position of the best focus was recorded and marked, so that it
could be easily rcproduced without retesting. The focus depends on the
region in which the swinging beam is set and il was therefore necessary to
provide markings on the wavelength range control screw so that the range
could be reproduced accurately and the camera brought up to the predeter-
mined focus. The instrument was provided with three sets of markings, that
is, three focus positions for the three main wavelength settings, ultraviolet,
visible, and infrared. Focal settings for ultraviolet and infrared must be made
photographically.
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After the instrument was completely adjusted and checked it was found
that all settings could be accurately reproduced and after ten months of
operation it showed no need of adjustment.
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[Epiror’s Note: The books by Meyer and by Baly are out of print, as are
the proceedings of the several summer conferences cited above. They may be
consulted in some of the larger libraries.|

[Eprror’s Nore: A typescript copy of the preceding thesis was submitted
to the senior author for general checkup and the occasion was seized for scrib-
bling informal questions at various places in the margins and inviting in-
formally scribbled replies. This underhanded editorial trick brought out, as
it always does, useful data for the builder.

On the Wadsworth type of mounting: “I readjusted it about once a year,
as the instrument showed slight signs of creep in the un-normalized steel
T-beams. But then, we also had jaw crushers and mill machinery in the next
room and a freight railway a few hundred feet away.”

On the slit: “TI made the one in ATMA, page 503, some years ago and it
works very well on the instrument described. For slit see also Martin, L. C,,
‘Optical Measuring Instruments,’ page 126, Figure 75, b.” (Out of print.)

On the generator: “I believe it was an old Edison. At times I used 20 amps
and the old lady groaned. The belt slap from our set-up made us punch-drunk
after several hours’ operation. A rectifier system would be OK and quiet.”

General costs: Central Scicentific Co., Chicago. Bench $17; arc stand, $25;
sector about $17 (This can be cut out of metal sheet, and an old sewing ma-
chine motor would bring the cost down to $5); quartz lens, $17. Bench, arc
stand, quartz lens, no sector, for use with small Littrow spectrograph, $102.
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Bench, are stand (110-v), quartz lens, sector disk m:m motor, for _u.._.ma w‘ﬁ:oé
spectrograph, $306. These current prices merely give a m»:wﬁ:.i”.m.

On the value: “Including motor-generator (or power supply) it 29:& n.@mﬁ
perhaps $4000 or $5000 for an instrument of equivalent _Elczsm.:cw. Omitting
labor, the actual cost, including grating, slit, arc-bench, supplics, was about
$500.” . .

On the grating: “Replicas are less expensive. One 1% by 2%, inches said
to cost about $60 today, would be fine. But the $10 variety are not good
enough for this job, though a very serviceable small spectrograph can be made
from one. Grade A replicas (Wallace or Wood) are noom. for many purposes;
in fact, Wood's grating replicas are famous in :m:c::::ci. use. w:ﬁ many
replica gratings are too small in aperture to be of much use in a _.E.na instru-
ment. TI'll take a 1 by l-inch replica and get spectrograms from it _wsn 1 will
not be proud of the instrument. A lot of our work was in ::.. J::_%m_m of ores
and minerals where high resolution was needed for trace azu:::mm of elements,
something that cannot be done with «a low-dispersion m:mHM.:Em‘:T

On some typical work done with this instrument: ,U.me r._OmmN L. F.,. and
Cooke, S. R. B., ‘Spectrochemical Sample Logging of Limestones,” Bulletin of
the American Association of Petroleum Geologists 30,1888 Cw»m.v 2‘.1@3.%,
E. S., and Cooke, S. R. B., ‘Spectrographic Prospecting for _wmq%:_,Ew in Peg-
matites of Western Montana, American Mineralogist 31,499 (1946). o

On the mirror: “The mirror should be an off-axis affair but the tilt is so
small that I could never detect the induced astigmatism.”]
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. [Eprror’s Note: Extremely little about ordinary everyday adjusting tech-
nics .m:m common procedures in handling spectrographs will be found in
treatises on spectroscopy. Most of this lore is transmitted orally from in-
structor to student in the laboratory and never gets into print. In Forsyte
W. E., “Measurement of Radiant Energy,” McGraw-Hill Book Co., New Mw.w“.r,
there are about 4 pages on the adjustment of spectrometers (prism type) m_mm
3 pages on the adjustment of the Wadsworth type of grating mvmnﬁomwmv:
‘H:mam.mm practical advice on calibration (and much else on mvoo:om;v:mm
analysis) in Cutting, Theodore A., “Manual of Spectroscopy,” Chemical Pub
Co., Z.mcc York, N. Y. This book impressed one disappointed mwmnqcmcovmmm
as “naive,” thus unconsciously recommending it to the tyro.

. The .no:nnﬁo: of reprinted articles that follows contains all the definite
instructions for spectrograph building, other than the preceding chapters, that
could be gleaned in 25 years’ watch on the literature of optics. While ,Z::.o
are numerous descriptions of spectrographs in the periodical literature, such
descriptions are not slanted toward the constructor. Commenting o:. this
w.omﬁ. Hayward writes, “Did you ever try to make anything from a wmxﬁdoo,_m
diagram? T tried it when in high school. My textbook said roZ::m about the
Q.:.ZWQ width for a slit. Guessing, I made mine ¥-inch wide and of course it
didn’t work, nor did my 60-cent ornamental prism and reading glass suffice
Not until a quarter century later did I see the D lines through a spectrogra r
that I built. Baly’s ‘Spectroscopy,” now out of print, was helpful, as would W¢
the ‘Practical Spectroscopy’ of Harrison, Lord and hoa?o_;oé_ today. But
even these don’t instruct in building.” Asked how he gained his accm:rh&ozm_
data Em%.ﬁma& replied, “T knew a spectroscopist, had a theoretical physicist
tutor me in atom structure, and 1 also knew an experimental physicist. Hrzm
I gradually acquired a general idea about the peculiarities of spectrographs
Only then did T design one for an instrument manufacturer.” :maéawm,m.
physicist friends lived close at hand. Few amateurs are that lucky Aoux 3“ the
oz..mn hand, plan to design spectrographs professionally). Yet, the mmﬁ:mzoz
w:w:wm as described, the amateur is fortunate in having available the two pre-
ceding chapters—college theses—since they are almost uniquely definite about
mvon:.omﬂmwr construction. (College rules require that theses be bound and
mn%ofnmm permanently in the institution’s library, hence it is probable that
MM#MMM#MMMW_MWS_MM?_ in building optical instruments are gathering dust on
No claim is made that the preceding chapters, plus the collection of data
that *.o:oému will make plain sailing of spectroscopy, even for thecase-hard-
.m:o&, A_m.m-?nﬁmz advanced amateur optical worker who studies textbook optics
in addition. There will still be broad gaps between these stepping stones, and

the literature of spectroscopy is more hole than matter. (The average amateur
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likes it that way, since it leaves him partly on his own resources.) The answer
is not so encouraging to others than optical workers, who sometimes inquire
for the detailed plans of a spectrograph with instructions for building and
using it. A typical example is a manufacturing jeweler who wishes to test
his alloys and his gems but is too busy or insufficiently interested to study up
the surrounding lore. Such persons could build and use a spectrograph, as an
owner can drive a car with even less knowledge of car mechanics and princi-
ples. When the car is out of order there are plenty of local trouble shooters
with judgment based on training, but where is there a spectrograph trouble-
shooting garage? Unless he will go to the added labor of doing considerable
reading to fill in background and acquire judgment in spectroscopy he may
find himself out on the end of a limb.]

THE SPECTROSCOPE IN ASTRONOMY

By Dr. Pavr W. MERRILL *

Very nearly all our information concerning astronomical bodies comes to us
in the light we receive from them. This light is not a single homogeneous
thing, but a most complex bundle of different colors (or vibrations) which in
an ordinary observation are tumbled together in a heterogeneous heap called
the image. Here the details are so hidden and confused that most of the im-
portant messages they carry are illegible. It is in spectroscopic observations
only that the individual component vibrations are interpretable, for here they
are laid side by side in a neat row called the spectrum, where each may be
seen by itself. The intensification or weakening of any vibration in the octave
or more which can be observed thus becomes obvious. The number of vibra-
tions that can be individually recognized depends upon the power of the
spectroscopic apparatus, or, more precisely, upon the “purity” of the spectrum
it forms, but in actual practice the number runs into thousands.

Thus a “direct” observation, for example, viewing a star in a telescope or
its image upon a photographic plate, is like looking at a city from such a dis-
tance that it appears but a small blur on the landscape, while a spectroscopic
observation corresponds to walking along the streets and examining the build-
ings one by one. Or, again, a direct observation is studying a book from the
outside, trying to guess its contents by its size, weight, and general appearance;
while a spectroscopic observation is opening the book and reading it through
line by line.

It is from a detailed study of the individual vibrations or narrow portions
of the spectrum (usually called spectral lines), that we get our greatest insight
into the constitution of the stars. With an ease and certainty that seems al-
most magical, we recognize in stellar atmospheres atoms precisely similar to
those known on earth. We can tell whether they are approaching or receding.

* The Mt. Wilson Observatory, in ‘‘Leaflet 42, Astronomical Society of the Pacific,
by permission.
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We can even ascertain what certain constituents of the atoms, the electrons,
are doing; whether they remain regularly in place forming complete atoms, or
whether some of them habitually stay away from home, leaving the parent
atoms electrically upset over their absence.

1t is, therefore, essential to understand clearly what a spectral “line” really
is. In most spectroscopes the light is admitted through a narrow slit; the
prisms and lenses are so arranged that the light is spread into a rainbow-

Mechanical analogue to illustrate the analysis of light by a spectroscope.
A: Continuous spectrum. B: Bright lines (sodium flame). C: Dark lines
(sodium lines) in the solar spectrum. Spectra underneath: the upper one shows
bright lines of sodium and the lower one the solar spectrum with dark (D, and
D,) lines of sodium.

colored ribbon formed by numerous adjacent images of the slit. If the light
consists of a complete sequence of colors without abrupt change in brightness,
no lines are visible and the spectrum is said to be “continuous.” This kind of
light comes from incandescent solid bodies like the filament of an electric lamp.
In the wide open spaces of a tenuous gas, however, an atom may be undis-
turbed long enough (one hundred-millionth of a second is sufficient) to express
its own individuality; it then emits a series of discrete wavelengths or colors
which appear in the spectrum as narrow bright “lines” at right angles to the
length of the spectrum, arranged in a pattern characteristic of the particutar
chemical atom. Or if the gas lies between a source of continuous light and the
spectroscope, it may subtract or “absorb” its characteristic wavelengths; the
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same pattern of narrow lines will then appear dark on a bright background,
like the Fraunhofer lines in the solar spectrum. The chemical origin of the
light can thus be ascertained from the pattern of bright or dark lines, just as
the city from which a letter was dispatched is revealed to the recipient by the
postmark—if he can decipher it.

An analogy may possibly assist those to whom light waves seem so in-
tangible that the fundamental significance of spectral lines is not readily
grasped. Imagine a shot-sorting machine which automatically distributes shot
according to size into a row of narrow bins. (See illustration.) Just as a
spectroscope analyzes a ray of light into its constituent colors, so the machine
will “analyze” a batch of shot of many different sizes, sending each into its
special bin. Each bin will then correspond to one size of shot only, just as
one position in the spectrum (spectral line) corresponds to one definite wave-
length. A cross-section of the bins will form a shot spectrum: if all sizes of
shot are present with a smooth progression of the numbers entering successive
bins, the correspondence is to a continuous spectrum (A in illustration) ; but if
certain definite sizes only are represented, all but a few lines will remain
empty, and we have the analogy of a bright-line spectrum B. The condition
C' corresponding to the dark-line spectrum will be obvious to the reader. The
details of the analogy are as follows:

Shot grader = Spectroscope.

Shot = Light.

Diameter of shot = Wavelength or color of light.

Small shot = Violet light.

Mcdium shot = Green light.

Large shot = Red light.

Funnel = Slit.

Grading table = Prism (or optical grating).

Row of bins = Spectrum.

Individual bin — Spectral line.

Height of shot in a bin after a run — Intensity (brightness) of spectral line.

To correspond as closely as possible to the optical spectrum, the bins should
be extremely narrow, very numerous, with invisible partitions.

THaE SPECcTROGRAPH IN CHEMICAL ANALYSIS *
By THEODORE J. ZAK

A spectrum is usually defined as light resolved into its component fre-
quencies, as by a prism or grating. Chemical spectral analysis is based upon
the fact that atoms and molecules under proper conditions of excitation ab-
sorb energy and later radiate that energy in the form of light which is

* From the Yale Scientific Magazine, Sheffield Scientific School, Vol. IX, No. 2, by
permission.
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characteristic of the emitting atoms and molecules. By passing light through
a prism, it may be dispersed into its various colors to form a spectrum.

The instrument used to break up the light from a source into its constituent
wavelengths and to provide a means of qualitative or quantitative study of the
spectrum thus formed is called a spectrograph.

Basically all spectrographs consist of four parts: the slit, the lenses, the
dispersing system, and the recording or observing system.

For practical excitation of most metals and materials the electric arc affords
the simplest and most satisfactory means, its chief advantages being in sensi-
tivity and speed. Due to high temperature of the electrodes greater density
and concentration of the vapors evolved is made possible. If pure graphite
rods are used as electrodes, the arce is usually operated at 220 volts and from 4
to 9 amperes. However, if a hotter or more vigorous source of energy is re-
quired, the condensed spark discharge may be used. The spark concentrates
its energy at one particular point, while the are covers a much greater area.

For analysis, regraphitized carbon electrodes are most commeonly used.
These electrodes usually contain small amounts of impurities such as silicon,
vanadium, titanium, magnesium and calcium, but the amount of these elements
prevent is generally so small that it does not interfere with the analysis. Arc-
ing the electrodes just before using reduces the amount of impurities and in-
creases the porosity. A photograph of the spectra of the electrodes alone
beside that of a sample will indicate the impurities present in the electrodes.
Thus if the density of a line in the sample spectrum is equal to or less than the
density of a corresponding line in the electrode spectrum, then this particular
element may be disregarded in the sample.

A hole about 8 mm deep is drilled in the lower electrode. If the sample
to be examined is a powder, about 15 milligrams of it is placed in the hole, and
the arc is struck. A quartz condensing lens serves to concentrate the light
from the arc on the slit, and the electrodes and the lens are adjusted in such
a way as to exclude the light from the incandescent carbon, whose strong con-
tinuous spectrum would be objectionable, The arc is kept running at the
original voltage and amperage until the sumple is completely volatilized. Usu-
ally for reference in location of lines an iron arc is photographed beside the
unknown spectrum, and thus are produced side by side on the photographic
plate a spectrum of the blank electrodes, one of the sample, and one or the iron
arc as a reference.

The photographic plate is then developed, fixed, washed, and dried. Which
lines are characteristic of a given element can now be determined by comparing
the spectra with published maps or by use of tables. These lines may be
marked as desired. Onc may also photograph side by side the spectrum of the
sample given by the pure element that one desires and thus determine the
presence or absence of the particular element in the sample.

The principle involved in the methods of quantitative analysis is the gradual
weakening of the spectra of the elements when the amounts present in the light
source are decreased. For example, a photograph might show four spectra
where the percentages of zinc and copper remain constant, but the percentage
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of lead varies. These spectral photographs are obtained as follows: 16 grams
of pure copper and 7.6 grams of pure zinc are dissolved in nitric acid and
diluted to 100 ce, these being the proportions of copper and zine used in making
a 70-30 red brass. This solution is then divided into four equal parts. To
numbers 1, 2, 3, and 4 are added respectively 0.1, 0.2, 0.4 and 1.2 grams of lead
nitrate. One tenth of a cc of each of the solutions is placed in a drilled
electrode, allowed to dry in an oven for 45 minutes, and then pictures of the
spectra are taken. Thus the zinc and copper lines are of the same density in
all the spectra, while the lead lines gradually diminish in density, sample 4
showing the strongest lead lines and sample 1 the weakest. If one has a sample
of brass, a solution is made of the same concentration and 0.1 cc of it is arced
and photographed under the same conditions which were maintained while
preparing the standards. In examining the plate visually, if the spectral lines
of lead in the unknown are of a density between those in samples 3 and 4, then
one would conclude that 0.1 cc of sample contained between 1 and 3 milligrams
of lead. Knowing the weight 6f sample taken and the volume of the resulting
solution, one may calculate the approximate percentage of lead. For greater
accuracy in determining the density of spectral lines a microphotometer is used.

In quantitative estimation the accuracy of the spectral method is fully as
great as that of chemical methods where the element looked for is present in
small amounts, but where large amounts of the element are present chemical
methods are the more accurate.

The advantages of a spectral analysis to the chemist are its accuracy, sen-
sitivity, speed, completeness, and the very small amount of sample required.
One can detect minute amounts of the elements. As compared with the usual
chemical methods, a qualitative analysis by spectral means is very rapid; from
Y2 to 1Y%, hour is usually required for a complete analysis, which includes
photographing, developing, fixing the plate, and interpreting the emission
spectra. The spectrum plate contains the record of all metallic constituents,
while chemical analysis gives only those specifically looked for, and the spectral
identification is very accurate. In chemical methods one might confuse one
precipitate or reaction with another and thus obtain false results. Moreover.
the absence of certain elements in quantities of more than 0.01 of 1 percent
may be shown more conclusively spectroscopically than by the usual rapid
chemical means. .

A sample of 10 milligrams is ordinarily used in obtaining a spectrum, but
smaller samples may be used if necessary. It would be extremely difficult tc
carry out a corresponding chemical analysis with such a small sample, yet in
many cases only a very limited amount of material is available for analysis
And finally with a spectrum plate one has a permanent record which may be
filed away for future rcference.

In the chemical laboratory there are innumerable instances where spectral
data would be of assistance in solving special problems. A preliminary qualita-
tive analysis made spectrographically will reveal with few exceptions the
chemical elements present in an unknown. In this way much time, which the
chemical methods require in searching for the different elements of the various
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groups, is saved. The spectrograph can be used as a guide in devising suitable
methods of analysis for unusual materials. The presence of an unexpected
element may require special technie to avoid its interference in the determina-
tion of other materials. The proved absence of another element might permit
a simplification of the method. Filtrates and precipitates are oftentimes E.:c:
more rapidly and conveniently analyzed with a spectrograph, and materials
bought on specifications which limit the amount of impurities may be compared
with a standard.

The spectrograph is used in the classification and sorting of scrap metals.
Metal stock in warehouses sometimes becomes mixed; here again the spectro-
graph can be applied. In industry the speetrograph may be used .m: distinguish-
ing one’s own product from a competitor’s, as might be done with three com-
mon commercial aluminum alloys. Five spectra would be placed on the same
photographic plate, including one of the black graphite electrodes, one of each
alloy, and one of iron as a reference. The plate would indicate considerable
magnesium in one alloy with only traces in the other two, one of which, how-
ever, would also show much copper and manganese. A further :ﬁ:w»lw;
application of the spectrograph lies in checking the quality of die wmm».:ﬁm, in
which small amounts of tin, lead, and cadmium are particularly objectionable.

The following is a typical example of the spectrograph’s usefulness. A
section of half inch steel tube cut in half lengthwise and carefully labeled “Do
not touch with fingers” was given to a chemical laboratory to find out whether
sodium was present in the inside wall and, if present, how deep it penetrated.
Using a triangular file, and holding the tube with a pair of pliers, five thou-
sandths of an inch was filed off and a spectrographic photograph was taken
of the filings. This was repeated five times, so that a depth of .025 inch was
cut away. The spectrographic plate showed a considerable amount of sodium
in the first spectrum, which decreased as the filing went deeper into the wall
until it became negligible in the last spectrum. Thus the problem was an-
swered: sodium was present in the inner wall, and it penetrated to a depth of
not more than .025 inch.

The above are only a few instances where the spectrograph may be applied.
At the present time chemical spectroscopy is in its infancy but chemists are
rapidly realizing that the spectrograph is a valuable and indispensable tool.

A Coxcave GRATING SPECTROGRAPH *
By R. M. Wartrous, M.D.

The concave grating spectrograph is undoubtedly the simplest of all types
for the amateur to construct because it has only one optical surface, requires
no collimating or objective lenses, and can be constructed to give almost any
desired amount of dispersion. The essential optical part can be bought for
$4.50 and up; the rest of the instrument for the most part can be made of wood

* From Scientific American, 1942 July, by permission.
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and scrap brass, and does not require elaborate machining. Scientific suppl;
houses, such as the Central Scientific Co., Chicago, list in their catalogues :
variety of replica gratings made by taking collodion impressions of famou:
gratings ruled on glass. 'These are offered in three grades at three sets o
prices, depending on the degree of faithfulness with which the original ruling:
are reproduced. The medium grade has been found to give amply good per
formance in the instrument to be described. Replica gratings can be obtainec
mounted on silvered spherical concave mirrors of various focal lengths, anc
one of these is the only optical part needed for a concave grating spectrograph

The concave grating spectrograph may have various forms, but all ar
dictated by the optical principle laid down by Rowland, which states that the
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slit, the grating, and the spectrum must all three lie on the circumference of
circle whose diameter is equal to the radius of curvature of the mirror o
which the grating is mounted. The mirror and the spectrum must lie at oppo
site ends of one diameter of the circle, in order to have images of the slit i
focus, so the only possible variations in design must be obtained by changin
the location of the slit along the circumference of the circle. In practice, th
parts are arranged as shown in Figure 1.

In order to understand how images are formed by a concave grating, it i
worth while to imagine the mirror on which the replica is mounted set uj
facing the observer as for a Fouecault test, using a slit at the center of curva
ture as the source of light. Under such circumstances, the image of the sli
will be cast back upon it, and a percentage of the light striking the mirror wil
be returned. However, the grating will cause some of the light to be diffractec
with the result that varicolored images of the slit will be formed both to th
right and to the left of the direct image. Thus there are two first-order spectre
To the right and left of these respectively will be another set of colored images
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forming the second-order spectra, and beyond these will be third-, fourth-, and
nth-order spectra, each fainter and more spread out than the last. If the slit
be now moved to one side sufficiently, and also be brought closer to the mirror,
to preserve the relationships of Rowland’s circle, the direct image of the slit
will move in the opposite direction, as will all the spectra, until a position is
reached in which the images will lie in the positions shown in the figure. By
moving the slit still farther, the second-order spectrum could be brought oppo-
site the mirror.

Having determined the dimensions required to secure the relationship shown
in the figure with any given concave grating, it is necessary only to construct a
box to support the parts and exclude light, and one has a spectrograph. A
film holder may be made, to support films at the point where the speetrum
comes to focus, or a telescope eyepiece may be supported at this point for direct
observation. With such an instrument, clear spectrograms may be obtained 8
inches long, showing hundreds of details such as Fraunhofer lines. The light
obtained by sparking two iron nails across the terminals of a storage battery
will give a beautiful line spectrum of iron. Light passed through solutions of
hemoglobin, dyes, chlorophyll, and others, will show characteristic absorption
bands. Bunsen's famous experiment with the sodium flame can be performed;
and so on.

In choosing a grating, a few facts should be kept in mind. The degree of
dispersion (and thus the length of the first-order spectrum) is proportional to
the number of lines per inch in the grating and to the focal length of the mirror.
The resolving power, however, depends on the area of the grating and the
accuracy of the ruling. The spectrograph shown (Figurc 2) contains a medium
grade grating of about 40-inch radius of curvature, with 14,500 lines to the inch
and a grating area of about 2 by 3 centimeters.

The box is made of plywood, painted black inside, and with light bafles
located at strategic points. The adjustable slit mechanism is on the left. The
sliding adjustment for the film holder is on the right, actuated by the two
vertical screws. In Figure 2 the film holder has been removed and is resting on
top of these screws, its slide pulled two thirds of the way out to show how it
is loaded. The main body of the camera extends into the background, with a
small square porthole in the far end to give access to the adjustments of the
grating mount.

The slit of a spectroscope is one of the essential parts, since every detail of
the spectrum is actually an image of the slit. Its edges should be as smooth
and as parallel as the maker’s skill can contrive, and one may lavish as much
or as little care on it as he wishes. For ordinary work, a slit 0.002 to 0.003 inch
in width is suitable, and there is very little actual use for an adjustable width.
Provision should be made for rotating the slit mounting to line it up parallel
with the ruling of the grating for best definition, and it should be mounted in a
draw tube so that its distance from the mirror can be varied slightly for focus.

The jaws of the slit may be made of brass and should be filed to a_chisel
edge and then sharpened like a chisel on a flat piece of plate glass, using
finishing emery. After the edge is tharp, it may be placed on a very clean,
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smooth piece of plate glass and gently pressed down. This will smooth out the
“saw” edge and give a perfectly straight line. The two jaws should then b
placed in their channels and closcd gently together in front of a strong light
The most difficult part of an adjustable slit to make is the parallel channels i
which the jaws are to slide. Not having a milling machine, I built these up ou
of strip brass.

Thirty-five millimeter film is very useful for making spectrograms and :
holder may readily be designed to accommodate strips long enough to take i
the full length of the spectrum. The film should be held in a curve conforminy
to Rowland’s circle. Though it adds considerably to the problems of construc
tion, a slide which permits the film holder to be moved at right angles to th
length of the spectrum in the same plane will prove well worth while, since i
allows up to ten spectra to be made on one film, with all the advantages o

Freure 2

being lined up for comparison with one another. With such an arrangement
a narrow slit-like mask should be placed just in front ofthe focal plane s
that each spectrum occupies a strip about 2 mm wide running the length o
the film. )

The grating mount, as all telescope makers will realize, must be adjustabl
as to tilt in two dimensions, and it must have an adjustment for rotation abou
the mirror axis, in order to line up the rulings in a vertical position.

Light sources are many and varied, but the ordinary incandescent filamen
lamp gives a disappointing spectrum. Sunlight, with its thousands of Fraun
hofer lines, furnishes material for many hours of study, but one must secure th
co-operation of some patient soul to wield a mirror in order to direct the ligh
into the slit, or else make a heliostat. If photographs are made, of course, the;
can be studied at any time.

Carbon arcs give fine line spectra, and uare excellent for collimating th
instrument. Cored projection carbons, 34-inch size, will operate well on ordi
nary house current if the arc is placed in series with a cheap heating element o
electric iron drawing about 500 watts. If the carbons arc rcmoved from thi
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circuit and replaced by iron nails, copper wires, aluminum, brass, nickel, or
lead rods, light can be produced by making and breaking the contact, which
will give beautiful bright-line arc spectra of the metals. These flashes are too
fleeting to study visually but can be recorded on film and the lines can be
identified with the aid of a table of wavelengths.

If the experimenter has a small transformer, such as is used for neon signs,
he can obtain spark spectra of metals by causing the spark to jump between
electrodes of the proper material. In order to obtain emission of lines, how-
ever, a condenser must be placed across the secondary of the transformer. The

FIGURE 3

writer found that a home-made, one quart I.eyden jar served this purpose very
well, though a more efficient and less bulky condenser would be preferable.
The light from neon signs, fluorescent lights, and sodium vapor lamps will
furnish interesting material for study and will also challenge the ingenuity of
the experimenter to find some way of making it enter the instrument. On one
occasion I balanced my spectrograph, which is about the size and shape of a
baby’s coffin, across the back seat of my car, while my wife sighted it like a
rifle at a sodium vapor lamp and I held a condensing lens so as to cast an
image on the slit. This was on a busy highway, but fortunately the stunt took
place at night! /
Figure 8 shows three contact prints made from portions of negatives ob-
tained in the instrument. They extend from the orange to the violet. Violet is
on the right. :
Top: Arc and spark spectra of metals; from top to bottom: aluminum are;
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15,000-volt condensed spark between Al electrodes; iron arc; spark between
iron electrodes; copper arc; copper spark; nickel arc; nickel spark; spark be-
tween platinum electrodes.

Middle: Series of exposures made with carbon arc for purpose of focusing
slit.

Bottom: Absorption spectra of hemoglobin derivatives: carbon arc; next
two, light from incandescent portion of carbon are passed through hemoglobin
solutions; next two, same through methemoglobin solutions; next two, same
through carbon-monoxide-hemoglobin (note shifting of the two dark bands to
the right) ; carbon arc.
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FIGURE 4

The two D lines of sodium are especially prominent in most of the negative:
made with light from the carbon arc. They appear near the left margin in the
middle set of spectrograms, and serve as convenient landmarks.

The spectrograms in Figure 4 give a better idea of the refined capabilitie:
of such an instrument than those in Figure 3. The spectrogram is enlarged fou
times from a portion of film on which are registered ultraviolet spectra extend
ing over that part of the ultraviolet from wavelength 8100 angstroms down tc
2500 angstroms. The light which made these lines is completely invisible t
the eye,

The top spectrogram was made with light from an arc between ordinar}
cored carbons such as are used for some kinds of lantern slide projectors
Those below it were obtained by melting bits of common metals (tin can strip
tin foil, solder, galvanized iron, brass, copper, sterling silver, silver solder
aluminum, iron) in the heat of the are, thus causing them to vaporize and emi
their characteristic wavelengths. Some of these metals did not remain in the
arc long enough to record their spectra.
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Since the carbons used were not of the high degree of purity required for
spectrographic analysis, the lines of the elements in the core (silicon, bismuth
and magnesium) appear in all of the spectra, and are indicated at the top Ew
their chemical symbols. The other numbers written across the top refer to
the wavelengths in angstroms.

Brode’s “Chemical Spectroscopy” is a fine technical work with 120-page
tables of wavelengths and other things but no information on building spectro-
scopes. The old maestro of spectroscopy was Baly, whose 3-volume :\mﬁmn?o?

.nov%: was published in 1912, but this, too, is pretty technical and is no longer
in print.

if 15 or 20 elements are present, the user gets a line on the cross-hair and then
refers to the drum.

The camera part is on the extreme right. The round white spot is the
handscrew that is used to oscillate the grating.

I have followed spectroscopy as a hobby for 16 years and found that it
contains unlimited fascination.

A GRATING SPECTROGRAPH FOR USE IN QUALITATIVE ANALysIS *
By WILLiaM 8. VON ARX

There is a new design of grating spectrograph manufactured by Adam
Hilger I.td.! of T.ondon, under the name *“Technal,” and, while no less ex-
pensive than other good grating instruments, it has exceptional properties of
ruggedness and simple design which are so inherent as to be preserved even
when home-made by relatively inexpert hands. Home-made instruments are
usually the result of whatever happens to be available, plus a few deliberately
purchased parts. For this reason no two are ever quite alike. But, having
the mechanical principles well in mind, it is possible to build a modest versior
of the “Technal” spectrograph in about two weeks of evenings. Its cost will
vary, of course, depending upon the material at hand and the degree of refine:
ment to which the design of the instrument is carried. But in no case shoulc
the cost exceed $50.

The Technal mounting is the most recent of the “minimum astigmatism’
mountings for the concave grating. Others are the Wadsworth and the Eagl
mountings. Both of these are composed of relatively delicate mechanical anc
optical parts, while the “Technal” is not only simple to understand and operate
but rugged cnough to withstand almost any kind of ordinary abuse.

First, let it be made clear why the concave grating is preferable to the more
familiar prism as a dispersing medium. Prisms introduce irrational dispersios
—mnon-uniform separation of equal wavelength intervals is different spectra
ranges—which makes the interpretation of spectrograms unnecessarily difficul
for the beginner. Furthermore, the prismatic instrument must always contair
three component parts—the collimator, prism, and camera, each of which in
volves at least one pair of optical surfaces. For analysis in the ultraviole
range, these parts must be made of quartz, which is very expensive. Th
grating spectrograph, on the other hand, not only produces linear dispersiol
but may contain no lenses whatever and only one spherical reflecting surface i
the concave grating is employed. With these, an aluminized reflecting surfac
is all that is required for efficient operation in the ultraviolet. This simplicit;
carries a twofold advantage; it reduccs the initial cost of the instrument an
makes it easicr to keep in adjustment. Another advantage in the use of grat

A SPECTROGRAPH *

By F. P. SMITH

The concave grating type is the easiest, also the most practicable to build.

>.<nJ< good slit can be made without machine tools, the practice it gives in
filing also being of value.

«

. In the illustration the screw that is used to oscillate the cylinder, or drum,
is mnooﬁwm.m:m the groove moves the eyepiece across the spectrum as the
handscrew is turned. The spiral strip on the drum is calibrated in angstrom

units. It also carries the symbols of the principal lines of the elements. Thus, * From Journal of Chemical Fducation, Volume /5. 1942, WE;E:_&F by permissior
- . 1 Later Hilger and Watts Litd., 98 St. Pancreas Way, Camden Rd., London, N.W. |

* From Scientific American, 1942 August, by permission. ME.,.J:@.
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ing dispersion is the wide range of dispersions available in the higher orders
of spectra. While the intensity of these higher orders is usually considerably
less than that of the first order, the high intensity of the carbon are, which
is almost invariably used for qualitative analysis of non-conducting samples,
allows them to be used for more precise analysis of the complex spectra char-
acteristic of the transition group of elements. The ultraviolet range of the
second order spectrum overlaps the visible range of the first order in grating
dispersion, but when the first order is being photographed the ultraviolet of the
second order may be filtered out completely by means of a plane-parallel strip
of soda glass just before the plate at this point. The concave grating does
possess a few disadvantages, the worst of these being astigmatism. But this
can be effectively controlled either by means of properly designed slit illumi-
nation systems, or by employing the minimum astigmatisin mountings, of which
the “Technal” is an example. These reduce the stigmatic error to such a small
figure that it becomes unimportant in the normal working ranges.

The “Technal” design has no inventor’s name associated with it, but J. H.
Dowell, of Adam Hilger, Ltd., has described the mounting and the Hilger
interpretation of its design 2 which he credits to Cotton 3 and Richards.t

The mechanism involves only three levers of fixed length, a pivoting hinge,
and a short track along which the grating moves under control of the lever
system. The arrangement of parts is shown diagrammatically in the main
sketch, the grating being at A, the slit at B, and the plate at (". The line BA
represents the center line of the spectrograph bed and the levers BR and AR
are in length one half the radius of curvature of the grating and have ?n.m;»l
ing and slit-plate elements rigidly fixed to their ends. Where they meet at R
they are pinned together so as to articulate. A track which is parallel to the
bed Bd is placed under A, and is long enough to allow the grating element on
the radius arm AR to travel along the bed B4 in the direction of the double-
ended arrow for a few inches.

It is evident, since BR and AR are radii of the Rowland circle of the grat-
ing, that by moving the joint R toward or away from the line of the bed 4B,
the range of wavelengths recorded on the plate C will change. Furthermore,
the parts will always remain on the circumference of the Rowland circle and
will therefore be in correct focal relation to each other at all times. If a
light source is located at 8 on the line of the bed 4B prolonged, the incoming
light ray must always fall fully upon the grating at 4 no matter what wave-
length range is being photographed. If R is moved away from the bed it will
be found that the plate will record the longer wavelengths or higher orders of
dispersion of the grating since the central image CI of the slit is on the op-
posite side of the radius arm AR at an angle 2¢ with the bed. The angles ¢
are all equal, as is evident from the geometry of the mechanism. They usually
have values ranging from 0 to perhaps 10 or 12 degrees, /

The angles ¢ are varied by moving the joint R from outside the instrument

2 Dowell, J. Sci. Instruments 17, 208 (1940)

3 Cotton, Comptes rendus 186, 192 (1938)
4 Richards, Proc. Am. Philosophical Society 51, 554—563 (1912)
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by means of the lever QPT, which is pivoted on the bed of the instrument at
P and connected with the joint R by a short toggle RT. 'The pivot is some-
what nearer 7 than @ in order to provide a small mechanical advantage and
greater precision of motion of R. The outer end @ of the lever sweeps a scale
upon which the wavelépgth ranges for each setting are marked. Not more
than half a dozen standard settings need be marked upon the scale. They may
be determined by experiment after the instrument is completed and in final
adjustmenl. It is evident that, once adjusted, the entire optical system is
completely controlled by the motion of the lever @QPT and with complete as-
surance that all optical parts are properly oriented with respect to each other

CY __DOWXa, V

STONCR RUABEA, FRNIIUAR PADY ™~
. - 2

for perfect focus. Indeed it is difficult to make them behave otherwise. It is
this feature which makes the “Technal” design so superior for student use.

As for astigmatism: All images formed by a concave spherical surface suf-
fer astigmatic distortion except that one image which falls exactly in line with
the light source. Astigmatism increases slowly at first as one travels from this
point in any direction in the focal plane, but increases rapidly beyond angular
departures which are in excess of a very few degrees. Those lines nearest the
slit will be most nearly stigmatic and those farther away will show increasing
distortion. It is for this reason that the slit in the “Technal” mounting is
placed as close to the ultraviolet end of the plate as possible. Since the far
ultraviolet sensitivity of plates is always somewhat lower than that of the
near ultraviolet and visible blue it is desirable that no light should be wasted
in that region. Ideally, the slit should be placed in the very center of the
plate, but this is difficult mechanically and would cause great inconvenience in
operation.
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The “Technal” arrangement has proved to be quite satisfactory, even with-
out special precautions to stigmatize the optical system by means of auxiliary
lenses or mirrors in front of the slit. Should increased stigmatism be neces-
sary, however, the methods of Sirks > and Baly ¢ may be employed.

When the carbon arc is used as the light source it has been found that a
quartz lens of 10 to 15 cm focal length focused to project an enlarged image
of the gas column on the slit renders the incident light sufficiently parallel for
a Hartmann diaphram or rotating logarithmic sector to be used in front of the
slit.

For spectrochemical analyses of compounds containing iron or other ele-
ments of the transition group which have exceedingly complex spectra, two
minimum specifications must be observed regarding the dimensions of the opti-
cal system of the spectrograph: (1) dispersion of at least 16 angstroms per mm
and (2) sufficient resolving power to separatc completely two lines of equal in-
tensity not more than 0.4 angstroms apart. In grating instruments this re-
quires a focal length of about one meter, 15,000 lines to the inch, and a ruled
surface at least 30 mm wide. The Central Scientific Company, of Chicago, sells
a Wallace replica grating having these minimum specifications for a little more
than ten dollars (1939). These gratings are of fairly good quality initially but
may be improved by changing the shape of the factory-made mask to be some-
what longer, thereby exposing more ruled surface and increasing the resolving
power, and somewhat narrower, in order to compensate for the irregularities in
the collodion replica. The precise shape of the mask must be determined by
experiment.. It is a long and exasperating job but eminently rewarding in the
end. :

Construction: 'The slit and the plateholder (inset sketch) are the most diffi-
cult parts of the instrument to construct and should be given double their share
of careful planning and workmanship. A fixed slit of moderately narrow width
is to be recommended. The plate must be curved to the circumference of a
circle whose radius is one half the radius of curvature of the grating—the
Rowland circle. It is more than one can expect of glass plates to bend to fit
the circumference of a half-meter circle. The “plates” may be strips of 35-mm
motion picture film if it is expected that only one or two samples will be run at
a time; or 8 by 10-inch cut film sliced down the middle to the standard spectro-
graphic size 4 by 10 if more extensive work is anticipated. On these 4 by 10-
inch plates it is possible to record at least 16 well-separated spectra with their
iron comparisons. The spectra need not be more than three millimeters high
if no comparison spectra are juxtaposed, but should be half again as high with
comparison spectra, so that about one millimeter of the end of each line can in-
terfinger with the comparison lines. This simple expedient increases the ac-
curacy of plate measurement, since lines of nearly the same wavelength are
more easily classified as coincident or separate.

The astigmatism of gratings causes the ends of the spectral lines to be
ragged in appearance, the brightest line being longest. In order to conserve

5 Sirks, Astronomy and Astrophysies, 13, 763 (1894)
6 Baly, “Spectroscopy,” Longmans, New York City, 1924, Vol. 1, pp. 165 ff.
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plate space and trim up the spectra, it is necessary to build an extra slit Jjust
in front of the plate in its holder. This slit is at right angles to the principal
slit of the instrument and is preferably constructed to have variable width.
The slit’s function is simply to limit the height of the lines and make their
outer terminations sharp. A pair of brass-edged foot rulers is admirable for
the purpose. They may be made adjustable by coupling the two at their ends
in the manner of the navigator’s parallel rule.

The light-tight hoksing around the optical parts of the instrument may be
made of sheet metal or of plywood screwed to a light wooden frame. The
housing should have a door or hatch in it near the grating end of the case so
that the grating is accessible for adjustment whenever necessary. A simple
flap shutter should be placed in front of the slit. The plateholder motion scale

8
sl

=
=
=
=
=

will be found to be more useful if it is graduated in metric units. The metric
scale of a 6-inch celluloid pocket ruler, glued to the plateholder track, serves
very well.

The design of the bellows between the light-tight housing and the articulat-
ing plateholder track presents something of a problem. Spectrograph bellows
are usually ef such an odd size and shape that they must be specially made.
Bellows cloth costs about one dollar per yard. Bellows may be installed in the
usual accordion pleat fashion built up of two layers of bellows cloth with
cardboard stiffening pieces cemented between—rubber cement is recommended
—or, since the span is always very short, simply cut to fit the gap and allowed
to fold as it will without reinforcement inside. The latter is quite satisfactory
for small instruments, the natural stiffness of the cloth itself being sufficient.

A rack and pinion control of the plateholder motion is a convenience-which
may be eliminated without impairing the efficiéncy or accuracy of the instru-
ment.

The Hartmann diaphram has been mentioned. For accurate comparison of
two samples this device is absolutely essential. It may be construeted quite
simply by means of two small brass hinges screwed to a panel with a hole in it
just before the slit. When both hinges are opened flat upon the panel their
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leaves do not quite touch. Thus when two samples are exposed sw:r one E:no
open at a time, their spectra will overlap the same amount by E:.:.r the hinges
do not touch. The entire purpose of this arangement is to permit two spectra
to be photographed side by side without mechanical motion o.m any part :»H .ZE
spectrograph between exposures. This assures perfect optical juxtaposition
so that if two lines continue unbroken across both spectra one may be sure
they have the same wavelength within the limits of error of the OtSnz._ m.«”mﬁ:r

When the inner mechanism of the instrument is complete, the entire im_go
of the case and the parts enclosed should be painted dead Z.:nr. Ordinary
blackboard paint is suitable, for it contains enough varnish g.mfnw .nc_:_:.% well
to metal and wood. Since the instrument is likely to be used in a dimly _E_.;m.m
room, the outside of the instrument is best painted a light gray so that it is
more easily seen. It is convenient to mark the rulings on z_m. plateholder
motion scale with zine silicate paint to which a trace of a uranium salt has
been added. A dot of the same on the plateholder makes it easier to set the
plateholder without turning on bright lights in the room. M_E:E ﬁ,rm phos-
phorescent paint be too dim for ready visibility a small argon night light may
be used to excite the fluorescence temporarily.

Recommendations for Use of the Instrument: Since w.rm. purpose of the
spectrograph is to check analyses made by the wet method it is suggested wr.:ﬁ
the method of coincidences be used. This method employs gn E“:.EE:: dja-
phram by exposing the sample first, and then, after reversing ;.n hinges, the
element which is thought to be present. If the element is present in the sample
the lines of the element will be continuous across both spectra. This pro-
cedure is very accurate and requires a minimum of physical and mathematical
knowledge. )

An alternative method may be desirable for making complete %ac?on.:ma._-
cal analyses. This method employs the iron no:%zlmcw mvmc.::E é.:_o: is
photographed, by means of the Hartmann diaphram, in registry with ﬁ?@
spectrum of the unknown. This pair of spectra may then Um. compared Jﬁﬁr
a series of negatives of single elements, each of which has an iron comparison
spectrum in registry beneath it. Since the iron spectrum is common to all, it
is possible to perform an analysis by superimposing the mcm.n:m of, the elements
upon the spectrum of the unknown in such a way that the iron ”ﬁﬁmnw.nm on nm.n—.
coincide. Once registry is established the lines of the element will coincide with
those in the unknown if the element is present in the unknown. )

For advanced students, it may be desirable to perform the analysis by
measuring the wavelengths of the lines in the spectrum wm the unknown by
interpolation from the iron comparison spectrum, and looking up the elements
in a set of reliable wavelength tables such as Kayser's, the :Em.::wcocw of
Chemistry and Physics,” or M.LT. tables. This is a time-consuming process
even for an experienced spectrographer, hence the sample should no:gﬁ only
the simplest components to begin with, such as a feldspar (Na, Ca, Al-silicate)
or a mixture of alkali salts. .

It is a common misapprehension that the spectrographie test is the c_.rafmmm
in sensitivity for all the elements. In order to acquaint the student with the
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variable sensitivity of spectrochemical tests in different portions of the periodic
table it is instructive to let him take spectra of several elements throughout the
periodic table. Tests for the alkali metals are exceedingly sensitive; for the
transition elements fairly sensitive; and for the amphoteric elements rather
insensitive. The electronegative elements can be recorded only under special
circumstances in the carbon arc. Fluorine, for example, can be recorded only
when calcium is present in fair abundance, at which time it will yield a fairly
strong CaF band head in the near ultraviolet. The noble gases, of course, yield
emission spectra only when excited in high voltage discharge tubes under re-
duced pressure,  Despite these—limitations, the spectrograph will detect
satisfactorily more than two thirds of the elements in the periodic table.

3

3665.5

A short segment of the iron spark spectrum made with the Technal specto-
graph, enlarged from about one tenth of the original ten-inch-long negative which
covers the visible and near ultraviolet wavelengths.

[Eprror’s Norr: Owen Gingerich, of Goshen, Indiana, who began making
telescopes at the age of 15, later majored in chemistry at Goshen College and
there discovered a debilitated home-made spectrograph that had been made
and left behind by an earlier student. He dusted it off and, under the auspices
of the science department of the college, undertook its rehabilitation. The
little problems he faced were much the same as those that any tyro spectro-
graph maker would encounter, hence he was invited to record here some of the
practical solutions he reached before he came to know any more about spectro-
graphs and thus lost the tyro point of view.]

NoTES 0N A SPECTROGRAPH
By OWEN GINGERICH

The Paschen-Runge mounting, which is today one of the most poular grat-
ing arrangements, is based on the Rowland circle. In this plan the slit, con-
cave grating, and the film are all placed on a circle whose diameter is cqual
to the radius of curvature of the grating. To change the range photographed
only the plateholder need be moved. When ordering replica gratings the focal
length listed is the conjugate focal length, and is identical to the radius of
curvature of the grating.

The instrument described here was constructed by an amateur in the late
’30s. Unfortunately, it was built of wood, and changes in humidity, also shocks,



142 CRAFT

disturb its best operation. The need for rigidity must be stressed as rigorously
when building spectrograph mountings as in telescope mountings. 1t is a source
of annoyance to find only six strips of spectrogram across a film instead of the
nine photographed, because the grating has shifted.

A series of equally spaced bolts are set radially outward from in the top
and bottom of the frame along the circumference of the Rowland circle be-
tween the slit and the slit image. Curved metal sections 6 inches high and of
differing lengths, with corresponding holes, are bolted around the side where
the spectra fall. It is a simple matter to remove any desired section and re-
arrange the others to make room for the plate in any region of the spectrum.
In practice only two regions are used: the first order, from 24 to 14 inches to
the left of the normal, and a part of the second order, from 14 to 4 inches to the
left of the normal. The latter section covers the region from 3500 to 5500A.

The plateholder itself provides place for a 10-inch section of 35 mm film.
The film is laid in place from the back of the spectrograph, through a light-
proof door—10 inches of door open up and the film is laid in. A long black
shutter is provided directly in front of the film, running in two grooves. It
may be removed lengthwise through a slot after the holder has been bolted in
place. In front of the focal plane shutter is a metal stop, with an opening
about 3 mm wide running lengthwise. The stop may be racked up and down
before the film by a control on the plateholder outside. Although this has
caused no difficulty in qualitative work, provision should be made so that the
film itself may be racked up and down instead, permitting the same section of
grating to be used for each exposure. Otherwise the upper and lower strips
across the film will be dimmer than the central strips.

Before any attempts are made to obtain accurate alinement in a spectro-
graph the slit width should be adjusted. For this and succeeding ad justments
a source having many well-distributed lines is nceded, preferably an iron arc.
A Ramsden l-inch or Y-inch eyepiece may be used to determine the condition
of the lines at the focal plane. The slit should be clused to give the finest sharp
line possible.

The grating must then be made normal. When the Rowland circle is laid
out, the line half way between the slit and the slit image should be accurately
marked. A slit or pinhole source of light should be placed on the line at the
circumference, and the grating turned on its vertical axis until the image coin-
cides with the source.

Next, the grating must be turned clockwise or counterclockwise on its
normal axis until the strip of spectra is horizontal from one end to the other.
The grating can then be tilted on its horizontal axis until the strip of spectra
has the desired height. However, the slit and rulings must be exactly parallel,
otherwise astigmatism will result. In turning the grating, the slit and rulings
may not agree, so the slit must now be turned. The easiest way to check this
alinement is again with the Ramsden eyepiece. If the slit is at a slight angle,
the lines will be wider and may present a stairway effect at the ends.

The final adjustment is the most sensitive, that of focus. Here the familiar

\
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knife-edge test is used. The knife-edge is fixed on the focal plane, and one of
the lines is used as the source. If the shadows move in from the left, the slit is
of course moved inward. Tt is well to test several times at separated points
along the circumference of the Rowland circle.

Further adjustments may be made after photographs have been secured.

Photography : Since the replica grating rather than the film is the limiting
factor, the amateur will not need to wm&,:n special spectrographic film or
developer. It is, however, necessary for the film to be panchromatic and have
a reasonably constant color sensitivity for the range used. Kodak Plus X is a
satisfactory film from every standpoint. Microfilm was tried experimentally
because of its high resolving power, but was found to be too slow.

With a 105 ¢ replica and are source the exposure time is around seven
seconds. This of course varied under different operating conditions. Fraun-
hofer line spectra required 40 seconds but three half-silvered mirrors were used
to place the image. Photographs of discharge tubes require several hours.

Once the film has been expdsed, speed in processing it is the motto. Al-
though D-72 developer has been recommended, D-11 works faster and produces
satisfactory results. The D-11 is made especially for high contrast line films,
in which no intermediate shading is required. Five minutes are required to
develop the film in D-11. Next the film is placed in a short-stop solution, which
is primarily water made slightly acidic with acetic acid. After one half
minute the film is transferred to a solution of hypo. Materials for both the
short-stop solution and hypo can be obtained at any photo supply store. Need-
less to say, this complete process must take place in total darkness. After the
film has been agitated in the hypo for 5 to 10 minutes, it may be taken to a
light place and examined. If the film is to be kept for reference, it should be
washed in water for 30 minutes.

Special problem of photography: In order to obtain reliable results on un-
knowns, the region about the arc and spectrograph must be kept spotlessly
clean. A little calcium metal dropped ncar our arc left persistent lines of that
element on films for several weeks. Much confusion will be saved if accurate
records are kept of the position of the elements or unknowns on a film. If
several films are being processed simultaneously, the films should be marked
with punches along its perforations. .

For electrodes, sticks of spectrographic carbon may be obtained from
science supply houses. Ordinary carbon electrodes should be avoided since
most of these are deliberately stuffed with impurities to make them bright.
The electrodes should be 344 or V-inch in diameter. A Y%-inch hole is scraped
in one end to hold the material.

An iron spectrum is usually placed across the film in several places, to be
used as a reference spectrum. Excellent photographs of the iron spectrum,
together with tables of lines of other elements, may be found in “Chemical
Spectroscopy” by Wallace Brode (Jobn Wiley and Sons, New York).

The arc itself may be built in many ways. It should provide clamps for
iron or carbon electrodes, so that the gap is about Y-inch. This gap should
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be adjustable during operation, and provision must be made to strike the arc.
Direct current of 80 to 140 volts at 2 to 4 amperes must be provided, with a
heavy rheostat in the line. .

Metal chunks placed in the arc will often glow after a few seconds of cur-
rent. This will give rise to continuous spectra, which will fog the background
unless the center of the arc is focused very carefully on the slit.

Some metals are difficult to obtain because of their low melting points. Tin,
bismuth and phosphorus are particularly guilty. Pure sodium and potassium,
on the other hand, cause no special trouble.

In photographing compounds, usually only one element shows. In chlorides
(or other halides) the chlorine vaporizes and the metal spectrum remains.
But in many compounds such as oxides the molecule does not disintegrate but
gives rise to a molecular or band spectrum. This occurs in the carbon or
graphite arcs when the C, molecule is formed, making a band spectrum. This
is why the carbon electrodes are usually photographed pure before the un-
known is added.

Identification of unknowns may be vastly simplified by preparing master
films of 15 of the most common clements. By holding the film against the
masters one after another, it is possible to identify several elements in a few
minutes. Thus from arc to report only 30 to 40 minutes will have elapsed.

SLIT FOR SpPECTROSCOPES OR OTHER OprTicarL INSTRUMENTS ¥
i

By Joux STRONG

Many types of slits have been used for optical instruments. (See H.
Kayser, “Handbuch der Spektroscopie,” Vol. 1, p. 532). Among them one
bilateral slit which we may term the parallelogram slit, and which is diagram-
matically illustrated in Figurc 1, left, a, has several noteworthy features.
When it is skillfully constructed this slit is both simple and effective. 'The
opening of the parallelogram slit exhibits an adverse non-uniform relation-
ship to the amount of turn of the adjusting screw: The slit opening changes
most rapidly when the slit is nearly closed whereas we would prefer to have a
more delicate control, that the slit opening change slowly when the slit is nearly
closed and rapidly when it is nearly open. Figure 1, left, b, represents dia-
grammatically the principle of the parallelogram slit adapted to achieve this
desired end and Figure 1, right, illustrates how we apply this principle in
practice. :

Figure 1, right, is a sketch by Mr. R. W. Porter drawn from one of the slits
of a new spcctrometer under construction here. The cover plate, with the
slot for illuminating the slit, is shown turned to one side. This plate is se-
cured by screws in the four corners while the slit as a whole is fastened to the
spectrometer by four other screws, two on the right side and two on the left.

* From Review of Secientific Instruments, Volume 12, p. 213, by permission,
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The micrometer serew displaces the slit jaw asvemblies equally in a direc-
tion parallel to the slit and, by virtue of their 0.006-inch clock-spring mount-
ings, this displacement causes the slit jaw assemblics to separate and the slit
to open. Two helical springs locate the jaw assemblies definitely against the
hardened end of the micrometer screw. The carefully worked slit jaws are
adjustably fastened to the jaw assemblies so that the jaws will close exactly.

The advantages of this type of slit over other types are: that the jaws can-
not possibly be jammed; that the slit opening is delicately controllable when
the slit is narrow; and the spring mounting, as contrasted with mounting in
ways, provides a definitely reproducible mhechanical system. Disadvantages
arc: the non-uniform relation between micfometer screw setting and slit open-
ing and certain limitations on compactness of construction. The slit is rela-
tively easy to construct in such a manner as to yield high accuracy.

The slit opening is given approximately by the expression 8§ =2L [1

COS

FiGure 1
Drawings courtesy The Review of Scientific Instruments

(M/L)] where L is the free length of the clock springs and M is the displace-
ment of the micrometer screw from the closed position. For the slits already
constructed L =1 ¢cm and M = 3mm, giving S approximately 1 mm. The slit
jaws are 24 mm long while the useful length of slit is 12 mm. The over-all
dimensions of the slit exclusive of the micrometer head are 3% by 3 by
inches. : ’

{Eprror’s Note: After the preceding description was published in the Re-
view of Scientific Instruments (New York) Strong discovered that a slit
“substantially the same” had been described a decade before in the Journal of
Scientific Instruments (London) 10,376-377, 1933, by J. E. Sears of the Nau-
tional Physical Laboratory (Britain’s bureau of standards) and hastened to
acknowledge the priority (Review of Scientific Instruments, 13,370). Strong
writes, “No plagiarism was involved, as the journal in which Sears published
was not then available to me. Please credit Sears abundantly. The slit is a
little hard to build but a fine one to use.”]

.w.m
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{Eprror’s Nore: In 19533, as this book goes to press, it is casy to buy replica
gratings, difficult to obtain originals. Replicas may be had from Laboratory
Specialties Inec., Wabash, Ind., Gaertner Scientific Corp., 1201 Wrightwood
Ave., Chicago, 111, W. M. Welch Mfg. Co., 1515 Sedgwick St., Chicago, IlL,
Central Scientific Co., 1700 Irving Park Road, Chicago 13, Ill, and probably
others.

Many of these replicas are made by basic methods or private variations on
them described by Robert James Wallace in The Astrophysical Journal,
Vol. 22 (1905) p. 123. There he said that T. Thorp of England in 1900 was the
first to describe a presentable replica of considerable efficiency. Over the
original grating he flowed a film of high-grade oil and then a celluloid solution
which he left to dry. He then peeled off the thin tough film and mounted it
face up on glass with gelatin and glycerin, lowering the film gently and gradu-
ally into contact. On the same page Wallace describes his own method. He
flowed especially prepared collodion over the grating, allowed it to dry,
stripped off the resulting film and mounted it on gelatin-coated glass. In the
same journal, Vol. 31 (1910) pp. 171-4, J. A. Anderson describes another
method.

Most of the replicas made by the colledion method are mounted flat, hence
a condensing lens must be included in the optical train to focus the beam.
Since much of the interest of the spectrographer is in the ultraviolet, and
since a glass condensing lens is opaque in that range, the condensing lens must
be crystal quartz and a quartz lens is costly.

Original grating VY =~ Supporting mirror
ruled in aluminum SIS S Polymerized plastic

S ¥~ Evaporated
/ aluminum film

Film of grecase

Supporting mirror
for original grating

/

In 1935 the Perkin-Elmer Corporation, Norwalk, Conn., developed a high-
grade (and correspondingly expensive—about $95 in 1950) concave replica of
1 meter radius of curvature, not blazed, with ruled area 2 by 2% inches, 15,000
lines an inch. These are made as shown in Roger Hayward’s drawing. At
the bottom is a glass support % by 8% inches, and on it is the aluminum film
in which the original grating was ruled. The grating is greased and given an
evaporated aluminum film. A liquid plastic fill of Laminac is then added. The
supporting mirror is placed on this and the plastic is polymerized by heat. The
replica unit is then parted from the original grating at the level of the grease.

There is sometimes confusion about fl of a concave grating. If uncertain,
draw a circle (which will be Rowland circle of some types of mounting), in-
scribe a diameter (which will be a tie rod). Place grating at one end of rod,
photographic plate at other. Using rod as hypotenuse, inscribe right angle
triangles representing various spectral positions. Place slit at angle opposite
hypotenuse. Set-up now corresponds to k-e test: slit = pinhole, grating =

‘,
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mirror, plate == eye. Confusion sometimes follows from too simple assumption
that curve of grating fits Rowland circle, whereas its circle has double that
circle’s radius, and grating is tangent to it, not coincident. Thus a grating with
1 meter rc has 1 meter fl.

A trick way to stretch a short-focus concave grating and multiply disper-
sion, provided the grating is blazed (grooves so shaped in cross-section that the
light reflected from them coincides with the diffracted light, the effect being to
concentrate much of the light in one part of one order) is to set two flats in a
V, or a 90° prism, on the Rowland circle so that they reflect a part of the
spectrum back to the grating, which then sends this part to the plate. Thus
the grating has been used to disperse the light twice and is said to be double-
passed. By adding more V mirror pairs you can do it again and again so long
as there’s enough light, getting spectra equivalent to very high orders as re-
gards dispersion, resolution also. It is the principle of the Littrow spectro-
scope, where a prism is used and a single mirror qo%n:m the light through the
prism. The method was coming into considerable usé.after about 1950 and has
been described by Jenkins and Alvarez in the Journal of the Optical Society of
America, 1952, Oct., 699-705, and in a subsequent paper by Fastie and Sinton.

Postwar, the building of a special type of industrial spectrograph, the
direct-reading spectrometer, has become such big business that the informed
amateur should know what goes on even though he may never build one. Dieke,
Crosswhite, and others saw by 1945 that means were available for obtaining
quantitative analyses of metals and biological products during the actual stages
of production more quickly than by making spectrograms photographically and
determining the density of the lines, not to speak of wet analysis, still slower.
Suppose you are making alloy steels and it is important to know the composi-
tion of the molten metal mixture before you pour it, to be sure the alloying
ingredients are in correct proportion. Your men at the furnace take samples,
mold them into electrodes, plop them into a pneumatic tube and in seconds they
are in the adjacent laboratory being burned in the arc of a direct-reading
spectrometer. Fixed along the Rowland circle at the positions of the element
lines of a dozen or score of elements in the melt are electronic photomultiplier
tubes that convert light into electricity. The respective currents are amplified
and actuate indicators that read directly in percentages of each metal. It
does not require a physicist or -chemist to read a recorder and flash the per-
centages to the furnace operators. Within 8 to 6 minutes these workers know
the analysis and can decide, before the melt has passed the critical temperature,
which alloying materials to add and how much. This goes on routinely in
hundreds of plants that manufacture a wide variety of products. A spectrom-
eter for this kind of work is as large as a grand piano and, with the acces-
sory apparatus, recorder, ctc,, will fill a room and cost tens of thousands of
dollars. Even so, the gratings needed are small. For example, those ruled by
Applied Research Laboratories, Glendale, Calif.,, which operates four ruling
cngines, are 1 by 2 inches or 1% by 2V inches, with 24,400 to 36,600 grooves to
the inch and are concave with 1% or 2 meters fl. The Baird Associates,
Cambridge, Mass., the Bausch & Lomb Optical Co., Rochester, N. Y., the

%
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Jarrell-Ash Co., Boston, Mass., the Gaertner Scientific Co., Chicago, and proba-
bly others manufacture these specialized industrial electrometers.

F. Twyman, “Metal Spectroscopy,” Charles Griftin and Co., Ltd., 42 Drury
Lane WC 2, London, 1951, contains data on industrial spectroscopy.

The construction of a Wadsworth-mounted grating spectrograph with
6-inch 14,400-line Johns Hopkins grating of 22-foot radius of curvature was
briefly outlined by R. L. Purbrick of Willamette University, Salem, Oregon,
in the American Journal of Physics (57 E. 55th St., New York 22) 1953 April,
pp- 241-243. *

In 1953, as this book went to press, it had been difficult to obtain an origi-
nal grating except as a part of an entire spectrograph costing thousands of
dollars, mainly because the manufacturers of spectrographs, mainly the in-
dustrial type, were absorbing the whole production. Asked whether this would
be a permanent policy one manufacturer of industrial spectrographs and of the
gratings used in them replied that it should not be long before sufficient grat-
ings will be ruled to supply all those who desire them. There is no “con-
spiracy” to deprive amateurs of gratings, nor will the spectrograph manu-
facturers lie awake many nights over amateur “competition.”

The peculiar nature of the problem of ruling original gratings was described
at length in Scientific American, 1952 June, pp. 45-54 and 90-95, also in July
pp. 84-87 and in August pp. 77-79.]

A Null Test for Paraboloids
By H. E. DaLL *

The Foucault or Ronchi test applied at the center of curvature is probably
still the most commonly used method of testing paraboloids for astronomical
mirrors. That this is so is more due to the convenience and simplicity of the
set-up than to the ease of interpretation of the results. While no particular
difficulty of interpretation of zonal measurement of the parabolic shadows is
experienced for mirrors of aperture ratio f/8 upward, the test becomes in-
creasingly difficult for short focus mirrors from f/7 to f/3. Zonal errors of
Nﬁ?.nnmmr_n magnitude may remain undetected, and in particular the outer
zones are frequently found to be faulty even though the knife-edge shift » 2/R
between the center and outer zone is correct. It is just these outer zones which
contribute so greatly to the formation of the final image, and if a short focus
mirror is to equal in performance its longer focus counterpart, it is essential
that the grading of curvature in these zones be correct to a close tolerance.
Hence the need, felt even by the most experienced mirrot maker, for changing
to a null method of testing.

Where equipment Is available this need is fulfilled by the well-known auto-
collimation null test utilizing a large flat mirror and a smaller flat or prism
for deflecting the beam to a convenient viewpoint. A large silvered flat of
high quality is not always available and, even if it is, the test rig is sensitive to
careful squaring on, thus that test cannot be compared in simplicity with a
test made at the center of curvature.

The method shown diagrammatically in Figure 1 is carried out near the
center of curvature with a simple rig consisting of a plano-convex lens spaced
apart from an illuminated pinhole, the light from which is made approximately
monochromatic with a red filter. The spacing of these is best done with a piece
of tube which in use is directed to the mirror. The knife-edge is applied in
the ordinary way to the pinhole image which should be located as close as
possible to the center of curvature of the mirror. The aberration of the lens
is opposite in sign to, and of the same character (within limits) as the aberra-
tion (r 2/R) of a paraboloidal mirror with the pinhole near the center of curva-
ture, hence they can be made to nullify as in this test.

The principal requirement in applying the test is to space the lens correctly
from the pinhole at a distance appropriate to the lens in use, and the data
to enable this to be done are given with sufficient simplicity for the less mathe-
matically minded to follow. A perfectly regular paraboloid will give a null
test, i.e, will darken uniformly over the entire disk as the knife-edge cuts
across the pinhole image at focus. Defective zones show up clearly and are
identified with the same certainty and precision as in the case of a spherical
mirror tested at the center of curvature in the normal manner.

* From The Journal of the British Astronomical Associntion, Vol. 57, No. 5, 1947
November, by permission. Revised 1952 December by the author.
149



150 DALL

The only addition to the normal Foucault testing equipment required by the
new test is a red filter and a plano-convex lens and holder. The filter is re-
quired owing to the dispersion of the simple plano-convex lens. The latter,
being of crown glass, has a very low dispersion at the red end of the spectrum,
hence a simple red gelatin filter of the type “Tricolor Red” is highly economie
of visual light while being sufficiently monochromatic for the purpose, and is
sold in most photographic stores. Ruby glass will also serve but will pass
barely 10 percent of the visual light compared with some 30 percent of the
Tricolor Red. Colored glass, gelatine or cellophane film of the bright red type
will generally function quite well. A small piece of the filter material is
placed in the lamp, preferably between lamp and pinhole. The writer has
used a monochromator giving one percent spectral purity, but finds no ap-
preciable gain in sensitivity compared with the simple red filter when used
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PLAHO-CONVEX LENS'
|1 —CONDENSING
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MIRROR UNDER TEST RED ALTER

FI1GUrE 1
with lenses up to 12-inch focal length. Lenses of longer focus than this would
be required for only the largest sizes of mirrors outside the usual amateur’s
range, and these would perhaps need and warrant a higher degree of monochro-
matism. The plano-convex lens is used with its plane side toward the mirror
under test. This is the direction of maximum aberration for which the data
given are calculated.

It is necessary for the optical axis of the lens to be alined within a degree
or two of the center of the mirror. Sighting along the tube of the holder will
generally insure this. Serious errors of alinement or centering will result in
astigmatic effects in which the knife-edge shadow fails to advance parallel to
the knife-edge movement. A similar type of error also results from too great
a lateral separation between pinhole and knife-edge. This should be arranged
if possible not to exceed two percent of the focal length of the mirror, and
the use of small diameter housings for spotlight torch (flashlight) type bulbs
is strongly recommended for all mirror testing. Alternatively, use can be
made of prisms or beam splitters to reduce the separation.

All types of optical testing are facilitated by the use of brilliantly illumi-
nated pinholes, perhaps more so with the null test, owing to the losses in the
red filter. The use of a short focus condensing lens inside the pinhole is
recommended, although not essential; moreover a short vertical slit may be
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used instead of a pinhole, although the writer has preference for the latter.
If a slit is employed its length should not be greater than 0.03 inch. The
pinhole diameter or slit width recommended is from 0.001 inch to 0.002 inch,
the smaller size for preference.

The plano-convex compensator lens should have a focal length between 14
and T4y of that of the mirror being tested. 'This is a long range to choose
from, and many amateurs will find a suitable one in their stock of lenses. If
the mirror is of wide angle from f/4 to f/6, preference should be given to
lenses at the longer focus end of the range, say with foci half the mirror
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diameter. The field lens of a low-power Huygenian microscope eyepiece will
often supply the need for mirrors up to 10 inches. To take an example, if
a 12-inch diameter 60-inch focus (f/5) paraboloid is to be tested, a 6-inch
focus lens would be quite suitable. For this lens F/f would be 60/6 = 10.
(The precise focus f should be measured as closely as possible, remembering
that this is the distance from the vertex of the lens curved surface to the
screen when the image of a distant ohject is formed on that side. Allowance
should be made for the considerable aberration by stopping the lens down to,
say f/10 or, if used without a stop, by measuring the maximum distance at
which a sharp image can just be recognized inside the aberrational halo.)

Next refer to the curve, Figure 2, to find the ratio of the pinhole-lens
separation B to the focal length f of the lens. This is shown plotted against
the ratio of the foci of mirror and lens. Tn the example quoted the latter
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ratio is 10. Hence from the curve the B/f ratio is found to be 0.535. The
distance B is thus 0.535f = 3.21 inches. The utilized aperture of the lens is
a little more than B divided by the f number of the mirror; in this example
approximately 0.72 inch, and the lens should thus not be less than %4 inch
diameter. It can be larger without affecting the test. The curve is calculated
for the range of focal ratios and lens foci mentioned, which is a region in
which the higher order aberrations are small or negligible. The curves were
obtained by rigorous ray tracing for a glass of refractive index 1.52 and a
reasonable lens thickness. Departures of normal crown glass from this as-
sumed value will not seriously affect the result. The lens chosen is fitted in
a holder, which is preferably a tubular extension from the test lamp, and
carefully measured to give the required separation between vertex of curved
surface of the lens and the pinhole. 'The test rig is then ready for use and,
upon adjusting its axial position so that the pinhole image comes as close as
possible to the center of curvature of the mirror (distance R from the mirror),
a null test should be obtained with the knife-edge if the mirror is perfect.

A few further examples are given in Table 1, some of which may fit indi-
vidual requirements and obviate the necessity for further caleulation for those
less practiced with slide rule or logs.

If the mirror is regular but overcorrected, it will appear to have the usual
paraboloidal shadings though less deep than if no compensating lens is used.
A regular undercorrected mirror will appear with the shadings characteristic
of an oblate figure tested by standard methods. Zones which depart from the
paraboloid will show up clearly as shaded rings, and can be interpreted for
further action in the usual way,

TABLE 1
Mirror f-number |  Suitable . Minimum
aperture of i focus of Distance diameter of
D ! Mirror i lens =f B lens
6" /5 3.0" 1.605" 4"
6" f/6 3.0” 1.64" 47
8" /4 4.0" 2.075" .65"
8" f/5 4.0 2.14" 5
8” f/6 4.0" 2.19” .5
10” f/6 5.0" 2.74" .6”
127 f/4 6.0” 3.115" 1.0”
12" /6 6.0” 3.28" N
18" f/5 10.0" 5.28" 1.2"

[Evrror’s Nore: The following is from a later personal communication from
Dall: “George Hole, a British Astronomical Association member whose pro-
fession is telescope making, has just finished a 24-inch f/5 mirror for his own
use. Being well cquipped he was able to test the mirror both by autocollima-
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tion and by null test. He found such good agreement that all main figuring
was done by null test, it being so greatly simpler than the other. Despite a
warning that higher order aberrations should begin to affect the nullity at
f/5 on a 24-inch with the lens used for testing, he said the tests by the two
methods were indistinguishable.”]

TaeERMAL EFFECTS OF OBSERVATORY Paints *

By H. E. DaLL

Little information appears to exist on the subject of the most suitable
surface treatment of observatories for the purpose of reducing undesirable
thermal effects. From general considerations it seemed that the choice was
practically limited to two paints, white and aluminum, but it appeared to be
worth while to carry out some simple tests to determine which of the two
was the better. The results of these tests proved to be quite interesting, and
were in fact somewhat surprising to me until the reasons were studied more
closely.

Two stout cardboard boxes of identical size were used for the first test.
Both were ventilated to a small extent and comparable with an observatory.
Box 4 was painted with aluminum paint and box W with white-lead paint.
These were placed on pedestals in exposed positions in the open air, and a
yard or so apart. Each contained an identical maximum and minimum ther-
mometer, and readings were taken daily over a period of some eight weeks,
commencing in late spring. QOccasionally the thermometers were interchanged
to eliminate systematic errors. In addition, two large metal boxes were
coated with the same high-grade paint and similar tests made with and with-
cut ventilation.

The character of all the tests was identical—showing conclusively that the
aluminum-painted boxes maintained a higher temperature both by night and
by day than the white boxes.! Table 1 shows a typical series of readings, in-
cluding notes on the weather. As was expected, the greatest difference
between 4 and W occurred on days and nights with least cloud and least wind.
Strong winds, even with clear skies, result in convection effects swamping
those of radiation, and both boxes attain closely atmospheric temperature.

The difference is quite sufficient in amount to justify the tests and to war-
rant careful consideration as to the most suitable paint for the purpose in
view. If the observatory is to be used primarily for solar or other daylight
observations, the benefit of white paint will be most marked, and convection-
current troubles will be reduced to a minimum. If, on the other hand, night
observations are principally intended, then aluminum paint is far superior to
white. All temperature gradients within the observatory will be lessened;

i * From The Journal of the British Astronomical dssociation, 48 (1938) by permis-
sion,

1 For the results of other experiments on the effects of paint in sunshine, see letters
by H. R. Beckett and H. Spencer Jones, The Observatory (Oxford), 1986, 59, 14 and 17



154 DAILL

TABLE 1—TYPICAL TEMPERATURE READINGS (°F.) IN BOXES
W AND A

White Aluminium
(W) (A) Remarks
Weather and State of Boxes at 11 p.M.

Date :
Max. | Min. | Max. | Min.

17/6 63 40 69 42 | Mixed weather.
(A) quite dry.
(W) heavily dewed.

20/6 69 44 75 47 | Mixed, showery.
Both wet after shower.

27/6 79 47 82 47 | Metal boxes.
Cloudy night.
Fitful sunshine.
Both dry.

23/6 72 44 76 47 | Metal boxes.
Clear—cool winds.
(A) quite dry.

(W) heavily dewed.

30/6 65 38 66 39 | Clear at night, but dry. Cold and very
windy.
Both dry. /

21/6 74 36 79 41 | Fairly clear day and night.
(A) dry.
(W) wet.

7 days 84 51 92 56 | Variable week—clear on several days.
from 8/8 (A) dry.
(W) twice wet.

performance should be quite noticeably improved. Dewing of the optical sur-
faces will probably be eliminated and external dewirtg much reduced,

My first impression before the tests was that white paint, having a visibly
higher reflection coefficient than aluminum paint, would be cooler by day and
warmer by night. This reasoning was fallacious, because it ignored the large
variation of reflectivity and emissivity with the wavelenglhs of the radiation.

The temperature attained by an object in an exposed position is that at
which equilibrium is reached between the heat lost and the heat recejved.
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Apart from the effects of conduction and convection, the heat radiated from
the object depends on the emissivity of its surface at the particular wave-
lengths corresponding to its temperature. Similarly the heat received depends
on the absorptive power at the wavelengths of the arriving radiations.

The emissivity of white paint at the wavelengths corresponding to atmos-
pheric temperature is indistinguishable from that of black paint, i.e. approxi-
mately 95 percent (reflective power =5 percent). A good grade of leafed
aluminum paint has the relatively low emissivity of 45-50 percent under similar
conditions.

The absorptive powers of the two paints for radiations from the high
temperature sources of daylight are approximately 15 percent and 30 percent
respectively. It is thus easy to see why the 4 box becomes higher in tempera-
ture than the I box when exposed to solar radiation. At night, if the sky is
clear, the effective temperature of the sky will be considerably lower than
that of the exposed object, therefore if it is coated with the highly emissive
white paint it will attain a lower equalizing temperature than the slowly
emitting aluminum-painted object. Metallic aluminum emits considerably more
slowly still, and should in consequence be even warmer.

Condensation occurs on the object if its temperature falls below the dew-
point, and, as the fallipg gradient of air temperature at night often results
in its being saturated, the white-painted object falling below air temperature
becomes wet with dew, while the aluminum-painted object remains dry. The
notes in the table indicate that this condition was observed frequently, and
would imply that the surface of box 4 did not fall appreciably below atmos-
pheric temperature. From the point of view of reduced convection currents
this is very advantageous for an observatory used at-night. If the surface is
hygroscopic (and this appeared to be the case with the white-painted surface)
there is the further objection to the formation of dew that additional heat is
abstracted by subsequent evaporation, and the danger of dew on the optical
surfaces is increased.

Aluminum paint should, for best results, be mixed just prior to use, as
true “leafing” or interlacing of the scale-like powder does not occur more
than 48 hours after mixing, and emissivity would increase due to the greater
thickness of medium above the metal.

Interior painting: Radiation escaping from the aperture in the dome is
practically black-body radiation corresponding to inside wall temperature,
even if the emissivity of the walls is as low as 50 percent. Similarly the color
of the interior walls has practically no effect when sky or solar radiation
enters the aperture. The interior walls may therefore be painted without
regard to thermal effects. An observer highly sensitive to feeble extraneous
light would prefer a black interior, but otherwise a light color would be pref-
erable to assist illumination. It is, however, desirable to coat with white paint
any part of the instrument subject to direct solar rays through the aperture,
or, if night observation is more important, with aluminum paint.



Optical Flats

By R. E. ENGLISH
E & W Optical Company *

The methods employed in grinding, polishing, and correcting an optical
flat are very much the same as those followed in making any fine optical
surface.

The material m.cq the flat should be selccted for its stability, with as low
an average coefficient of linear expansion as possible. P. K. Devers, General

Electric Co., in the Magazine of Light, June 1943, gives us the following
values of this property:

Clear fused quartz 5.5 X 107
Corning Vycor Brand glass 7.5 X 10-7
Crystal quartz (axis T) 169 x 1077
Crystal quartz (axis 11) 96 X 107
Pyrex 33 X 107
Corning lead glass No. 001 90 X 107
Corning lime glass No. 008 92 X107

From the above table it is evident that only one other material even ap-
proaches the quality of clear fused quartz. I have made some telescope di-
agonals from the Corning Works’ Vycor Brand glass, which seemed nearly as
constant in size and shape as fused quartz. /

The following is a list of minimum thickness of material used in making
flats: 2 inches diameter, % inch thick; 8 inches diameter, 3, inch thick; 4 inches
diameter, 7% inch thick; 5 inches diameter, 1 inch thick; 6 inches or Iarger
1% diameter. ,

The grinding, edging and polishing of the back surface are too familiar to
need description here. All these operations should be completed before at-
tempting to correct the true surface so that none of the surfaces need be
disturbed after the flat is corrected. A geod series of abrasives should be
used. Numbers 80, 120, 220 Carbo, 400 and 900 emery, make a good series
If the blanks are nearly flat some of the coarser grades may be a:::.:mrwm.
The Carborundum Company’s No. 50 Aloxite Optical Eamrwsm Powder is m.
very good abrasive for the final grind. .

H.‘rm true surfacc may be ground nearly flat with two other disks by the
familiar 1-2-8 method. This will produce a fiher grind in the centers than
at the edges and will usually slightly turn down the edge. A better grind
may be mﬂomznnm on a cast-iron tool grooved so that it is covered with facets
about 1 inch square. The grooves will prevent the coarser grains from being

* Minneapolis 14, Minnesota
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pushed to the outside edge of the tool. They will stay in the center of the
tool and break down into finer grains, producing a very fine grind. The cast-
iron grinding tool should be about 1Y, times the diameter of the work upon it.

By grinding off center the correct distance the tool can be kept flat. With
the proper adjustments the tool will wear down evenly all over and stay flat.
If the work tends to finish concave it should be moved nearer the center or
ground with a shorter stroke. A convex disk should be ground with a longer
stroke or farther off center. A little experimenting will determine the correct
stroke and position and only slight further adjustments will be necessary.
After a few minutes of polishing the surface can be tested to determine
whether it is near enough to be easily corrected.

The process of correcting the flat can begin at the start of the polishing.
I use a Hindle-type polishing machine. For small work up to 8 inches in
diameter the lap revolves at 5 rpm and the stroke is 50 per minute.

I have never been able to make flats smaller than 3 inches in diameter
without having them rock and turn down the edge. To avoid this they are
cemented into a ring 5 inches in diameter and 1 inch thick. This ring may
be glass, Pyrex, granite, or perhaps some other material. It is perforated at
the center with a hole about one eighth inch larger than the disk that it is to
hold. Care is exercised to avoid any pressure on the flat when it is being
worked. It is first coated on the back with soft pitch and then placed face
downward on a surface plate. The ring is then placed around it and the space
between the ring and the blank is packed with a strand of candle wick. The
hole is then filled in with dental plaster.

When the plaster has set, the ring is taken off the surface plate and the
space between the ring and the blank is filled with melted beeswax” The wax
is slightly undercut to prevent any wax from rubbing off on the lap when
polishing. The assembly is then ground and polished in the same manner as
a 5-inch disk.

For the polishing and correcting I use only two laps. One, the same size
as the work, is used for correcting a convex flat and one, slightly larger, is
tsed for a concave disk. I have never been able to use a lap having an ir-
regular pattern nor one having channels of varying width without producing
a rough surface. Any surface can be corrected with laps having regular facets
and uniform, well trimmed channels except astigmatic ones. For these and
for scratches I regrind at once instead of struggling with them. If the laps
are properly made and operated they will produce smooth curves and neither
zones nor irregular curves on the work. .

A cast-iron disk makes an excellent tool on which to pour the pitch. The
disk should be leveled with a spirit level in order that the coat of pitch will
be uniform in thickness. A strip of gummed paper around the edge will keep
it from flowing out thinner at the edge. The bardness of the pitch seems to
be the one thing about which no two lens polishers will agree. For that
reason every polisher pours his own. If the lap is too soft the channels will
close too rapidly and it will not hold a regular curve. If it is too hard it
will not hold the rouge particles and will polish slowly. Dust falling on it
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will not sink into it and will scrateh the work. Tf it does not flow fast enough
it will not follow the work and will produce zones. Tt should be soft enough
so that it will require trimming the channels every hour or two in order to
keep them nice and even.

1 use optical pitch softened with pine tar until it meets the following tests
for hardness. A small sample is allowed to drip onto a sheet of wet glass.
When this is still soft it is removed and rolled between the palms into a rod
about % inch in diameter. This rod is cooled in cold running water. It can
then be bent slowly without breaking but will break if bent rapidly. It can
be bitten without shattering.

The Ppitch lap is poured about !4 inch thick so that the channels can be
cut entirely through to the iron disk. They are first marked off with an awl
and a straightedge so that the facets will be uniform in size and about 1 inch
square. 'They are cut with a razor blade, using short rapid strokes. 'Their
edges arc straight and they are uniform in width.

It is important to use a fine red rouge. Notice has been given to polishing
compounds which will shorten the polishing time. I have tried many of them
but have not found any that work as well for me as fine red rouge. A rouge
that produces sleeks is too coarse for the finest optical polishing.

The polishing action of the laps is determined by the following conditions:
. Size of the laps.

. Hardness of the pitch.

. Length of the stroke.

. Weight of the work.

. Distance off center. 8

The last three of these conditions can be better controlled on a machine
than when polishing by hand. ,

On a lap no larger than the work the center will polish faster than the edge.
A lap an inch or so larger than the work will polish the edge faster than the
center. This gives us a way to polish the disk flat simply by choosing the
lap on which it will be corrected. )

The hardness of the pitch and the weight upon the work are dependent
upon each other. The hardness of the pitch varies considerably with the
temperature and the weight must be adjusted to correspond. If the weight
is too heavy the edge of the work will turn down, and if it is too light the
pitch will not flow enough to produce a smooth curve and zones will develop.

The length of the stroke is usually about one third diameter. If the stroke
is too long the center and the edge of the work will polish faster .than the
intermediate zone, producing a figure resembling a bird in flight (Figure 1).
We call it the “bird.” It is corrected by using a much shorter stroke, which
will produce the opposite effect.

Usually the work is polished directly over the center of the lap. If a zone
starts to develop it can be corrected by moving to a slightly different position
on the lap. A turned down edge can be brought up by slightly overhanging
the work.

Sv o W=
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Testing: Nearly every kind of light will produce interference fringes.
Daylight and tungsten will produce red and green lines which are hard to
see. Fluorescent light fringes show more contrast but are not good. Sodium
light is good but a sodium lamp is expensive. Salt sprinkled on a flame will
produce sodium light but this is too difficult to manipulate. A neon glow
lamp is cheap but does not produce much light. The lamps best suited for
the job are mercury vapor with a No. 77 Green Line filter and helium filled
tubing. Helium tubing is most commonly used. These lamps can be made
by any sign company. They are cheap and economical to operate. The light
from the tubing should be well diffused by a sheet of flashed opal glass which
may be purchased from the Pittsburgh Plate Glass Company, Grant Building,
Pittsburgh, Pa., or any other window glass manufacturer.

For ordinary testing the lamp is arranged so that the light falling on the
flats is reflected back to the eye. There is a slight error in this method be-
cause the angle of reflection is not the same from all points on the two sur-
faces. The error is proportional to the thickness of the air film between the
flats and inversely proportional to the distance of this film from the observer’s
eye. To be correct, the thickness of this film should be measured on a line
perpendicular to its surface.

This error of observation may be demonstrated in the following way:

Take two 8-inch flats and place them together with three small pieces of
cellophane between them near the edges so that they will be separated by
.001 inch. Place the eye at 4, 10 inches above the nearest (Figure 1, left).
What we actually measure are the distances BC, DE, FG, HI, JK, LM, NO,
PQ, and RS. These distances are easily computed, each being 144 ¢g9 of the
hypotenuse of a right triangle. They are shown in Table 1. It is evident that

TABLE 1 .
BC .001000 LM .001118
DE .001005 NO .001166
FG  .001020 PQ .001221
' HI .001044 RS .001281

JK .001077

if the terminal digits of these dimensions could be plotted in a straight line
JK in the middle would be one half the sum of BC and RS at the ends, but
they cannot. JK is .000063 inch less than that amount. To demonstrate this,
let us put these dimensions on cross section paper {Figure 1, right). They
make a curve whose center is .00063 inch from the center of the chord.

So this is our error, and the fringes would show nearly three wavelengths
concave. By reducing the air film to .0001 inch and increasing the viewing
distance to 100 inches the viewing error may be reduced to .00000063 inch.
The error may be eliminated entirely by an arrangement that will view each
part of the flat on a line perpendicular to its surface.
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An interferometer is sometimes used that views only about
of the surface at a time. It is equipped with a mechanism that moves the
flats across the field of vision in a straight line. Thus every part of the flat
is observed from the same position normal to its surface,

Another arrangement is shown in Figure 2, left. Light from the helium-
filled tubing is diffused by the shee

t of opal glass and reflected vertically
downward upon the flats. The reflected beam from the flats passes upward

through the plate glass and s reflected horizontally into the eye by the plate
glass back-silvered mirror at the top. The movable straightedge is illuminated
by the light from the opal glass which passes upward through the plate glass.

a square inch
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Drawings by J. F. Odenbach, after the author

Its image is reflected from the to
mirror above to the eye, so that it

[o}

.001000" T BC

p of this plate glass, and again from the

appears as if it were placed upon the flats.
The flats are turned so that the fringes are in alinement with the straight-

edge and the eye is alined with the straightedge and its image. By raising
and lowering the eye the flats are viewed vertically across their diameter,
The errors of observation are thus eliminated and, any deviations from a
straight line are easily observed.

To obtain the greatest accuracy of measurement the flats should be so
nearly parallel that only two or three fringes appear. They can be so placed
that one fringe covers the entire surface. It will appear as a solid color across
the entire surface. I do not find this position ag satisfactory as gaging the
straightness of a fringe across the center of the flats.  When I am unable to
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one mlzm.n to wrm next, and then each graduation will indicate 0.0000001 inch
With helium light the edge of the fringe cannot be determined with that ma..
gree of accuracy. About 14, of a fringe or two graduations on the dial in-
dicator is the limit that can be detected with certainty.

Lens Production

By F. B. FErsoN and PETER LENART, JR.
The Ferson Optical Company *

Most lens production methods are of relatively ancient origin. The general
principles have not been changed with the advent of new tools. In order to
present some of the new tools we will undoubtedly cover ground more ably
covered by others. Nevertheless these will be included for the sake of con-
tinuity.

LeENs GENERATING

In the past, the principal deterrent to the rapid production of optics and
the most tedious to the optician who wishes to attain to the fine points of
figuring precise surfaces has been the removal of surplus glass. To accomplish
this, two great improvements have been developed. Without them the enor-
mous lens production of World War IT in all likelihood would not have been

CONCAVE CONVEX FLINT
GLASS DF?
WT CHIPPED: s79n WT MOLDED:729m

FiGURE 1

possible. One is the use of molded blanks, the other is the perfection of the
diamond lens generator.

Modern optical glass manufacturing concerns can provide molded blanks
within almost any reasonable specifications and in quantity. Figure 1 is an
example of the specifications for one such blank. This blank has an overplus
of glass in every dimension, so that the desired curves, thickness, and diameter
may be reached without, in most cases, leaving in the glass any surface defects
from molding operations. The amount of overplus of glass is calculated from
experience and is small compared to flat disks of the material.

To form such blanks pieces of the proper weight are first sawed from

* Biloxi, Mississippi
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larger pieces of optical glass of the required type. These small pieces are
next laid in the entrance of a slumping oven where they receive enough heat
to soften them.  When they are soft enough to be paddled into a heated iron
mold the operator lifts them with a small iron paddle, drops the piece into
the mold and gives it a pat. The glass takes the shape of the mold, not of the
paddle. There are, of course, molding machines with proper plungers having
foot controls, which are capable of performing the same operation. On being
pressed into the mold the glass cools rapidly and is dropped from it into a
receptacle. The lens blanks are then placed in an annealing oven, The an-
nealing oven again softens the glass (of course, under heat controls) to a
temperature above the critical point, and the heat is then bled away at a
predeterminced rate that will provide relatively strain-free glass.

For small lenses this is now a routine task of the manufacturers, but for
large objects having very exacting requirements in the direction of annealing
special eycles must be determined and followed by the scientists in the optical
glass manufacturing plants.

The molded blanks so received by the optician may have defects that will
cause their rejection. These are: (1) feathers—material from the mold coating
introduced into the interior of the glass; (2) stones, bubbles, seeds and straie
from improper preliminary inspection; (3) improper annealing; (4) fractures
from handling. These defects should be discovered as quickly as possible in
order not to waste effort of production on worthless glass. A reasonable
rejection percentage is customarily established.

Since the birth of the optical glass industry in the United States, which
took place during the period just preceding World War I, glass molding has
made strides in step with increased volume of production. Prior to that time
the use of slab glass, the only form then available, presented even more
tedious steps for the optician, and for obvious reasons.

The second step in rapid production came with the use of industrial dia-
mond grits in curve production. The time of beginning of the use of diamonds
was also during World War T. So far as we know, the first effort in this
country to adapt diamond grits in lens (or prism) production was by
Capt. J. W. Hamm, who used a milling machine, on the arbor of which he
placed a small copper cylinder into which he had rolled diamond grits. The
glass was fed under the roller by movement of the mill table to which it was
clamped. A proper coolant was used. The rough slab was then willed to
practically parallel thickness. The term “diamond milling,” which is still
sometimes used in the industry, had its beginning in connection with that
machine. Col. F. E, Wright reports this effort in Ordnance Document 2037,
“The Manufacture of Optical Glass and of Optical ‘Systems,” now out of print.
Diamond milling rapidly removed the surplus glass and was as effective as
the described method of fixing the grits in the copper cylinder could be, Tt
did not, however, provide a means of milling or “generating” a curve,

Prior to World War 11 the American Optical Company developed the use
of a machine composed of Delta drill press heads, one of which was inverted
and fixed, the other tiltable about it, so that an annular diamond ring tool

¢ surface. ) : ] heel
MMMMMM»N The spindles rotate rather rapidly in opposite directions. On top
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f the fixed spindle a cup chuck having the required 9.::3.3. dﬂ:mm&oan .A.vHT
Mrm lens. This first development of present lens nw:ﬁﬁo? %ﬂﬂ:ﬂui?%mm
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Mamn at the edge to produce a convex surface, or at the center to y d

The principle of this diamond cup wheel is shown in

production.

. . . ion. Old-
The next important step in curve generation requires _m m_%ﬂwmmo%:a%m:"
time druggists made pills in a pill mold by compressing powders

FI1GURE 2
Left: Position for convex surfaces,
Center : The annular ring tool with dia-

Principle of the diamond cup wheel.
Right: Position for concave surfaces.
mond cutting surface.
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For the cup wheel tools! for lens work the diamond grits and powdered
metal, normally copper or a bronze with high copper content, is placed in a
mold, a ring of bronze is placed on top, and pressure is applied. This causes
the powdered metal to adhere to the ring and become a part of it when
sintered. The ring is then attached by means of sweat soldering to an adapter,
usually bored to a taper, which fits the spindle of the lens generator.

In addition to metal-bonded tools there are also resinoid-bonded and
vitrified-bonded diamond tools. Resinoid-bonded straight wheels are often
used in lens edging and centering operations since they are not likely to cause
even slight chipping of sharp edges. Seldom are they used for curve genera-
tion.

Since the early adaptation of drill press heads to curve generating machines
other special machines have been put on the market that are generally more
effective. One of these is the Peck generator 2 which reverses the principle of
the fixed lower spindle. The upper spindle is fixed. The lower spindle tilts
and there are ways on which it travels so that the diamond cup wheel may
be set accurately at the center of the lens.

The upper spindle has a certain amount of vertical travel in the fixed
position. When the lens blank is inserted in its holder the upper spindle
carrying the diamond tool is lowered to the lens and the machine is started.
A small weight on a lever arm drives the diamond tool against the glass until
a stop is reached.

It is possible for two such machines to be attended by one attendant. The
glass is set into one while the other is generating the curve. We once wit-
nessed the operation of two machines by a lady who very happily generated
the curves on 700 lenses in one‘day, all the while singing “Don’t Fence Me In.”

Another modern machine is the Diamonnett 3 (Figure 8). This machine is
believed to have superior engineering both for precision and ophthalmic lens
production. Its capacity is limited to 5-inch diameter.

For close order precision it is necessary to set some machines by means of
a template. Not only should the machine be tilted to give the proper radius
but the center of the diamond wheel also must be accurately placed to avoid
a protuberance on the glass. These adjustments are made in sequence until
both coincide for proper curve. When using a new tool the radius should be
watched closely during the period of generation of the curves of several hun-
dred lenses, since it will wear and very likely a discrepancy will appear in the
radius. For mass production it is not advisable to use one tool for more than
one curve. The wear described will continue until the actual radius of the
diamond tool matches the desired curve. \

As diamond tools are used they often become glazed. To remedy this a
pocket Carborundum stone is held against the face of the tool to relieve the
metal back from the diamond grits, after which it wiil cut as rapidly as
before. .

1 The Norton Company, Worcester, Mass., Super-Cut, Inc., Chicago, Ill., and others.
2 d::dwmi.m:m:wn and Supply Co., 540 Irving Ave., Brooklyn 27, N. Y.
3 Penn Optical and Instrument Co., Pasadena, California.

size will permit grinding with
Aloxite for roughing and No.
Aloxite will relieve the score
in the form of a scratch but
distance into the glass.
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i is hing out the curves. This
most common grit size used is 120, for roughing !
o . no more than three grades of abrasive—No. 280

30 Garnet Fines with No. 14 for finishing. The
marks of the diamond tool. These are not only
also leave an incipient fracture running a short
The Aloxite will also true the curve. Unless the

FIGURE 3
Lens generating machine

generator is allowed fully to clear itself from o:M::_m. wrﬂ Z.:‘m%m it will net
> spherical. In any event, it seldom is truly spherical.
wnfm\ﬂﬂwwmﬁ_ﬁnzauzﬁ a m:mw diamond grit such as .Zo. ﬁ.vo may be @Ev_omma
for finishing. This grit size will permit fine mZ:mE.m. with only o%o Ouw WO
grades of abrasives to prepare the lenses for vc:mz_zm. U.Ew to ammn _:.mw
from spheres it is not always a practical shop w.amn.:n@, since the coarse
roughing with No. 280 is rapid and effective and since the time of setting up
so be accounted for. .
E:mmwmmposmmwoo_m are customarily used in a diameter mw@uox_amﬁm_% mm.vmﬂw‘.
cent greater than the diameter of the lens to be ozw. ) This allows some _mm;: .m
in centering the edge over the lens center, prohibits a tendency to _?:dra
rim at the edge of the glass, and permits the coolant to flow beneath the

cutting tool.
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Thickness of the glass is controlled by
This is adjusted for each thickness desired.
stop is built in and the thickness of each finished lens will vary on the order
of .001 to .002 inch. Allowance must be made for finishing with abrasive grits

If attention is paid to the accuracy of the chuck that holds the lens 5.
the machine, the edge thickness will vary but a small amount. This ,ei:
considerably ease centering and edging operations.

means of a stop on the machine.
On some machines a micrometer

Roven Grixbine Arrer Miw: NG

After diamond milling, the lens blanks may have too short radii or pro-
tuberances at the center that will make blocking them unsatisfactory. Due
to phenomena of the milling angle they may also have an aspherie surface—in
fact, we should say they are likely to have a surface that is not a figure of

FIGURE 4

memwwh%ﬂ::mwﬁﬂwwww they will also have the characteristic marks of the

If the lenses are to be blocked singly these faults will be taken car of
after they have been blocked and placed for work ‘on the grinding spindle
ﬁoigm? if they are to be blocked in multiples we have found it advisable 3.
give each blank a rough grind with medjum grits.  This will lengthen the
:~.=o of production by the length of time required to put the lenses through
this process. Tt will, however, shorten the production time by an nc:?m_%n
amount, perhaps more, by forefending against faulty blocking, also by short-
ening the rough grinding time in the block, ’
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There is another important purpose for the preliminary rough grinding:
it permits the lens to have slightly longer radius than specified if the surface
is convex, and a slightly shorter one than specified if it is concave. The
purpose of this is to cause cach blank to seat in the forming tool of the block
without rocking and will be described later.

For this preliminary grinding the only machinery required will be a
vertical spindle of approximately 150 rpm speed, a tool 65 the diameter of the
lens, and a manually controlled cross-stroke arm with a pin. Such a simple
spindle is shown in Figure 4. The cross-stroke arm is not used except with
long radii that are susceptible to the use of a spinner. The spinner will be
described presently.

After setting the tool on the spindle we place medium grits and water in
the drip pan, provide ourselves with a small paint brush for painting the
grits on the tool, and start the spindle revolving. Pick up the blank in the
fingers, insert it in the grinding tool and stroke it back and forth by hand

FIGURE 5

just as would be the motion if an automatic stroke arm were used, taking
care that the stroke is about even from center to edge to hold the tool shape
as long as possible, Rotate the lens in the fingers as the cross stroking is
done. Paint on grits as required. Several minutes’ time will suffice to rough
the blank to spherical form and to relieve most of the marks of the diamond
mill. A short trial will reveal the most satisfactory method of manipulating
the lens blank but it will be somewhat as has been described.,

With the manual method just described short radii may be ground. If
unusually short, or if the lens is small such as for high powers in eyepieces,
we may need to attach a handle to the lens to hold it.

The spinner method is illustrated in Figure 5. It is simply a cup-shaped
metal holder with a hole for the driving pin. The holder is placed over the
lens, the spindle is rotated and the cross stroke is managed by means of the
arm on the spindle. The lens and cup will spin with the motion of the spindle
but at a lesser rate due to the friction of grinding.

The spindle should be controlled in starting and stopping by a foot switch
so that the hands will be left free for the remainder of the work. Trays with
holes somewhat larger than the lenses should be provided to receive the lens
blanks. These depressions in the tray will assist in holding the blanks apart
and thereby in the prevention of chipping.

TempLarTes

Accurate templates are a necessity in lens making, particularly for the
stages of work up to polishing. After this final stage is reached, for the most
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precise work, proof plates, or test plates, are a must for duplication of radii
focal length and figure. ’

We will not dwell on the use of spherometers of various designs.  These
have their special uses. Existing literature (Twyman) on the subject S.:_
give needed information. ’ ’

For lenses of short radius it is not difficult to turn up on the lathe matching
convex and concave forms from sheet metal. The limiting radius is the swin
of the lathe or the largest micrometer available for measurement. With Q:.M
the diameters may be made accurately to 0.0005 inch, and thus the error of
the radius is half of that amount. Templates so made should have a bevel on
one edge so that the useful edge will be thin. Sheet metal of approximately
-125-inch thickness will provide sufficient rigidity. For constant shop use the
templates should be hardened and ground together. If not hardened the
should at least be ground to relieve small burrs, By placing the pair on W
flat surface and inverting them from top to bottom positions, as with mirror
making, the radius will not be shortened or lengthened appreciably.

Long radius templates are a problem. Those who have made a study of it
will have learned about Peaucillier’s linkage (ATMA, 247), which in theory
should provide any radius short of absolute flatness. They will, however, have
found the theory impractical of application, due to Sm.m:_.mnmzo: of M,:.c-ﬁ
caused by misfits of the linkage and the impossibility of establishing :cc:aﬁl«,_
the calculated position of the central pin.  Other theories have been tried
which likewise are cursed by factors of operation that reduce the accuracy
required. -

Once a special master template is formed and proved it is not difficult to
match approximately this curve in Quantities by means of planers grinders
or even the lathe acting as a shaper, if the master is set up with L. vﬂcﬁ.mﬁo,:.
dial gage to show the run of the cutting tool and exhibit the errors in .0001
inch.  These are reproduction problems. The main problem :
make the first or master template accurately. '

For small production runs, either in small plants or in the home hobby
shop, the use of large special machines is denied by their lack. An ::m_‘:mﬁ?.m
w_EﬁcﬁSmEo: must be used, one that may be refined to higher accuracy, and
in the end proved to be as required. The alternative should be easily Em:,zqmm
and the result usable even though it has faults. Let us turn to the mm:m,vr.

however, is to

radius bar.

To form such a bar we may use a rigid piece of wood, a sharp glass cutter
an accurate measuring tape, and a sharp centering pin. FExamine the Emwm,
cutter for wheel wobble, and shim until the wheel runs true. Attach the
m:,ﬁm;. to one end of the bar. Measure the distance to the centering pin and
affix ﬁr.m pin to the bar. With care, this may be done within a few wrc:mu:mgﬁ
of an inch. Place a picce of single strength window glass on a bench place
the radius bar in position and seribe the arc with it, Under the cut mm made
place a small nail and press the glass on each side of the cut. ,:,r lass will
break smoothly along the line of the cut. o -

Thus far we have only an approximation.  To refine the product still
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further we place the parts on a flat iron plate and grind them together with
280 aluminum oxide or any finer cutting powder, taking care to use short
strokes and to invert positions.

The principle faults of such templates are transparency, which will make
it more difficult to discern departures from curve, and the probability of break-
age unless they are handled with great care. Certainly they are not adaptable
to mass production lens making. However, they are an excellent starting
point when only a few lenses of longer radii than permitted by our lathe are
required.

We may refine the templates still further by making up proof plates,
starting with surfaces milled or ground to fit the proper convex or concave
curve of the template. In the section on making proof plates we will give
methods and these need not be repeated here. After the proof plate is proved
by measurement the templates may be corrected by proper grinding until they
fit the proof plate in light-tight condition.

A further improvement of this simple form of radius bar will permit the
edge of a grinder to form the convex and concave curves. For this we will
require heavy channel iron or I-beam, to one end of which we attach a motor-
driven grinder with suitable fixtures and in a position to allow the wheel to
grind in the surface without running a groove into the grinding wheel. A
coolant of water-soluble oil in water, supplied by a pumping system, is at-
tached and directed at the point of work. The centering pin should be on
ways capable of minor adjustments as well as major changes in radius from
pin to edge of grinding wheel (actually from the pin to the metal, measured
accurately after a trial cut is made). The grinding head should lift and fall
with an eccentric to prevent the grooving. The head should be mounted with
rollers for free movement about the arc.

1f the template is to be convex it is mounted inside the wheel in the direc-
tion of the pin, if concave it is outside.

The metal template blank should be cut roughly to shape to minimizc the
amount of work to be applied by the grinding wheel.

After grinding the matching pair it will still be the order of effort to
discover the accuracy of the work. Again we may inspect by matching to a
proof plate. We may also run a trial lot of lenses and test with the proof
plate to discover by interference how well the position of the pin has been
measured. If the templates are out of truth we may either regrind them
with the radius bar or, if the error is only nominal, we may grind them
manually to truth in the manner mentioned. In shop use, especially in the
grinding stages of making lenses, it is common for the working templates to
wear out of truth. For this reason, where mass lots of lenses are to be made,
it is wise to provide a master set of templates, which will provide a reference
for the working set or sets. The remedy for errors that come from use is
then to regrind them until they will fit the master sect.

As will have been discerned, these methods involve, first, roughing, fol-
lowed by sufficient refinement to enable precision production in small shops.
They are not, perhaps, ideal. In fact, we do not know an ideal method of
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production of accurate templates that will automatically produce them to an
accuracy of 1 part in 2000 or preferably 1 part in 4000,

In work, templates are also subjected to dropping and deformation by
springing, and to denting as well as wear. The-¢ cvils must be r:::anw
against.

Glass templates for short radii may be ground and polished in the lathe
and may be checked first by micrometers and second by interference methods
against a proof plate. We may, of course, match our proof plate to the
polished edge of the template so made.

For very long radii, say 300 inches or more, the radius bar becomes a
cumbersome affair. It may be employed if the proofs of accuracy are adhered
to.  We may make up a spherical mirror by usual mirror-making methods and
grind a glass template to fit it. We may even cut « strip from the glass tool
with which the mirror was ground. We may approximate our curves by use
of the dial spherometer, applying the mathematical formula for depth of
sagitta of the curve. It is practical to do so, provided that in the cvent of
precision production we additionally prove the results of these first approxi-
mations.

MakiNe axp Usk oF Proor PrLaTEs

Two terms are applied to the plates, either curved or plane, that are used
to prove accuracy by interference methods. One is “proof plates,” the other
is “test plates,” both meaning the same thing.

If we wish to prove convex surfaces we provide a concave proof plate
but if it is a concave surface:the proof plate is convex.

In high precision lens manufacture specifications for any lens will include
some such tolerance as “plus or minus one fringe,” or ,.?:m or minus five
fringes,” depending upon the accuracy required. The accuracy applied to
radius of curvature will often be stipulated as *“one part in two thousand”—
or larger if the lens is to be less precise. This means that if we have a radius
of curvature of 35.818 inches, for example, we will have an allowance of
approximately .017 inch in error of radius of curvature. 'This then would
read plus or minus .008 inch. The example given is not the most precise
specification, for often it will read plus or minus .003 inch, though seldom
less than that amount.

If two equal but opposite curves exactly match by interference methods
they will show straight fringes when viewed at the proper distance. The
proper distance may vary from 24 inches to many feet, depending on the
aperture of the lens and the proof plate.t If the lens departs from curve
the amount may be ascertained by the fringe formation, and the direction
of departure is also shown. If the proof plate is made carefully and cor-
rected to a sphere as shown by the Foucault test, it is then certain that any
error of curvature exhibited by the fringes will be known to be on the lens

i+ See ATMA, Selby, H. H., “Flats,” formation of fringes, footnote pp. 122-3.
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surface and not on the proof plate, since the Foucault test is more sensitive
than the interference test for small errors of figure. Hence if we have a
zone of any kind, a hole or a protuberance at the center, it may be seen.

Whenever a sequence of high precision lenses are to be made we feel it
highly advisable to make and use proof plates. Especially is their use indi-
cated when focal lengths are to be matched. Matching focal lengths also
involves the index of refraction of each glass and so the glass must be selected
for actual index rather than for the general catalog index. This, however,
is another subject and will not be delved into here.

The first question when making proof plates is to determine what material
we will use for them. Pyrex is very good material, due to its lower coefficient
of expansion than common glasces. Fused quartz is the nearest to an ideal
material since it deforms but little from temperature effects. It is more ex-
pensive but if the number of lenses to be made warrants the slight extra cost
(for small plates) it is practical to use it.

Having secured the material the first step is to cdge the blanks and mill
or grind the back surfaces for finishing—approximately flat if the radius of
curvature is long, or convex if it is short. In the latter situation it is ad-
visable to finish the viewing side convex, due to the edge effects of a strong
negative lens, which confuse the periphery of the ficld. The radius need not
be concentric with the business side of the proof plate but may be somewhat
longer, the amount not being critical.

The next step is to mill the desired curve, or grind it if no lens generator
is available, to match an accurate template. If it is yet uncertain that the
template is true, then the procedure should be to match the templates and
complete the grinding and polishing of both front and rear faces. The rear
face needs only enough polish to be seen through easily. As soon as the con-
cave curve is polished set it up under the Foucault test, find the exact center
of curvature, and measure the distance from the plate to the knife-edge. The
knife-edge and the pinhole must be exactly on the same axis and should mave
together. The measurement may be made with an accurate tape, or a roc
which will be appropriately marked and later measured. The lens bench may
be used, as explained by Selby in this volume.

After finding the radius of our proof plate, if the departure is severe we
must go back to fine grinding. If the radius is short we invert with the too
on top and run with a small overhang. When it is thought that the curve is
nearly correct we again give a short polish and test. If the radius is short
continue until it is at within at least .050 inch. If the radius is as long a:
40 inches, an inch of departure may be polished away. The remainder o
correction may be applied by proper polishing strokes. We continue to rur
and test until the plate is well polished (though it need not be a full polish)
has the proper radius of curvature within a small allowable tolerance, and the
figure is a trune sphere as shown by the knife-edge test.

Glass tools are excellent for making proof plates in small quantities. W
may use them in the same diameter as the proof plate and, by inversion o
tool and work, control the radius of curvature.
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If we must make a convex proof plate we may follow the same procedure
as given, except that the convex plate will become the usable one. We test
the convex curve for radius and figure, and work and test by interference
until it is correct, doing all grinding on the convex plate until the radius is
correct. We figure a concave plate accurately spherical, and match the convex
plate to it within one fringe or less.

Now, having made our proof plates, we should retrace our steps to the
templates and check the templates against them. If the templates now exhibit
errors we may correct them by laying them sidewise on an iron plate and
grinding with 280 aluminum oxide, If the templates exhibit a shorter radius
than required we grind with the convex of the pair on “top” with long strokes,
giving the effect of overhanging. This will grind most at the edge of the
concave and at the center of the convex. If the error is the reverse we then
reverse the procedure. In either event we continue correction until the
template will give a light-tight fit to the proof plate.

The final step in finishing the proof plates is to mark them with a diamond
writing pencil, giving the radius, the identification of the surface of the lens
combination, and the lens combination they are made for. For example, if
they were made for a 5-inch achromatic doublet we may mark them R,
—55.98” 57 SP, the latter letters signifying “separated doublet.” By doing
this we will save some testing time when once they are laid aside after use,
since we will certainly not be able in later days or months to remember which
lenses they were made for.

In using proof plates we should provide a monochromatic light source.
Usually it is handier in a portable form, since when a machine is used having
a number of spindles the light 3ource, to be effective, otherwise would need
to be as long as the machine. Hence the portable form which may be taken
from lens to lens more easily. If the lenses are large we will require some
means of moving back from them the proper distance to view the fringes
without their distortion due to improper viewing distance. A very good ar-
rangement is described by Selby,® using a %-inch plate glass set at 45° with
the light source above it. If, for example, the lens is 10 inches in diameter,
then we will need to move back from the proof plate on the lens a distance of
at least 28 feet. This distance need not be calculated by mathematics for it
can be found with the first test by empirical methods. To do this we move
back from the plate until the fringes cease showing more concave than the
surface truly is. For example, let us assume that our first glance at the fringes
shows us to have six fringes concave when we are close to the lens. We move
back and the fringes begin decreasing in number until finally they appear
straight or oppositely convex. Now we move forward toward the lens and
plate and the fringes start bending inward and increasing in count until we
have six fringes concave again. The distance at which they cease to be

distorted due to this phenomenon of viewing distance is the correct one to use..

If the surface is on the convex side, as we view them near the lens, we will

5 ATMA, “Flats,” page 124, Figure 5, left.
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find that the fringes increase in number as we move away until a maximum
number has been reached. This, then, is the error of the surface we are
checking.

The same system may be used to discern which way the error exists. Move
away from the plate and lens the proper distance, then walk slowly toward
them again. If the fringes stay circular until we are very close to the pair,
then suddenly bend in the opposite direction after we straighten up, we know
that our error is on the side of convexity. If, however, the number of fringes
increases, until when quite close we see many more of them, the error is toward
concavity. All this may not be apparent or clear on first reading but is easily
discerned when put to use.

If the lenses are small we may view them with the proof plate at arm’s
length and as near perpendicularly to the surface of the lens as possible.
Pressure at the edge will cause the fringes to spread out if the error is toward
convexity and close up if it is toward concavity. You may duck your head
and, if they spread out, the error is toward convexity but if they close up it
is toward concavity.

These terms “concavity” and “convexity” are synonymous with “radius too
long” and “radius too short,” respectively.

In the short section on polishing strokes will be found some information on
correction of the errors that the proof plates will exhibit. Such things as high
central knob, or a central hole, a turned down edge and high zone just inside
center, or irregular zones in other parts of the radius, will all be discernible
with the accurate proof plate.

Unless proof plates are used properly the result will be scratching and
sleeking of the lens and of the proof plate. Eventually the proof plate
would then become so abused as to be worthless, short of refinishing, while
scratched lenses will not be acceptable.

The first step is to clean thoroughly both the lens and the plate. For
small lenses it is not necessary to provide a separation but merely to set the
proof plate gently on the surface, using both hands. One-handed geniuses
seldom succeed long in- avoiding an abrupt striking of the two together. For
large lenses a small section of Scotch tape at three 120° points will provide
sufficient parallelism to read the fringes and to keep the two lenses from
contact.

Never should the two surfaces be wrung together. This applies likewise
to flats or any surfaces of glass or quartz that are placed in position for
interference reading. If the fringes do not at once appear prominently then
one or the other or both surfaces are dirty and should be cleaned again, this
time properly. A clean, soft cloth moistened with alcohol will usually clean
the surface sufficiently, Ordinarily, lens tissue will be adequate for cleaning,
and wiping lightly with dry and, of course, clean hands may follow. When
the surfaces are clean the fringes will appecar, merely from the weight of the
proof plate.

It is well to provide a safe place for the proof plates when they are not
actually on the lens but are being used frequently. A receptacle having
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separations to keep them from being fractured is excellent.

should be given them at all times. Unusual care

Merar Toors

Not all metals are suitable for metal grinding tools. Some wear too
rapidly, and some are too costly for general use. Cast iron is the material
customarily used for curved and flat tools, principally because of its low cost
w:m because it may be cast to the rough curve desired. Tt may be E:ar:.:i
in the lathe (using the compound slide) and then may be scraped mom ac-
curacy 5.:nr as wood is turned in a lathe. In such B.igmo:m an accurate
ﬁoa.w_m?, is used for determining when the curve is sufficiently precise .

Tools of cold rolled steel wear much less rapidly than cast ?c:.’;vozﬁ
_::,m as rapidly—and in use in unskilled hands the deformation from E:é.a due
to improper strokes is less. It is especially suitable for small lenses.

) wwm.ﬁmoy_ and bronzes of the most common alloys wear rapidly. Compared
with cast iron a rough estimate is twice as Q:Mn_ﬁ,:‘. Lead is too soft mw.oa nt
.T:.. some special uses. Aluminum is not suitable for grinding tools ﬁro:Mr
it is very suitable for various lens-plant uses such as _mﬁ backings m inn .
Eom_ﬂm:m tools and cup supports for single lenses. £ spimers,

n spite of literature to the contrary, it is not alway
metal grinding tools in mated pairs and to lap them w:m M“M MM”@MN?HNMM
curves. %Tmm is, however, an excellent method if only a few lenses are to be
w:mmn and if rapid production is not nccessary. Since the paired-tools method
is r:ci.z to all we will not dwell mpon it, We will comment on the m:,mn:w:,d

Having secured iron castings in a form approximating the required Q:émm.
we may proceed directly to making our tools. The castings must be free
from blow holes, at least on the grinding surface. We will assume the rﬁo Mm
a lathe and an accurate template. We will not assume the use of a s V,ma;
lap lathe, or a lathe with a special toolpost grinder having an m&:ﬁmzw dn.wm
and abrasive cup wheel for grinding in a curve. We will also assume zEm no
lens generator is available with which one could substitute an abrasive ¢
érwm.__ mwﬁ Mrm :&mEc:m abrasive wheel. Diamonds will turn up the n:nﬂw
readily but will also charge th indi i i i i
reelny bt will mooEmmmm%. e grinding surface with diamond chips which

Our first task is to true up the edge and back of the casting and attach
the metal screw adapter if such is the plan. If not we bore the central hol
?.q the driving pin of the grinding machine. We next recenter Z..m mm#. .
with the curved face outward, making certain that the back and edge ,q:.m.
S..cm. Take a rough cut to relieve the surface skin of the cast iron ¢ Q_M:.M
sw»: the accurate template. By using the longitudinal feed and the QWB Do Mm
slide manually we proceed to take off the high spots. Put some :.:m.mmmm. %_
on the template and rub it across the diameter of the tool. H_wo i:a sp _Mm
will ﬁmw_ where to cut next and the eye can judge how much. When :mgwonw
curve insert a rest in the tool post and start scraping the high spots E,E._ a
hand scraper. An old file ground with a slight curve will do admirably
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Check with the template and continue the scraping until there are at least
four rings which touch from center to edge. Such a tool will grind in quickly
on lens blanks using 280 aluminum oxide.

Cast iron, being brittle, will scrape easily. Steel will require more labor
but is handled in the same manner.

FEven with an accurate template we will probably depart a few fringes
from the desired curve. A proof plate for precision lenses will tell us how
much by giving a lens surface a quick grind, fining, and a quick polish. The
number of fringes departure will tell us the state of the grinding tool because
the short polish will not provide time for deformation from the curve of the
tool.

After the grinding tool is correct as to curve it may be kept that way by
proper strokes. In rapid production schedules this is the desire and not the
result. Therefore, as often as the tool is deformed too greatly for use, it
must be scraped again to curve. To relieve most of the charge from abrasive
grains or powders which will dull the scraping tool we may spin it in the
lathe with emery cloth held against the face. Perhaps if the departure is not
great the cloth alone will suffice, by proper application, to correct the tool.

As will have been noted, this method is much akin to the paired-tools
method. It cannot be.assumed that, if the grinding tool is out of truth, merely
grinding it against its mate will true it. Half of the wear occurs on each
component, and if the two are not stroked properly both components will be
out of truth. We would be back to the use of an accurate template and
proof plate again to determine just what we have.

Those who are not accustomed to the use of metal tools may fear scratches
but these do not often occur. We may use one grinding tool for several
grades of abrasives provided we clean it thoroughly after each grade. For
lenses of fairly long radius we may disregard the differences in radius due
to the thickness of the grit; not, however, for lenses of short radius. With
these it is better to provide a roughing tool and a fining tool. Due to the
thickness of the grit the radius of the grinding tool will be lengthened and
this tool will swing on the center of the lens, or the mating metal lap, after
coarse grinding. This has the effect of lengthening the radius of the glass
if one tool is used for both roughing and fining. For fairly long radii and
with diamond milling, the coarsest grit, for example No. 280 aluminum oxide,
js not of appreciable thickness.

It is advisable to groove the grinding tool with a series of grooves from
center to edge while the tool is being formed in the lathe. This will insure
an even spread of the grits. The number of grooves is not critical. The edges
of the grooves should be given a light scraping to relieve any burrs. The edge
of the tool should be given a chamfer.

The size of the grinding tool is a subject that deserves thought. See Figure
6. If the tool is to be used on top qf the block or single lens it should be
approximately 3 of the diameter of the glass. If the glass is to be ground on
top of the tool the diameter of the tool should be approximately 85 of the
diameter of the glass. The purpose of these diameters is to enable us to use
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proper strokes to maintain the accuracy of our grinding tool. With tools of
equal diameter, as all mirror makers know, the one on top will have its radius
constantly shortened by overhang, which occurs with each stroke no matter how
short or how long. With equal diameters there is no possible method of avoid-
ing this effect except to invert and revert.

F1GUure 6
Tool on top, diameter 3. Tool on bottom. diameter 5.

The strokes to be used will be illustrated in the section on grinding and
polishing and will not be repeated here.

Brockixne Lexses 1x MurtieLe axp Sixgre UNITs
3

This section describes first a technic for blocking identical lenses in multi-
ples, then one for blocking them singly.

In the first, or multiple-lens technic, the lenses, either convex or concave,
are attached with blocking pitch in a pattern of concentric rings like those of
Figure 7 to a blocking tool that is convex for convex lenses as in Figure 8,

F1GURE 7

left, or concave for concave lenses as in Figure 8, right. ILater they are ground
and polished against tools and laps not shown in this section. These lenses are
not, however, attached to their blocking tool in what may seem the most direct
and simple manner, that is, by pitching them directly to it one by one. Ad-
vantages are gained by accomplishing the same end in an indirect though no
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more time-consuming manner. So the lenses are first laid out in rings on the
forming tool which has a radius of curvature equal to their own. This forming
tool exists solely for bringing their surfaces mutually into exact coincidence
with the sphere of which they are a geometrical part, and thus is an adjunct
or a make-ready. Next the same lenses are picked up, all at one time, by the
blocking tool to which they are caused to adhere by pitch and will remain
adherent during grinding and polishing.

BLOCKING TOOL .

FORMING TOOL FORMING TOOL

FilGUrE 3
A brief preview of this blocking process, in which all except the barest
elements are omitted for the sake of clarity, should make it easier to keep track
of the more detailed repetition of the same process that will follow later. In
Figure 8, left, is shown a convex blocking tool with rings of convex lenses at-
tached to it with pitch, How they became thus attached is best explained by

FiGURE 9

Figure 9, left. Here the same forming tool with the same lenses lying on its
curved surface, cach with a disk of pitch on top but with none on the bottom,
has been screwed to the base of a press. The blocking tool, attached to which
the lenses will later be worked, Lhe same one as in Figure 8, left, but as yet with
no lenses attached, has been screwed to the top of this press and heated. It
then has been lowered against the pitch on the lenses, has melted that pitch a
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little, the whole has been cooled, and the blocking tool has been raised again
with all the lenses now adhering to it, held rigidly in the exact over-all sphere
desired.

The radii of the forming and blocking tools themselves are not equal. As
shown in Figure 9, right, the radius of the blocking tool is shorter than that of
the forming tool by the thickness of the lenses plus that of the pitch. The
forming tool has the exact radius of the lenses, though its curvature is oppo-
site; also of the grinding tool and of the polishing lap not described in this
section,

The forming tool is not the one for grinding since this would alter its
radius, nor is it used for polishing. It exists solely as an adjunct for holding
the lenses in geometrical coincidence with its spherical curvature.

The blocking and forming tools are made heavily of iron or aluminum.

If, instead of blocking convex lenses, we should wish to block concave lenses,
all that has already been said would apply to Figure 8, right. The blocking
tool would still be the one on top. Tt would be on top in the press, and will be
again the one to be heated and pressed into the pitch and would be again the
one to lift away with it the concave lenses that are stuck to it. In short,
nothing has changed except the curvature of the lenses and tools.

Now let us start at the beginning of the multiple-lens blocking procedure’

and follow the successive steps through, hoping finally to gain a clearer and
detailed picture of the tools we must provide, the materials to be used, and
how they are manipulated. We shall assume that the lens blanks have alrcady
been milled to curve and rough, ground with 280 aluminum oxide, as described
in the previous section on 3:»1.— grinding.

To stick the lenses on the tools a special pitch termed blocking pitch, avail-
able from most optical supply houses, is used. Blocking pitch may be had in a
wide range of hardness to softness. Usually it is black and appears to be a
mixture of asphalt pitch with a filler of earth or clay. It may be red, with a
filler of red ochre. Flake shellac is often melted with it to harden it. When
heated this pitch will flow readily but when cool it should be hard enough to
hold the lenses rigidly under the temperature of the rooms in which the block
is to be worked. If it is too soft the lenses will tilt out of the sphere with
which they should coincide but if it is too hard they may snap off the tool,
ruining the block so that the work must be done over again. Like all pitches,
blocking pitch is innately contrary and at times will keep you at your wits’
end as you try to eliminate the evil effects that flow from it. To predict all
these effects is impossible, yet, in general, once the correct hardness has been
found, a satisfactory percentage of the blocks will go through the manipulations
without trouble. If, however, the room is subject to much temperature varia-
tion the blocking may prove troublesome, and a supply of blocking pitches hav-
ing various hardnesses will be the only practical remedy. )

The first operation in blocking lenses is to attach disks of pitch to each of )

them. For this we shall need a pot of some kind in which to melt the pitch, a
hot plate to warm the lenses, and molds to make the pitch disks or “buttons.”
In France, also in Britain, these disks are called mallets but we call thenr
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buttons, a common term in lens plants of the U. S. A. One form of mold is
shown in Figure 10, left. The one at the right is a special ring mold that will
support large lenses at the 70 percent radius of equilibrium zone. These molds
are made of iron. Chromium plating will enhance their appearance and prevent
rust.

Now, placing the button molds in a receptacle of iced water to chill them,
and heating the pitch and the lenses, we are ready to make buttons.

Lift one of the molds from the water, pour it full of melted pitch, place one
of the heated lenses centrally on the pitch, to which it will adhere, and set the
mold aside to allow the chilled iron to cool the hot pitch.

The depth of the mold will, of course, govern the thickness of the pitch
button. 'The thickness of the buttons may be varicd as required, though it is
good practice not to use greater thickness of piteh than is actually needed to

M FI1GurRE 10

allow 3¢ inch of pitch to remain after the blocking tool has partially melted
the button. The glass should not be pressed on the hot pitch sufficiently to
reach the cold iron mold.

Our next step is to form the lenses in blocks, as previously outlined and
now to be dealt with in greater detail. As already stated, the.forming tool
has the exact radius required for the lenses, also for the block, and is the same
in radius as the grinding tool will be. It should be a trifle larger in diameter
than the outside of the block to be made. The blocking tool has a radius
shorter than that of the block by the thickness of the glass plus the thickness
of the pitch buttons (Figure 9, right). Thus these buttons will all have equal
thickness after the block is made.

The lenses are arranged on the forming tool in patterns like those shown in
Figure 7 and will be held in the chosen pattern tightly enough to avoid lateral
slipping during the blocking operation if they are merely moistened as they
are applied to it. This statement is based on the assumption that the radius
of the lenses is not greatly shorter than specified. If they are they will swing
at the center and lateral movement will be encountered. The remedy for this
condition is to rough grind the blanks with a trifle longer radius than required.
They will then fit at the edges rather than the center.

Now the forming tool, with lenses and their pitch buttons, is screwed into
the base of the press (we use a three-ton arbor press merely because it is
adaptable to this work), made possible because all tools have uniform threads
and thus are interchangeable. The blocking tool is also screwed into the
spindle of the same press, as shown in Figure 9, left, and is heated by a Bunsen
burner until it will melt the pitch. Next, the hand wheel of the press is rotated
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to lower the hot blocking tool onto the pitch buttons, applying only enough
pressure to melt the buttons to a shallow depth. As their surface melts, the
excess pitch runs down between the lenses onto the forming tool.

Now we play a stream of cold water on the blocking tool until it is quite
cooled and the pitch has set.  Unless this is done, and if the block is lifted away
with the lenses before all pitch has entirely set, the lenses will sag and tilt as
the blocking tool is lifted. Usually this occurs at the center and the result is
that the central lenses have sagged out of truth. If this occurs, the block will
have to be torn apart and reas embled from the beginning.

The same process is carried through if the lenses are concave, except that
the forming tool is convex and the blocking tool concave.

The final step for preparation of the block for fine grinding is to relieve the
pitch away from the surface that has resulted from the melted pitch flowing
onto the forming tool between the lenses, After this the block is sent to the

FIGURE 11

grinding room, and from thence to the polishing room. As has been explained,
the forming tools are not usegl for grinding or polishing operations.

After the block of lenses is polished it is necessary to separate them from
the blocking tool, and the pitch buttons from the lenses. One very satisfactory
way to do this is to place the block in the cold compartment of an electric
freezer. Upon being chilled the pitch usually loosens its hold on the glass, also
on the iron block. Any lenses that retain pitch are put into the degreaser or
into a solvent such as Triad, used in liquid form. For those who work lenses
as a hobby the home electric refrigerator will serve for breaking up the block,
provided the feminine side of the family will permit a mere man to get by
with this. *

The second technic described in this section, alluded to in its opening sen-
tence, is for blocking lenses singly. For single lenses of short radius we do
not require the process just described. We may merely warm the tool (Figure
11, left) by which the lens is held on the grinding and polishing machine, place
on it a bit of medium-hard pitch—not necessarily blocking pitch—warm the
lens and place it in contact with the pitch. When cool it is ready for grinding
and polishing. Tt should be centered on the holder.

For single lenses of long radius and wide aperture, especially those having
thin scction, we have found it a good practice to provide the special tool shown
in Figure 11, right. This supports the lens at the edges. The lens is secured
by soft pitch so that no bending will occur to produce astigmatism. Naturally,
the lens will bend somewhat in its unsupported central part but if need be
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this can be dealt with in polishing. It is important that we do not support thin
lenses, such as precise astronomical objectives, in a manner that will produce
astigmatism. Consequently no blocking or polishing pitch that would cover
the whole area should be considered. Even soft pitch will hold a tension that
will not be relieved as rapidly as the polisher acts and, as a result, when the
lens is taken from the block and set up for test the ill results will usually be
pronounced.

The Strokks oF GRINDING AND Porsmine

To effect precision of radius and figure it is necessary to know how to con-
trol the grinding and polishing procedures to produce any specified accuracy.
The physical laws that govern here apply to all optical surfaces whether curved

Figrre 12

or plane. It is seldom that we will not be obliged to treat a surface with
correcting strokes. N

The position and length of the stroke of both grinding and polishing are the
governing factors, assuming, of course, that the grinding tools are in truth.
We must know how: (1) to bring down a high center (radius too short if the
surface is convex, too long if concave); (2) to bring up a low center (radius
too long if convex; too short if concave); and (3) to hold a radius once it is
correct, In addition we must lecarn what causes zones and turned edge, and
how to free the surfaces from them.

We will assume that a machine similar in principle to the one pictured in
Figure 12 is to be used. All such machines provide adjustments for position,
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length of stroke, for variation of speeds of spindle and cross stroke, and for
weighting.

In order to obtain as clear a picture as possible of the positions to be used,
let us start by paying attention to the position of the center of the lap (or
grinding tool—the methods are the same but the grinding tool effects a change
more slowly at the beginning of the stroke and the end of it, as related to the
center of the work). For the first example Figure 13, left, illustrates a lens
with radius too long as proved by use of an accurate template or of a proof
plate. Note that the stroke begins left of center of the lens and ends inside
the left edge. The stroke illustrated is approximately one quarter diameter.
The distance inside the left edge at which the stroke cnds is such that the lap
will not tilt and badly turn off the edge. Otherwise the more overhang used
will result in a more rapid correction of the curve. If the stroke is not begun
near enough to the center of the work a protuberance will result. The remedy
in either case is to adjust the stroke until the figure runs true, and at a point
that will bring the curve to truth as rapidly as possible.

FIGURE 13

Figure 13, center, illustrates the position of a stroke to take down a high
center, with the distance to the left approximately two thirds of the whole
stroke length. This stroke, with the added effect of the natural sinking of the
lap center, will lengthen the radius. If the lap is allowed to run too long the
effect of sinking will cause a central hole. This can be avoided by re-pressing
the lap to keep the facets and subfacets free from the sinking effect. Should
the stroke not be adjusted correctly the edge will probably show the appear-
ance of a turn, caused by leveling off the center of the lens before the edge is
touched. To forefend against this the stroke may be adjusted a trifle more to
the left (Figure 13, right) with its distance the same. One third stroke is not
too great for this correction. If it begins evenly to right as related to the end
of the stroke at the left, the lap will be given a peculiar motion at center that
will result in a zone.

After the curve is corrected, or if perchance it is correct when first ex-
amined, we halve the stroke and position between the two extremes. We begin
a trifle to the right of the center and use a length of stroke approximately one
quarter diameter. We will need to watch closely the results of the positioning
and to adjust as required. Experience soon tells one how to adjust the strokes
for any desired effect and to avoid many of the ills. These positions may be
calculated mathematically but since some generous scientists list lens making in
the realms of the arts we will still be obliged to work out our own technic to
fit our own peculiar conditions. Many factors enter into the picture, such as,
for example, temperature and pitch hardness. The one affects the other. The
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polishing agent introduces a third factor. A lap that will work nicely at one
room temperature will seemingly disobey the physical laws at another. An
illustration of this is the fact that if a lap is bringing a short radius to truth
at one temperature it will probably refuse to do so if the room cools and the
lap hardens. We must run and test and adjust to obtain the curve and figure
needed.

The lap can be mutilated to assist in correcting a gross departure, either by
scratching the center to shorten the radius of a convex surface or the edge to
lengthen the radius. This is not often necessary unless the work has been care-
less up to the polishing stage.

We have given in the section on “Rough Grinding After Milling” the speci-
fications of diameters for work on the bottom and work on top, i.e., the lap on
top 3; of diameter, lap on bottom 64 of diameter. Under normal conditions no
difficulty should be encountered if these diameters are used to an approximate
degree. At times a variation of the sizes will shorten the work period. The
variations must be worked out for the conditions encountered.

The speeds of the spindle and cross stroke will vary with the diameter of
the work and the precision of the lenses. For a small block of less than 6-inch
diameter we may use from 75 to 150 rpm on the spindle. The cross-stroke
speed may run from 40 to 80 per minute, counting one movement to and fro
as one stroke., These speeds may seem excecsive for highly precise work but
there are the other factors of weighting and the type of polishing agent, as
well as the pitch hardness. The best method is to run the speeds as rapidly as
the work will allow without deformation from heat, regardless of our convic-
tion in the matter. Particularly is this true until the time when a clear grain-
less polish is secured, after which we may reduce the speeds for best figuring
effects.

Weighting is important. For preliminary polishing we add weights on the
driving pin to effect the quickest polish without encountering severe distortion
of fizure. Otherwise the period of figuring will be increased. When the figur-
ing period begins we may reduce our weights and change the polishing agent
to effect a slower, and therefore a cooler, polishing action. If the lap backing
is of iron of no unusual thickness it will probably prove sufficient weight in
itself for figuring. If of aluminum we may add approximately 2 pounds per
square inch of area. There is no hard and fast rule about it. It must be
worked out for each set of conditions. A stock of different weights will settle
the immediate question that arises. -

For irregularities of surface we must pay attention to the lap contour to
ascertain that it is polishing evenly in the position at which it has been set.
Large laps are customarily given a system of cross grooves, and often sub-
facets, as mentioned in the section on forming the lap. Small laps require only
the subfacets.

In polishing blocks of lenses we should note at the beginning of the period
whether or not the whole block is polishing evenly. If the edge is polishing
first the stroke position should be adjusted. Likewise it may polish first at the
center and again we adjust the stroke. If the center of each lens is grey while
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the edge is polishing, we have encountered a temperature effect of the pitch.
Unless the effect is gross we may continue polishing for a short time to find
whether the condition persists. If it does persist the remedy is to warm-press
the block in the tool in the blocking ropm and fine grind it again. Sometimes
the lenses will be found tilted so that one side polishes before the other side is
touched. A similar cure is indicated. If the center of each lens polishes first
the effect of the blocking pitch is the reverse of the first example. If not gross
the polishing may continue but if decidedly gross the block should be returned
for correction and regrinding.

The temperature cffects mentioned also will be an indication to the lay
optician that lenses blocked in multiples may not be brought to the wqunmmmcr
required for some types of lenses, such as astronomical achromats and fine
camera objectives. Certain stresses generate strains that will be released when
the lenses are unblocked and these will distort the figure. It is not a matter
of consequence for terrestrial instruments, while it is very much a matter for
concern in the higher types of lenses. We have given a remedy in the blocking
section.

We have mentioned that the same technics of positioning apply to grinding,
while it may appear that we have stressed their effects in polishing. The rea-
son for this is that during polishing the effects are more noticeable if a proof
plate is used. Metal tools wear slowly but if the positioning is wrong they will
go out of truth all too quickly, simply because they will wear according to
the physical laws given. We may temporarily overhang a metal tool to shorten
a radius—one that has been ground with an untrue tool in a previous grade or
if the tool was not true to begin with and provided the departure is not gross.
This, however, will soon change the curve of the tool. These drastic remedies
are not always the best cure for our ills. It may be better to correct the tool
at once—in fact, it is likely to be so.

ForMine THE Lap

Lap backing tools must be provided for the approximate specific curve or
plane to be polished. Usually these are of metal, aluminum or iron. For plane
surfaces or curves of long radius the metal backings should be ribbed for
rigidity, especially when the object is to be highly precise. Often it is advisable
to provide a screw adapter to accomodate the lap to the polishing spindle.
Such an adapter is shown in Figure 14. Certainly the lap must have a socket of
some kind to fit the driving pin. One way of accomplishing both results is
shown. The central tapered bushing will take the wear and may be driven out
and replaced by new ones as often as required. When the screw adapter is
not needed the bushing may be inserted directly in the lap backing. This will
lower the pin closer to the work.

Deciding when to use the screw adapter will require the use of judgment.
For small blocks of short radius the pin will be so high above the work that
ill effects from a tilting action will be encountered. -

If plane surfaces are to be polished an optical flat of reasonable accuracy
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may be used to flatten warm and soft pitch. For Q:;.Sm surfaces mcEm.Em:hm
provide a curved lap forming tool of equal but opposite curve, over ér_nrmﬁ e
lap is formed. Single lenses obviously are no problem since the lens surface
i omes the forming tool. .

_ﬁmmw” ”Mwwwmv_mam the nzmﬁm block itself customarily mm. used for *.oﬂzm:m the
lap. The technic is simple. Provide a pot of warm pitch of about t e aﬂ:-
sistancy of molasses, and a pot of hot water. Set the block on the spinc ra.
Handles to fit the screw adapter provide an easier means of E:.:%Emw:um ﬁxm
lap. Dip the face of the cold lap backing into the ?.ﬁo: m:.m fﬁrmnws it. A
thick film of pitch adheres. Let it cool slightly, m:@. dip again. Oo.i.::m dm:—“
the thickness of pitch is approximately 4 :_n.r. m.m..:ﬁ »rm @_onr é;.r ﬂso _w._w
ing agent to forefend against the pitch sticking to .;. While the piteh is sti

warm set it on the block and press lightly. Lift quickly and turn, press again.

N

o

FIGURE 14

Continue until the pitch is too cold to flow further or until the lap is wo:m”.—_.%
formed. While the pitch naturally flows down over the wmﬁn of the _»:mMm _ e
turning of the lap and re-pressing takes out most of the ridges. Wmﬁmmﬁ »ro ~m€
in hot water and while soft start the spindle and w.o_m ﬁ._m _mm.v on ;.. T m_,m.v
will quickly spin to a smooth surface. As experience is m__.::om Z:M Mu.w_, is
quickly done so that the temporary heating of the block, which would deform
it, is not likely to become a problem. )

- _WMMMO_MWMW»MM lap is mwzzwmaoo; cool it under a cool water tap. Using the
screw adapter, set it on another spindle or on a cup holder if no screw mmm—%»mq
is used, and start it spinning. Use a sharp single-edged razor blade or a s mw..ﬁ
knife to cut circular grooves in the lap, ﬂ.o.: center to nm_mm. Wash off the

i it is ready for the start of polishing. )

&:Mmm Mmmmwﬁnmmm are Mo be added mqaﬁnw a clean piece of net or onion m.mow over
the block and moisten it. Warm the pitch and set the lap on the onion sack,
pressing and lifting until the facets please you. For small rw:mmmmﬁ _w~ not
necessary to provide large circular channels but only the E&?nm.ﬁ. or .ﬁmmmm
lenses the lap will behave better if it has the &n.mvm—. mruuzo_m, which permit the
central part of the pitch lap to spread as the pitch me”ﬁ. Crossed grooves are
often used instead of circular channels. Which style is the better may be a

subject of debate.
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After the lap has been in use for a time, depending on its softness, it will
need re-forming. Here again the hot water pot is used to soften it and re-form
it as required. If the channels have filled they should be recut. Faulty strok-
ing may deform the lap to such an extent that it will need re-pressing. In any
event the second forming is easier to do.

AnBrastvEs—GARNET FiNes, Barxesite, CERIUM Oxine, Rovee

The abrasives designated in the lists that follow this section are, in each
kind, graded by numbers from coarse to fine. It is not pretended that this is
a complete list of abrasive manufacturers; those included are for illustrative
purposes. Except one example, we know of no abrasives that are adequately
graded as to grit sizes for optical uses. They seem to be manufactured as
general purpose abrasives. To be sure, we “get by” with them, for the most
part but not always.

For illustration, if we select No. 280 aluminum oxide, grind a surface with
this abrasive and then examine it we shall find many large and deep pits be-
tween plateaus of finer pits. If then we place a sample of the abrasive under
a low power microscope we shall see these same large grains, some smaller
ones, and some smaller still, down to visible powder sizes. Until the larger
grits are broken down the sizes beneath them do not work but merely add
poundage. ’

True enough, some of the manufacturers themselves warn that in their own
brands the grain sizes are not graded as well as the powder sizes. However
we have found little differencg in the grading of any of them except in the o:m
example alluded to. Elsewhere in this volume is a chapter on the washing of
such grits to adapt them to optical work. It would be well to study this
closely.

When selecting abrasives for lens grinding the points that must be con-
sidered are: (1) fastest cutting grains, (2) less rapid cutting but smaller pit
depths, (3) medium cutting small powders, (4) finest finishing powders.

wz the first of these groups we would place Carborundum, regardless of its
grain or powder size. The pits from this abrasive are very deep. Shallower
pits are usually encountered with aluminum oxide. This abrasive, then, we
place in the second group. Our experience indicates that, except in the largest
roughing sizes, it is preferable not to use silicon carbide for optical work.

In the third group we place natural corundum or emeries. These cut fairly
rapidly and, in powder sizes, will provide a fairly uniform surface that will
polish readily. Due to the prevalence of scratches with the very smallest sizes
we ceased using them and limited the use to No. 1500. Crown glass ground
with this abrasive and polished at the usual speeds for precise surfaces will
polish clear of pits in about six hours.

In the fourth group we place Garnet Fines, the only abrasives we know of
at present (1953) that are numbered to measured size (by grain size in mi-
o-..odmv. Garnet Fines are manufactured from natural mmqsmﬁ are well graded,
give a uniform grind in all sizes, and an exceptional finish in the smaller mi-
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cron designations. In fact, with No. 8 (8 microns, though this is not the
smallest size) the grind, if properly done, will polish out on crown glass in
about two hours.

We must, however, be fair. All the faults of grinding cannot be placed at
the door of the abrasives. The optician must know how to get the most from
the material he is using, and how to avoid other possible sources of damage to
the surfaces. We list these sources in about the following order of importance:

(a) Scratches from unbeveled edges of the glass. The digs from this source
are deep, very annoying, and needless. The remedy is obvious.

(b) Contamination with coarser grains, through carelessness.

(c) Failure to be cleanly in washing up between grades. This means the
work, the tools, and the working area. The fault is laziness, the remedy ob-
vious.

(d) Rough handling of metal tools in which they are knocked about the
edges and the metal is “upset,” causing a high protuberance which will surely
dig the glass. ’

Most mirror makers are familiar with a sequence of grits that will, it is
true, adequately handle the grinding operations of glass, such as No. 80, 120,
280 grains, 400 and 600 powders, followed by emeries, to which finer finishing
powders were added m the decade roughly of the 40s. For grinding operations
after diamond milling, with 120 diamond grits, we may select a sequence as
follows: (1) 280 aluminum oxide to relieve the faults of milling and the scores
of the diamond grits, (2) No. 30 Garnet Fines for the start of “fining.” (3)
No. 14 for medium finishing, (4) No. 8, No. 6 or No. 4 for final finishing. None
of these grades will require tedious operations if the curve of the milled blank
is close to truth. Normally, 20 minutes’ grinding with each of the grades named
will suffice for the finest surface of hard glasses such as Pyrex. Of course,
there may be causes, such as the correction of curves, deep digs, or a soft,
brittle glass such as the dense flints, that will increase these grinding periods.

Barnesite is a mixture of cerium oxide, rare earths, and possibly other ele-
ments, manufactured by Lindsay Light and Chemical Co., Chicago, Ill. Since its
inception during the years of World War II it has become a standard product
for rapid and scratchless polishing. It is known and used all over the world.
As mentioned elsewhere in this chapter, we use it for all polishing operations
except the most precise figuring. However, we have been unable to slow down
its action sufficiently to obtain surfaces accurate to 14, wavelength. For this
we use a soft, slow-cutting rouge. We also know of good opticians who have
stated that they use it even for those surfaces. They, being men of skill and
honor, must therefore know something about handling the operations that we
do not know.

Cerium oxide, termed by the French rose d’or, is an excellent polishing agent
provided it is properly graded. It has a tendency to harden the lap surface
(as also to a lesser degree does Barnesite) and therefore the lap should start
a trifle softer than would otherwise be the case. It does not polish, in our
hands, as rapidly as Barnesite. An advantage is that its color is not readily
seen if in wrong places.
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We have mentioned the use of a soft, slow-cutting rouge for figuring
surfaces. Many rouges are on the market. Many of them sleek and scratch.
In most cases the price of the rouge is low and we might well wish that the
quality could be improved and the costs thereof be included in the price. In a
fine, soft rouge there should be no conglomerations. Examined under a low
power microscope each particle should be a separate crystal and not an over-
burned aggregate that will not break down during polishing until after it has
done its damage. A fine, soft rouge made and sold (not less than 5 pounds)
by the Bausch & Lomb Optical Company is their wet red polishing compound.

SiLicoN CAREIDE

Carborundum: The Carborundum Co., Niagara Falls, N. Y. Grain sizes:
4, 6, 8, 10, 12, 14, 16, 20, 24, 30, 36, 40, 50, 60, 70, 80, 90, 100, 120, 150, 180, 220,
240. Powders: 280, 320, 400, 500, 600, 1000. (Also I, FF, FFF series, less
well graded.)

Crystolon: The Norton Co., Worcester, Mass. Grain sizes 8 through 600.

ArvmiNum Oxme (synthetic corundum)

Alowxite: The Carborundum Co., Niagara Falls, N. Y. Grain sizes 4, 6, 8,
10, 12, 14, 16, 20, 24, 30, 36, 46 (40), 54 (50), 60, 70, 80, 90, 100, 120, 150, 180,
220, 240. Powders: 280, 320, 400, 500, 600. (Also F, FF, FFF series.)

Alundum: The Norton Co., Worcester, Mass. Grain sizes: 20, 24, 30, 36,
46, 54, 60, 70, 80, 90, 100, 120, 150, 180, 220, 240. Flours: 280, 320, 400, 500, 600.
(Also unclassified flours F, 2F, 3F, 4F, XF.)

Narvrar CoruNpum

Bausch & Lomb Optical Co., Rochester, N. Y. Catalog numbers are listed
thus, for example: 21-80-0060, which apparently has the significance of the
final number. Both roughing and fining grades carry the same prefix of num-
bers, hence we list only the final numbers. Roughing grades: 0060, 0080, 0090,
0100, 0120, 0180, 0220. Fining grades: 0500, 0600, 0750, 1000, 1150, 1200, 1600,
2100, 2600,

American Optical Co., Southbridge, Mass.: M100, coarse, for roughing;
M301, extra coarse for roughing; M302, medium, for smoothing ; M302V,, fine,

for polishing; M303, extra fine, for polishing; M303%, superfine, for finishing ;

M304, ultra fine, for polishing.

NATURAL GARNET

Universal Shellac and Supply Co., 540 Irving Ave. Brooklyn 27, N. Y.,
distributor. Garnet Fines: Nos. 30, 28, 25, 20, 16, 14, 12, 10, 8, 6, 4. These
numbers designuate the actual size of grains of each powder in microns. This
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material is softer than either natural or synthetic corundum and produces
very shallow pits.

Svrrace InspecTioN DUuriNG POLISHING AND AFTERWARD

As polishing proceeds we will need an efficient means of determining when
it has relieved the pits and sleeks. A 100-watt bulb with a 10 X magnifier used
with good eyes should tell all that needs telling while the lenses are still in the
block.

It is difficult to remove all the polishing agent and this may appear to be
small pits. Wipe the surface with a clean finger. 1f the “pits” move they are
not pits. If they do not move they are.

For use after lenses are fully polished there is a still better means of in-
spection. Place a fluorescent light bulb at a point just above the level of the

. [ 1]
O

2
4 3 —

FIGURE 15

Inspection of lenses. 1. Fluorescent bulb and fixture. 2. Black paper
sereen. 3. Lens being tested. 4. 10X magnifier.

eye. In the background place a piece of rough black paper. Clean the lens
with ether, or a solution of ether and ammonia, or a solution of ether, liquid
soap and water, using a piece of lintless cloth. Hold the lens below the
fluorescent bulb and look through it with a magnifier toward the black paper.
Figure 15 shows the general arrangement. Here again, surface contamination
may appear as pitting but the method already described applies. If pits or
sleeks or scratches exist on the work a decent pair of eyes will find them. With
the arrangement shown it is easier to find them than when the lenses are in the
block. .
Experience teaches us much about inspection. If we were at’all suspicious
that pits remain when the lenses are in the block, it is wise to polish until there
is no doubt of their being polished out, since, once they are out of the block,
if they are faulty, nothing remains to be done except to reblock them, regrind
and repolish.

During this inspection bubbles, seeds, feathers, stones and striae of a coarse
sort will be visible. Seeds in small quantities are not normally a reason for
rejection. Small bubbles are prevalent in some glasses and we must accept
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the glass or do without it. Very small stones will not harm the image. Small
and fine striae visible under an autocollimation test may be tolerated in lenses,
except in high precision instruments. All depends on the use to which the
lenses are to be put. In a coronagraph objective lens the glass must be per-
fect, and must be perfectly polished.

CexTERING AND EnciNe

In commercial lens making operations centering and edging are customarily
carried out by special machines having a turret, horizontal spindles, and a
diamond abrasive wheel. These machines are fairly rapid in operation. Fig-

F1GURE 16

Centering and edying machine

ure 16 is an example of such a machine. The cip chuck at its left, having a
diameter smaller than that of the lens to be edged, is warmed with a Bunsen
burner, centering pitch is applied to the rim, the lens is warmed and stuck to
the pitch. It is then centered by means of a small wooden or plastic rod at the
edge of the lens. It will be necessary to play the flame of the Bunsen burner
on the chuck to soften the pitch enough so that the lens will move to centered
position. This spindle has a foot clutch by which it may be engaged er dis-
engaged as required to complete the centering procedure. A light to the rear
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of the operator permits examination of the eccentricity of the images from
front and rear surfaces of the lens. As soon as the lens images of the light
cease to rotate eccentrically, the chuck is cooled by a small stream of water.
The left spindle is then swung, by means of the turret, to the right, or edging
position. An automatic feed is a feature of the machine, and there are stops
that end the advance of the diamond wheel when the correct diameter is
reached. To prevent “firing,” the lens is cooled by a stream of water as the
edging proceeds.

Beveling the front edge of the lens is then accomplished with a metal lap
having a much shorter curve than the lens, to which is applied a medium grit,
such as No. 400 aluminum oxide, and water. The spindle is allowed to rotate
for a few seconds to finish the edge of the lens. Removal from the spindle is
accomplished by a sharp tap on the chuck with a small hammer. Next, the
other side of the lens is similarly beveled by manual rotation of the beveling
lap.

While the edging is proceeding on the cutting side another lens is being
placed in position on the left spindle. The time of the operator is therefore
very well occupied with these tasks.

Non-precise optics of terrestial types usually are given an allowance of
eccentricity or “wedge.” For very precise optics the centering should be
carried out to the fullest extreme possible. This is especially true with high
quality astronomical objectives and fine camera objectives. A small amount
of wedge will have an ill effect on the definition.

The final diameter of a precise objective lens must, of course, be circular
and not “egg-shaped” and it should be exactly the same as that of any mating
component, otherwise cementing will produce a wedge from inability to center
one element on the other.

For lenses larger than 4 inches aperture it is necessary to abandon the
horizontal spindle for a vertical one, particularly if the lenses have appreciable
weight, since it will be found very tedious to endeavor to keep a large lens in
position of truth while the cooling of the chuck is carricd on. Anyone having
access to a lathe can devise a way to make at least a simple spindle for use in
a vertical position with proper accessories for these special jobs.

For heavy lenses it is well to guard against scratches or marks from the
metal chuck as well as from the rod by which the lens is pushed into position
A ring of paper beneath the lens will obviate the scratch and mark risk.

A substitute centering pitch may be made from sealing wax with a smal
admixture of rosin or hard pitch. The centering pitch should become viscous
enough at a relatively low temperature for the lens to be moved into position
but still rigid enough to hold while being cooled. If it is too soft for handlin
it may be hardened by melting in to it a quantity of flake shellac.

Diamond milling or grinding procedures should be carried out to provid
the least wedge possible, and not over .003 inch of wedge should remain at the
start of polishing. In some cases this will be far too much and the diamete
of the centered and edged lens will be below the necessary aperture. KEx
cessive wedge will slow down centering operations unduly. With diamonc
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wd__ﬁ:m this is easily remedied by ascertaining that the base of the cu that
holds the wmnm blank to be milled is exactly perpendicular to the axi wm Y
milling spindle when set at zero curvature. With care, then, t} rema .ﬁ—_m
2@@@4 will be of the order of .0005 to .001 inch. , P e remaining
) Without m¢cr a machine, and where the blank is to be ground from begi
ning to nsmw it is necessary to provide a stop on a micrometer M: oeial
ﬁo:.;am anvils wo. measure the depth of glass at the same Em_”m:nwsm ity
periphery each time. Unless the lens blank is truly circular the EMoS .ﬁ:.
nmzwg be mnoc.gﬁn. An alternative is to use a plate with three ball su mm__m.:.m
Mmmm, ﬁéﬁﬂ <w~.:oﬂ_~ mﬂﬁm to position the lens and a dial gage to read %.Wo“.rmmnMw
ess as the lens blank is rotated. The thick and thin di i ¢ ]
E::x.m. and the &.mnqm_,m:ow from parallelism Smhﬂﬂa%ﬂwﬂ“Eﬂ HAW MM.@M?M]
to grind on the side needing it most until the blank is practicall uw_. : %:M
wedge. Such a course of action is especially suitable for an _m:M of Mﬁwo rc
or more aperture as a component of astronomical oEooﬁ?am.% e

CEMENTING OF LENSsES

o MM@m:B%M%mMQM _nzmﬁom to be cemented into two classes: (1) Those that are
Jected to extremes of temperature change; f
heat of a desert to the cold of hi i i Short pertad of o the
gh altitudes in a short period of ti
Those that are to be subj P ore encountered 1
jected only to such changes as i
o T e . ) ges as are encountered in
non ge, such, for example, as astronomical objectives or ordinary camera
. For ﬁrm extremes of temperature plastic lens cements of the thermosettin
%?wm, such as Allmyr CR-39, are a necessity. These prevent splitting a N:.m
of cemented systems due to the extreme cold. For the second cl mﬂ.- ,
Canada balsam is favored. B e of Teses
. ﬁ.sm_.s_: examine first the subject of balsam cementing methods. Most ex-
isting zmwxﬁ:qm on ﬁrm.cma of balsam that we have read, recites that balsam is
available in mo»”F medium and hard states, depending on how much om the
:mw_:.m— S:.vmu.n:ﬁ rm.m been driven from it by heating. In most cases the in
Mwnzn?oum continue aﬁg methods for using soft or medium balsam but not mom
Fn use of hard. The instructions given are somewhat in the following form:
noﬂwm%wu .»o w.m coﬁmﬂom are Qﬂmzmm thoroughly free of dust, lint, greases or owrmm
ination. ey are then heated over a hot pl i
plate on which an asb
WWM mwm nMam.: mwﬁna have been placed. A few drops of soft or Em&:BmwmmMM.“
placed in the center of the concave surface and the
* convex surf i
%Hnawmrrwg?r%moio Mvo balsam. It is then rotated and stroked :M.Mmmﬁmw
of balsam is free of all bubbles and the excess balsam i
e ss s s pressed over th
@mmmw.rmmwHﬂoavamwbvo:?&noar usually affords an excellent tool WS. this ?:wommm
¢ bubbles and excess of balsam have been relieved, th ination
of lenses is placed in a fixture to hold th i d st Cpobination
s em in centered position. F hi
three-jaw chuck of some simpl i i . . then placed
t ple form is efficient. The assembly is th
in an oven. The balsam is hardened by baki i $0 hours bt o
y baking approximately 50
temperature. For medium hardness bake at Fm%ﬁmwmz ro_:.w hours mﬁ\wci
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The thickness of the film of cement should be of the order of .0001 to .003
inch, depending on how well the two surfaces are matched in curves, and how
carefully the cementing operations have been carried out. In some cases the
fitting of the curves may have been so slovenly as to prohibit satisfactory
cementing.

Low heat is necessary if discoloration of the balsam is to be avoided. The
temperature of approximately 250°F is satisfactory for this purpose.

Following hardening by baking, the combination is slowly cooled in the oven.
The excess of balsam is cleaned from the combination with a soft cloth damp-

ened with Xylol. 'They must not, of course, be subjected to more of any solvent

than is fully necessary.
Soft balsam is the state most easily used if it must be filtered to relieve it
of cloudy contaminations or lint and dust. For an apparatus that performs

Ficure 17
Filtering apparatus for Canada balsam. 1. @Glass funmel, 2. Asbestos pa-
per. 3. Nichrome coils for heating. 4. Filter paper.

satisfactorily see Figure 17. A glass funnel is lined on the outside with as-
bestos paper and over it coils of Nichrome wire are wound, having sufficient
resistance to heat the balsam, at the voltage used, to a more liquid state, but
not to overheat and discolor it. A large piece of filter paper is placed inside
the funnel and filled with soft balsam. The filtered balsam is allowed to flow
into a clean receptacle. This kind of treatment will result in a high degree of
transparency.

The use of hard balsam has some advantages. It may be secured in stick
form, or medium balsam may be hardened by heat treatment to make it. T
may be heated over water, or over low heat, until it will fracture when a smal
drop is placed on the fingernail, cooled and pressed. This is a simple but
effective test. :

In the lens plant the lenses are heated, the end of a stick of balsam i
melted a trifle over a Bunsen burner and several drops placed on the concave
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surface of the lens combination or it may be allowed to melt due to the heat
of the glass. From this point on the cementing is carried out as has alread

vmm: described except that, as soon as the lenses are cemented, the c:EE:m\Ecw
is allowed to cool slowly in a fixture and the task is finished except for final
cleaning.

A 250-watt bulb is handy for heating the lenses or even for baking soft or
medium balsam to hardness. In the non-stick form hard balsam is melted
slowly to the softening point each time it is to be used, and is dealt with in Zwm
same manner as medium balsam. It scarcely seems necessary to say that all
balsam must be protected from contamination whenever in use or not in use

Plastic lens cements are colorless, of proper index of refraction for Eoﬁ.
uses, and are as easily applied as balsam. When set by heat they adhere Bo,mﬁ
tenaciously to the glass surfaces.

They have some disadvantages, the principal one being that it is somewhat
difficult to separate the lenses if for any reason they must be separated m,aoﬁs
a production standpoint this is a drawback. Another drawback is ﬁw..mﬁ the
shrink while setting, and the cement, if a surplus does not exist at the ed Sm%
sometimes shrinks in from the edges and forms what is termed “cement mK:Mm .
The tiny formations due to this shrinkage may be seen around the entire ed .m
or only at particular points as a lacy, fern-like discrepancy of cement ei:mr
causes rejection of the cementing effort.

Plastic cements may be obtained (as far as we know) only in quantity, in
monomer form or in jel form. The latter is the form that is obtained by U.n,wn-
.Bm:ﬁ with a catalyst such as Lucidol benzoyl peroxide. The jel form is used
in a ‘ao:mmm»msn% equivalent to the medium balsam or melted hard balsam. In
the jel form it must be shipped packed in dry ice, and must be mﬁoaa.m: a
freezer to forbid as much as possible the thermosetting effects of room tempera-
J:.m. ﬁ is customarily shipped by air express on certain days so that its ar-
rival will be expected on known days and it will be received by the consignee in
condition for use. At normal refrigerator temperatures it will set ﬁow hard
for use within four to eight weeks. It cannot be resoftened. H

a.a:w have mentioned Allmyr CR-39,5 a liquid monomer, and a catalyst,
.F:Qmo_ benzoyl peroxide.” Let us sece how we form the jel. Benzoyl vﬁ.oxam
is a granular material. To the clear liquid monomer we add 5 percent b
weight of this catalyst. Other catalysts may be used but this is the Ewno:.uH
Emua.mg one for this monomer. Preferably these two ingredients should be
oS.:vEmm in a covered mixing tank and heated carefully at 120°F (50°C)
wmﬂm»mm meanwhile by a mechanical agitator. However, with some x@v:nmﬂom
of industry this may be accomplished manually by means of a glass stirrin
rod. We have usually placed the mixing tank in water and maintained »rm
wnEvmawgam at the level stated. The catalyst dissolves within about one hour,
mm%ozmr:m on the rate of stirring. After the granules are completely %mmo?ma.
the mixture is cooled. The stirring is continued while cooling. If on cooling

6 Columbi i ivisi :
burgh, Golumbia Chemical Division, Pittsburgh Plate Glass Co., Grant Building, Pitts-

7 Lueidol Division, Novadel-Agene Corporation, Buffalo, N. Y.

/
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we find that the catalyst has not been completely dissolved the solution will
appear cloudy and translucent. This will not do harm if it is only barely per-
ceptible, but if it is very cloudy this is evidence that the dissolution of the
granules has been scamped and the solution must be reheated for a (shorter)
period. During this process it should be observed critically. On reheating,
the solution will steadily thicken until it forms a jel of the proper viscosity.
If it is not watched it may harden beyond the point of usefulness and would
then be fit only to throw away. When it has reached the consistency desired
it should be cooled over cold water and stored in a cold place.

Cementing of the lenses is done as has been described for balsam. The
operator should make certain that they are properly alined in their centering
fixtures. They must be wiped clean of surplus cement and should then be
ready for baking. They should be warmed slowly to 80° to 85°C and this
temperature maintained. 'The hardening of the cement will be accomplished
at that temperature within about eight hours of this baking.

The above is a rough general outline of the materials and procedure used
in cementing. Further information may be obtained from each of the pro-
ducers of the available cements. In writing, we have used the one example
described solely because our experience with it has been the most extensive.

Decementing is accomplished by soaking the lenses in acetone for 12 hours
or more, after which they are shocked apart by dipping them in hot glycerin,
lubricating oil or castor oil. The temperature for the hot glycerin should be
approximately 390-420°F.

For large lenses this decementation by shock leaves much to be desired,
especially when the glass is, perhaps, not perfectly annealed and the danger of
fracluring it is greater. However, in production it is inevitable that certain
percentages of the lenses will require separation for various reasons, such as
(a) faulty preliminary inspection for surface defects, (b) accidental chipping
of one element, (¢) decentering, (d) cement starts. Others will be encountered
only too soon. Hence, it seems best to keep in progress a thorough analysis
of these difficulties and to obviate them as rapidly as possible.

DecreasERs—CLEANING

One of the developments of recent years that has been adapted for use in
modern lens-making plants is the use of hot vapors of such solvents as “Triad” ¢
for quickly removing blocking and ordinary polishing pitches, greases and
waxes from the surfaces. As lenses and prisms arc removed from their re-
spective blocks various amounts of pitch or such greases and waxes as parafiine,
Saracene, Stickum, and others will need to be removed. These will adhere s¢
strongly that their removal by less effective solvents involves a considerable
waiting period.

In practice a special tank is constructed somewhat like the schematic
drawing in Figure 18. The two sumps are filled with Triad to approximatels

8 The Detrex Corporation, P.0. Box 501, Detroit, Michigan, makers and supplier:
of degreasing tanks and solvents Triad, Perm-a-clor, and Perchiorethylene.
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the heights shown. Under sump 1 there is an clectric heater that melts the
liquid solvent to a temperature above the vapor point. This vapor rises in the
tank until it is cooled by the water jacket through which cool water is circu-
lated. It condenses along the sides and returns to the sumps. These degreasers
are available in capacities to fill the needs of any plant.

The work to be cleaned is stacked in wire baskets that will fit into the vapor
region of the top part of the tank, and is lowered by wires into the hot vapor

FIGURE 18

Schematic sketeh of u degreaser of « type made in many sizes and for vari-
ous uses. 1. Water outlet. 2. Vapor area. 3. Water jacket. 4. Water inlet.
5. Solutien level. 6. Electrical connection. 7. Heating element.

where all pitches, greases, and waxes are dissolved off the glass in a few
seconds. The temperature of the vapor is approximately 180°F and is much
too hot to allow skin to remain on fingers immersed in it for more than a quick
plunge and withdrawal. Since the heat affects all parts of the lenses at one
time, it is seldom a cause of fractures in lenses of 8-inch aperture and under.

The advantages of these degreasers are the speed with which the lenses are
cleaned and the complete removal of all forms of the materials mentioned that
are soluble. :

The principle disadvantages we have encountered are dual. One is that, if
the surfaces have been coated with shellac, the heat polymerizes it and causes
difficulty at times in removing it with alcohol. The degreasers we have used
do not remove shellac. The second disadvantage, not, however, often encoun-
tered, has been an etching effect on certain types of glass, particularly in
incipient fractures left from diamond milling and which are invisible after
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adequate polishing until the etching takes place. Under ordinary Eﬁmcﬂo:
methods, the defects so caused appear to be seratches, but under a microscope
the effects of etching appear to be lines of pits closely spaced. .

These solvents are rather effective for certain operations in the cold liquid
state, and where only a small number of lenses or other surfaces are to —.ﬁu
cleaned. It may not be practical to keep the heated tank ready for use in
these cases since, of course, some of the vapor is lost into the atmosphere.
Even the liquid has decided advantages over such solvents as aleohol, TmaOmnsw
or turpentine. These solvents are widely used in dry-cleaning establishments
and this may suggest a local source of the material. )

Other solvents and detergents that may be used with satisfaction for various
needs are: For lacquers; acetone, lacquer thinners. 1:w shellac and various
cleaning operations; ethyl and methyl alcohols. For various surface contami-
nations ; mild soaps, ether solutions, Dreft, Aerosol, Soilax, and other synthetic
detergents which are completely soluble in water.



A Spherometer for Measuring Radii
of Curvature of Small Strongly Curved Surfaces

By IRVINE C. GARDNER

Lens surfaces one half inch or less in diameter and with radii of curvature
of 8 inches or less are difficult to measure on an optical bench or by means of
a tripod or ring type spherometer. The spherometer to be presented in this
chapter was originally described by Arnulf! and is particularly adapted for
the measurement of the radii of curvature of small strongly curved surfaces.
Such surfaces are found in microscope objectives and short-focus photographic
objectives and projection lenses used on substandard motion picture equip-
ment. The amateur who wishes to construct lenses of this character will find
a spherometer of the type to be described almost a necessity. It is most easily
constructed if one has a complete biological microscope which can be perma-
nently converted into a spherometer. In this discussion it will be assumed that
one has such a microscope available but the ingenious amateur, after under-
standing the requirements of the instrument from this description, will doubt-
less be able to improvise and avoid this requirement if necessary.

The eyepiece of a biological microscope is usually of the Huygens type. To
check this remove the eyepiece from the microscope tube and, without modify-
ing it in any way, try to use it as a magnifying glass to examine a postage
stamp, an ink dot on a piece of paper, or any other suitable test object. It is
probable that you cannot obtain a sharp image through the eyepiece because
the proper position for the object is within the eyepiece between the two lenses.
If this proves to be the case the microscope has a Huygenian or some other
negative eyepiece and it is not suitable for use. It will be necessary to buy or
make a positive eyepiece. The simplest positive eyepiece is the Ramsden. Two
plano-convex lenses having the same focal length (20 to 25 mm) are mounted
in the opposite ends of a short tube with the curved surfaces facing each other.
The spacing of the lenses should be adjusted until the system can be used as a
magnifier to give a sharp image when the object is approximately 4 mm from
the plane surface of the lens farthest from the eye. For satisfactory opera-
tion the lenses must be permanently mounted to maintain this separation and
the tube forming the mount for the lenses must be turned to the proper size
to properly fit in the eye end of the microscope. It must be possible to adjust
the eyepiece up or down for focusing and the friction must be sufficient to
cause it to remain at any adjusted position. .

For measurements of radii of curvature low power (long focal length) oh-
Jjectives are most often required. It is convenient to have objectives of 16, 32,
and 48 mm focal length. Objectives of this type can be purchased from the
Gaertner Scientific Corporation, 1201 Wrightwood Avenue, Chicago, Illinois.
If the dealers in war surplus materials have available telescope objectives of

1 Albert Arnulf: La Mesure des Rayons de Courbure des Surfaces Sphériques em-
ployées en Optique. (1930) Institute d’Optique, 3 and 5, Boulevard Pasteur, Paris.
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50 to 60 mm focal length and of 90 to 100 mm focal length, two of the first
objectives mounted close togther with the flatter flint faces turned toward the
object will provide a useful objective of approximately 32 mm focal length
and two of the longer focal length will combine to produce an objective of
approximately 50 mm focal length.

Figure 1, left, illustrates the change that must be made in the microscope
tube. Two sets of cross-wires, shown at 4 and B, are mounted in the tube.
The cross-wires at 4 must be positioned within the focusing range of the eye-
picce in order that the cyepiece can be adjusted to permit them to appear

/

FI1GURE 1

Left: Microscope tube with Ramsden eyepiece and required parts for use as
a spherometer. Right: An easy method for edging an elliptical mirror.

perfectly sharp. Below the cross-wires there is the diagonal mirror C which
makes an angle of 45° with the axis of the microscope. An ellipse cut from a
piece of microscope cover glass and unsilvered is a satisfactory mirror. Figure
1, right, illustrates a jig for producing an elliptical mirror. A metal circula
cylinder of the proper diameter is cut in two at an angle of 45°, By means of
sealing wax or a mixture of beeswax and rosin the cover glass and the twc
parts of the rod are assembled as shown in the same illustration. The project:
ing parts of the cover glass are chipped and ground off flush with the cylindri.
cal surface. The grinding can be done with emery and water by hand on :
plane lap or in a lathc. The lower set of cross-wires is mounted as close to the
upper set as the diagonal mirror will permit. The cross-wires of each sct
intersect at 90° and the lower pair should be rotated 45° with respect to the
upper. In other words, if the upper cross-wires are assumed to extend north
south, east and west from the center, the lower ones will extend northeast
southeast, southwest, and northwest. With a little ingenuity the two sets o
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cross-wires and the diagonal mirror can be assembled as a unit before sliding
it into the microscope tube. An opening in the side of the unit must be pro-
vided for the admission of light to the diagonal mirror.

After the unit composed of the cross-wires and mirror has been constructed
and its position determined with respect to the eyepiece, an opening in the side
of the microscope tube must be cut as shown in Figure 1, left. This opening
is covered by a window, D, which is cut from a lens of approximately 1%-inch
focal length. A support must be provided to carry a small flash lamp bulb, E.
The light from the lamp passes through the opening in the side of the micro-
scope tube and is reflected downward toward the microscope objective. When
the lamp is correctly adjusted an image of the filament will be found centered
in the microscope objective. This can be checked by stretching a layer of tissue
paper over the objective to serve as a screen and looking into the objective
from below. It is advisable to have the lamp adjustable to permit it to be
moved toward or from the microscope body until this adjustment is attained.
Means for this adjustment can be easily provided by mounting a rod at right
angles to the microscope axis, The lamp is carried on a slider which can be
clamped at any distance. This arrangement is suggested in Figure 1. A ma-
chine screw is a simple and adequate means of clamping the slider as the
adjustment does not have to be changed often. A flash lamp bulb operated by
two dry cells or by a door-bell transformer will give all the light that is re-
quired.

Although the spherometer is not completed at this stage an interesting test
can be made which will show whether or not the optical system is satisfactory.
A lens surface with a radius ¢f curvature of 25 to 50 mm is a suitable test
object. The curved surface of a plano-convex lens with a focal Iength of 50 to
100 mm will be about right. First, focus the eyepiece carefully on the upper
cross-wires. Then place the lens on the microscope stage with the curved sur-
face upward and center it approximately with respect to the axis of the micro-
scope. Rack the microscope upward to its limiting position and turn the flash
lamp bulb on. Now, while looking into the eyepiece, slowly rack the microscope
downward. At first a bright field should appear and then a reflected image of
the lower system of cross-wires should come into view and become sharper as
the movement is continued. Finally both sets of cross-wires should appear
equally sharp and apparently in the same plane. In general the intersections
of the two sets of cross-wires will not be superposed. By moving the test lens
laterally on the stage the image of the lower cross-wires can be centered with
respect to the upper cross-wires which are viewed directly through the eyepiece.

There are two positions for which this reflected image can be obtained,
sharp and in the same plane with the upper cross-wires. If the objective of the
microscope is very close to the test surface you probably have the lower position
and it should be possible to find the second position by racking the microscope
upward a distance approximately equal to the radius of curvature to be meas-
ured. On the other hand if the distance of the objectives from test surface
is somewhat greater than the radius of curvature of the test surface the second
reflected image will probably be found by racking downward. The range of
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Optical spherometer as constructed for use at the National Bureau of Stand-
ards. The vertical movement of the microscope is vead on a vertical seale ruled
with diamond on stainless steel. The least reading of the micrometer drum on
the microscope for reading this seale is 0.01 mm. Microns can be read by esti-
mating tenths, This instrument was designed by Mr. F. A. Case of the National
Bureau of Standards Staf.
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adjustment provided by the rack and pinion movement must be somewhat
greater than the radius of curvature to be measured and the two positions
which have been mentioned must both lie within this range of movement. It
may happen that the reflected image for one position is obtained when the
microscope is near the middle of its vertical movement and there is not suffi-
cient range of motion to reach the second position. In this case it will be
necessary to remove the microscope stage and provide a support which will
raise or lower the test surface as required. It is convenient to provide a
small circular table carried by a vertical rod which slides up or down to adjust
to any height. Such a table will have to be adjusted at different heights for
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F1GURE 3
Diagrammatic sketch of optical system of spherometer

FiGure 4

The two positions for which the two sets of cross-wires viewed through the
microscope, appear to be in the same plane.

convex and concave surfaces. When the adjustments have been made to bring
both settings within the range of the rack and pinion movement pass back and
forth from one setting to the other and adjust the test surface laterally on its
support until the intersections of the two sets of cross-wires remain superposed
for both settings.

The distance through which the microscope tube is moved to proceed from
one reflected image to the other is approximately equal to the radius of curva-
ture. Consequently a means must be provided to measure the movement of the
microscope. A 6-inch mechanics scale such as is sold to be clamped into try-
squares, centering gages, levels, etc.,, provides an inexpensive scale for the
purpose. This can be mounted vertically on the microscope barrel and a
pointer or vernier fastened to the fixed part of the rack and pinion mevement.
These scales can be ordered graduated in millimeters although the ones carried
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in stock in this country are usually graduated in inches. With a simple indi-
cator it is possible to read the radius of curvature to tenths of a millimeter and
with an accurate vernier the readings can be made to two or three hundredths
of a millimeter. It is more elegant and precise to have a carefully engraved
and calibrated scale read by means of a micrometer microscope. This arrange-
ment is shown in Figure 2, which is a photograph of the spherometer of this
type as used at the National Bureau of Standards. With this arrangement
successive readings should differ only a few microns. This instrument was de-
signed and its construction supervised by Mr. F. A, Case of the National
Bureau of Standards Staff.

The theory of operation will now be explained and the exact formula for
the radius of curvature derived. Figure 3 shows the optical system of the
microscope with the two sets of cross-wires at 4 and B. The images of these
cross-wires at 4 and B’ are shown as they would be formed by the microscope
objective if light were traveling from left to right. In other words 4’ is con-
Jjugate to 4, and B’ is conjugate to B with respect to the objective. The
distance from A4’ to B’ is designated a. In use light does travel from B
through the objective and forms an image at B’. If now a reflecting surface is
brought into position so that, by reflection in this surface, an image of B’ is
formed at A, then this light will proceed after reflection back through the ob-
Jjective and form an image in the plane of 4, since 4 and A4’ are conjugate.
It is evident from our experiment that there will be two such positions for a
given spherical surface. The equation relating to these two positions will now
be derived. The equation connecting object and image distances for a spheri-
cal reflecting surface is

- =5 m

where s is the distance from the surface to the object, s’ is the distance from
the vertex of the surface to the image, and r is the radius of curvature. All
distances are measured from the vertex of the surface and are positive if they
extend to the right. In the upper half of Figure 4 s and » are positive and s/ is
negative because it lies to the left of the vertex. In the lower half s, s/, and r
are all positive because all distances are measured to the right of the vertex.
Since the distance from 4’ to B’ is a, one has the equation

—s'+s=a. (2)
Combining this with equafion 1 the quadratic equation

ar

24 (a —r)¢ = 2 3)
is obtained. This has the two roots
' = —1a —r) + YvaT £ 1 0]
and
§ = —lgla—r) - va F 77 ®)
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corresponding to the two settings for which the reflected image of the cross-
wires was obtained. Since A’ has a fixed position with respect to the micro-
scope tube the total displacement, d, required to pass from onc reflected image
to the other (see Figure 4) is equal to the difference of the two values of ¢
given by equations 4 and 5. Therefore

d=+a+r (6)

Squaring both sides and solving for r. one obtains the equation

r=/® — d. ()

To determine r by this equation it is necessary to determine the value of «. To

do this place an optical plane on the microscope table and adjust the micro-

scope until the reflected image of the lower cross-wires is seen in the plane of

the upper cross-wires as in the previous settings. This condition is illustrated

in Figure 5. It is cvident that 47 and B’ will lie on opposite sides of the plane
)
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FIGURE 5
Method of determining the value of a by use of a plane reflecting surface.

surface and equidistant in conformity with the relation between object and
image with respect to reflection in a plane mirror. If an optical plane is not
available the surface of a piece of plate glass selected to give a clear reflected
image will introduce no important error. After the reading corresponding to
the reflected image is obtained the microscope is focused on the reflecting sur-
face. This may be facilitated by dusting a powder such as fine dry rouge upon
the surface to provide an object upon which to focus. When the powder and
the upper cross-wires appear in focus simultaneously a reading on the scale is
again made. It is evident that the difference between these two readings,
multiplied by 2, will give the value of a. All information is now available for
measuring a radius of curvature precisely. The surface to be measured is
placed on a suitable stage and the two settings made which give the reflected
image in the plane of the upper cross-wires. The difference of these two read-
ings is d. Substituting d and « in equation 7 gives r.

There remain some general considerations of interest in connection with this
method of measuring radius of curvature. If the cross-wires 4 and B are
brought as close together as possible the length «, when a microscope objective
of short focus is used, may be so small that it is sufficiently accurate to write »
equal to d. The question then arises, why not always use an objective of short
focal length in order that @ may be neglected? The reason why this cannot be
done is apparent on reference to Figure 4. It is ceen that the distance from the
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front surface of the objective to B’ must be somewhat greater than the radius
of curvature of the surface to be measured in order that mechanieal inter-
ference may not prevent the setting in which B’ is beyond the center of curva-
ture as shown in the lower half of the figure. This condition only arises when
measuring a convex surface. When measuring a concave surface the center
of curvature is accessible even if B’ is very close to the objective. A second
limitation arises because the travel provided by the slow motion of the micro-
scope stand must be approximately equal to the radius of curvature to be
measured. On a standard microscope stand a movement of approximately
75 mm is provided and consequently this is the longest radius of curvature that
can be measured with the instrument as described. If one has an optical bench
with horizontal ways it is evident that a microscope with double cross-wires as
described can be mounted horizontally on the bench and used to measure con-
cave surfaces of any radius falling within the length of the optical bench, the
value of d being read on the scale of the bench. This method could also be ex-
tended to the measurement of convex surfaces on the optical bench provided
that a microscope objective is provided of such focal length that the distance
from the objective to B’ is greater than the radius to be measured. But in this
instance a new complication, not insurmountable but difficult, arises. If the dis-
tance from the objective to B’ is increased without increasing the diameter of the
microscope objective, thére will be so much depth of focus that the settings can-
not be determined with precision. If, for example, the distance from the ob-
jective to B’ is to be increased to 250 mm (10 inches) the diameter of the
microscope objective should be of the order of 50 or 60 mm (2 to 2Y inches)
if sharp settings are to be made. The experienced microscopist will recognize
that an objective of large numerical aperture is required if precise settings are
to be obtained. Consequently when measuring either a convex or a concave
surface it is well to use a microscope objective of the shortest focal length
available which is suitable for the particular surface. In general the objec-
tives of the shorter focal lengths have the larger numerical apertures and
consequently will give the most precise settings. Also for the shorter focal
lengths @ becomes less and there is a greater probability that its value will not
need to be taken into account in the formula.

Objectives of long focal length and of large numerical aperture (large
diameter) are not commercially available and are difficult to improvise. Conse-
quently if it is necessary to measure a convex surface of large radius of curva-
ture precisely it is advisable to make a matching concave surface. Its radius
of curvature can be measured on an optical bench by the method referred to
in this chapter or by any of the other well known methods. The concave and
the convex surfaces are then placed together and the difference between the
radii of the two surfaces determined by counting the Newton’s rings.



The Design of Telescope Objectives by the G-sum Method
By ALAN E. GEE

Ellison and Haviland have, in ATM and ATMA, proposed methods for the
design of achromatic objective glasses. These methods are very simple, and
produce objectives that are properly corrected for color, and in some applica-
tions are completely satisfactory. However, their degree of correction for
spherical aberration and coma depend entirely upon the particular glasses
chosen. The designer has no control over these aberrations, and no means of
determining whether they are good or bad for any two particular glasses. The
purpose of this chapter is to carry the algebraic design further so that it will
also include full correction for spherical aberration in all cases, and full correc-
tion for coma in particular cases.

We shall investigate the cemented type of objective, and the Fraunhofer

T f
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. FIGURE 1

type in detail, with a brief discussion of four other types: objective having
equiconvex crown clement, objective with one surface of the flint element plano,
an air-spaced type, and a Barlow lens.

Because we shall be correcting for additional aberrations, these methods
will be somewhat more complicated and difficult than those of Ellison and
Haviland. (Our worst mathematical chore will be the simultaneous solution of
a linear and a quadratic equation.) Nor will we be designing as completely as
ray tracing would afford. In fact, we shall carry our design just to the point
where the experienced designer would ray trace to determine exactly what
aberrations remain, and try to correct them by differential corrections. Our
methods will be approximate (as are all algebraic lens design methods), so
that the completed lens will have small residual aberrations. However, in
the typical f/15 telescope of moderate aperture these will be very small, and
the only one of importance, residual spherical abierration, can be completely
corrected by figuring the last surface of the lens, as would probably be done
in any casc. '

First thing we must decide upon is a simple sign convention so that positive
ind negative signs in our solutions will have a meaning. We will always as-
sume that light is entering our objective from the left hand side (meaning
simply that the object is on the left). Our convention will be, then, that
surfaces having their centers of curvature to their right will have positive
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curvature and radius. Those having their centers of curvature to their left
will be negative. A magnifying lens will have positive Q:émf.:.m mdm focal
length, a minifying lens negative. For example, in m‘mm_.:n 1r is positive, r,
r., and r_are negative; element « is positive, clement b is .Eﬁi:é. )
* For mﬁ.mmm:m:c: of the various parts of our lens we will use the following
notation:
subscript a refers to the crown element.
subscript b refers to the flint element.
subscripts 1, 2, 3, or 4 refer to the surfaces of the lens, numbered from
left to right. )
n = index of refraction for D light.
7 — V-number, or constringence.
P = power of a lens clement. o
f.= focal length; if without subscript this means of the complete objective.
Q\H curvature.
r = radius of curvature.
An = dispersion (nz—ng). ) ) .
First QM will list M_:mobcarmn all the equations s,_t:. which we shall be
working. Not all the equations will be used for any particular lens type, but
all will appear in this discussion before we are finished.

o C. = L m
Achromatism: LTI Tf(Ana)
1
= — @)
Co = 7y — T s
1
Spherical Aberration: P, = i = Ca(rta — 1) 3
a

Now take a deep breath:
(G103 + GoC2Cy — G3C2Py + GiCaCy? — GsCoP,Cy + GsCuPos
4610y — 020205 + GsC?Py + GaCu(8 — GsCpPola + GeCuPa2 = 0 (4)
('This looks like a humdinger, but it really isn’t too bad. .ém W.:oi wgn%.ﬁrm:m
in it except C, and C,. The G-terms refer to index functions given in Table 1
on the following page.)

Coma: X —
[4GS0.Cr — GiCuPa A+ GOl + DAGCo(s — GrluPa = GoCifle = 0 ®)
Curvature:
- =1 (6)
C
C, = C1— Cy 7
Com - G, ®
Sagitta: .
L ©)
2r
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TasLe 1—FUNCTIONS of N*
N G, G. G G, Gs Gs G; Gs
1.43| 440 830  1.137 516  1.461 946 580  .307
4| 456 854  1.170 526  1.491 966 593 317
5| 473 878 1204 535  1.521 985 605  .326
6| .490 902  1.237 545 1550  1.005  .618  .336
7| 508 926 1.271 555 1.579  1.025  .630  .345
8| .526 950  1.306  .564  1.609  1.044  .642  .355
9| 544 975 1.340 574  1.638  1.064  .654  .365
1.50| .562  1.000  1.375  .583  1.667  1.083  .667  .375
1| 581 1.025 1410 593  1.696  1.103  .679  .385
2| 601  1.050 1.446 602  1.724 1.122 691  .395
3| 620 1.076 1481 611  1.753  1.141 703  .405
4| 640 1.102  1.517 621 1781  1.161 715  .416
5| .661  1.128  1.554  .630  1.810  1.180  .727 -—.426
6| .681  1.154  1.590  .639  1.838  1.199  .739 437
7| 02 1.180  1.627  .647  1.866  1.218  .752  .447
8| 724 1206  1.665  .657  1.894  1.237 764  .458
9| 146 1233 1702 .666  1.922  1.256  .776  .469
1.60| 768  1.260  1.740 675  1.950  1.275  .788 480
117791  1.287 1778  .684  1.978  1.294 799 491
2| 814 1314  1.817  .693  2.005 1.313  .811  .502
3| 837 1.342 1855  .702  2.033 1332  .823  .513
4| 861 1.370  1.894 710  2.060  1.350  .835  .525
5| .885  1.398  1.934 719  2.088  1.369  .847  .536
6| 909 1426  1.973 728  2.115  1.388  .859  .548
7, 934 1454  2.013 736  2.142  1.406  .871  .559
8| 960 1482 2054 745 2170 1425  .882 571
9| 985 1.511  2.094 753  2.197  1.443  .894  .583
1.701 1.012° 1.540 2.135 762  2.224  1.462  .906 - .595
1 1.088 1569 2176 .770 2.250  1.480  .918  .607
2| 1.065  1.598 2218  .779 2277  1.499  .929 619
8|1.092 1628 2259 .7B7T  2.304  1.517  .941  .631
4] 1120 1658 2301 795 2331  1.535 953 644
5| 1.148  1.688  2.344  .804  2.357  1.554 964 650
6 1.177 1718 2386  .812  2.384 1572 976  .669

Press, mmn%snﬂo”._..wm;. Applied Optics and Optical Design,” by permission of Oxford University
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To proceed with our design, we will select two typical glasses at random,
and follow a step by step numerical example.
Crown C—2 ny = 1518 T, =605 An, = 0.00847
Flint DF—8 m, = 1.621 T, = 86.2 An, = 0.01715

For design purposes we will assume a desired focal length of 10 inches. Later
this can be scaled to any desired value. A 10-inch slide rule will suffice for all
calculations.

From equations (1) and (2), we solve for the curvatures of the two lens
elements to achromatize.

1

Cy = = (.486 10
(60.5 — 36.2)10(0.00847) (10)
1
0y, = = —0.240 11
® 7 (362 — 60.5)10(0.01715) an
Equation (3) gives us P :
P, = 0.486(1.513 — 1) = 0.249 (12)

From equation (4) we obtain a relationship between (', and .. To evaluate
the G-terms, we go to Table 1, using as argument the index of the crown glass
to get the G-values for the a bracket, and the index of the flint for the b
bracket.

10.581 X (0.486)3 + 1.025 X (0.486)? ('y — 1.410 X (0.486)* X 0.249

4 0.593 X 0.486 (52 — 1.696 X 0.486 X 0.249 C; + 1.103 X 0.486 X

(0.249)2] + [0.814 X (—0.240)3 — 1.814 X (—0.240)* (5 + 1.817 X

(—0.240)* X 0.249 + 0.693 X (—0.240) 'y -- 2.005 X (—0.240) X_

0.249 ('3 + 1.313 X (—0.240) X (0.249)?] = 0 (18)

Collecting terms:

0.0123 + 0.0368 (', + 0.288 (22 4 0.0441 (5 — 0.166 =0 (14)

Note that we have carried only three significant figures. This is sufficiently

accurate.
We can now complete the design of a cemented type objective quickly. For

this type, €, = €, and we therefore substitute in (14) and collect terms:

07122 (2 + 0.0809 (', + 0.0123 = 0 (15)

This is a quadratic equation of the type ax?+ bx | ¢ = 0, whose solutions are:

P@mﬁ)\vm!rpaa

T = .

2a
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Thus:

Cy= (g = —— "= V) T AT EADDI%0)
P 2 X 0.122
Cy=Cy= —0426 or —0.235 (16)
Either of these values could be used, but it is better for the crown element to
be as nearly equiconvex as possible. As we shall see later, the —0.235 value
more nearly realizes this, so we discard the —0.426 value.

We now know (', (", , and (', for our cemented lens. Equation (7) gives
us C,.

0.486 = (1, — (—0.235) (1 = 0.251 a7
and equation (8) gives C,
—0.240 = —0.235 — (, Cy = 0.005 (18)
From equation (6) we get our radius
1 1 .
ro= Alm = 0251 +3.98 inches
= L —4.26 inches
¢,  —0235 T (19)
rs =71, = —4.26 inches /
e = W = F = +200.0 m:orwi
4 0.005

This completes the design of a cemented type objective. We have assumed
a focal length of 10 inches. For any other focal length we simply scale up
(19). For example, if a 60-inch focal length objective is desired, we have only
to multiply the values in (19) by 60/10, or 6, to obtain the proper radii. Our
computed value for r, came out to be 200 inches. When this is scaled up to a
longer focal length, say 60 inches, it becomes too long to measure by the
Foucault test. In this case the surface could be made plano without ill effects.
Entirely by chance our design gives us a cemented lens in which, in addition,
the last surface is flat (a very easy type to make). This should not be ex-
pected, although r, will almost always be of much longe» radius than any of
the other three surfaces.

The cemented lens just designed is properly corrected for chromatic and
spherical aberration but is only approximately corrected for coma (any cor-
rection for coma must be strictly accidental—we haven’t designed for it).

Now we will proceed with the design of a Fraunhofer type objective that
will, in addition, be properly corrected for coma. Equation (5) gives us an
additional relationship between C, and C, (again getting the G-values from the
table).

(4 X 1.696 X 0.486 Cy — 0.679 X 0.486 X 0.249 + 0.385 X (0.486)?]
+ (4 X 2.004 X (—0.240)Cy — 0.811 X (—0.240) X 0.249 — 0.502 X

(—0.240)7 = 0 @0)
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Collecting terms:
—0.0283 — 0.205 (', + 0.120 (3 = 0
05 = 00253 + 0.205 X (= 0236 4+ 171 C, (1)
or 0.120 0.120 -~
We now have two relationships between (', and (',. Substituting the value
of ', from (21), for C, in (14), gives
0.0123 + 0.0368 Ca + 0.288 (2 4 0.0441(0.236 + 1.71 ()
—0.166(0.236 + 1.71 ()% = 0
which simplifies to
—0.197 (2 — 0.0218 C; + 0.0134 = 0 (22)

Again we have a quadratic of the form ax® + bx + ¢ = 0 with solutions

—b b — dac
PR Al Al
2a
0.8218 4+ 1/(—0.0218)% + 4 X 0.197 X 0.0134
Thus Ca = —2 X 0.197
C; = —0323 or +0.211 (23)

We discard the positive value because it would give us a very peculiar lens
shape. Substituting the value —0.323 from (23) in (21) gives:

Cy = 0.236 + 1.71 X (—0.323) = —0.316 (24)

We now solve for the radii, using equations (6) — (8) exactly as with the
cemented type.

0.486 = (', — (—0.323) Cy = 0.163 (25)
—0.240 = —0.816 — (, (y = —0.076 (26)
B -1 e inches
0.163 ﬁ
ry = W = lw!l = —3.10 inches
(@ —0.323 27
” = |~| = |“I. = —3.17 inches
C; —03816
- 1 1 —13.20 inches
! Cy  —0.076

This completes the design of the Fraunhofer type. Again, we scale up from
10 inches to whatever folal length is desired.
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The two lens types we have considered are probably the most important for
amateur consideration; however, we can briefly discuss several others.

Equiconvex Crown Type: Equation (10) has given us the value of c,. If
the erown is to be equiconvex, (', = —(',, or from equation )

Co=—0Cy— C; = —20,

AJF
C: 2 (28)
Thus, dividing the value of ¢ from (10) by —2 gives us the value of C,. Sub-
stituting this value of C, in (14) gives a quadratic in €, which we can solve as
before. Knowing ¢, €|, (', and (', we proceed as in the previous examples.
The lens would be properly corrected for chromatic and spherical aberration
but coma correction would be accidental.

Flint with Plano Surface: We would proceed practically as with the ex-
ample above. If the flint has a plano surface, C,=0. Thus C,=C, from
equation (8). Substituting this value of C, in (14) gives a quadratic in C,
which can be solved as before. Knowing C,, C,, C,, and C,, we find the radius
as before. Again, coma correction would be accidental.

Airspacing: Neither of the two types just given is very practical unless, in
addition, we can make the two inner surfaces of the lens equal. In some cases
this is possible by suitably spacing the elements. Let us consider that we have
determined the curvatures for any one of the lens types given (other than, of
course, the cemented type, where the inner surfaces are already equal), If
(', is slightly larger numerically than C,, it is possible to readjust the curva-
tures, making ", = C,, then separate the elements to compensate. 'The effective
focal length of the lens is increased slightly, and the aberrations are slightly
affected, but the effect is very small if the spacing is small. We will adopt a
criterion presently.

Referring back to our Fraunhofer design, we note that O, is slightly larger
numerically than (', so we can use it as an example. Our computed curvatures
were

Co= 0486
1= 0.163
C; = —0.323
(s = —0.316

Let us arbitrarily make C,= C, = —0.816. Our new C, from o@:mﬂﬁw: (7) is
new Cy = €y — Cy = 0.163 — (—0.316) = 0.479
From equation (3)

1
Py=—=(Cu(ng — 1
i ( )
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For our old C,

1 .
.\.I H\O#&C.Sw -1) fa = 4.02 inches (29)
s b
For our new C,
1 .
.M = 0.479(1.513 — 1) new f, = 4.08 inches (30)
We must airspace our elements a distance
(new f, — old f,) = 4.08 — 4.02 = 0.06 inches 1)
Our adjusted lens then has these specifications:
ry = 6.18 inches
rs = —83.17 inches (onty change)
ry = 2.3.17 inches
rs = —13.20 inches
spacer =  0.06 inch

‘We must adopt a‘criterion for this procedure. It will be quite arbitrary,
but a safe limit must be placed somewhere. Our criterion: The airspace dis-
tance must not exceed 1 percent of the focal length of the objective. Our de-
signed focal length was 10 inches, the airspace 0.06 inch. We are within the
criterion.

Barlow Lens: A Barlow lens is a negative achromatic objective used to in-
crease the magnifying power of telescopes by greatly increasing their effective
focal length, without materially increasing their physical length (see Bell,
“The Telescope™). They are far superior to short focal length eyepieces for
obtaining high magnifying powers, so we will consider the design of one.

The cemented type design is proper for this purpose, with only two modifi-
cations. One is that f, the focal length of the Barlow (usually 4 to 8 inches)
will be negative and must be entered as negative in all formulas where it ap-
pears. The second is that in place of P_in formula (4), we must use the value
(P, —2/f), the f again being the focal length of the Barlow and a negative
value. (Thus —2/f will always be positive.) This value is exactly correct for
a Barlow magnifying 2, and very nearly correct for a wide range of magnifi-
cations. The value (P, —2/f) may turn out to be either 4+ or —. It must be
entered in (4) in place of P with the proper sign.

The typical shape for a Barlow is concavo-convex with the convex side
toward the object. The value of C, from (15) should be chosen with this in
mind. The Barlow is better designed flint leading.

So far as we have not considered thicknesses, and will not in so far as the
optical design is concerned. However, the lens must be thick enough for
mechanical strength, so a few words on assignment of thickness are in order.

Let us use the Fraunhofer lens as an example, scaled up to a 4-inch ob-
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jective of 60-inch focal length. Multiplying the radii from (27) by 60/10, or
6, gives

ri = 36.8 inches
rp = —18.6 inches
ry = —19.0 inches
ry = —79.2 inches

We decide arbitrarily that an edge thickness of 0.25 inch for the crown, and a
center thickness of 0.35 inch for the flint is about right. The sagitta formula
(9) gives the remaining information we need.

.Q\N
T er

xr

where « is the sagitta and y the semi-diameter or radius of the objective.

n:v.n
7 = —— = 0.055 inch
2 X 36.8
4 .
Iy = ——— = 0.110 inch
2 X 18.6
4 .
23 = ———— = 0.105 inch
2 X 19.0
v og )
ry = ———— = 0.025 inch
2 X792

Referring to the diagram of the lens (Figure 1) we see that we must add «,
and =z, to 0.25 to get the central thickness of the crown, and must add «, to
0.35 and subtract x, to get the edge thickness of the flint. Thus

Crown center thickness = 0.055 4+ 0.110 4+ 0.250 = 0.415 inch

Flint edge thickness = 0.105 + 0.350 — 0.025 = 0.430 inch
Both could be made from blanks 0.5 inch thick.

Again referring to the diagram of the lens, and noting that r, is greater
than r, in the Fraunhofer lens, we must provide a spacer to keep the lens ele-
ments from touching together at the center. The thickness is just

@, — @, = 0.110 — 0.105 = 0.005 inch plus a few thousandths for safety. So we
plan on three small shims 0.007 inch thick spaced 120° apart at the edge of the
lens to space the elements when they are placed in their cell. Such spacers are
needed only if r -is numerically greater than 7, ’

How good are these designs? The three numerical examples given in Table
2, which were worked out from scratch as examples, were scaled up to 4 inches
aperture, 60-inch focal length, and thicknesses added, then ray traced to see.
Al] three lenses were much better than the Rayleigh limit (the generally ac-
cepted standard of perfection) in spherical aberration. This means that no
local figuring of the last surfaccs would be ncecssary. The Fraunhofer lens and
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the airspaced lens were better than the Rayleigh limit in coma. The cemented
lens was slightly outside the limit in coma, but well within accepted tolerance
for this aberration in object glasses. (This was accidental; we did’t design
this lens to be coma-free.) The Fraunhofer lens had sensibly perfect color
correction. Both of the other two were slightly undercorrected, but not suffi-
ciently to be objectionable. Any one of the three lenses would make completely
satisfactory objectives up to 6-inch aperture. The Fraunhofer lens could be
pushed way beyond this and still be within the Rayleigh limit on all three aber-
rations. The accuracy of these methods, then, is all that could be desired for
£/15 telescope objectives. It just takes a little more work than the simpler
methods, in exchange for which you get the assurance that your design is right.

TABLE 2—ABERRATIONS OF THE DESIGN EXAMPLES

The following are based upon a 4-inch aperture, f/15 objective made from
C-2 and DF-3 B

Lens A—Cemented .
r; = 23.9 inches Longitudinal spherical
aberration —0.0114 inch
r. = —25.6 inches

Longitudinal chromatic

t, = 0.4 inch” aberration —0.062 inch
r3 = —25.6 inches OSCt —0.00086
ry = f 57.91 inches?

t, = 0.25 inch
Lens B—Fraunhofer
r. = 36.8 inches Longitudinal spherical
aberration +0.0042 inch
r, = —18.6 inches
Longitudinal chromatic
t, = 0.415 inch aberration +0.00039 inch |
ry = —19.0 inches oScC +0.000012
r, = —T79.2 inches f 60.05 inches
t, = 0.35 inch
Lens C—Airspace
Longitudinal spherical
aberration —.0096 inch
Longitudinal chromatic

r = 36.8 inches

ry = —19.0 inches aberration —0.037 inch
t. = 0.4 inch

r; = —19.0 inches 0SC +0.00019
rs = —79.2 inches f 60.83 inches

t, = 0.35 inch
Airspace 0.36 inch
1 08C is a measure of coma. . .
2 This shortened focal length resulted from rounding off the design value of ry to .

The nominal 60-inch focal length can be restored by multiplying all radii of curvature by
60/57.91. )




The Overhaul and Adjustment of Binoculars

By G. Darnras Hanna
California Academy of Sciences, San Francisco

Under this heading it is proposed to discuss constructional features of a
few forms of binocular telescopes, the endeavor being to provide sufficient in-
formation so that some owners of these instruments may be able to care for
them properly. I know of no published treatise on the subject which gives
more than basic principles of the optical systems. There are some very general
accounts ! of testing instruments for binoculars but there have been no details
of construction of these or methods of using them. It is true that several of
the military branches issued mimeograph sheets during World War II and
these contained some details of value to the personnel of the overhaul shops
which were maintained in many theaters of operation. Such documents were
not available to the public.2 In general, how to take a binocular apart, repair
it, put it together properly and adjust it, is information which has been passed
along from one person to another orally. I am no exception. I received my
instruction from a master teacher, Mr. Daniel Brower, then stationed at the
U. S. Optical School at Mare Island, California, and who was detailed by Com-
mander F. R. Kalde (U.S.N.R.), then in charge of the school, to assist the
California Academy of Sciences in setting up an overhaul shop for naval opti-
cal instruments in World War II. As a result of this instruction we com-
pletely overhauled over 6,000 binoculars of many types and put them back in
service. My deepest gratitude is extended to these two men.

It has often been said that if a person wants to learn how an optical instru-
ment functions, learn its good points and its weak points, he should start over-
hauling. And it is the general belief of shop men that if the designers of
binoculars would tear down a few of their instruments after they have been
out in service, details of construction might as a result be altered greatly.

However, it is believed that a “good” binocular has not been made and it
is doubtful whether one ever will be. This comes about through the impossi-
bility of assembling two precisely similar optical systems and keeping them in
some fixed relationship to each other, usually parallel. Nevertheless, there are
millions of the instruments in use and people like them with all their faults,

My personal preference is a monocular; that is, one half of a prism binocu-
lar, 6x30. The reasons will be apparent in subsequent pages. It will suffice
here to state that in 1920 a committee appointed by the National Research
Council, after protracted tests, optical and psyéhological, found that the de-

1 Jacobs, ‘‘Fundamentals of Optical Engineering.”
aniw, mwlmbw... *‘Optical Instruments,” .
azebrook, “Dictionary of Applied Physics,” Vol. ‘o "

2 The following, however, published in 1945 as .._wnm:m‘n»,mw”mﬁwmmﬁamm_wnwﬁw_o_r removed
from that category: War Department Technical Manual TM 9-1980 *‘Ordnance Main-
tainance Binoculars, Field Glasses, and B.C. Telescopes, All Types.” This document con-
tains a great store of information on methods used by the Army. i
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tail seen with a monocular was nearly the same as that with a binocular.?
But the inherent desire to look with two eyes instead of one is deep-seated in
the animal kingdom and cannot be discounted by one individual or one com-
mittee.

TyPEs oF BINOCULARS

There are hundreds, perhaps thousands, of models of instruments in which
the manufacturer has tried to tie two telescopes together so that both eyes
can be used by the observer. It is obviously impossible to consider them all
or even a very small fraction of them. There are many trick or freak models
and special constructions for specific purposes. No history of the develop-
ment of the various forms has been noticed in the literature although it
would make a very interesting book. There are binoculars with prisms and
without. Mechanical details vary with the ingenuity of the designers (Fig-
ure 1). Even the types and arrangements of erector prisms differ greatly in
different models. For the present purpose it is necessary to narrow the field
and there have been chosen for consideration four types which are widely
distributed.

1. Modern binoculars: Under this heading are included such instruments
as were made for military use during World War II. The number of these
runs into the millions and eventually most of them will probably be in private
hands.

2. Semi-modern instruments: The binoculars made for use in World War I
have been distributed to the public to a very large extent. They represent
a special construction and deserve consideration.

3. Binoculars with central focusing devices: This is the type of instrument
which was generally manufactured for public sale, at least until somewhat
recently. They have a device in common, a central knob, the turning of
which moves the oculars inwardly or outwardly simultaneously.

4. Galilean type binoculars (field glasses): Under this category are in-
cluded those instruments which do not contain any prisms or lenses especially
to erect the images. This is accomplished by the suitable choice of positive
objective lens and negative ocular lens. For many purposes they are superior
to any assembly which contains erector prisms. Instruments with prisms have
by custom come to be called “prism binoculars” or just “binoculars,” while
those without have become established in our language as “field glasses” and
“opera glasses.”

In the above classification no significance has been attached to magnifica-
tion or “power.” It is customary to express this quantity as the first figure

3 Hyde, Cobb, Johnson and Weniger, Journal of the Franklin Institute, Phila., Vol.
189 (1920), pages 185—224, 331-369. From the summary: “In the foregoing it has
been shown that in the hands of not very highly experienced observers the binocular
performs slightly better than the monocular, and that the difference in performance can,
for 6-power glasses, be expressed as an effective difference of about 4.5 percent; ie., a
monocular of magnification 6.27 would show the same performance as a binocular of
magnification 6.00.”
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in a compound expression such as 6x:30, 8x30, Tx50, ete. The last figure
signifies the effective millimeter diameter of the objective lens and therefore
gives comparative indication of the light gathering power. Thus a 7x50 in-
strument will furnish more light and thercfore a brighter image than an 8x30,
in spite of the fact that the latter has the higher magnification. Binoculars
with much higher magnification and much larger objectives than these have

NN A

All drawings by the author

FI1GURE 1
Four common fypes of binoculurs.

" a. 4 6 X 30 for sed 1 " -
bers in World War I. Collimatior Jorm, used, In furge num

affected by wmeans of headless serews
through the body casting, which perm iding the v ms. :..N>w~h.wmsf..f.- M\.HMMMM
g serew for hoth oculars seems to make it dificult to keep the instrument in pre-
cise adjustment. c¢. 4 modern 7 X 50 binocular used extens ely tin World War IT
If Bxe\.‘fé\ assembled it is a very sturdy. waterproof and dust proof w.:.,feziwi.
d. Galilean type of “field glass,” with central focusing serew. Some are ::ﬁmm

with individually focusing oculars and thes i 3 j f
f I sing 4 se retain their adjustment s
Pariodn, j ent for longer

been made and used. However, they become so massive that they are im-
practical to use except when attached to a fixed support. We have over-
hauled some 16x150, also 9x75, but they are comparatively rare.

One other factor enters into the utility of a binocular, Z.S:m: this is rarely
3w:£::n& in advertising literaturc. This is the effective diameter of the
wy; pupil of the instrument. The importance of this can be best understood
if we consider the futility of the exit pupil being larger than the entrance
pupil of the eye. Tf the maximum dizmeler of the average iris of the eye in
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daylight is less than the diameter of the exit pupil it is obvious that the ob-
server is not using all the light which is furnished by the instrument. In
practice it has been learned that the combination 6x30 to 6x42 is about the
maximum optimum magnification and diameter of objective for daylight use.
In darkness the iris expands and it is then possible to utilize to full advantage
a greater power such as 7x30 or even more. For this reason such instruments
are sometimes called “night glasses.” They are more effective at night than
one of lower power and smaller objective, but not necessarily so for daytime
use. The difference in magnification is usually unconsequential and for ordi-
nary use is offset by extra size and weight.

One other factor which may at times be of importance to the observer is
the angle of view taken in by the optical system. 'This is greater in prism
type instruments than in the Galilean form.

The above data may be conveniently assembled in the form of a table
(Table 1).

TABLE 1 *
Diameter of Field of Diameter
Types Power objective in view in of exit
millimeters degrees pupil
Prism binocular 6 15 8.3 2.5
“ “ 6 30 8.3 5.0
¢ “ 8 40 8.75 5.0
¢ ¢ 7 50 8.5 7.1
Galilean 4 50 4.0 —

* Adapted from “‘Fundamentals of Optical Engineering,” by D. N. Jacobs, 1943.
MceGraw-Hill Book Co., Tuc., by per <iom.

I. Mobery Bivocrrars

Iate types of military binoculars have numerous features common to all
models. They have excentric rings around the objectives for collimation pur-
poses, individually focusing oculars, a tapered hinge pin, and most of the
metal parts are alloys of aluminumm or magnesium or both. Prisms are
mounted on a separate frame and not attached to an internal shelf as in
many older models.

With these general considerations we may pass at once to constructional
details.

Body: Die castings are universally used for the bodies (or barrels, as
shop men usually call them) in modern instrument In manufacture they
are clamped in an elaborate and extremely accurate fixture in order to per-
form the various machining operations which are required. Top and bottom
are milled off parallel. Three lugs in the interior are milled off parallel to
these surfuces and drilled and tapped with blind holes (usuxily 4 x 48) to
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support the prism frame. The lugs which form parts of the hinge s

n._::.nm parallel to the surfaces mentioned. The objective end _Mu 3~c_.m HEm-
receive the objective cell and collimating ring and threaded for L r Mﬁn ,3
ring. The ocular end may be completed in one of two ways. In older :M M:w_.:.n
is machined off to take a pressed sheet aluminum cap which is mx.wnﬂ .W_J:u.
wrwm@ oval-head screws (4 X 48). Provision is made in the castin mo.w »MA %
ing that portion into which the ocular slceve is later screwed m.; th Mw.w?
models, the ocular sleeve and cap are one die casting which mw M._ﬁmo_ziow L:n;.
top of the barrel by several screws. In this one :«nmmrwﬁ usually sy .M_u N
rubber, is placed between. Screws used should be 4 X tm c,:ﬁ. mw o .:.»:.
facturers have used flimsy 3 X 56 or even 2 x 64, both of which .:A.Msm one. o
twist off in disassembly. It is obvious that, in order to rcovﬂzﬁvmwwﬁc“m

FIGURE 2

ineh N\whwmxmxww; w:\“m .N,WMMM,MA _The N?QEM M.\ one modern 7 X 50 instrument is 0.50
inch per foot. sleeve is anchored to one bharrel with vel pi e
The pin is anchored to the other barrelby means of a ‘::N.MNA“»:MM Mw\“«s:m at the top.

optical clements in strict alinement in the body, the machining work i
must be beyond reproach. Tolerances have to be kept ver _Mé S:o% "
claborate fixtures it is impossible for the assembly ! : Mook
very closely. '
] .wb.:.cx.. This is the heart of the binocular and, as made at present, 195
it is an absurdity. Two of the projections from the body QZ%: f : Zuw
outer ears and the other two form the inner. Between the .Eﬁmn o_.:m s
.mTid is firmly anchored either by threading or rolling. This m::_,m .m wwwm
is then anmEmQ. out with a taper reamer. In a few models a Brown mHHMmMﬂ :
Zo..a. reamer is used. In others special tapers are made, and thus no e Mﬂu
x.@:_m_o_m reamer is accessible. The hinge is completed ,34 insertin H.oM o
H:mm_‘ of proper size so that both ends are nearly flush with the Om_w»wa .Mu“”
HAcsmeM:wv..ﬂ:% ﬁﬂname=Sm:H m:?MMM rommﬁ and spanner heles is inserted in the
é rulled down taut. A grea ¢
MM_MSN#U@@M HW_MQ“&@_OE the pin. This screw is :yzmmw mmMmMmommmNﬁM mW“ﬂ?eMm@.ﬂ»‘
often twists off. Repair men make the 5 r ce.
Ews?. Naturally, they mw,m threaded omumwmwﬁwwﬁvv“\ﬁmeM::mwmmw o repiace
scale is attached to the upper end of the hinge ,vm“ Bo
screw are usually anchored in .
Ev

man to check the work

The interpupilary
o o e Both it and the lower
c ) ace wi X 80 or 1 x 72 headless set-s

eryone recognizes the superiority of tapers for near perfect wogﬂmum
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movement. They are standard in certain instruments where strict alinement
must be maintained, and in a binocular hinge the slightest misfit makes collima-
tion impossible. That evidently was the thought behind the adoption of a
taper pin and all would be well were it not that, in order to produce a hinge
which will not flop around in handling, the pin must be pulled down into
the taper tightly. This squecezes out the grease and it is not long before the
tube or the pin or both are badly galled so that smooth operation is impos-
sible. Most users of binoculars want the hinge motion to be very stiff so that,
once adjusted to interpupilary distance, ordinary motions of the body will
not dislodge it. It seems inconceivable that designers would go to the trouble
to make a fine bearing and then put a brake on it. Yet that has been the
situation in modern binoculars. There are many ways by which restraint can

FicUrE B
Objective cell with retaining ring and excentric collimating ring. a. Ezx-
centric ring. b, Objective cell with retaining ring. c¢. Objective. d. Shoulder
of cell is machined at this point at time of wssembly to fit the focal length of the
particular objective chosen.

be put upon rotary motion without tightening a bearing. If the method used
by the binocular designers were used in such a machine as an automobile the
consequences would be tragic.

To be any good a taper fit must be a fit. An approximation is not suffi-
cient. Evidently the tolerances allowed in binocular factories have been far
too wide, since pins rarely fit their sockets. As a consequence, the better
repair shops make up their own pins to a definite taper and re-ream the hole.
In many cases, however, it is possible to salvage the old pin by lapping it
into the hole with fine Carborundum grains (about 600) and oil. Undoubtedly
some of the material becomes imbedded in the metal but after washing away
all loose grains with a solvent a beautiful fit can be obtained by turning the
pin in the socket, dry, a few times.

In some shops this operation became routine on more than 50 percent of
all binoculars overhauled during World War Il

Objective Assembly: The or.wmnﬁdn fits in an aluminum cell (Figure 3)
and is held there by a retaining ring usually threaded 36 per inch on 7X50s.
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Hr“m ring has two notches in the outer edge for fitting a spanner wrench t
H_m hten or loosen, but the metal is so thin that very often it gives way X
ten « ‘ but U S 3 S way on a
.?.:\.m: or corroded instrument. ‘I'hien there is no alternative but to cut t
! : nst | : e
M._:m with a hand engraving tool, using extreme care not to injure the obje
o s A N s P H . ’ o
ﬁ_a,hu Mrmﬁoc.ﬁmw end of Z_f cell has two (sometimes only one) notches. %L»},c
serve for turning .:.m cell in the body, as will be better understood when t)
time comes to collimate the instrument. N
Mr: Wﬂmcm .:5155: seat the objective in the cell on a wax or waxlike
meé o P H e & H ) - -
w:; E.Em c&:m in waterproofing the instrument. One of the best materials
o . . . ) o
H.:csqw MW MM _:H—w*%mmm and which was widely used in military shops in war
ime is Prestite Fuel Tank Sealer, m: a3 i in ! :
N , made by the Prestite Engi i )
me s < - : 3 gineering (Com-
wr:dm. MW.QMS Q:w:r,m: Avenue, St. Louis, Missouri. 'This may be u_o:Z_rccﬁ by
wnd into a “wire” about 14, inch i i o .
1 inch in diameter. T'o hasten tl
and into a ™ _about ) . as 1 work we
»;—:E:% .M small hydraulic press with a cylinder to hold the Hv_.».ﬁ:n, ind
squeezed it out into a wire or ribb ) \ ~
on, Assemblers would wi i
‘ S s ind a yar 5
on a tube for use at the work benches. # yurd of this
:.?WE::& M_“m cv.:.crﬁ.. cell there is fitted an excentric collimating ring. This
as two notches (sometimes one) in the front end, and their purpose will
apparent later. prpose i be
All the ele ioned ¢ i
g wﬁ 71M:._Mim :wwzw:::m are made of aluminum alloy in the model being
scussed but it would not be surprising i i \
¢ ; sing if magnesium alloys should
v would not b f . alloys should appear
o e ?3:‘.? .w_:? objective cell and collimating ring have to be E:iﬂ: in
. . . 1 )
collimation it is obvious that they must turn freelv. These metals are v
, A  obvious th V. s als are very
_OZ:M, to M_.:.:. ::M make about the poorest bearings which can be ::;E:.L
:%: LM [ Hﬁ: _Hm_:a __.mm.urm_.ﬂ are too ldose they will flop around and n::::..I::.
e extremely difficu Another retain i i i .
) . er ring is provided to screw i
the body and hold jecti N _ i it
3 objective cell and collimati i igi
the b A nating ring rigidly i siti
e D L : : . g rigidly in position.
his is not tightened down, however, until final collimation has 1 .~.
Hu—ﬂuﬁﬁAﬂ. as een com-
Em:a::cﬂ_ﬁ_gﬂrﬁ” cap Hmﬂdﬁo, ided to screw on the outside of the body. In
7 models this is made of a brittle die-casti i b
y ie-casting material and usually
lels . . S sually breaks
Mz. first time the binocular is dropped on concrete or a steel deck .ﬁ.::A of
:Nw_ have been replaced by brass, turned out in the repair shops o
. ﬂ,w.ﬁ. _m.:lm nm::‘_m»m the objective assembly, except that the objective cell
nd objective cell retaining ring are us 7 1o i .
; are usually locked in place ¢ i i
1d o 3 e after collimation
by Mﬁw c X 80 headless set-screws as well as by the retaining ring °
ubrie ¢+ ™ 2 -1 . J .n )
o :mﬁmwi.m:lw. _r_ﬁ_ H_E_H::m parts of such an instrument as a binocular must
:essity be well lubricated. This is especi i A ,
3 . s is especially true since 5
o ¢ ricate 3 E most parts are
" .M wm mﬁ:::-:: alloys which gall badly. The hinge' and the oe:w.;m EA:L
naintain ¢ J s . Y ; | ¥
Tings “m~ ~2.m w:w not “sloppy™ movement throughout their life Collimating
s a objective cells must hav . ﬂ
] ¢ ave free movement til the i i
i) unti e instrument is
E g assembly. Many greases hav i
f 0 3 3 ases have been tried and there ar "era
in current use. The one, | . i . o i o
. , however, which proved most satist i
o . st satisfactory in 1
marine usage during the war was * i ' | i sroth.
as “Lubriplate,” manufactured by Fi
ers Refining Company, L e et Newart, N g
» Lockwood and Neptune Streets, N Y
o A ve 1 i N 1 Streets, Newark, New Jergey.
E A was uscd almost entirely in overhaul work in many shops for
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hinge pins and for ocular spiral threads. This is a somewhat stiffer mixture
than other grades and is reputed to have special protective properties against
corrosion of aluminum by salt water. Grade 220 was used on objective assem-
blies, ocular body screw threads, and clsewhere. Good operators always put
4 trace of lubricant on such screws as those which hold top and bottom plates,
interpupilary scales, and in fact all serews used in the assembly of the instru-
ment. Manufacturers have not taken this precaution and as a result many
of their screws have to be drilled out in overhaul work.

Some makers of binoculars have used a stiff resinous prease for hinge pins
and ocular spiral threads, primarily to conceal the poor mechanical fits ot
these parts.  Such practice in ‘ariably leads to trouble. One overhaul shop
during the war experimented with making its own grease and sent some instru-
ments out lubricated with a mixture of lanolin, beeswax and rosin. These
binoculars promptly “froze” and many of the hinges were broken by the users
in trying to adjust for interpupilary distance.

Wares: In order to seal a binocukar properly against entrance of moisture
and dust it is necessary to wax the objective cap on. Other places requiring
the same treatment are the junctions of the body caps to the bodies in those
models which employ this construction and around the ocular assembly where
it serews into the body casting. There are no doubt many formulas which
are suitable for the purpose. Some compounds have gum rubber incorporated
in them. But when this material became unavailable due to wartime scarcities
it was found that a very satisfactory wax could be made by melting together
equal parts of beeswax and rosin or pitch and adding lampblack until the
proper density of blackness was obtained. A can of this is usually kept
melted on a hot plate in a binocular overhaul shop and is applied with a
«tick. Naturally it is the last part of the assembly before putting the in-
trument in its case. When a sufficient bead has been put around the objec-
tive retainer rings, the caps are screwed on, the instrument is set on the hot
plate long enough to melt the beads, caps are tightened solid and the surplus
wax wiped off with a cloth while still melted. This produces a neat and
thoroughly waterproof job. The objective may be soiled slightly in the process
and require cleaning with a cotton swab moistencd with acetone, carbon
tetrachloride, or gasoline, followed by Aerosol.

The waxing of the body caps and their screw heads is done with the same
stick and the beads or drops are smoothed out and melted in with a small
soldering iron.

These notes on waxing and lubricating are applicable to all makes and
models of binoculars. These are two of the most important steps in assembly
and should never be slighted or neglected.

Ocular Assembly: The mechanical construction of modern oculars varies
somewhat with make and model but they have basic features in common. One
which has been widely used is here described.

The central tube in which the lenses fit is made of light alloy with a sex-
tuple thread cut on the outside. The eyelens doublet is fitted in the small
end with the flat (flint) surface out. A ring of Prestite (or lacking this a
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Wamm of black wax) is first put on the small shoulder which
Em:r spacer sleeve is next placed in the tube: this is
MMM_Q:. at ﬁrmﬁmim_w end. The field lens (or aczmn:ﬂm _m_h.mm Mm.
Irops in on top o the spacer sleeve and ai ing i
»_wnm_.; é;% & spanner wrench.  This one M,M:“Mn%_”mﬂn:hmrwm MMMMS%& mosuz
WTMM M:EMM. MM%JW«@MWEE? over older models which cither used mm.ewa sﬁ.
g E:oﬁ:ﬁ.mw Lo._w.ﬁ had both lenses bezeled into the tube. In :..Sw
military bir mum:.m an in;#ﬁ. was screwed upon the inner end of the cgw_mw
tub .3 e *.eQ:m o_w outside ::.Q.Q.. This held a *“mil-scale,” or reticle EEG—M
was in the focal WM ane of the eyepicce, and gave the operator a Eamrca f
ammwczzzm ;nn:nwm w:ow_o.m an A.&.:,.nr one dimension of which he W:W.é SLMT
peasc A:m«mm “ %ov.. his .szon is not usually employed in mari
ons and it wmzan_% distasteful to the general public. F om the. con
struction it is obvious that the ocular is of the w.::ﬁ% n_.o. rom the con-
. m_TM 3::% ”_:omlm of 7X50 binoculars this lens M:roms i
a sleeve which was an integral part of the bo er die casti
“MNN_HM:MW& m_:rﬁ.zm:% Sm.z_ a sextuple Hsnom%w w—ﬂﬁaoM__._,Mmmmmm_muﬂ._noﬂﬂm_.w_.ﬁﬁ_-
“:omn._‘ QMT Mw. H.M mJolm&_mg:n? either inside or outside, vam:mm:,m. 55:; H_o_am
ﬁ_mnm.. 8 %% M:‘ ne thread for a retainer ring to lock the lens tube in
Place. S:wﬁ re & m wawm..SE% and locking with this retainer, the wmx; le
thread mu Onrm lu ricated m:m.mro:_m turn rather stiffly but with <1<M~
ymoothn g ,H. . M_M,Emn close mon.:m:_m is not possible. And if the lens ng
ha ?::mvﬁnwﬁﬂﬂr e threads collimation cannot be maintained. Often ,# aim
be found that mﬁmwxn:v_m threads must be engaged in one definite position
at the start f .m.w a proper fit. Also, it cannot be assured that pe ﬁ.‘
angeable; very frequently they are not, not even i 4 make and
Interd! ) s even in the same make and
A knurled sleeve Anm:a\m a ring by some and a dio
M-.%MM MMmMW M:U:: a m:oc_.amﬁ upon the outer end of »rnuwmwm MWMV_M rww NM_E”MV.
vided on | mM Ménm end with graduations usually numbered 4-3-2-1—0 _HrmquWLm
ane Emw:fw 4,,52,&% erence mark on the sleeve of the die-cast cover. This is
the me m:,_mzz mm% one can m._ﬁmuwm focus the instrument in advance of actual
Emmam n m:%u. om. oxm:dw_m in night work. The diopter scale is not usuall
nade fast Ew osition in H.Eonrm:_ work until after collimation has been 85vu
Mi:nr o e process will be described here for continuity. The top f
whidt rMmmM_c: ﬁrmﬁ shoulder ow the lens tube is drilled and tapped oLwoM mQWnM
&ovm@a mom_me. se -wﬁ.mé. ern: the instrument is focused on infinity, the
fpobrer scaje “m H.nor:wnm .:.:E the zero mark rests on the reference Sm:wr of
the outer sle Mmm.m .:o.%oﬂfoz of the tapped hole is marked on the lens tube
and ar ‘_oi,mn ; M_ e .ﬁrmum. part way through. The screw is run down aznm
T ahe lowe .8% ﬁ:vg._.wnwm._:g w.rm recess, thus providing a means of ~oo§~,~
e e loment: www MH. m@:x..; a flimsy 0.53 and a driving device for moo:mms%
Snothe mnim. &mw ed inside msm out, is then screwed down tight against n:.
P ale and serves to provide further anchorage. When secure, it m_mM

is locked with a headless set- i
this outer vin. set-screw. A Bakelite eyecap is then screwed on

supports the lens.
shaped somewhat
it if often called)

asscmbly screwed into
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All these threads should be lightly greased to postpone corrosion as long
as possible. Since the parts are usually made of aluminum base alloy they are
not stable to salt solutions. Even perspiration from an observer's face will
seep in around the threads, corrode them, and the products of corrosion are
very detrimental. Frequently they freeze the threads so that disassembly is
impossible without destroying some of the parts. Then, if some of the cor-
rosive materials reach the lenses or prisms, the glass surfaces are eaten away
to a considerable depth. Sometimes the corrosion can be polished off with a
pitch lap but more often only grinding will remove it.

In the earlier models, made from about 1939 to 1942, the cover plate for
the body casting was not die cast but was made of a stamping from sheet
stock. In this case the sleeve with the internal sextuple thread for the lens
tube was a separate piece which screwed into a threaded part of the body
casting. In assembly, the cover plate was first screwed and waxed down to
the body and then the ocular sleeve was serewed and waxed into place. Since
the threads on the body casting did not make a complete circuit, beginners
found it very difficult to prevent cross threading of the ocular.

Prism Assembly: As stated in the description of the body castings, there
are three inside lugs which are very accurately machined on the upper surfaces
and are drilled and tappéd for 4 X 48 screws. These lugs support the prism
plate which, in turn, has the prisms mounted upon it. Two of the lugs have
additional holes drilled for dowel pins which are accurately located in the
plate and position the assembly.

The prism plates are roundly triangular in shape and are not interchange-
able between barrels. Two openings, slightly smaller than the hypotenuse face
of the prism but the same shape and at right angles to each other, are milled
through and recessed on opposite sides. The prisms seat in these recesses
with just enough clearance on the sides so that they can move parallel to
the hypotenuse plane a few thousandths of an inch. It is, however, extremely
important that the prisms be firmly seated, because the slightest tipping will
make collimation impossible unless there be a very large error in one angle
in exactly the right direction; this is not likely to happen at random. Prisms
vary in size by more than the tolerance allowed in machining the recesses of
the prism seats. Therefore, when replacements are required, it often happens
that either the glass must be ground off slightly or the recess must be enlarged
by scraping. During the war many had more difficulty in getting the prisms
properly seated than in any other part of the assembly of the binocular.

Much ingenuity has been expended in devising methods of holding the
prisms on the frames of modern binoculars. The original or prototype method
will be described first. Two stud posts were threaded 4 X 48 and screwed into
each side of the frame, close beside the prism seats. The outer ends of the
studs were drilled and tapped 4 x 48 and the heights were equal to or slightly
less than the height of the prism, hypotenuse face to truncated apex of right

angle. A crossbar was attached to the tops of the studs; it was bent so as to
, a thin strip of cork being mounted

put pressure on the center of the prism
This is a simple arrangement and,

between to prevent metal-to-glass contact.
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once completed with prisms squared, it answers for most civilian use. How-
ever, many of the soldicrs, sailors, and marines found that most of w_:.. time a
binocular was just an additional burden to carry and did not consider it to be
the delicate optical instrument that it is. In the tossing around process prisms
mounted as described were jarred out of position under the Znumc?m M:.., ,m,.
the slightest movement sidewise on the seats is sufficient to &cw:o,% mvwzw
squaring on and collimation. This usage was so rough that literally tens of
thousands of prisms were chipped on the hypotenuse faces.

A model was then brought out in which a triangular wire was bent around
the prism after it was seated and the wire was held in place against the glass
by four small flat-head screws. Tt is apparent that, by tightening the ﬁaﬂ.é,ﬁ
on one end in turn, the tapered shoulder of Lhe screw against the ,i_v,c s.:,_

ﬁ )

Figure 4
Top and side views of a prism shelf (or plate),

ods or Bt showing one of many meth-

g and squaring prisms.

shove the prism slightly sidewise. In this manner the final squaring adjust-
ment was effected. 'This method was later abandoned but a great Eam:._a‘ ,:m
nrmwm instruments will doubtless eventually fall into the hands of the public
Hr.m next step (Figure 4) was to place a metal collar, stamped M:ﬁ ow“
E.mﬁﬂ.ri about 0.0625 inch thick, around the prism and fasten this to the plate
with four screws. Clearance was provided for the studs, and the inside Hmﬂm e
was supposed to be scraped or filed exactly to fit each prism. The xnw:mz
metal-glass contact was in the form of four pads, relief being provided mTMr
Sr.mum. Screw holes were oversize so that there was slight mmﬂ‘:wﬁzmzﬁ for w:«m
prism for .mn:ml:n, and the metal section was weak enough S0 that it would
spring a little in case of pressure due to poor fitting or jarring in use. In
wm»ww models, in which this collar arrangement was used, ﬁ.rm stud posts .22&
omw‘.:MmMiﬁwzniw and a saddle strap was bent to shape from one piece of mm.ﬁ
wmﬂmni:mmgﬂﬂwﬂﬁmw over the prism. It was provided with screw holes for
In the very last development before the close of World stiliti
the stud posts were revived but the prism was locked in EMMMwUHM M%_,M_N”Mw
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excentric rollers. Each was fastened to the plate with a screw so positioned
that, on rotation of the roller, the prism could be shoved slightly sidewise.
In this manner the prisms were squared. The method is simple and seems to
be good sound engineering practice.

In a 6x30 model, several millions of which were manufactured and dis-
tributed during World War 1I, the prism plate was machined in the usual
way and an over-riding strap held the prisms down on the seats. The prisms
were squared and locked into position by a process which jewelers call
“staking.” The metal of the plate was foreed over against the glass in at
least four places with a chisel. This is rather a rigorous way to treat a piece
of optical glass and many of the prisms could not stand it. Evidently, strains
were put in the glass opposite the chisel marks and temperature changes or
jarring often caused chips to fly out of the hypotenuse faces. It was not
unusual to find all four prisms broken in new instruments as received at points
of distribution. .

In most binoculars, sheets of thin black metal are fastened underncath the
hold-down straps for the prisms. These are shaped approximately the same
as the right-angle polished faces and serve as light shields to prevent reflec-
tions. If not handled carefully in assembly they will cause scratches on the
glass. For most civilian tses they will not be missed if omitted.

Covering and Finishes: Before the development of artificial and synthetic
sheetings, leather was the standard covering material for hand telescopes of
all kinds. The only other material seen has been wrappings of string and
fancy knots put on their instruments by seafaring men, some of whose work
was very ingenious and beautiful. The leather process was revived during the
war on a commercial scale for one model of 16X quartermasters telescope.

Later, artificial synthetic leather and synthetic sheeting was used almost
entirely. This material is usually black and embossed on the outside with a
pebble finish. Vinylite was extensively used during World War II. The
sheeting was cut to pattern size and cemented to the body casting by a rather
elaborate process. Special synthetic adhesives were used and one or more
periods of oven baking were required. The result, however, was a covering
which rarely failed. Sometimes pieces were knocked off by accident and on
such occasions the margins were trimmed .in the overhaul shop and a patch
was put on. The cement used in our shop was called Cordo 2055, manufac-
tured by the Corrosion Control Corporation, 34 Smith Street, Norwalk, Con-
necticut. No doubt there are other satisfactory materials but it is not known
by the writer whether any are available in quantity small enough for the indi-
vidual worker.

One model of 7x50 which was manufactured in large quantity had no
covering at all. Instead, a coat of fine-grained, dull black wrinkle finish was
applied. This produced a very pleasing result, and repairs of scars were easy.
Many manufacturers make this finish. (That produced by Sherwin Williams
is known to be very good.) It must be applied with a gun and requires
baking.

Exposed metal parts other than in that one model are normally finished
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with a dull black enamel or lacquer, baked on n i

MwQ. &om.P mOcm adhesion is usually difficult ncri_h.,w.mm:.j.::%_ﬁ”“mfnﬁlmﬁmm w:‘o
auling, it is .n:mnc:::.% to completely disassemble an m:m:_::m:m : Mao?

Mmg_ parts which _5<.m been exposed are degreased by one method : .,:: I o
ten vapor phase trichlorethylene is used. Products of corrosi o z:o.w her

scraped, sanded or buffed off with a wire brush and loose pai _ﬁou emaved,

Very frequently this means the removal of all paint. M ny bommercial fu

7 fr . : Many commercial fluids
are satisfactory for this purpose. When thoroughly cleaned the m:m::::“:M

is partially reassembled for paintin jecti
E g. Objective caps are screw i
m:.m omc._mam are ~co.ml(< assembled. All glass is _M? out. ama‘w“zw””m—””n@
MMMBW Hmﬁmvvrmw with a gun in a hood or booth and the instrument goes MM
i oven for baking, .> commonly used lacquer had a baking schedule m,ﬁ
o:.\wmﬁmw ww.o;# If time permits, two coats are desirable . ne
er disassembling the freshly painted p: i
. ! shly p: parts the first task is t
the lettering m.:m graduations on body covers, diopter scales and W_H?Mm:c.w__.om_‘
mam_.m.vmow this, a white wax known as “monofil” is used ince it _sz.wz .:‘w
availe rerhe 3 i m ma wn
N«n:hl_m Ms overhaul shops for a long time, most of them made their own mm
We «rm:.m. pound of paraffin wax, the type sold for home canning v_:vogm.
e : an ounce of castor oil and stirred in titanium oxide until .:gu
MH.:x ure was very thick to the stirring rod. Samples were .:.mmm from ti ﬁw
:Mo as the oxide was added until, when cool and rolled into a stick, it MWM:M
WM:%MHB%?#NWQ .S:rm :om sticky to the fingers. The material sSn«Mo:mm r“%.
about % inch in diameter and issued to the a g
k | ] L ssemblers. The il i
M_%uw”mr«.“nmqo:iﬂ ”wdn h.ﬁ%m@m::m or graduations and the surface Weﬂm___%w
a clean cloth. the engraving is already filled wi “cith, ,
or old Monofil, this is removed by goi  markine with e ot
s oin Y : <i i i
ceraper or e ¥ going over the markings with the point of a
_ue?.».a:%.,, . It is believed that a statement of some of the manufact ’
M.sm_,_ﬂ:xEQ: tolerances of important parts will be of interest %roMm M\Mmaﬂ
%\.oé are J: one of the m:w:m_, 7X50 models issued during the mmno:,& SNOHMQ
ﬁawﬂmhwmwu MM: was M:t_wmﬁ in _Mmanm quantity but which, because of later im
, became obsolete, owever, the improve ts di ] .
:::vaﬁw. of parts or permit wider tolerances. H ments did not lessen the
ody Castings and Hinges: A top vi
od; Y ges: P view of one of the body casti ]
mq n.M:nﬁ BM%mzamEm:wm. all within 0.003 inch and manv é#?wﬂw:%%ﬁwmudm
n side view there are many more. Even the le ) : .
. 3 . th of the body is k rithi
0.002 inch. The machinin i o he tapmr of
g of the hinge lugs is very closé. Th
. . . . . e ' ! € ﬁm.
M.MMMMM%WMT cu:_w,ﬁm»rw hinge pin is 0.500 inch per foot. Ovio:&wvﬁﬂﬂ Mm“:m@
st be reamed the correct amount or the pj iT’ .
¢ . . e pin will go through, eitt
mﬂwro“c“mﬂ“mﬂ o:ﬂmmru _; should seat in the taper so that the .WEW is M,_M:MMM
v € top hinge lug of the left body casting. The b | ing
pin will then not extend qui f o Cower T e
quite to the outer face of the lower 1 ! i
) ‘ } f . ug. Ti
MMH:WE? ﬁmm lower retainer screw pulls the hinge pin down :ﬂo :M:Mmaﬁ
rm:m:%wraﬂ._:m :._m movement stiff or loose. When properly seated a :oMau
hall rimmu.ﬂzmmm pin upper m.sm and half in the hinge lug, should line :1. ?wmq:«m
or a dowel pin, 0.0780 inch diameter, which serves to ~o,aw«:“m.
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hinge pin to the lugs of the left body casling, thereby forcing it to turn in
the tapered tube which is pressed or dowelled or both into the lugs of the
right body casting. Very often when hinges go bad this dowel pin works
loose in the upper end of the hinge pin. This is caused by the freezing of the
hinge pin in its taper tube and many times it results in a broken hinge. If
the dowel pin hole has become enlarged it should be abandoned and a new
one made. In drilling it, care must be taken to center the drill exactly on
the junction plane between the hinge pin and the casting.

Ob jective Fittings: Tolerances of most of these parts are 0.001 inch to
0.003 inch. There must be freedom of rotation so that the fits will fall within
the class called “slip” by machinists. ~

Ocular Parts: There is much close work on the metal parts of an ocular.
For example, in the lens tube alone, for the model being considered, there are
18 measurements, the maximum error permissible being two of minus 0.005
inch. In most of them deviation of 0.001 inch is allowed and one way only.
It should be noted that the sextuple.thread for focusing has a 9.5 mm lead;
this is the only metric dimension found on any of the metal parts of late
American-made binoculars.

Prism Plates: These are the most accurately machined parts in the instru-
ment. As an example, a correct prism plate has 39 critical dimensions. 'The
recesses for the prisms are milled at right angles +5 minutes. Spacing of
serew holes and dowel pins is accurate within =.001 inch.

It may seem that these close tolerances are unnecessary refinements but
they are not. Even with them parts are not strictly interchangeable from one
instrument to another and much hand fitting is required in assembly work.
After all, an attempt is being made properly to locate optical elements of
two identical telescopes so that they will be adjustable to the user’s needs,
yet will remain in precise parallelism.

Optical System: All the binoculars that are being considered in the present
account have essentiilly the same optical system. This is shown in Figure 5.
Light from the object enters the objective, an achromatic doublet, is doubly
reflected to the second prism, and the beam is offset to the axis of the col-

lective lens of the ocular; it passes to the eyc of the observer through another
doublet. Thus there are seven pieces of glass in each barrel, or 14 in all, not
counting various sunshades or filters or reticules which may or may not be
placed in the beam. The prisms are so arranged, hypotenuse to hypotenuse,
that the image is erected by the four reflections and they take the name
«“Porro” from the French designer who first used them this way. The over-all
distance between objective and eye is considerably shortened by the four re-
flections. - Other arrangements of various types will accomplish the same re-
sult and some of them are used for special purposes but Porros have certain
advantages for mass production. Even mirrors have been used but they are
difficult to anchor in precise position with sufficient security to withstand the
rough usage to which binoculars usually are subjected.

The most important optical data for the elements of two models of 7x50
instruments follow. One of these models was made in large numbers early in
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the second World War but later was considered obsolete; the other is a later
model, many extra parts for which were unused at the close of the war and
were acquired by salvage companies for disposal to the publie. The various
lenses are assumed to face the object, as shown in Figure 6, and surfaces are
numbered in the same order, objeet to eye. In the earlier model:

Objective, ('rown Lens: Double convex, borosilicate crown glass; index
(n,) 1.5113+.001; V7, 63.5+0.2; diameter 52.0 mm; thickness, 10.0 mm +-.2—.4;
radius 1, 130.1 mm; radius 2,

Py

70.73 mm; surfaces polished to 2 fringes.

Tu 24.mm

Fiarre 5
Diagram of the optical system of a prism binocular,

Ob jective, Flint Lens: concavo-convex. dense flint glass; index 1.6166-+.001;
17, 36.720.25 diameter 52.0 min; thickness 4.5 mm =.2—.4; radius 1, 70.73 mm;
radius 2, 219.9 mm. Equivalenl focal length of cemented combination 193.0 mm
+2.0; back focal length 186.0 mm.

Prisms: Light barium crown glass; index 1.5725x.0015; 17, 57.4=0.5; pro-
Jjected length to sharp ends, 54.2 mm +0.0—0.1; actual length to rounded ends
52.1 mm +0.0—0.1; thickness 25.05 mm +0.0, —0.1; radius of rounded ends
12.5 mm +0.0—0.04; truncated right-angle corners ground off equally and 45°,
leaving 14.1 mm +0.0—1.0 width; crosswise V-groove, ground on hypotenuse
surface 1.5 mm =+ (0.2 wide and without chips; not more than onc bubble 0.2 mm
diameter permitted; right angle faces flat within 1 fringe; hypotenuse face
flat within 2 fringes; tolerance on all angles 5.

Ocular Collective Lens: Borosilicale crown glass, index 1.5170:.0015; V,
64.50.3; diameter 27.0 mm; thickness 5.3 mm +0.2—0.6; radius 1, 73.88 mm;
radius 2, 34.69 mm; surfaces polished to fit gage; glass must be free of bubbles
and striuae. B
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Eyelens, Crown: double convex, light barium crown glass; index 15411
+.001; V, 59.9+0.3; diameter 17.5 mm; thickness 6.0 mm +.01—0.5; :.:::m
1, 20.15 mm; radius 2, 15.12 mm. ’

Eyelens, Flint: concavo-convex, dense flint glass; index 1.6210=.0013; V
36.2+0.4; diameter 17.5 mm; thickness 0.6 mm =0.2; radius 1, 15.12 mm; 3.&:7..
2, 107.2 mm; glass must be free of bubbles and striae; thickness of ac::w::_:c_.-
cemented 6.6 mm +0.3—0.5.

In the later model, the specifications were almost identical in every respect
with those given. The only changes or additions of importance were as fol-
lows: On the prisms the permissible error in the right angle was reduced to
3’ from 5’, while on the 45° angles it was raised from 5 to 8. 13:;5:5_
ﬁoF;.:an was lowered to 3 and the over-all deviation of the :::nm.(csm not
permitted to exceed 10’. The error in curvature (deviation from a sphere) of
the flat curve of the collective lens was held to 3 fringes while the steep one
of both it and the crown of the doublet was allowed to be 5 fringes omm_ The
WMMMmHM_.MQMZMMMmeZ:;wmm in the steep curve of the flint but the flat one was

Hn. the process of overhauling many binoculars of many makes and models
occasion often arose when it was necessary to measure mma:am;m_% the cvz‘:..m
constants of all elements. In no other way could replacements be made m:
this work it was found that the figures as given above had not been mm_wﬁ.mm
to very closely. Apparently much wider deviations do not disturb color noT
rection and definition sufficiently to be objectionable to the average user of
the instruments and only a critical or fastidious person would complain
Certain deviations from the ideal can be corrected in assembly, to some mﬂzm:m
at least, and it is believed that this is common practice.

1t is, of course, desirable that the optics of the two barrels have somewhere
near the same magnification or over-all focal length. Now this can be ap-
proximated in two ways, even though there may be considerable 5:.51::. _m:
?m focal lengths of the individual lenses. All lenses can be matched together
in pairs so that the two objectives, two collectives, and two eye doublets :.:&
close to the same focal lengths, respectively. When a large stock of nr__mm. is
available this procedure is entirely practicable. 'T'he other way of equalizin
focal lengths seems not to have been generally practiced. If two cv?oz,dfm
for example, have considerably different focal lengths, this can be com wmumﬁm.&,
for by choosing ocular lenses accordingly. ; :

It is believed that right-angle errors and pyramidal errors up to 18 of
.msmrw were permitted in prisms by even some of the best manufacture and it
is known positively that errors up to 24’ were frequently permitted by some
7.?5% ﬁ.rozmm:&m of these have been measured and corrected. It is well Mmgvl.
lished in assembly that, if either of the errors mentioned amounts to more
than 3’ in each prism of one barrel, the instrument cannot be collimated ai;m
out Emﬁnr.m:m the errors so that those of one cancel those of the other. Next
to the m&mﬁgosﬁ of the hinge, this is about the most important m»mm in as-
sembly, so it has been described in some detail under a separate headin

The matter of matching can be standard routine in a factory rmi:%.ﬁé?
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sands of parts to choose from but when there are few extra parts, as in over-
hauling, trouble is at once encountered. If a prism or lens has to be replaced,
it is inconceivable that one selected at random or taken from a junked instru-
ment will be a duplicate. It would be much better if all optical parts were
interchangeable in one model but evidently mass manufacture does not permit
maintaining the close tolerances required. In a small shop, making prisms
in batches of 100 and 200 of a particular kind at a time, there was not the
slightest difficulty in holding angle and pyramidal errors within 1’ and the
cost was no more than those produced in mass.

Further, tolerances permitted in some specifications required the optical
and geometrical centers of cemented lenses to coincide within 0.05 mm. Also
the tolerance in focal lengths of all lenses was 2 percent. Probably the
necessity of haste and a limited amount of skilled help in war manufacture
made it difficult to adhere to these figures.

Checking and Matching Prisn In addition to the services already men-
tioned which prisms perform in a binocular, their arrangement at right angles
to each other permits the separation of the objectives by more than normal
interpupilary distance. Thus, stereoscopic vision is somewhat extended.

However, there are certain disadvantages connected with using them, some
of which apply to all prisms. There is some loss of light through the com-
paratively massive pieces of optical glass. There is further loss of light due
to reflection and scattering at the four glass-air interfaces through which the
beam passes in each barrel. The scattering produces a haze which is not
ordinarily noticed without critical inspection; it can be eliminated to a large
extent by coating the two hypotenuse surfaces with a layer of magnesium
fluoride one fourth wavelength thick, the so-called non-reflection coating.

Another disadvantage connected with the use of prisms is that if they are
not set at exactly right angles to each other on their frames, the image will
be out of square. The individual worker can easily check the squaring in
several ways. One is to hold the frame to one eye in such a way that some
square object such as a door or window frame can be seen through the prisms.
The other eye views the object direct. If two prisms are squared properly the
two images can be made to line up. If out of alinement, no rotation of the
frame as a whole will correct them; one or both prisms must be shifted on
the hypotenuse planes. Many overhaul shops make squaring blocks for this
task. A piece of black Bakelite about 3 inches square is scored with lines at
right angles to each other and spaced about Y4 to Va inch apart. The lines
are filled with white monofil and three posts are provided for the prism frame
to rest upon. If, upon looking down through the prisms, the lines change
direction from the squared net, adjustment must be made. Factories have
well-constructed collimators which project a squared pattern of parallel light,
especially for this important task.

Conrady, in “Applied Optics and Optical Design,” page 33, aptly stated
that a reflecting prism is optically a plane-parallel piece of glass and can be
treated as such. [See Selby, “Eyepieces,” appendix.—Ed.] It is obvious that,
if the “right angle” of the prism is obtuse or acute or if the three polished
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faces are not mutually parallel, the sum total is not plane-parallel. As a
consequence a light beam, upon passing through, will not cmerge _Shr_zl, t
itself. The beam will be split up into a spectrum; objects viewed M_M.m:w» M_
bright background will have fringes of color. The deviation of ﬁrm ri w: .wr L;.
from 90° is conveniently called the “angle error,” and the failure of ~mM_.c ,ﬁ__r )
polished faces to be mutually parallel is “pyramidal error.” e
A method of accurately determining these errors has been worked out and
used for years; the apparatus is not beyond the capability of »rm ,:A;w..,..
M—”E;mﬂq ﬁ.lmhﬁ..c_% maker to construct. But for the present it will be m.wmcz..wm
vwﬂw%:nm.m individual assembler has only a square for checking and only four
The square should be a good one, such as machinists use, or better. U
one of the ground ends for a reference face and hold :E,:lp:. ?.:”. i a
fluorescent tube or other strong light. Lower the blade of the LQt;g ﬁ.wz )
of the polished faces. If light can be scen between the blade m:&.::r. L.E.%
that face is not square with its reference end. Note the error and *w m,w!
evaluate it. It will of course be obvious that the light is strongest ..;%: .
outer or inner edge of the polished face. Pass to the next face and mo z“m
same. 'The errors may both be in the same direction, in which case try »m
add the two together and at least get a mental picture of the wog_ If w: o
are of opposite directions, subtract them. Pass to the third face m:.& if t o
is no pyramidal error in the prism, this last one will cancel the sum or ~M~Mm
difference of the other two. In other words, pyramidal error is ﬁ:a,m_:dﬁ.;. .
..um three separate errors. The three surfaces are almost never parallel SMQ_.EM
in ~.=mmﬁ2, or especially constructed prisms, but if the three planes ar e
:F;.:_wm with respect to each other that they cancel out exactly, the : sm:m ww
WQ;..»:, the final emergent beam. It rarely happens that :_mv“ ,mo %::.1 :o»
in no:::m.i.m::% made prisms and it is necessary to try to evaluate :%Anmm:_%:n
error. If projected far enough the three planes would intersect and for :.
true pyramid. [See ATMA, printings since *44, p. 76, Figure 1 ‘eo:»E. !M%& |
Try to picture which end would represent the apex and mark m:m 0 %K.Vm..m |
basal end with a cross or star. Obviously a light beam, in passin _,w w::._ m._M:.
through the prism, will be deviated toward this base upon m:w_ WES HMW :
Emnn.n:m square on the right angle faces and it will at once be ap W;Som
whether it be obtuse or acute. Try to evaluate the amount. It is :0m Hm_:wm m-“ﬁ
to see an error of one minute if the illumination be good. On the end Omnm
prism with the star, write an estimate of the angle error and whether it s
obtuse or acute. Also write the estimate of the pyramidal error. Th _. o
procedure should be followed with all four Ulm:.;. *If the ri ._; m:m wm.:Ma
obtuse, more than 90°, it will deviate the beam outwardly to ::&m; g mm M
end of Eo prism; if less the opposite results. ’ ) ¢ rounde
ow if two prisms be placed on a frame it will be obvious that the right
angle error .Om one will add to or subtract from the pyramidal error QM_M
mwmﬁ. and Snwwﬁﬁw That is why matching prisms is so exceedingly :EEM
in assembly. is definitely possible to selec i 5
nounced errors, and so to arrange M:Q: on a ?EMM.# MMM %.M_M:Mwhmww_wmﬁ _.H“M
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the resultant error is not over # deviation from parallel. But they have to
have the right kind of crrors and be arranged in a prescribed position with
relation to these errors.

The problem is difficult to visualize and explain. Perhaps it can be made
clearer by a few concrete examples.  Prism 1. next to the ocular, receives the
beam from the objective, has a pyramidal error of ¥ and no angle error.
Therefore it deviates the beam sidewise by 3 either toward the wall of the
parrel or away from it. Assume that it is toward the wall, the star mark on
the prism to the outside. Prism B has ¥ angular error and no pyramidul
error; it can make no difference which side is placed toward the barrel, since
in this case there is no sidewise component to the deviation. If the angle of B
is acute it will straighten up the beam exactly, the beam that A4 has thrown
sidewise with its pyramidal error. If the angle of B is obtuse, its 8" will be
added to .I’s ¥, the total deviation will be 6’ and the instrument probably
cannot be collimated without recourse to shims. If, however, A is reversed,
end for end so that its deviation is thrown inwardly instead of outwardly, then
the obtuse angle of B will be canceled out and a perfect result will be obtained.

It is highly desirable that a person who assembles only one or a few
binoculars should try as best he can to evaluate thesc errors in the prisms.
Accuracy cannot be obtaimed with a square but an approximation can be
approached. Four prisms taken at random can hardly be expected to col-
limate. Furthermore, one perfect prism cannot be paired with one which has
an error of more than 3. In replacing one prism of a pair it is often better
to grind an intentional error into the one being made than to eorrect its mate
when a new one must be made anyhow.

Fven though the four prisms available cannot be expected to collimate
when mounted haphazardly on a plate, a few rules may help to obtain a
passable result.  Most probably, each one will have both pyramidal error and
angle error of variable amount. An acute and an obtuse prism should not
be mounted together; they should both be one or the other and the pyramidal
error on the one near the angle error of the other. If the pyramidal error
of prism . is 6’ and the acute angle error of B is 4’ they will cancel within 2.
Then, if the acute angle error of A is 9 and the pyramidal error of B is &,
they will cancel within 17 and the over-all deviation will be only 3’, well within
the collimating range of the instrument if there be no mechanical faults.

The construction of a model of a binocular using cardboard, modeling clay,
and wires, is well worth while. “ith this, the light path can be followed
easier than from a drawing and a method of matching and notation can be
worked out which is different from the one here given. Probably each large
factory has its own system and its special apparatus for determining permis-
sible errors without actually measuring these errors in minutes. Often pro-

jection type instruments are used and the workman merely has to read off
two arbitrary figures to represent the errors and classify the prisms so that
they can be put into their proper categories for matching. The autocollimating
telescope forms the basis for such instruments. The one described in the next
chapter and which has a well corrected spherical mirror for an objective has
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many points in :.m favor and is readily constructed with few tools. Almost
any accuracy mcv:.mz down to small fractions of seconds can be 2“,::7 o_w
,.f.;:_acm ”ﬂ; everything necessary to know about a Porro prism can be _A:.:,::M
in less than a minute. It is convenient in usin ese in e
. ! : g one of these instruments
_.mi:,_m ZSM.E.:E in actual minutes and fractions, rather than :«Z::__ﬁ“‘ I:.M:
merals. 4.( ith ch above as a basis a set of well tried rules mayv be set dow
for matching prisms accurately. ’ e
Q._.w. OM_JMQ ﬁ”n m:.:w,_m error of the eye (top) prism against the pyramidal
or of the objective (bottom) prismn, and vice versa. Add the two result
together; they should not equal more than 3. o
M. -_memﬂgsm whether the angle error is obtuse or acute
3. To determine this, move the eyepiece i .

) : . yepiece and prism of the tester tows
mirror ; if the two images from the right-angle faces approac h othes, the
angle is acute; if they separate, the angle is obtuse

3] 1 )
" 4. ﬂ.:%m prism on tester stand so that when the reflected images, viewed

rough the eyepiece, have the single brightest i ym U

< y X s , the one fr tl
hypotenuse face, on top, and N be o o

3 > e , ¢ mark the top of the pris ith a s i
the prism table so that the twe Vihe horizontal e nt i
the pr b E ‘o angle spots are on the horizontal line of
C.cmm:.:o. If the n‘nom.m:sm is calibrated in equal divisions and these 1”. hesent
one minute of deviation each, count the number of div sions t
__%_:;M:Mmo reflection and record the result on the prism m,ﬁ is convenient to
recor 1e amount of angle error and whether it i . .

. t E it is acute or obtuse on th
M._Sw_wsawvfnv the .mﬁ:.. Due to the double reflection within the prism ;M
Ewy _H:m m__yim_o:m will have only half the value they do for pyramidal Lci;.:c:

5. In all cases place the top pris vi ; "t i : .
i ¢ 1 p pri$m with the star toward the outside of the

6. If the angle of the to i i
. . p prism is obtuse, place the bottom prism i
_smﬂ.:ﬁ.o:_* with the star toward the outside Awm the binocular prism . the

. the angle of the top prism is a om

$ acute, place the i i

star toward the middle of the binocular. pluce the boftom prism with the
) :m‘ Z:Wn_: only acute angle prisms together and obtuse angle prisms to-
ge M.m~ Do not try to ﬂ.zmﬁnr one which is acute with one which is c_;:é,
o m_:, Awmf_mzi M_M?,m o»._::_vol::no may be found below under the maﬁnl_.&c:

> tester. may be noted here, however, that the d iti ,
. @ t may 0te f e definition of the pris
M:Mm;m:% mmﬁﬁnnmd_snm qualitatively and the flatness of the polished ?nm%“:.ﬁ

e apparent from the appear: vari i , ; A
once ppearance of the various images as seen in the oc-
< _.:% rmdn»r of the light path through the glass of the prisms is important
.r»wmﬁ.nm :ermoa a recent model call for 54.0 mm +0.2 for each prism :..
it varies much from this there will be no room i e f ing :

. > m in the focusing mount of
ocular to bring the instrument to f R erinding. and
lar ) s > ocus. Consequently, in regrindi
polishing, either to remove scratches, pi i v B oo, the

s € » pits or chips or to correct errors, t
E::WEB amount of glass should be removed. In an emergency an ozm.ﬂi_mw
can be moved forward or backward a small distance to compensate for .x:.mg..

tion of the amount of 55 1 i
glass in the prism but it is a acti 4
recommended otherwise. ! practice

h cach other, the

present
up to the single

hich is not
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Centering and ('ementing Lenses: The optical axis of a good instrument
should be a straight line unless it is offset by prisms or mirrors; it should not
be zig-zag due to lenses being tilted or by having their edges ground so that
the axis is not in the center of the circumference. In manufacture, a lens is
made slightly oversize and after grinding and polishing it is mounted in a
machine which is so constructed that the optical axis can be made to coincide
with the axis of rotation. It is then a simple matter to grind the edge down
to the prescribed diameter. Soft wheels of grade J or X (of Norton nomencla-
ture) are usually used but one or a few lenses can be edged to diameter by
several simple methods which are well described in the literature.

The task is readily accomplished on an ordinary lathe, preferably one with
a hollow spindle. The lens is mounted on a short length of brass tubing, the
diameter of which is slightly less than that required for the finished product.
The tube must be machined on the end, square with the axis, and sharp corners
should be chamfered off. Sealing wax or blocking wax is used to stick the lens
to the tube and while it is still warm the glass is shifted sidewise until the
reflection of a distant light remains stationary on rotation of the tube chucked
in the lathe.

This method is not especially accurate, for several reasons. In some shops
a notched stick, held on a support in the tailstock or on the crossfeed, is pressed
against the outer surface of the lens during slow rotation. This likewise is
not very accurate and there is risk of scratching the lens.

In mass production both of the above methods are extensively used on
especially built edging machines in place of lathes and it would seem that the
results they produce are sufficiently good for the purposes required. It may
be expected that one person who wants to assemble one instrument from a
miscellaneous lot of parts, or even a small overhaul shop, would not have
such a machine available, and perhaps he might want a more nearly accurate
result. Two methods will be outlined, in both of which the only special equip-
ment required is a lathe with a hollow spindle.

With the lens to be edged mounted in the lathe, an illuminated target such
as a crossline, a pinhole, a piece of fine screen or the filament of a low-voltage,
clear-glass light bulb is mounted to the left of the headstock so that the beam
passes through the spindle. This can be centered sufficiently by sighting
through the spindle from the opposite side before the lens is chucked. If the
lens be positive an air image of the target will be projected somewhere to the
right. - The position is readily found by trial with a white card. If the lens
be out of center this image will rotate when the spindle is turned. The tube
should project far enough from the chuck so that it can be warmed with
some kind of burner to soften the wax. The lens is then shifted sidewise until
rotation of the spindle produces no perceptible movement of the image. Ex-
tremely close centering can be obtained if the image be projected upon a
piece of clear glass and is then examined with a magnifier or microscope.

It is believed that a still better method is to mount an auxiliary lens, such
as a 7x50 objective, on the crossfeed of the lathe and adjust it close to the
center of rotation of the lathe spindle. By moving the crossfced along the
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bed of the lathe it is possible to project the air image formed by the lens i
the chuck to a distant wall or screen in greatly magnified form. In Y:_.J
E.mn:».q the slightest discrepancy can be &mlcmm;. Or, if one nr'ccﬁi :“m
direction of the beam can be reversed and to the right of the ::x.::.? ,u?:w
ﬁ.:ﬁ.m is placed some sort of target. A fine screen illuminated 5“:: .w back
light through a ground glass is excellent for the purpose. An air ::.; e nm
the target is produced by the auxiliary lens in the focal plane of the _Ammﬁ M
be edged. Therefore this last will project the image of the target to m:m.::c
:.:.c:%: Mrm lathe m_.:-::w. It can be examined with any small telescope _:.%H
.WMMH:WW mMMMMMM.M.c: infinity, and on rotation of the spindle very slight errors
The actual grinding of the edge to diameter can be accomplished in many
ways. A soft wheel (such as Norton No. 37C180-K8V') mounted on a toolpost
grinder and fed with water is probably the fastest. However, equally _oﬁca
results can be obtained with loose abrasive grains and a —:.ﬁ.m, om :;( :Wcﬁi
15::?4_ across the lathe ways. This strip should have a slight s :..E1 ¢ Nm
it should be hinged at the far end; a screw is provided so ::.ﬁ, _: n.m:;_m
elevated against the edge of the lens by small stages. Another wa ‘;? Hw
j:::ﬁ the piece of flat metal on the crossfeed in an inclined _Em#mcm ,q,ro
diamcter of the glass is reduced by merely advancing the crossfeed . ‘
) A task which frequently confronts most workers with lenses is ﬁr.o cement-
ing :w. TE.o or more elements together or the renewal of the cement in damaged
ao.:ug:.._fo:m of lenses. Formerly Canada balsam was used A.f._:mrulﬂ m%:.
this purpose. Sometimes the liquid form was used but, in oi?» to remove
the solvent, it was necessary to.heat the glass slightly for a protracted period
Consequently stick balsam was nearly always _‘:.:m...inm. However ww émm.
found .::; sudden and extreme changes of wm:.::. rature encountered 9 .Em:ﬁ.:. 4
operation frequently caused the elements to part. This led to wrm mm,i.o g.«
ment of a synthetic resin cement, a methyl-methacrvlate, by the nm;mmmjwm
wﬁ::.m::.:n of mmm?d:: Kodak Company. “This is gvmrmm than cmf:? but
AHMW‘.@ out the same index of refraction. It has been available in stick form
Many special appliances have been developed for mass cementing of large
::5?3..@.1 lenses of one size. But when the sizes vary greatly or m‘_:.: .o:mm
an ownxm_o:m_ cement job is encountered good work can be mn.u(.::_v:f:ca with
relatively few accessories. A heavy cast-iron disk is heated on a roﬁ rlate ;
the carefully cleaned lenses, resting on a piece of black paper, are e:mum mm,
up to »r.m melting point of the cement on this disk. A drop OW _:”o aﬂsﬁm:ﬁo.
melted into the concave lens and the convex lens is dropped on. It v __w
gradually settle into position but it will usually be found that :gmqo.m:w s "
bubbles present. These can be worked out with slow rotation of one M::m
upon wr.m other and pressure. A chamois-covered stick or a piece of mmmw
rubber is .:m:::M used because the glass is too hot to be handled more ths
Eoimimdq with unprotected fingers. A set of squaring blocks d r:m
casl iron % inch thick, as shown in Figure 7, with a 7x50 aimamw‘m:w w N
place, can now be used to line up the m?a::ﬂmm_‘m:nwm of the Mm:mcm. Mﬂvz_dw
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original cenlering was done accurately this will usually suffice but it must be
insisted that there is no substitute for good optical centering.

Flaborate and well constructed instruments are available in larger shops
and factories and while the cement is still warm the lens is transferred to
one of them. A very accurate scroll chuck centers the lens mechanically
while the image of the crossline is projected from below. The beam is focused
into a small telescope which is also provided with a crossline, This last
usually has a circle in the center to represent tolerance; that is, the two
lens clements must be so adjusted upon ecach other that they project the
image of the lower crossline into this circle. Provision is made for rotation
of the chuck with the fingers and the lower crossline can be adjusted up and
down to accommodate lenses of great differences in focal length. The best

Mad
N/

AN
Firaurre 3
T blocks used to center achromatic lenses during cementing operation when
lenses have already been edged to correct dinmeters.

instruments are provided with a penta prism in the telescope to turn the

image out horizontally for ease in use.

Collimation: In any binocular telescope it is of the utmost importance
that the optical axes of each half of the instrument shall be parallel to each
other with a permissible deviation of not over about two minutes of arc in any
part of the swing. If it exceeds this amount the observer’s eves will be looking
in different directions and he cannot look through an instrument for a long
period of time if his eyes are strained to bring the axes into alinement,
without much fatigue, headache, or other evidence. He may see through the
same instruments with one eye only, and this is a very common occurrence
with privately owned instruments. Tf the axes are in alinement, the binocular
may be used continuously for hours without the slightest strain and the ob-
server soon forgets that he is looking through an optical instrument at all.
The problem is to put them in alinement, or collimation, as it is usually called.

1t will be readily apparent from a casual examination of an ordinary
binocular that when the two light beams emerge from the oculars their pro-
jected paths may be parallel in one plane and not in another at right angles
to it. Furthermore, a slight adjustment of interpupilary distance by revolu-
tion around the hinge may alter the direction of one or both beams. That is
why the hinge was called the “heart” of the instrument earlier in this chapter.
Thus it becomes evident that there are three distinet units which must be
brought simultaneously into strict parallelism and they must remain so for all
adjustments which may be made, such as for change of focus and inter-
pupilary distance. Also, once the goal has been reached, the provision made
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for collimation should be locked as securely as possible to prevent displace-
ments which would result from the ordinary use of the instrument. H,rmm ver
delicate nature of this piece of equipment will be readily apparent to ::f.SM
before he finishes the task of bringing two telescopes and a hinge axis ‘into
mutual parallelism.

To do this without an accessory piece of apparatus, called a collimator, is
almost impossible if precise results be desired. However, few mzmmim:,im
either have access to a collimator or would care to spend the time and Ec:.m
required to make one. Therefore, an effort will be made to give a vaoemmp:.w
whereby a passable result can be obtained.

It is assumed that the disassembled instrument has been put back together
and that the focusing adjustments and the rotation of the barrels on the hinge
are velvety smooth. If there be the slightest catch or “jump” in the _mﬁn_.w

good collimation can never be attained. This point cannot be too strongly
emphasized. y

Figrre 8

Appearance of horizen line throu i

0 ne gh both barrels of binocular. Left: A
M«.ws when squaring and collimation are perfect, irrespective of :\Sﬁfﬂmi MM
inge axris or h‘ri::*.x .e\ instrument from eyes. Center: One or both barrels are
out of collimation. Right: Prisms of right barrel out of square. )

Hold the binocular before the eyes in normal position and look at some
object which has a horizontal line, such as a picture molding indoors ,9. a
_u.::&:ﬂ. outdoors. There should be no offset (often called a break) ,m: wrmm,.
line as seen by the two eyes (Figure 8, left). Slowly move the binocular
outwardly away from the eyes, and at the same time rotate the two barrels
on the hinge to keep both images in view, all without relaxing close ocmo:m:om
on the junction point of the horizontal line. If it continues to appear without
an offset, throughout the swing of the hinge, the instrument is in collimation
A newly assembled one can hardly be expected to be in this condition. m:.ov..
ably the view will be as shown in Figure 8, center. This procedure should be
repeated by every user of a binocular until it becomes standard routine ir-
respective of the one he uses. In no other way can he quickly evaluate the
correctness of the adjustment or collimation. ’

If, during the process, the two parts of the horizontal line as seen by the
two eyes do not remain strictly parallel to each other, even though they may
7.» offset, then the prisms of one or both barrels are out of square AE%:@ 8
right). There is no cure for this except to remove the prism plate and s :E.m.
the prisms properly. ’ K

Each objective cell in modern binoculars has a loose excentric ring around

0 €6
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it, free to rotate but a good fit both on the cell and in the barrel. The cell
itself is likewise excentric, the amount in each case being .020 *.002 inch in
most cases. Now the separate rotation of these two elements permits the
oscillation of the axis of the objective in a circular plane normal thereto and
040 inch in diameter. This is sufficient to collimate any instrument if the
parts have been made and assembled within the specific tolerances. All that
is required is to rotate the two elcments in each barrel the correct amount
and lock them there. The difficulty is to determine which one to move, how
much, and which way.

If possible, a rigid support for the instrument should be provided so that
it can be worked upon without disturbing its direction of pointing toward
the target object by even as much as .001 inch. An outdoor object, distant
1000 yards or more, should be chosen. This done, the best advice which ecan
be given here is to just try. It is likely to be a long experiment but it may
be well to remember at all times that the object sought is to bring the two
images into superposition at all points of rotation of the hinge. FEventually
an ad justment may be obtained whereby one may be able to use the instrument
for short periods without undue strain, but only by accident will real collima-
tion be attained.

By the use of a standard collimator, this process becomes simple routine
after some practice. A great many special instruments have been made for the
purpose, some of which are described in the literature. All these possess in
common, two collimators of small size, say with 3-inch objectives, one for each
barrel, or one small collimator with provision for moving either it or the binocu-
lar horizontally. Much ingenuity has been expended in devising means for
holding the binocular in position and for viewing and interpreting the two
images of the target. In some cases these images are projected upon a screen
which is properly ruled and divided so as to tell the operator when the adjust-
ments are within tolerance. In Scientific American, Oct., 1951, pp. 81-83,
Felix A. Luck described a simple means of obtaining a reasonably close col-
limation, using the sun, a large reading glass lens and a wooden mounting on a
camera pan head.

One collimator, Figure 9, top, which is in wide use in Naval shops, has
numerous features to recommend it. After having made several, it can be
stated with confidence that it is not beyond the capabilities of many individual
workers. The essential parts are shown schematically in Figure 9, bottom.
The tube may be of wood or metal, round or square. The length is determined
by the focal length of the lens to be used. At a is an ordinary frosted bulb of
about 60- or 75-watt capacity. Then comes the target unit which may be made
up as follows. At b is a sheet of opal or ground glass. At ¢ is the target
shown in Figure 10, preferably made by printing directly on Kodalith a full-
size drawing of this target. At d is a disk of red cellophane and at e is a disk
of clear glass. These four elements, a, b, ¢, and d, are all made the diameter of
the collimator lens f, to be used, and are bound together like a lantern slide
and fitted into a cell which can be adjusted back and forth a small distance in
the tube. The collimator lens f is ordinarily a single piece of glass and may be
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8 to Hmw inches in diameter.  Ordinary plate glass of sufficient thickness sl

be satisfactory. The latter diameter is better for 7 x 50 Z::n:_.:,,m_,fm::__z
mqmﬁ.omz .cm .:m.,m. A plano-convex is satisfactory but the least .:.H .m _ﬁz ! €
cwf:zag if it is double convex, with one radius about .,:.:.:.H,m:_n;nmﬂw other,
The focal length is not critical; 48 inches is a good mm:we to mﬁlﬂm »_:“,. c%_“”ﬁwm

F1GURE 9
§3:r_.\,w~eﬂmh »w v:::m:w“:. collimator used extensively by the Navy
elangy a e right is a 8§ > =0 : -
tached t free-sitinging 1 Spencer 72X 50 with aurilic o
o the free-swinging barrel.  The rhomboid prism is i:.:\:E\MMMNMN«M\:‘.:WT
shown, it fore-

shortened, at the objective en re telescope are ) optiea
t 1, at t ! tive d of the t 3 v
o : ' oo b ond it lescope.  BRelow: Dia yram of the optical

The instru-

it is know : i
?MTBMMM@ .:”u.pwcmmr:mm of the .5354 (Figure 10) can be divided to represent
¢ intervals and the circles represent degrees.  Then the angle of

field, the magnificati .
each b & ion and something of the aberrations and definition of

Hr%ﬂmzww Mﬂwzwwzﬂmim_.a being worked upon can be determined.

and it e o ‘_J_Smm:.%,n 9, .?q holding the binocular, comes next in line

it must be poaol ﬁ W are many ways to make it. In addition to rigidity
1 ble to move the binocular as a whole hecause its purpose ﬁl.u

marily is to aline the hin i
aril @ ge axis parallel with th ical axi i
within very close limits, that is, .001 to .002 mslm epticrl axis of the collimator
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Unless a projection method is to be used, an auxiliary telescope (Figure 9,
top) is required for examining the position of the image of one barrel while
adjusting the objective and the holding fixture at the same time. The telescope
should be of low power; 2x to 4x is best. It has no crossline but is provided
with a rhomboid prism mounted in front of the objective (seen foreshortened
in the half-tone illustration). Threaded rings are usually provided to attach
the telescope to the ocular of the binocular or it may be mounted on a separate
fixture of its own. It is adjusted to infinity focus.

Upon looking through the telescope two images of the target will be seen,
one through the binocular and one around the binocular by means of the rhomb.
The problem is to make these superimpose throughout the length of the arc of
swing on the hinge. There are two ways of doing this. One is to move the

FI1GTRE 10

One type of target used extensively in collimators of the form shown in
Figure 9. The details of the design ure calewlated from the focal length of the
collimating lens. Each cirele represents 1° of field. Each small division repre-
sents 107 of angle. With this form of target it is possible to compare the sizes
of the fields of view of the tiwo barrels of the binocular us well as the comparative
magnification. A general idew of the chromatic aberration is also readily ob-
tained.

magnified image of the center of the target (the one through the binocular)
halfway to the direcl image (the one through the rhomb) and the rest of the
way with the fixture. This is done at one end of the swing and the process is
repeated at the other end %f the swing. By going back and forth a few times
in this way the two images of the center of the crossline will come to exact
superposition and remain there no matter what the position of the barrel on
the hinge. This means merely that the optical axis of that particular barrel
and the axis of rotation of the hinge are exactly parallel to the optical axis of
the collimator; thercfore, they are parallel to each other.

Now, without disturbing the fixture at all, if the auxiliary telescope be
transferred to the other barrel, which in normal practice is rigidly clamped in
the fixture, and the magnified image be brought to the center by moving ob-
jective ring and cell alone, the entire instrument will be in collimation. Both
optical axes will be parallel to the hinge. All that remains is to set the retain-
ing rings, lock them with their sel-screws and make a final check to see whether
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this has produced any maladjustment, If not, the diopter scales of the oculars
can be set on zero (for infinity focus) at once and the work is completed except
for waxing, which has already been described. P

The other method referred to is very similar hut somewhat faster. In this
the axis of rotation of the hinge is first set approximately on the axis of the
collimator. This is done by adjusting the fixture alone until, upon rotation of
the free barrel with the auxiliary telescope attached, the magnified image of
the target center travels about the stationary one in a circle. Then Z.% two
w.dmmmm are brought into superposition with the excentrics. After some prac-
tice an A.%S,mﬁoﬁ can do this in only one or two trials and collimation then be-
comes m._:::a routine. The second barrel is adjusted the same in both cases

Obviously it is necessary in this type of collimator to have the r.ﬁ.. mw.
mounted exactly at the focal point of the large lens. Then the image of mrn
ﬁ..f.mnw is projected to infinity. To make the adjustment, a telescope with con-
siderable magnification, 10X to 20X preferred, is focused upon a distant object
out of doors, say the moon or a star. Then the target of the collimator mr%:_m
be moved back and forth in the tube until it is in best focus in the telescope
and there is no parallax; that is, the image of the target does not move when
the eye of the observer is moved up and down and crosswise in the exit UoE,d
of the telescope.

Telescope makers like to grind mirrors. Therefore, attention is called to
the possibility of making a superb collimator by the use of an off-axis parabo-
loid instead of a lens. Probably this is greater refinement than is necessary
for binoculars and an ordinary 8 to 12 inch f/8 Newtonian mirror would w:,mmnm
The target might be full size and offset; it might be smaller and mounted o:.
the mx.mm approximately in line witH the hinge axis, or it might be projected to
the mirror by means of a full aperture piecc of clear glass inclined at 45°
Such a construction has not been made, so far as the writer knows. It is a
modification of the prism testing instrument described in the next chapter.

) Special telescoping tube wrenches are usually made for adjusting the ob-
jective cell and excentric ring of a binocular simultaneously. . They must be
made especially to fit each particular make and model and, since considerable
labor is involved, they are not usually provided for a single instrument or
even a few. The same adjustments can be effected, but not so easily, by usin

two hooks, one in each hand. . Yoy uine

Finally, the habit should be formed of always looking backward through
each barrel of the binocular toward a strong light. In this way internal optical
defects can be spotted instantly, mmvmﬁm:w if the instrument be pointed not
quite directly toward the light, so that slight oblique illumination is obtained
Mnumwnrmm, pits, dust, smudges, bubbles, ete., stand out brilliantly, but the um,.
Jjustment of the instrument cannot be evaluated in this manner.

I1. SEmi-Moner~ BixocuLars

This is the type of instrument used so cxtensively in the first world war.
A great many of them bear the serial numbers of the Signal Corps, U. S

.
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Army. They do not differ fundamentally from those which have been described
but the details of construction have been changed radically since they were
made. Nearly all are 6 x 30. The lighter alloys had not then come into ex-
tensive use in instrument making, so most of the parts are made of brass and
zine die castings. For this reason they have withstood corrosion very well and
many of them are still in excellent mechanical condition.

The hinge has a straight pin instead of a taper, a construction which has
much in its favor, although the method of producing resistance to rotation of
the hinge by tightening bearings seems unsound in either case. The straight
pin rarely freezes and consequently there are relatively few broken hinges.

Objective cell and ocular both screw into the body casting, so there are
stamped metal covers on each end. In assembly, these are waxed down. Ocu-
lars are individually focused. There were many modifications in construction
but the forward and backward motion is produced by multiple threads as in
the later designs. The use of a key and spiral slot had disappeared.

Prisms are mounted on each side:of a milled shelf, cast integral with the
body, and are held in place by an overriding spring clamp engaged in two
internal slots in the casting. The prism seats are considerably oversize.

Collimating rings were not in general use when these instruments were
made. Therefore, adjustment is made by shifting the prisms on the shelves.
For this purpose there is a series of headless screws, 2 X 64, threaded through
the body casting from the outside. These are located in such positions that
they can be made to shove the prisms back and forth on the seats and also
rotate slightly for squaring purposes. In this manner collimation is effected.

Tt is highly desirable, before this is attempted, that one become thoroughly
familiar with the function of each screw. The disassembled barrel with only
the prisms in place should be studied in detail. A diagram for each prism,
made at the time, will aid the memory. Ordinarily the screws are so arranged
that each one has another to oppose it. Therefore, collimation is effected with
two screwdrivers, the one working against the other. It is good practice to be
absolutely sure ahead of time lhat all screws work freely in their threads and
that the driver slots are not in bad shape. There is a very good reason for this.
The points of the screws bear directly upon the glass of the prisms and at the
most vulnerable positions, the thin edges of the 45° angles, or near the hy-
potenuse face. It takes very little excess pressure on one of these screw points
to chip the glass, and replacement prisms are not regularly manufactured. It
is also good practice to back off each screw a very slight amount each time it
is tightened, just for safety’s sake.

If a collimator is not available, adjustment must be made by trial and error,
as has already been described. The best results cannot be expected but after a
period of experimentation a usable instrument should be obtained. If a colli-
mator be available, the binocular is attached to the fixture, the auxiliary tele-

scope is put into position and the second method described will be found to
be advantageous. Until the operator becomes thoroughly familiar with the
exact function of each screw he will have difficulty but, once this is mastered,
these instruments do not give much trouble. They have a much wider range of
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adjustment than modern ones with excentrie collimating rings and, as a conse-
quence, larger prism errors can be tolerated. However, if they much exceed
those given in the preceding chapter, bad color effects begin to M::uc:?

All that remains to be done after collimation has been completed is to set
the diopter scales of the oculars to zero and fill the serew holes with black wax.
In general overhaul all the rules and precautions already mentioned should
be followed, such as greasing, sealing, painting, etc. ’

A great many minor modifications of construction were made, especially in
the design of the hinge and the ocular. It will be found very difficult to match
the old hard rubber eye guards on the oculars. Many different designs were
used. In many cases it will be found better and quicker to discard the old ones
entirely, make new retainer rings to fit the brass mount and use a couple of
modern guards.

The semi-modern binocular has many points in its favor. Tts greatest fault
is the likelihood of the collimating screws chipping the prisms.

ITI. Bivocvrars witit CeNTrAL Focvsine DEvices

The number of makes and models of these is legion. Some are cheap and
some are expensive while some are outright fakes. TIn this last category fall
such things as those articles which were widely distributed some years mm.c and
which looked outwardly like binoculars yet they contained no F:.wmf prisms or
mirrors but only two plain disks of window gluss in each barrel. These did not
even have a central focusing serew but there was an imitation of one.

Thus the general public has been “educated” into the belicf that a properly
made binocular should have a central knob, the turning of which moves the
oculars inwardly and outwardly simultancously. This design is unsound, both
optically and mechanically, yet it persists in expensive models as well as the
cheap ones.

The basic construction is similar in all of them but details vary within wide
limits. 'There is a central tube connecting the hinge lugs and a W:ﬁn knurled
knob somewhere along the line. 'This is free to rotate but not to move up and
down on the hinge axis. Attached to this knob, or integral with it, there is
another tube which rotates within the first and this has a multiple internal
thread. A short section of rod bears this same thread on its lower end and
projects above the upper hinge lugs. It is milled square on its upper end. By
turning the large knob, the rod is made to move inwardly and outwardly. The
arms which bear the oculars at their outer ends are attached to the outer end
of the rod. Often there are blind screws holding the various parts together,
so great care should be exercised in disassembly that no injury is done to the
mechanism. The ocular lenses are mounted in tubes in various ways and the
tubes are secured to the outer ends of the arms. One ocular is usually made
to be focused independently so that adjustment can be made for difference in
the two eyes. The lens tubes are supposed to slide frecly up and down in
sleeves attached to the body castings when the central knob is turned.

.
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This type of construction is open to criticisms from many directions, only a
few of which will be mentioned. It is not possible to mount optical parts se-
curely on the outer ends of crossbars and these in turn to a small movable
central post so that they will remain in adjustment. The connection to the
post must be a hinge joint to permit rotation of interpupilary separation, and
this further complicates the construction. The lens tube must slide freely in
the body sleeves; otherwise they will bind, We know that these ocular assem-
blies should not have their axes tipped at an angle to the axis of the instrument
more than about 22. We also know that they should not move at right angles
to the main axis more than .002 inch. If they do, collimation is destroyed.

It is not possible to have two freely sliding elements such as this, and
which will remain in strict alinement, without extremely heavy and rigid con-
struction. If the central movable post were made from 1l-inch solid stock and
if all machining operations were of the highest quality there might be a chance;
but this post, or rod, is often brass, not more than %4 inch in diameter.

As a consequence of these difficulties the ocular lens tubes are extremely
sloppy sliding fits in the sleeves. Sometimes a thin strip of felt or leather is
glued to the inside of the sleeve to try to help the situation but this often causes
too much friction and, as a result of the operator trying to focus the binocular,
the hinge joint at the tip of the rod is ruined. That is, a stress has forced it
so that there is .001 inch or‘more play. If there is any perceptible movement in
this joint, if either ocular will move up or down independently of the other, or
if there be the slightest side play of the lens tube in the sleeves when adjust-
ment is made for interpupilary distance, it may be taken for granted that
collimation is impossible and the observer must resign himself to the use of one
eye only when looking through the instrument. Much dirt and dust also sifts
into the interior of such a binocular around the lens tubes.

In some of the better makes and models the objectives have excentric
collimating rings and, while the exact adjustment described in Section I can
rarely be effected, it can be approached. Others, mostly older models, have
screws through the body casting for sliding the prisms around for both squar-
ing and collimation. Others, chiefly cheap European and Asiatic models, have
no real provision for bringing the two optical systems into parallelism. All
that can be done is to take the instrument partly down, shove the prisms around
with a stick or screwdriver, then reassemble and note the result.

It may be stated with confidence that no binocular can be made light or
cheap with a central focusing device and which can compare in accuracy with
one having individually focusing oculars. And it is significant that, in military
operations where the performance of this instrument meant life or death, the
latter type was used exclusively. If weight and expense are important factors
in the making of an individual selection the writer would strongly recommend
that a choice be made between a monocular and a Galilean field glass.

Attention may now be directed to a binocular which was designed late in
World War II but which, up to the time of writing had apparently not come
on the market. It was a 6 x 42, had a plastic body, no hinge, and no focusing
devices at all. Thus, in one swoop, most of the things which have been criticized
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in this chapter were discontinued. Interpupilary distance was taken care of
by choice of one of three models.  Apparently no focusing was provided, in the
belief that if an object were so close that focusing be necessary, the :_,Emidm
would not need a binocular. This is doubtless true in many n:ym.w but :cnummoz
may arise, as in bird study, when magnification at close range is desirable
Such an instrument would be sturdy, dust-tight and 2:?%:%5. It is ho um&.
that the idea will not be forgotten. !

_—
IV. Garmeaxy Tyee Bizocvrars (Fierp Grasses)

The optical parts of these instruments are extremely simple; therefore con-
struction may be relatively inexpensive and they have wide me::,::c: In
many ways they are superior to all other types Within their range w::.ﬂ ad-
vantages and disadvantages are here indicated. . .

In each barrel there are two lenses only, an objective and an ocular. In
the best models both of these are achromatic doublets. The ognc»?n.mm a
t:wm:vd _c.:z of wide aperture. Focal lengths vary greatly, so that 943.-:?
magnification may be from 2x to 6x. As magnification h.cm.n up, difliculties
are encountered; best performance is said to be in the range 3x ﬁm 5X.

The ocular is a single negative lens or combination. Tt may be a cemented
doublet or even a triplet, the additional lenses being for the 1:(26%, of aberra-
tional corrections. ) ~

The mechanical construction is likewise simple. The objective is mounted
directly in the end of the body tube. The ocular is mounted in a separate tube
which is either a sliding or a multiple screw fit in the upper end of the body
tube. In use the focal points of the two lenses coincide; therefore, the ima e
of the object is projected to infinity. And, because of this, :mcxz.% no m:mmmr
pupilary adjustment is provided, the exit pupil being the diameter of the
aperture of the ocular. Furthermore, therc is no critical eye point; the in-
strument can be used close to the eyes or several inches distant if “:,2_ be
Tmages are erect and very brilliant if the optical elements be good and o_mm:;

Two methods of focusing will be found in the various models. In one 0.87.
ocular is independently adjustable; these have multiple threads, as in B_OQM«:
military binoculars and are much to be preferred. The o::x._ has a central
%:n:mm:m device which suffers from all the ills described in Section ITI. These
ills are equally incurable but they do not do as much damage as in ?.TE er
oculars. The sliding ocular tubes are difficult to maintain in strict m:,:w:ﬁ:ﬁ
but they are free to move inwardly and outwardly. Tf they move too freely
dust will gather in the interior of the instrument. If too tight zgm naoﬁmur.ymmm

will work loose where they are attached to the central ?n:&:% post. C
Oa% in the higher powers is a hinge provided for interpupilary adjust-
ment. In the lower powers the ocular is large enough to take care of all .o«.a:-
M_%MM.MWM m.ncm:wsg. A_ﬂ_):m wwswn lugs are usually of weaker construction than
s inoculars. Therefore, when the i i
Hhe o b e m::ﬂ:m:# en the instrument is dropped, the tubes are

No provision is made for adjustment for collimation, at least not in the

.
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models which are in most common use. Usually the two barrels are brought
parallel to each other by straightening the parts which have been bent. In
many cases this can be done by a twisting motion while at the same time the
operator has the instrument focused on a distant object.

Many “field glasses” of superb construction and performance have been
made and are still in service after 50 or more years. As might be expected,
however, with an instrument of such simple construction, much useless junk
has been foisted upon the public. This may take the form of faulty mechani-
cal construction, or the optics may be disgraceful, or both. In some widely
distributed models, the objectives were doublets all right, but in each case both
lenses were made of the same glass, and green bottle glass at that. Needless
to say, an object viewed with one of these had all the colors of the rainbow.

Opera glasses usually are Galilean type instruments and of about 2x magni-
fication. Many of them are works of real art and are much sought as collectors’
jtems. Decorations on them run through the range of human ingenuity but
in the interior there are only two lemses in each barrel. Gold plating on the
metal parts is very common, One widely distributed model has the outsides
of the barrels covered with pieces of pearl shell, properly fitted together. All
such instruments seem to get the roughest kind of usage and many things hap-
pen to them. They are obyiously made more for ornament and show than for
utility. Repair and overhaul are difficult, especially if the ornamental decora-
tions be injured. The fancy metal parts get bent and scarred and replacement
is cxpensive.

If a person with his own workshop feels that he must construct a binocular,
the Galilean is by all odds the most simple to make. He need not use tapered
tubes. Care should be taken to maintain strict alinement. If the objectives
and oculars be well matched for focal lengths, and are reasonably well cor-
rected, a very uscful instrument will result. For athletic contests a 4x Gali-
lean has ne peer.

Evaluating « Binocular: In order that the reader may be in a little better
position to evaluate a prospective instrument, it is suggested that he examine
it backward first; that is, look through from the objective and toward a strong
light. If the angle of vision be slightly oblique every optical surface in each
barrel can be examined in turn. Dust, dirt, chips, finger marks, scratches, poor
polish and even the larger striae and bubbles are at once apparent if present.

The instrument should be shaken to detect loose screws or other parts which
may have been inadvertently left there during assembly.

The hinge should be tested for smoothness of rotation; there should not be
the slightest catch or grinding.

Oculars should move in and out with velvety smoothness.

The collimation and the squaring of the prisms should be checked by looking
through the instrument normally at a distant horizontal line, such as a part of
a building, first with one eye and then with the other and then with both.
Move the binocular away from the eyes, keeping close watch of the two images
and keeping them tangent to cach other by rotation of the hinge. The hori-
zontal line should remain continuous through the two circles in all positions.
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If it does not, the instrument is out of collimation or the prisms are out of
square.

Color correction is best checked by focusing upon a small object such as a
twig, a telephone wire or a ball on the end of a flagpole, against a bright back-
ground, first with one eye and then with the other.  In the better instruments
color is barely detectable under this test and is not objectionable.

A Reflecting Autocollimator for Precise Measurement
of Prism Angles
By (. Dannas HANNA
California Academy of Sciences

In the development of the instrument described in the following pages I
am deeply indebted to many persons. If my conncetion be considered merely
that of a reporter of facts and circumstanc and if the credit for ingenuity
displayed be given to the individuals mentioned, a correct picture of the actual
situation will result.

The original suggestion of the possibility of using a mirror for the objec-
tive of an autocollimator, so far as I am concerned, was made by Dr. D. H.
Rank in July, 1942, at Frankford Arsenal. My immediate problem was the
acquiring of technic in the manufacture of roof prisms, for which other and
adequate means of testing were a ‘ailable. A year later, after the completion
of the roof prism program, we at the Academy were deeply engaged in the
overhaul of Naval optical instruments, received directly from incoming ships.
Testing equipment was unobtainable and speed was imperative. Many in-
struments, and prism binoculars especially, came to us in large numbers with
reflector prisms broken. An autocollimator was needed to rapidly check the
angles of replacement parts being made. There were no suitable lenses avail-
able but we had an abundance of mirrors from previous activities. Therefore,
the reflector type was decided upon.
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