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ABSTRACT

Details are given of the design and construction of a
singleebeam, three-prism, infra-red spectrograph, to be used
‘in the near infra—fed region O0e7 to 245 cc for the purpose of
examining fine structure in molecular bands in this reglon.

 The problems encountered and methods of solutlon are ex-
plained. Details are presented of the optical and mechaniecal
design of the instrument, The radiant energy transmitted by
the spectrograph falls on a PbS photoconducting cell after be-
ing chopped 'at 900 e¢.p.s. The resulting signal is amplified
in a tuned amplifier and, after rectification{ is recorded on
a Brown recording potentiometer. Details of detector and amp-
lifier are presented. .
| The method of ca}ibration is explained and the performance
of the instrument in practice is assessed by consi&eratiqn of

typical spectra taken with the final assembly.



FRONTISPIECE
TWO VIEWS OF THE SPECTROGRAPH

The complete- instrument
and

The optical portion
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INTRODUCTION

The Perkin-Elmer infra-red SPeétrometer has a resolving
powef'of the order of 1 in 500 over most of its range; this is
insufficient to resolve the rotational fine structure in cer-
tain molecules having bands in the region 0.7 .« to 2.5 u.

It was proposed to build an infra-red spectrometer with
at least double this resolving power to cover the wave length
range from 0.4 _« to the upper limit of the glass used in the
prisms. 3By using one 600 prism and one half-prism silvered on
its back face, effectively a three-prism instrunment would re-

. sult with a oongéé%ent increase in resolution by a factor of 3.

Scanning of thé spectrum was to be effected by rotation
of the prisms so that the exit slit received thé radiation at
minimum deviation at that instant. Since the response of the
Lead Sulphide photo-cell is greatest in the above region, it
was decided to use this device as a detectors. The incident
radiation was to be chopped at 900 eycles per second, and the
resulting signal on the cell was to be amplified by a narrow-
band tuned amplifier.

Thus the following major problems Wefe encountered:

a) How to link the prisms mechanically so that the radia%ion
at the exit slit had passed through the prisms at or near min-
imum deviation, b) how to control the rate of coverage of'the
spectrum so that the scanning was carried out in optimum times,
and c¢) how to construet an amplifier which,Would most satis-

factofily respond to changes in the conductivity of the photo-



o : : : 1ii
cell and have the best possible signal-to-noise ratio. .

In the text to follow, the scope and solutions of these

and éther problems are described in detail.
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. CHAPTER 1 S

THE SPECTROGRAPH: PRISM THEORY
AND OPTICAL AND ELECTRONIC SEQUENCES

THE THEORY OF THE PRISM SPECTROMETER
‘Froin any- standard text on optics; certain relations may

A,

be proved between parameters characteristic of the radiation

and the prism.
In the position of minimum deviation for a light ray of

wave length )\,
si. At Dy ' o

N, = 2 I
. A .

ST

where N,-= index of refraction at wave length X , D= minimum

deviation angle, and A = prism angle.
Also, in the position of minimum deviation,

sen B
pe . _2 = \ K-
An ,\I‘ - N5tz A

P

where © = angle of mintmum deviation. It is thus written be-

cause the formula, although derived at miniimim deviation, is

very nearly true over large limits of D..
If one assume the correctness of {;he Cauchy formula re-

lating n and A,
n= A + _g_z 1.3
then 28
\.4



_i‘he dispersion %%\ = %L:'_;\ %?‘ can be found from l.2 and
1.4 by merely taking the product of the two expressions.

By using the Rayleigh criterion for resolution, that two
wave'iengths are just resolved when the maximum of one falls
on the first diffraction minimum of the other, it is possible

to show that
2D = o de 1.S

———

dA d A
where a = effective aperture, and &%=mlar dispersions
Also, it can be shown that the amouét of resolution possible
depends only on the thickness of the base of the prism and the
change in index between the two wave lengths desired resolved.
That is,

t = %ﬁ\ 1.6
where A=mean wave length and An = change in index.

It can be shown that the foregoing results for angular
dispersion and resolving power are directly proportional to
the number of prisms. . e.gs For three prisms all alrke,%%%‘and
az‘-;\will be three times as gfe_at as for one prism.

It might be well to point out, in brief, wherein lies the
gdvantage of the prism over the grating in spectroscopy. Ad-
mittedly the dispersion and resolving power on a wave length
scale decrease with increasing wave length for the prism in-
strument, whereas this is not true for the grating. However,
on an energy level scale, the energy level differences are pro-
‘portional to AV ; so that, to resolve an energy level difference,
it is necessary that the resolving power increase directly

with 27 .



For the prism,

where C is a constant.

RP= ¢ = 2
23 d X
"'d;\mcn ~ X .'- dvr:\in ~ v@ = Clkl.
[ ' A

i.e., as ‘A increases, the magnitude of the smallest resolvable

A» ipcreases.

For the grating,

RP=rmN = X
d)
-

.‘. oL’yvmil'\ =vQ = C”/k
A

[ 'd'Aan =

Qly

B, THE PROPOSED SPECTROGRAPH

A block diagram of the proposed sequence is shown in

Fig. 1.1, while a more detailed pictorial drawing of the opti-

Colli-
Source = Chopper—— S1it ! mator
° - f-
Re- acq
corder tor
A
Ampli- De- B Focus-
fier tector Slit ser

Flgel.l. Block diagram of sequences
- in the spectrograph.

cal sequence is shown in Fig. 1.2. In the original design, the

light from the source was to be chopped at 900 c.p.s. by the



chopping wheel C before passing through the entrance slit S.

The chopped rediation was to be collimated by the lens, L,”pass
fhrough the first prism, Pi, at minimum deviation and be reflec-
ted from the back of the second prism, Pse After again paséing
through Pi, it waé to be again fbcussed by.the lens, and be

-~ passed through the exit slit, E, by means of reflection from

the small mirror, M.

Fig. 1.2. Optical sequence flens collimation).

Scanning was to be accomplished by rotating Py and Pg in
such a manner that the wave length instantaneously being under
cénditions of minimum deviation was the one reflected from M
and passed out at E.

The incident radiation was to be chopped at 900 d.p.s.,
and the output of & PbS photo-conducting cell was to be coupled

to a high gain, narrow-band amplifier' tuned to the above fre-



quency. The resulting output was fo be rectified in order to
actuate the pen of a Brown Recording Potentionmeter.

Caigulations in subsequent chapters will show that the use
of lenses for collimation is inadvisable where the scope of

wave length covered is somewhat large, because of chromatic

Fig. 1.3. Optical sequence (mirror collimation).

aberration and coma. At best, it necessitates a controlled
motion of the slits or lenses in order to have the correct
focal length for the wave length concerned.

After the original plans had been put into production, and
the magnitude of‘Af'had been calculated, it was decided to use

a 149 off-axis parabolic mirror R instead of a lens. The modi-



fication to the‘optical path is shown in Fig. l.3.

Some attempté were made to use a plaﬁe grating in place
bf the half—jrism, as it was hoped that a considerable increase
in dispersion and resolving power would result. The author
went so far as to defise a mounting for the grating and set up
the optical sequence using a mercury are for trials. However,
he found that an excessive amouht of ordersoverlapping occurred,
(in opt imum positions of prism and grating for the first order
$o be at minimum deviation, the green line at 5461 8 in order
n+1 fell on the yellow doublet ~ 5690 K in order n) and
rather than undértake the task of setting up a complicated
fdre-prism or filter system, he decided to abandon the idea.

Details of the eleetronie sections of the spectrograph
~are given in Chapter 5. ihe photoelectric cell was mbunted at
the exit slit, together with the cathode-follower untuned pre-v
amplifier. <The output from the pre-amplifier was fed through
a coaxial cable to the main (tuned) amplifier, and the output
from the latter rectified for inpuf to the Brown Recording
Potentiometer,

The slits, prisms, mirror, photo-cell, scanning drive, and
pre-amplifier were mounted on a four inch wide-flange steel I-
beam section and the whole was enclosed in a iight-tight box.

t

Details may be found in the working drawings."



CHAPTER 2

CALCULATIONS APPLYING TO THE
GEOMETRIC OPTICS OF THE LIGHT PATH

4. THE PRISMS

‘In order to determine the absolute and relative amounts of
rotation of the two prisms for the wave length range desired,
it was necessary to determine the index of refraction of the
glass as a function of wave length. The first (not necessarily
true) assunption made was that the properties of the half-prism
were.the same as those of tné full prism. It is a simple mat-
ter to obtain the constants A and B in the Cauchy formula for s
full prisms One measures the miniﬁum deviation angle D and
uses formula l.l td find values of n for any two valueé of A in
the visible region. This may be done on & simple spectrometer
consisting of source,'collimator, prism table, and telescope
fitted to verniers.

For the half-prism, the task requires more specialized
equipment. A schematic diagram of the neceasary optical system
'is shown in Fig. 2.4. S is the entrance slit for the aystem
and Iy the céllimating lens. M is a half ;silvered mirror

which reflects the light to P and the @ispersed radiation is

2?
paSsed through M and observed by means of the telescope T.
~Since, at minimum deviation, the angles of incidence and emer-
gence in air are the same, it follows that there is only one

position of Pg for which a wave length B ﬁill interasect the



cross—hairg of the telescope; and this will occur at minimum
deviation for that wave length. 7' |

The angle of incidence may be found by noting the vernier
readihg when the slit is imaged in the front face of the prism
and then taking thé angle of rotation required to bring the |

particular wave length line to the eross-hairs. Then it. follows

AN

Fige. 2.4+ Finding N, for a half-prism.

that D = 2(i-A) where A is the prism angle., In the present
case,-the éssuﬁption that the half—prism had the game properties
a8 the full prism did not introduce much error and reduced the
number of necessary measurements.

Eor the measurements on the prism used in this speetrograph,
a Meréﬁry arc was used as a source}and the angle of minimum
deviation D was measured for various known lines in the apec-

tram. The"fesults are in Table 2.1. The prism angle was found



to be goo 01' by one of several gimple methods not deseribed

here,

Table 2.1 Results of measurements for the full prism.

() > D Sin BIA N
o 7 _

0470720 1.99948 47 08.5 0.80468 1.60897
69075 '2.09578 47 15.0 .80524 61009
462343 2.57286 47 33.5 80683 61327
61234 2.66688 ,43‘57‘0 80713 61387
60726 2.71172 47 38.5 «80744- +61449
57907 2.98222 47 9.0 80730 61421
57690 3.00472 47 40.0 480739 +61439
+54607 3.35345 48 1.0 .81021 462003
+49603 4,06421 48 49.0 +81327 «62615
.49160 4.13787 48 53.5 «81365 +62691
43583 5426454 49 56.5 81895 «63751
«40465 6.10687 50 42.0 82272 . 64504
39840 6.30040 50 46.5 .82310 | .64580

A graph of N against X is shown in Fig. 2.4a. From two
points on the straight line approximation, it-was found that
the constants had the'values,

A = 1.59100 B = 0.00882.4°
‘The angles of minimum deviation were then calculated for wave
iengths 0#&/4, Oe7 4, and 2.5 with the following resulté;
shown in Table 2.2, | . |

This means that the total change in D is 5% 15! if the

scannihg is to commence at @.%/w(to facilitate settihg up by
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[ 651
/64
/634
-/ 62—
/-6/ —
/]
460 1
' 25 30 35 40 | #s - So 55 b0 .5 Zo
ZO AZ

Fig. 2,43, Graph of Index N of unknown glass sgalinst "5’\’1 .
(Aine) |
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use of the visible region). Hence, it was required that the

full prism have approximafely 29 40' of rotation, approximately

Table 2.2. N and D at violet, red, and infra-red
-wave lengthse. ‘

N N - D AD
) o / <O ’
04 1.646 50 48 v
_ ' : 3 39
0.7 1.609 47 09 '
1 36
246 1.592 45 33

half of A D, The actual details of the priém rotation are de-

_scribed in'thefnext chapter.

Bs THE LENS

" The lens proposed for the spectrograph was a doublet of
BSC 510644 and EDF. 653336, with aperture approximately 3.7
inches. The exPianatibn of this standard nomenclature is as
follows: BSC stands for borosilicate crown and EDF for extra
dense flint. 'he first three figures in the numbéf.represent
the figures after the decimal point in tﬁe refractive index at
A5890, (NaD line), and the last three (with a decimal point
beforé,the'iast) the Abbébnumber.%fé-.

The formatibn of a perfect’achromatic doublet is essential-

ly a pfoblem of obtaining a resultant infinite Abbé numﬁer
(AN = 0) so that there 1is no chromatié aberration., This is not
rigouroﬁsly possible even oVer the visible light wave lengths
but éan be very closely approximated. It will be shown, how-
ever, that for the lens under discussion the aberrationiwas

quite severe over the desired wave length range and would have
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necessitated contimjal changing of the slit-lens during scan- -
ning.

In order to compute the focal length of a doublet for a
range of wave lengths, it is necessary to carry out a tracing
schedule either by 1§garithmic or machine methods, and the

first requirement is that one know, for each component, the

‘thickness, radii of curvature of faces, and indices for certain

Fig. 2.5, Explanation of symbols in an
achromatie doublet.

wave lengths. These quantities for the lens in question are
listed in Table 2.3. (See also Fig. 2.5). |

The cartesian sign convention is used throughout all cal-
culations. Radii of surfaces concave to objeet space are neg-
ative and conversely. Distances. of real objects and real
images are positive, and distances of virtual images and virtual
objects are negative.,

It will be noted that the indices for A 5890 were not

those that would be expected from the code number of the glass.,
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Table 2.3. N for the components of the
achromatic doublet.
Ry Ry a

CROWN BSC 510644 13.89" | -11.94" 0.6
FLINT EDF 653336 211.94" | -48.00" 0.4"

Al CROWN FLINT

2.4 - 1.6131

2.2 1.4886 1.6150 x

2.0 1.4908 1.6171

1.8 1.492753 1.6193

1.6 1.49461 1.6217 x

1.4 1.49635 1.6249

1.2 1.49832 1.6277

1.0 1.50044 1.6315 x

0.8 1.50341 1.6373
' 0.7680 1.50594 1.6382

0.6563 1.50629 1.6444 X

0.5890 1.50960 1.64985

0.5349 - 1.65601

0.5086 - 1.65979

0.4861 1.51520 1.66367 x

04800 - 1.66482

0.4678 - 1.66725

044340 1.51976 1.67561 x

0.3610 - 1.70536

x - Used in tracing schedule
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This is because the indices for a éeries of wave lengths were
not available, and those for a very similar glassl had to be
~ used., tsNDwas not large; it only occurred in the third decimal
place, and the fact that the author was only interested in a
change of focal length further minimized the error due to the
approximation. |

The author is much indebted to Dr. A, M. Crooker for the

details of the ray-tracing procedure used here. The method is

Fige 2.6 Showing the significance of bfl
and efl in paraxial ray tracing.
admirably suited for solution by calculating machine, and was
adopted in its original form. For the lens in question, a par-
axial and an axial trace were carried out, and the three quan=-

tities bfl (back focal-length), efl (effeetive focal-length),
1. H. Thiene - “Glas" - p.286,
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and ﬁ‘ were found for wave lengths (13%4)A0.4340, 0.48613
1.0000, 1.6000, and 2.2000. The definition of these three
quantities is as follows:

The back foecal-length and effective'focal-length of an
achromatic doublet are found from the paraxial réy (i.e, "near
the axis") trace. The bfl is defined by ¥’ in Fig. 2.6 when
the ineident ray is'parallel to the axis of the lens. it'is
actually the focal-length measured ffom the emergent-face'of

the lens. The efl is defined by ¥ in Fig. 2.6, again when the
_ 772 » |

N N

Fig. 2:7. Construction for proving the Abbé
invariant.
incident ray is parallel to the optical axis, énd is the focal-
length measured from the second principle plane of the lens.
In the paraxial trace, where one is considering very small con-
.vergent angles u, it is possible to use the angle in radiansv
rather than its functions.

The paraxial ray trace begins with the AbbE invariant.
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In Fig. 8.7, provided the angles u are smell,

=% " f | - I'-‘-%‘.'.’, <
' ‘f" N(% -;%) = Ni (1‘ - %) B (Ab_be’ invax".iant)‘v

or, if % = u (the convergent angle)

N'u' = Nu + (N' - N)y | | (2.1)
L. : .. . - _ . .
2.1 gives N'u' for a given Nu in terms of definite lens con-
stants. Thé %ransfer formula for proceeding from one lens

surface to the next is simply,
Yo = V1 + (—Q)Nu | A_ o (2.2)
' N - ’ o

where 4 = thickness of first medium. |
These two formulae can be arraﬁged in a "staggered paraxial®
tracing schedule thaf is very fast. ) o

The results of the application of this method to the lens
in question, together with the calculation of the two character-
istiec focal-lengths, are compiled in Table &8.4.

The values of L' are found from an éxial ray traée. In
this séhedule the angies of incidence, refraetion, and donver-'
gence are calculated,as well as the perpendiculér distance, Q,
from the lens vertex onto the ray being traced. Quite arbi-

trarily, a ray distant 0.8 of the radiuslof the lens from the

" axis is considered. L' is the focal length for these axial
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Table 2.4. Paraxial Traces of BW 19/20.

a

N

(N'=N)/ >

-4/ N

¥ Nu

Crown

lint

-11.94
-48,00

0.6
0.4

1.51976)
1.67561

0.037420
-0.013063

0.014075

-04394799
-0.238719

1.300000
0.048646
1.280795
0,031928
1.273173
0.049848

A=

©
43404,

bfl = 25.5412,

efl = 26.0794

]

Crown

Flint

13.89
-11.94
-48.00

0.6
0.4

1.51520
1.66367

0.037091
-0.012435
0.013827

~0,395987
~0.,240432

1:300000
0.048219
1.280906

1.873142

0.,032291
0.049894

A ’48612,

bfl = 25.5168,

efl = 26.0551

Crown

Flint

13.89
-11.94

~48,00

Ce6
0.4

l.5004ﬂ
1.63150

0.036029
0+013166

~0,399883
~04245173

1.300000
0.046837

0.032774

1.281271

1.,273236
: 0.,049524

Azl/“"

bfl = 25.7093,

efl

u

26.2497|

Crown

Flint

- 13.89

-11.94
-48.,00

0.6
0.4

1.49461
1.62170

0.035609
-0.010644
0.0129562

~=0.401442
-0.246655

1.300000
0.046292
1.281417

1.273363

0.032652
0.049145

AA=lg p

Sy

bfl = 25.9104,

efl = 26.4525

Crown

Flint

13.89
-11 094
~-48.00

0.6
0.4

1.48860
1.61500

0.035176
-0+010586
0.012813

-0.403063
-0.247678

1.300000
0.045729
1.281568
0.032168
1.273602

0.048480

A=R.

2.,

bfl = 26.2706,

efl = 26.8151
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rays, and is defined in exgetly the same way as bfl in the par-
axial trace. The difference between bfl and L' at any wave
.iength is a measure of spherical aberration, that is, the var-
iation with y of the focal length'.

From the geometry of F~ig. 2.8,

Q@ = r(8in U + sin I) ' h 2.3

-which serves as an oéening equatiéil to calculate I given U = 0

Fig. 2.8. Axial ray trace parameters,

for an infinite obj‘ec’t and @ = opening paraxial y. From

Snell's law,

sin I' = %, sin I : ‘ 2.4

and from the geometry,

U' = U+1I- T » 2.5
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then 2.3 transferred gives

Q' = r(sin U'+ sin I) . 2.6

The transfer equation from one surface to the next is

Qj41= Q3" - 44" sin Ty » 247

From sin I and I calculated from 2.3, one calculates sin I' and
I from 2.4 and the transfer to the following surfaces is made

by the following,

sin Ij+-l= y +1 = 8in Uj: 2.3A
' Tisl g
Q! a! sinU'
- "QJ = J - sin Uyt
Tiel Tir1 -

_ry sin Ujl + T sin I.! . &; sin .Uj'- . 8in Uj! r1+l_

Tivl Tisl Tivl Tiel

r. 8in I,' + C.' 8in U.’

= A L 4 2.8

rj*l
.' = - - -
where GJﬁ rj . d.j rJ+1
The closing equation is

' - Q' 2.9
4 g8in.U? °

The results of this calculation for the lens in question
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Table 2.5. Axial ray trace of BW 19/20.

Opening axial y = 1.3.”

Crown Flint
r”  13.89 -11,94 -48.00
a” 0.6 0.4
N 1.51976 1.67561
ngw 25423 35,66
gin U 0.032102 0.019017 0.049861
U 1.83961 1.08966 2.857990
sin I 0.093595 -0.159474 -0.045595
sin I' 0.061584 ~0.126502 -0.076400
I  5.37032 -8.01743 ~2,61333
I'  3.53071 -7.26748 -4.38166
A= 43404, Q' = r(sin U' + sin I) = 1.273891"
L' = Q'/sin U' = 25.5490”
r” 13,89 0 -11.94 -48.00
a” 0.6 0.4
N 1.50044 1.6315
ngn 25483 35,66
sin U 0.031308 0.020068 ) 0.049560
U 1.79408 1.14986 2.84076
sin I 0.093593 -0.138719 -0.046643
sin I' 0.062377 -0.127575 -0.076098
I 5.37032 -7.97371 -2.67340
I'  3.57624 -7.32949 ~4.36430
O As L, Q' = r(sin U' + sin I) = 1.273795"
| L' = = 25.701926"

Q'/sin U!




Table 2.6. - Continued.

gl

L' = Q'/sin U

Crbwn Flint
v/ 13789 -11.94 ~48.00
a7 0.6 044
N '1.49461 1.6217
ngn 25423 35 466
sin U 0.051064 0.020116 0.049194
U 1.78011 1.15270 2.81965
sin I 0.093593 -0.138487 -0.046693
sin I' 0.062620 -0.127634 -0.075723
I 5.370%2 ~7.96029 -2.67631
I'  3.59021 -7.33288 ~4.34326
" A=1i64, Q' < r(sin U' + sin I) = 1.273459
L' = Q'/sin U' = 25.88736
T 13.89 " -11.94 -48.00
a 0.6 6.4
N 1.4886 1.6150
LL I 25,23 35466
sin U 0.030811 0.019898 0048519
U 1.76560 1.14012 £.,78100
sin I 0.093593 ~0.138246 ~0.046479
sin I' 0.62873 ~0.127426 -0.075062
I 5.37082 ~7.94635 ~2.66403
I'  5.60472 -7.32087 -4.30491
ﬁ A 284, Q = risin U' + sin I) = 1.274189

26.2619
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V4

26.9

26.71

26.51

26.3

26./+

25.9 -

2571

—ie.
S I

Fige 2+9. Variation of bfl, efl, and L' with X\ .
(A in g )
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are shown in Table 2.5, for the same series of wave lengths as
in Table 2.4. |

| Fig. 2.9 shows graphically thehvariation of bfl, efl, and
L' with wave length. It %ill be noticed that none of these
#élues ié a linear function of wave length, and in the vicinity
of.0.5,‘¢eash curve has a minimum. Also, spherical aberration
is mueh increased in the infra-red, and indidations are that
conditions in this regard deteriorate as N is increased. For
these reasons, it was deeided to dispense with the lehs for-the

Table 2.6+ Theoretical resolving power of the
spectrograph for certain wave lengths.

A () N | 40/an | an/AX RP-ado
0.4 1.646 1.976 0.276 43,273
1.0 1.600 1.667 04018 2,388
1.6 1,594 1.656 0.004 556
2.0 1.593 1.653 | 0.002 258
2.5 | 1.592  1.650 0.001 159

‘project_and use instead a 14° off-axis paraboloid of focal-
‘length one metre.,

The amount of rotation required for the full prism has
already been shown. The theoretical resolving power for the
final optieal sequencé was then calculated ffom equations 1.2,
1.4, and 1.5 of Chépter 1 and results for various A are shown
in Table 2.6.

' The theoretical resolving power as defined by M) is

seen to be increasingly poor as one goes into the infra-red.
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As will be shown in a later chapter, the actual resolving power
obtained was better than fne calculated value. Certainly there
is no guarantee that the Cauchy formuka is valid over a large
range of wave lengths; and in view of the fact that the %
term {which influences the resolving power greatly) depends on
the N - N relationship, one might expect a difi‘ereﬁce between

the theoretical and observed values of l)\ .
d
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CHAPTER 3

THE PRISM TABLE AND SCANNING DRIVE

A¢ INTRODUCTION

" In this chepter and the following, the scope and solution
of the mechanical problems encountered will be discussed. It
was necessary to spend considerable time on sketeching and draw-
ing in order that every component in the final apparatus would
be correctly positioned with respect to all others. Further,
it was imperative that all moving parts function very smoothly
and at the same time cause no undue load on the driving mech=-
‘anism; and also that the entire assembly be as vibrationrproof
as possible. TFor a detailed study of the working drawings, the
reader is refefred to Appendix A. For the present, a schematie
diggram is inecluded in the text whefe it is felt that one will

elarify the description of the particular part in question.

B. ROTATIQN OF THE PRISM TABLE

| Cohsider the conditibn-where the prisms are set to coh—
tain a given wave length at minimum deviation. If how it is .
reqﬁired to rotate ail prisms so that another wave length is at
 minimum deviation, and the change in angle of deviation is AD,
this means that the full prism must rotate %%’ and the half
prism 3%? in the same sense. Reference to Fig. 3.10 will show
- how this condition was achieved. A solid cyiinder wasg fitted
to the main spectrometer beam, and had fixed to it, axiélly,

the outer races of two bearings and a 4" pitch diameter apur
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gear., The shaft fitted to the bearings carried at its upper
end an éluminum table, and over the axis of rotation the full
prism was rigidly fixed so as to turn with the table. The alu-
minum table carried, in a yoke, the outer races of two bearings
which, in turn, carried a shaft fitted with a smaller circular
table and a 2" diameter spur gear. The half-prism was rigidly
clamped to the small table, and hence turned with the smaller

gear; and the spacing of shafts was such that the two spur

gears were in mesh..

Gear fixed to Spectrograph base

Aluminum Table Small gear & Table

- Pige 3.10. Prism Table.

Suppose, now, that the direetion of incident radiation)is
fixed. In order to accept different wave lengths at minimum
deviation, it was necessary to rotate the large prism table and

its prism about the large gear, and.by virtue of the diemeter



PLATE I

THE PRISM TABLE AND MIRROR ASSEMBLiES

1. Main base
2e Loéking ring
3. Mirror support
4. Mirror dell
5. Retaining ring
6. Mirror
7. Adjustment screws
8. Priém table Dbase
9. Full prism
10. Half prism
1l. Small gear
12. Small table shaft
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ratio of the two gears, the small tablé and..its associated
half-prism were turned the proper relative amount. That is, if
the large prism table turned through © , (with resPéct to the
large gear) then the small table would turn through 2 © with
respect to-the large and hence through the desired 3 ©with re-
spect to the spectrometer base.

It will be noticed that, in this arrangement, light of
only one Wéve length travels parallel to the large table, and
for all other wave lengths, (at minimum deviation) there is a
slight divergent angle - © ; to be exact. This was not im-
portént, sinece the dimensions of the prisms Were adequate to
ensure complete filling of\the prism opties for all wave lengths;
therefore it was decided to clamp the two prisms in such a
position that A 5690 at minimum deviation would be parallel to
the large table and all other wave lengths would deviate
slightlye.

Ce THE.SCANNING DRIVE

 Provision wés made for two speeds of scanning that por-

| tion of the spectrum under consideration. The entire range was
to be covered in roughly twenty minutés at éloﬁ speed, and in.
ten seébndsqgt high speed. This immediately excludéd from any
consideration a driving mechanism Wholly dependent on gears or
worm gears, since the necessary ratio of speed would be 15120'
and would be impossible to achieve from any constant speedA
driving motor. Furthermore, the slow sPeéd scan wouid oniy be
possible through’a Wofm drive and this would necéssitate scan-

ning for both lncreasing and decreasing wave lengths (hence two
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calibrations) énd reguire reversibility of the motoiqm Also,
any mechanisi capable of being reset at will wéuld be extremely
complicated. Most important, such a direct motor-to-prism
table‘drive would have considerable backlash and vibration dif-
ectly proportional to the number of rotating parts.

| The method finally used permitted scanning only in the
direction of increasing wave length and was as followsa: the
motor was a 2 R.P.M:i telechron synchronous, and drove one of
two shafts by a simple geaf selection device. One shaft,
dfiven by a 3:1 gear ratio at 6 R.P.M., was to drive another
shaft carrying a cam. The other, driven by a 4:1 gear ratio,
was to rotate at ¥ R.P.M. and turn a micrometer screw. By
means of a spline clutch, the micrometer was able to mové ahead
in its yoke (fixed to the same base as the motor) while rote-
ting at this slow speed. | _

| 4 long lever arm, fixed to the prism table, was constrain-
ed by a spring to bear against the end of the micrometer, so
that the rotation of the latter and its consequent sldw mnove-
ment axially caused the prism table and its components to ro-
tates To carry out a high spéed scan, it was only necesséry to
retract the miorometer with a manual returning drive and then
couple the motor to the cam, which bore against the lever arm.

Supposing that the required angle of rotation was 20 30!,

and consideriﬁg the fact that the prism table lever arm gave an
effective throﬁ radius of approximately 15 inches, this meant
that the micrometer had to travel linearly about 0.6 inches or

15 mme On this micrometer, one revolution was equivalent to



PLATE II

THE DRIVING MECHANISM'
1. brive baéé plate
2. Motor
3. Motor mount
4, Prism table lever arm
5. Manual return crank
6. Manual return gears
7. Cam drive shaft
8. Cam shaft
9. Prism table return spring
10, Autoﬁat;c stop switch

11. Micrometer_

12. Spline clutch
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0.5 millimeters, so that 30 revolutions (and one hour) would be
required for the complete scan. This tiﬁe is considefably over-
estimated, because scanning Would'never start in the extreme
violet and the range from O.4 2z to 0.6.¢ would take up nearly
one third of the time due to the dispersion properties of the
optical parts.

It_was planned, in the high speed scan, to put the ampli-
fier output onto the screen of a high-persistence cathode réy ,
oscilloscope gso that a continual Spectral picture would appear.
In order to avoid drowding at long'waﬁe lengths,then, it was
éeéirable to design the cam so that the prism table rotated
:apid;y in the visible and slowly in the infra-red so that the
pattern would be linear on a wave length scalé.

If one assume”that the_Cauchy formula is valid over the
range of wave lengths being considered, then it is possible to
derive the following formula for r, the radius of the éam, in
terms of r , (minimum radius) 1, (prism table lever fadius) and

O, (angular rotation of cam from ©.).

r = rot [57° 09' - arcsgin §-O.8124 +_§.00443 }) 1 3.l
_ (O.4+-2.le)
™

Since the form of the dispersion variation was not defiﬁ—
itely known, it was decided not to construct a cam based on
these calculations. With the advice of Dr. Cropker, the author
decided to abandon the cam drive and concentrate on obtaining
satisfactory results with the slow scan. As Will‘be seen later,

the speed. of response of the PbS photo-cell is such that no line
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structure would have been observable with high speed scanning;
and the only useful purpose thereof would be.in getting an
ove;all picture of the response of the spectograph to a source

of continuous radiation such as a Nernst glower or a black

body.
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CHAPTER 4

THE MIRROR AND THE SLITS

A, THE OW‘AXIS,. PARABOLOID

Thié réquires very 1iftle deseription. The mirror rests
against a flange at the end of a brass tube énd is retalned by
a lucite ring at the front. The latter is blackened w1th a
qﬁarcoal paint in order to avoid any passage of light through
it and ont§ the mirror.

The mirror cell so formed is Titted axially to a shaft so
that it may rotate in a plane perpendicular to the base of the
mirror mount, aﬁd the angle of inclination of this plane is set
by}adjustment sorews bearing against the main base of the_inr
strument. Rotation of the mirror about the above mentioned aiis
is effected by loosening the locking ring at the back of the

shaft and turning to the desired position.

B. THE EXIT SLIT MIRROR

This is the small mirror that is inclined at 45° to the
returning beam of light and reflects it out through the exit
slite It is so positioned that the distance from ahy point on‘
the mirror to the exit slit is exactly that from the same point
to thg plane of the entrance slit. It is supported in a cut-
away cylinder so:that the front (reflecting) surface lies along
the axis of the cylinder, and is slightly adjustable as to in-
qlination. The eylinder is pivoted at bqth ends in adjustable

cone bearings and rotation of it is effected by a tangent screw
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and spring return.v The inelination gdjgstment enables the
operator to set the lmage of the entrance slit exactly parallel
to the exit slit. The rotational adjustment enables the oper-
ator to engure_that;the light strikes the optimum pdrtion of

the photo-cell, which is spaced a little back from the exit slit
so that the sensitized surface will be filled with light.

Cs THE SLIT MECHANISM

bThe'entrance-and exit slits were so constructed that their
mid-points were at the same height above the bed of the spectro-
graph as the centres of the mirror and prism train. Each slit
was approximately one inch long, and the rectangular diaphragm
fitted to each stopped the transmitted light beam down to 2V,
This was entlrely adequate to fill the sensitized portion of
the photo-electrlc cell, the latter having little more that a
length of one millimeter.

Each slit consisted of six main parts. Clamped between
two cover plates”(acting also as the diaphragm) were two "V"
~channels, (See Fig. 4.11) which acted as guideé for a flat
plate carrying the moveable slit jaw. The plate cafrying the
fixed jaw was bolted to one cover plate; and each slit.jaw was
fltt@drto its plate by oversize hblt holes to allow adjustment
for parallelism.

The mov1ng plates of each sllt were extended forward and
had downward progectlng lugs riding'in eccentric slots on the
a@qustmentyqam. This cam rotated in bearings fitted to a solid
frame, which in turn served the dual purpose of giving the

slits the necessary height and providing pivots for the adjust-

Jve



PLATE III

THE PRE-AMPLIFIER,. PHOTOCELL, AND SLITS
| 1. Main base “
Qe Pre-am@lifier
3. Photocell olamp
4, Photocell
5., Exit 8lit mirror
6 Exit s8lit mirror adjustment
Te Exit_slit
"8+ Entrance slit

9. S1it adjustment wheel
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ment cam and adjustable thumb wheel.
In the final assembly, the two complete slit mechanisms
were at right angles to one another and so positioned that both
were closed for one position of the adjustment cam. Rotation
of the thumb Wheel.then turned the adjustment cam through a

worm drive, and the projecting lugs with their slit jaws_weye

pulled toward the cam axis by the eccentric slots. By vittue

Ypper Channel
Rear Cover Plafe

Fixed Jaw Support
| Front Cover Plate % -
fxed Jaw - -~ -
Front Aperiore
Rear Apertfure
| Aoving Jaw

Mor/hy Jaw Su/o/ooff

Lower Channel /

Lug

“;1 dyjus tment Camr

Lecenfric Slot

/h{/’ vstment Cam Axis

Fig. 4.11. Typical S1it.

of the slots being of equal eccentriciﬁy, the jaws were con-

strained to open equal amounts.

De THE SLIT JAWS

In any prism spectrograph, there is a curvature of the
image oﬁ‘the slit after disPQ;sion. This is because light rays

from the extremitiesiof the slit are inclined {in a vertical
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élﬁne) after“60111mation;;énd_strikg‘thg’prigm at an igcidgpt_
angle greater than does the light ray from the middle of the
‘slit. That is, these extreme rays,are deviated more, and hence |
displacéd.toward the more refracted wave lengths, i.e. toward.
the violet. Thus all monochromatic images of the slit are con-
vex toward the red, and the radius of curvature is given bye

_ fn 4 4 - nd
r o= ST 4.1

Whereuf“i;focal length of collimator, n = index of prism glaSé
at the wave length concerned, and g - mumber of prisus. Now
r -0 at n=2, and since the index of glass lies between 1 and
&, the radius of curvature in this speetrograph has always the
same sigh. Fér Oed e, n = 1.646, sO with f = 100 ems, * = 18.2
em. For 2.5., n = 1,692 and T = 20.8 om. |

As a oqmpromise,hit was decided to make the radius of cur-
vature of the exit slit 19.5 cm., or approximately 8 inches.
The entrance slit jaws were relatiﬁeiy easy to make. The mater-
ial (disearded razor blades) was clamped between two heavy
plates with-plane edges and then ground to a typical slit wedge-
shepe. The.exit slit presented more of a problem, Since one
jaw was concave and the other counvex and the curvature of each
had to be exactly the same. The method finally adopted served
the dual purpbse of ensuring equal curvature and also provided

the wedge-shaped knife edge to each Jaw.

The material for the blades was ciamped between two equi-

&. Czapski & Eppenstein - "Grundztige der Theorie der Optischen

Ingtrumente™ -'p. 332«
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angular hard steel cones as shown in 3ig. 4,12 and the whole
ground»off_flat on the face A-A. It can be seen that the |
material, on being released, will éresent a ﬁedged épherical
edge; and that the curvature will be the greater.as:the cone
angle is increased. The are so ground is not an arc of an
ellipse, (undesirable) but is an‘arc of a cirecle characteristic
of the development of a truncated cone.

‘The desired cone angle can be found by the following con-

struction, also shown in Fig. 4.18. Suppose the jaw length is

-

N

k

Y
[,

Fige 4.12. Exit slit jaws: construction.

1, the mean radius of the cone a, and the desired slit radius

of eurvature r. When the material is clamped,
qga-JaZ-(%) | 4.2

After grinding, when the material is released, the extremes of

the jaw move from ¢-¢ to u-u, and of neéessity:

' P
= r- | 22 -1
S «fr- (%) 4.8
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that is,
sin®e~ tanb = E. 4.4

Expanding the expressions for p and q binomially, one obtains

sin® =~ tan © = 4.5

Bl

In this case, a = 2", r = 8", whenced= 140,
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CHAPTER 5

ELECTRONIC COMPONENTS

‘A. INTRODUCTION

In this chapter, the electronic sequehce is reviewed.  Al-
though the chop@inglwheel and motor are not, by nature, electro-
nic, they are considered in this section since this unit, in
effect, serves to prepare the light beam for detection.

) The discussion and description of the final spectrograph

agsembly is postponed until the next chapter so that all optical,

mechahical, and electronic components may be considered together.

B. THE PHOTOELECTRIC CELL

This is discussed first since the design of all other com-
Qqnents must be based on the‘characteristics of the photoelectric
cell. ~Since this detector has a high speed of response, it is
possible to use a fast chopping rate (usually well above iOQA_
Q@p,s.) with a consequent increase in amplifier stability for a
'giyenegain. In general, the diffieulty in obtaining stability
increases as the frequency decreases. By using a narrow-band
tuned amplifier, it is possible _to increase the signal-to-noise .
ratio and hence the threshold of detection by decreasing the
band width, since only the noise components within the pass-
band will be amplified together with the signal. However, the
sharpness of tuning is limited, in practice, by the fact that
the time lag increases with decreasing bandtwidth and thus some

kind of compromise must be reached which will depehd on the
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nature of the radiation and desired speed of scanning.

For frequencies much below 100 c;p.s., the amplifier known
as the "twin T" is useful. By means of sharply tuned filfers,
negative feedback is applied to the input except at a particular
frequency, where the gain is not nullified. At higher frequen-
cies, better results are obtained from parallel resonant induc-
tance-capacity tuning, and the band width may be decreased by
the use of more identically tuned stages or else by positive
feedback to a single tuned stage. The latter is preferable
since only one tuned circuit need be peaked.

| The photoelectric cell used in this spectrograph was man-
ufactured by the British Thomson - Houston Company and its per-
tinent specifications are given in Table 5.?; It was finally
decided to use a chopping frequeney of 900 c.p.s., this beiné
the most convenient compromise in'consideration of availablé
synchronous motor speeds and the size of the chopping wheel.
The photoelectric cell was fixed at the exit slit with the sen-
sitized surface parallel to the slit, and was adequately spaced
from the latter by the front cover plate. In this position, the
width of the beam was sufficient to f£ill both sensitized sur-
faces. The cell was thus in a hérizontal position, was support-
ed at roughly its mid-poiht by a clamp fixed tb the base member,
and aligned by an annular ring fixed to the front cover plate.

Details may be found in the working drawings.

C. THE CHOPPING WHEEL AND MOTOR.

The only synchronous motor available was a Bodine type

NSY 55 rated at 1800 r.p.m., which necessitated 30 holes on the



periphery of the chopping wheel to achieve the desired 900 c.p.s.
chopping rate. For convenience, the chopper was placed in

front of the entrance alit. This choice of position raised the

Table &.7. Excerpts from data sheet.
Lead Sulphide Cell Type C.

The sensitive deposit is formed on the inner re-entrant
po?ﬁion of a small Dewar flask. The sensitive area com-
prises two similar 10 x 1 mm. elements, 1 mm. apaft, with
& common central electrode. The sensitivity is increased

about 10 times upon cooling with solid COZ'

Operating Data

, . | Room Temp. -20°0¢
Resistance per element 50K - 200K 500K - 2M
Optimum polarising 100 - 150 «amps. 50 - 100 . amps.

current

Optimum interruption 1000 - 2000 c.pese 500 - 1000 c.p.8S.
frequency

Wave length of maximum 8 2.8
sens@tivity' > e
Detection limit at 5 x 10710 watt 1 x 10-10 watt

maximum sensitivity

Wave length range for 0.5 - 3.0 0.5 - 345
1 10% of max. sens. - . =

problem of the physical size of the motor interfering with the
location of light sources, so it was decided to remove the motor
fromrthe vicinity, mouﬁt the chopping wheel on a separate shaft,
and connect the two by a flexible cable. Originally, the chop;
per base was mounted on rubber pads on the spectrometer boxs

Later, chaﬁges were necessitated which are described in Chapter



40
é; tééetﬁér ﬁith the»reasqgs_ﬁor‘such Changéé;;'Pétéi}s”of‘the
chppp;ng_wheel mount ing may be found in the working drgwings;
The holes in the chopping wheel were 5/8" in diameter and the
wheel Wgé designed to be of maximum possible size without its

rim reaching below the spectrometer base.

D, CHOICE OF AMPLIFIER: THE PRE-AMPLIFIER

Many references were consulted in the choice of a suitable
amplifier, the one finally adopted being due to E. B. Wilsond
and'his colleagues at Mount Wilson Observatory, whd used a
chopping frequency of 1080 c.p.8. and an untuned pre-amplifier
of voltage gain 300, followéd‘by a tuned amplifier of voltage
gain 109.

Fig. 5.13 shows the resistance-coupled pre-amplifier. It
consists of a 1626 {low-micerophonic 6J7) pentode amplifier |
followed byné cathode-follower stage, the latter having an out-
put impedance of 500 ohms. The values of circuit constants
shown are those originally obtained from the publication, and
gsome values had to.be changed to suit the photo-cell being used.

The adopted photo-cell.current was 150 micreamps. and the
measured resistance across the two sensitive elements in series
was 500K, indicating a required D.C. potential across the photo-
cell of 75 volts. The D.C. voltage atlthe high end of Rz is
given by 15QR2/(R1+-32).Y (R, and R, act as a voltage divider
while R,C acts as a decouﬁling filter). Since the photo-cell

may be considered as a tube with plate resistance 0.5 M., it

3. E. B, Wilson & G. P. Kuiper - "Infra-red Spectra of Planets"
Astrophys. J., Vol. 106, p. 243, (1947
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Fig. 5.13. Pre-amplifier
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was des;rable tp‘kegp R5 at léast equal to this’valge; Wh;ch
meant that the reduired D.C. voltage at Ry was 150 volts éﬁgi'
hence Rl 0., Apart froi these changes, all other circuit con-
stants are as shown. The cathode follower stage greatly Siﬂk‘
plified the problem of-matching between pre-amplifier and amp-

lifier.

E. THE MAIN AMPLIFIER AND_POWER SUPPLY

”The‘main amplifier is shown in Fige. 541l4. The gain con-
trol potentiometer feeds the signal'onto the grid of a triode-
connected SSJ7, which hés a gain of about 10 and is a buffer
stage desgigned to isolate the gain control from the selective
sectlon. This ensures that the parallel resonant impedance of
the tuned circuit is independent of the gain control setting.

The 2H induétance is formed from two toroidal coils in
serieé,'while the capacity branch counsists of 0.0115 .f and a
Ezqéygﬁpadder condenser for fine tuning. This differsAmarkedly
from the original, which used a 22H inductance mounted in a two
layer shield and a fixed capacity of 0.008 ..f. The advantage
of_the toroids is that they have no external field and hence
pickup of extraneous signals is minimized. However, an added
precaution was taken by mounting the inductance branch on a
separate chassis and connecting it fo the ampiifier through a
coaxial cable.

The amount of positive feedback, which effectively deter-

mines the Q of the I~C circuit,.is controlled by potentiometer
| Ry . A@vancing The tap to the ground end increases the feedback.

Tests taken with an audio amplifier input to the 1620 showed
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that a band width < 5 cepes. at 900 c.pes. was possible with
perfect stability.

The coupling and rectification eircuits from the'GSN7fGT
to the Brown Recorder are shown in Fig. 5.15. The return cir-
cuit from the second plate of:g%6 going to ground through the
3K cathode resistor of the first triode section of the 6SN7-GT
introduces 20 db. of negative feedback and effectively stabi-

lizes the output. The O6H6 acts as a ﬁidde vacuunm~tube voltmeter

cro o
| [ ' eme
v/
N\
| |
6SN7-67 22K
™ . A METER
22K ’ :
| |2aoo
\ ¥
- BROWN

" Fig. 5.156. Rectifier e¢ircuit for
input to Brown Recorder.
and gives an output D.C. current up to 1 ma. (1 ma. for £.5
V.A.C. input at the 6SN7-GT). The output saturates at 1.5 ma.
and effectively proteéts the mefer@

The potential across the input terminals of the Brown Re-
corder for a full scale deflection was found to be 10 milli-
volts. Further, the full scale deflection of the milliammeter
(2 ma) was found to correspond to a potential of 80 millivolts,
hencgra_signal that4oaused a full scale Recorder reading would

be equivalent to a current of 0.25 ma. through the meter. This
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provided guconpinuai check of one reading against'the'btper, be-
éides Which tpe meﬁer functioned as a bleeder resistor across
the,Recérdér input. The 2000 &£ condehser.served'to filter out
all randdm_signa}slof period less than 0.1 second, the time con-
stant of the B-C network formea by the meter and the ocapacity.

The power supply is shown in Fige. 5.16. It has an ordin-
ary two stageAresistance-capaoity filter, and voltage regula-
tion is achieved by two VR-150 gaseous regulator tubes in series.
With the-exception of fhe 6SN7-GT, the plate supply voltage for
all the tubes is regulated. The supply voltage for the photo;
cell is téken from ﬁhe second'VR-l50. A voltage divider con-
sisﬁing of 250K and 100K is‘connected from 150 volts regglated
to ground, and the centre tap of the filament supply is con}
nected to the top end of the 100K resistor. This.raiseé the
centre tap to a potential of 45 volts and makes both the grids.
and cathodes of the tubes very negative with respect to their
filaments, and thgslminimizes the leakage of 60 and 120 cyele

gignals into the amplifying circuits.

F. THE PERFORMANCE OF THE AMPLIFIER

The gain of amplifier and pre-amplifier were measured sep;
aratgly. A 900 c.p.s. input from an éudio-oscillator was put
into the amplifier and also onto the screen of é C,R.O; A
fraction of the amplifier outéut was then put onAthe CeRe0s by
a potentiometer so that the trace height was the same. The
ratio of total resistance to the resistarce from centre tap t§
ground then gave the gain directly. It was found that the to-

tal gain was 6 X 106, about one fifth that claimed for the ori-
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ginal. The difference may be accounted for by the lower para-

llel resbnapt impedance in.the modified circuit due to the'va}-

ues of induetance and capacity differing from those originally

published.



48
CHAPTER 6

FINAL ASSEMBLY

A. INTRODUCTION

B .In thi; chapter, a description is given of the various
problems encountered in assembling the component parts of the
spectrograph into the complete apparatus. It must not be sup-
posed that all thesé problems occurred after the parts were
constructed; indeed, there are features discussed here which
had to be considered before any construction was begun. There-

fore, the text of this chapter follows as closely as possible a

chronological sequence.

B. OQPTICS _

It was desirable to keep the overall length of the spectro-
graph to a minimum, 80 the off-axis paraboloid was placed at
one end of the base beam and the slit unit at the other. Since
slits, pr;sms; and mirror could not all be in a straight line,
it was decided to offset the latter since it was virtually
‘fixed in position once adjusted. It was also desirable to keep
the width to a minimum, hence the mirfor had to be ag close to
the axis of the beam as possible, but not so close as to allow
the prism table to block any portion of the cone of rays from
the entrance slit. This was essentially a graphical problem,
and for design purposes was drawn full scale. The slit base
was mounted on elongated holes td facilitate exact focussing.

The prism train was set up by protractor measurements



PLATE IV.

FRONT VIEW OF OPTICAL ASSEMBLY

' l.'Pre-amplifier (removed)
2¢ S1it unit
3+ Pre-amplifier support
4. Scanning drive
o. Prism assembly

6+ Parabolic mirror
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since nothing was to be gained by more exact methods. Then,
using a mercury arc, the prism table was rotated until fhe
yellow doublet was at the exit slit and then locked. The micro-
metervwas_then set to some intermediate figure (temporérily)
an@‘the lever arm‘adjustment serew turned until the micrometer
bore against its concave end. This adjustment can be seen in
Platg_é. The prism train was fitted with an opaque dust cover,
to block diffuse light that occurred at the slits due to full
reflecpiqn_from the front face of the half-prism,

'_Since>no ihformapion cou;d'be obtained directly on the
direction of the prineciple axis of the paraboloid, it had to be
@eﬁerminedfby rotating the mirror in its support until the line

image was at maximum clarity.

C. ENCLOSING THE SP@CTROGRAPH

Upon the adviqe\of Dr. Crooker, no attempt was made to put
the optics in a vacuum. The spectrograph, photocell, and pre-
amplifier were mounted‘inva wooden box blackened on the inside
and provided with shutters at the front end for light-tightness.
Or}ginally, the bottom and sides of the box extended forward to
support the chopping wheel, but the vibration proved to be ex-
cessive and finally thg box was ocut off parsllel to the end of
the base beam and the chopper mounted on a separate table. The
i;nal appearance can be seen in Plate 6. The twisfed cable
going into the box is the power supply for»the pre-amplifier,
while the coaxial cable to the main amplifier is directly be-
hind. '

Y

Thé extension on the side of the box near the front was



PLATE V

REAR VIEW OF OPTICAL ASSEMBLY

1.._ Parabolic mirror

2+ Prism assembly

5.- S'canning drive

4, Pre-amplifier
5. S1it unit
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pecessary to accomodate the pre-amplifier, and the latter, on
its support, was insulated from the Spectrometer in order to
avoid capacity effects. One difficulty encountered et this
pbint was that of the photocell and pre-amplifier preventing
the shutters from moving in and out freely, since the shutters
were perpendicular to the beam axis while the slit assembly and
photocell were inclined to it. This was overcome by making the
exit slit parallel to the main beam, and it is shown in the re-
vised position in Plate & (following page 32) and Plate 4.

The chopping wheel can be seen in Plate 6. The knurled'
wheel below the shaft moves the ball-bearing pillow blocks
backwards or forwards and so adjusts the position of the chop-

ping wheel while allowing the base to be fixed.

D. ELECTRQONIC COMPONENTS

 These are shown in Plate 6. The small transformer (8 in
the figure) serves to isolate the ground of the C.R.0. from the
cathode of the 65SN7-GT in the main amplifier. It was found that
considerable "noise" was getting into the output because one
gide of the A;C. oufput of the amplifier was not grounded. No
attempt was made to ground the Brown Recorder because the D.C.
output of the amplifier was also floating.

The sensitized ekements of the photoelectric cell were
placed in optimum position in the emergent beam by slight aQ}
Jjustment of the annular ring supporting the front of the photoe
cell. This was done with the mercury line at 5461 R on the
exit slit. The socket for the photocell was allowed a little

freedom of rotation in the pre-amplifier chassis so that the



PLATE VI

THE COMPLETE SPECTROGRAPH

L. Chopping wheel

2. Light-tight box

3. Main amplifier

4. Power supply

5. Inductance unit
6. dathode-ray oscilloscope
‘7. Brown recording potentiometer

8¢ CR.0. coupling transformer
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sensitive elements could be made parallel to the exit slit.
Their direction with respect to the base pins varied slightly
from tube to tube. The on-off switech for %he scanning drive
Was_mouptgd on the outside of the box and can be seen in Plate

6 just above the power supply.



CHAPTER 7

RESULTS OF SPECTRA TAKEN
WITH THE SPECTROGRAPH: CONCLUSIONS

A. INTRODUCTION

It Wés decided to use a mercury arc as a source of emis-
sion lines for the firsf tests of the instrument. There are
several strbng lines in the region 1. to &, for which the
Wavé numbers are known very accurately, and these were to be
used as primary calibration points. Other fainter lines and
~groups of lines exis? which were to serve as secondary cali-
bration polnts and, in some cases, as criteria for resolving

power and sensitivity.

B. EXPERIMENTAT .

The»final result of much research into the pfoblem of
obtaining a good‘SPectrum is shown in Plate 7, and was only
obtainable after many runs had been made with different comr’
binations of slit width, photocell orientation, and amplifier
settings. The author believes that Plate 7 represents the best
possible results obtainable on-this inétrument with the mercury
arc. .

}As can be seen, the cut-off limit appears to be about %/Z.
However, later investigation of continuous sources (e.g. the
carbon arc) indicated that the opties of the spectrograph were

transmissive up to about 2e84, which indicates that the term—

ination of the spectrum was due to the double glasé envelope of



PLATE VII

SPECTRUM OF Hg I

TAKEN WITH THE SPECTROGRAPH
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the arc itself. In fgctzmtpe.prigm‘pablg ley¢? arm was ad justed
so that the cut;off switeh would allow the spectrum to be cov-
ered out to &.34« . Scanning was commenced just before the
green line at 5461 i, this being an execellent datum Waﬁe length
from which to work. |

Plate 7 represents one copy of three similar spectra which
were taken successively on the noted date. These runs were
taken in the evening, because it was found that the switehing
on and off of electrical circuits in the vicinity caused small
pulses to appear on the chart. As a first approximation to
drawing some kind of dispersion curve, the wave lengths of the
prominent lines were taken from a handbook of physics%, and the
wave number interval between the line in question and the green
line was plotted on a vertical scale directly on the chart. It
can be seen that the dispersive properties of the optiecal $ys;
tem differed markedly from those predicted, since the expected
crowding at long wave lengths does not occur and the dispersion
on a wa&e number scale is nearly linear.

To identify some of the legs prominent lines, it was first
necessary to obtain more exact wave numbers for the primary
standards and the author is indebted to Dr. A. M. Crooker for
the term table which was used for this. Several other refer-
ences were consulted.'5 to find the theoretical and experimental
relative intensities of-lines, and in genergl the valués in ()
in Table 7.8 are averaged from several sets of data and from
considerations of the transitions involved. The adopted pri-

‘mary wave number values are marked with a (1).

4 45. See bibliography.



Table 7.8. Mercury I.

Wave numbers and traensitions of linese.
7- 5,000 to = 10,000 cm~1.

54

(*) -

appear on chart (Plate 7)

(t) - primery standards
(I) - assumed relative intensities (scale 1-100)
I - measured or predicted intensities (scale 1—100)
x = 5c196s,‘°6p
Y Transition I ' Transition I
% 9998.1 637p5P1r688dlD2 CR 8494 .8 6s7p5?2-6s8a535 4
1 9859.7 686p1P1-687slSO (1Qoi*- 8482 .5 6s7p592;ésea5nz 2
¥ 9659.7|  x°By-6s7a°p) | B |% 8470.8|6s7p%R,-6s8a5D, | O
9529.8|  x%Pp-6898%5) | 1 |  8452.5 [6s7p%py-essatn,| o
9245.4| %% -6s7a%D, | 0 8414.3 eséd192§656f5F 0
9220.1|  x%P1-6s7a%Dy | O [% 8409.9 ésédznl-esef5F (3)
9199.1|  x°Py-6s7d'D, | 0 8410.6 6s6a1D,-6s6£1F,| O
9070.1| 6s7plp 68108ty 2 8395.1 6s7plPl-658d5D2 0
9060.7 657p5P2-6slosSSJ_ 1 8383 o4 6s7plP ~658a° D | 0
% 8973.3 687p1P1-63735$l 2 8565.1,657p¥91 6s8a1D_ | (1)
% 8944.7657s%51-687p P, | (3) 8552.2‘686d5D2 6sef5F (2)
¥t 8857.3| 6375°S, -637p%p, (a6)  8347.3 65642D,- 636le5 0
8741.7| 6a7p°2,-6898'S, | O |  8515.2 [6a6a’D,-6s6£F, |(2)
8699 .9 6s7p5P0f6895581 0 8301 .3 636d5D5 esele 0
% 8554.4 637p521-6598581 (1) [ e282.0 656p1Pl 657s581 (5)




Table 7.8. - Continued.
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¥ | tTransition I Vo Transition. I
8242.8 | x%Py-657a%D,| (2)|  5906.4|6s601D,-6s587F, | 4
822143 x§92}6s7d5D2 1] 5904.1 6s6dlD2 6s525%, |(11)
8;98.6 x5rg;és7dznl 0 5900.9 |657p°P - 637a5D2 (10)
8177.0 x5P2}637d1b2 o |4+ 5856.0 6s7p5P256s7d1D2 (16,
7568 .1 637p590-6s7d5bl (2)|| %1 584549 es6d5nza6s5le5 (13)
7480.1 ésédlrzéésaplyl 5| 5845.1|6s6a%D,- 6s52°F_ | (20)
74769 és8p520-6s6d5nl o  5840.8|6s6a%D 6s5f5F2 5

¥ 7445.9 6s7p5Pl 6s7d532 (2)| s812.9 6s7p1311687d5D2 0
7422.6 687p rl 6s7a°D,| © 5611.8 | 626a5D,;- 652" F,| (2)
7416.8 686d5le688p1Pl (1) 5809.9 6s6d5b5e655f1F5 0

* 7401.6 6s7p591 6s6dlD2 (2) s807.1 éssdzpa-éésfsrz (3)

*t 7367.0 Gs7slSO-GS7PlPl (23) 5804 .8 6s6d3555635f3Fé 0

*t 73117 6375581 -6a7p°p, | (83)|  5789.6 6s7plri-és7d5nl 0

w+ 7166.2 |6875°S -687p3P0 (12)] % 5768.6-§sep191e6s7d132 (3)
71087 éstlPl-ss9slso 5 5734.0 6378130—6s7p5P 1
7008.8 687p3P 6898581 1 5490 .4 636dlD2-688p5P 0

+t 6559.7 x Pl-bSSSlSO (19)] 5487.3 GsédlD2-688p5P2 0
6096.7 szl-asssssl 1 5427.2 656&532-638p522 g

¥T 5921.8 687p3P 6s7d5D5 (5) 5391,.2 636d5D5-688p5P2 10

+1 5909.2 es7dln 635le5 (15)"*+ 5074 46 6575581- x?PO (10)

No signal on the chart was identified as a line unless it

appeared on four runs.

The approximate wave numbers of secon-

dary lines were calculated by measuring the dispersion (on a
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/sgale) between two primary lines on either side of the line in
dugstion and interpolating linearly for the desired wave num-
ber. This was first done for“7-< 10,000 cmfl, and after ail
lines had been measure@; a successful attempt was made to cor-
relate ihese values with the expected wave numbers from certain
transitions. The measured value was usually within 5 weve num-
bers of that predicted.. i

A paper by McAlisterﬁ was found useful.z He used a vacuunm
thermocouple and thus was able to obtain a very’good relati&e
intensity scale. Since that paperrwas wriften, gseveral lines
then unaccounted for have been verified (notahly transitions
from 5d96336§ZP0’1,2) and also it'appears that he incorrectly
identified others. The wave numbers in Table 7.8 are taken
from the term table and those lines which have been identified
bn the chart are marked with a (%). Of spécial interest is a
portion of a spectrum, taken with a very narrow slit, appended
to Plate 7 éhowing the complex line structure befween Y=15912.8
and 5843.lvcm‘l. The line height on the chart is not propor;
tional to the relative intenéity except for a émall interval,
‘since the sensitivity of the photocell is not constant with
Wéve length.

The identification of individual lines between 0e7¢ and
i/kvwas difficult, and it was only possible to identify groups
as shown on the chart. _The wave numbers and intensities of all
but the faintest lines were obtained from Weidmann and Schmidt”’

and then corrected by identifying the lines in the term table.

6, 7. ©See bibliography.

o



These are listed in Tab;e_7.9.

As a matfer of interest,

components of the groups 6smfF—636d

it was.decided to identify the

1,3

57

1)1’2’5 more exactly than

had been done in the above paper, and for this purpose the au-

thor extended Dr. Crooker's term table to odd terms, as far out

Table 7.9. Mercury I«

Wave numbers and transitions of lines O.[/A to },c.

All configurations except (x) include a 68 electron.
F levels for a given m are nbt distinguished for m = 8.
v Transition I V. Transition I
9998.1 | 7p%;- sald, | 3 10751 .8 7% -10s%s, | 4
10016.2 7p%2,- 80D, | 4 10775 .5 x??z- sa'lp, | 2
10028.1 | 7np,- 8afDy [ 6|  10791.8 <Bp,- saln | 2
10052 +5 | 10803 .5, x°p,- 8a%p, | 4
10161.9 | 7p®r - 845D, | 6 10815.8 x°py- 8a%p_ | 8
10208 .5 7p5P2-liszsl g 11059 .1 9f F - 6&5D2 3
10527.9 | 8f F - 6dlD, | 2 : 11119.0 9f F - 6a°D, | 3
[10527.9 | 8z F - 6d1b2 6 11122.4 90f F - 6a'D, | 3
10588.0 | 82 F - 6a°D; | 6 11140.6 7plPl}11dlﬁ2 3
¥ 10591.2 8f F - 6alp | 5 11241.6 4
% q 2
10594.0) | sf F - 6a'D, 5 11381 .7 x°p,- 105531 5
10597.7 7plP ~10a%D D, | 4 11595.o‘§[ 7p5P 9at D, 4
10606. 5\3‘ 7p5Pl 10s53l 3 11408.9(8 7p° Pl- 9d531 4
10704.0° 7p5P2-10d$D5 5 11414.6 7p591- 9d532 6
10705.5) | 7p°2, - 10slsO 5 11462.3 | 10f 7 - 6a°p, | 3




Table 7.9. - Continued.
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v :f‘Tran31tlon 1 Y Transition I.
11485.5 [10£ F - 6alD, [ 4 ||~ [12935.6 - 10
11509 .7 ;17pl?1-12d192 3 ”1563154?E§ 'x5?2e10d1n2 2
11608.5 |- 3 15025 .0 x?Pg-lodzbz 8

§{?1649,3 Alf F } sa®_| 5 15149.1] 7p5P1—l2d5 .| 8
11683.9 [11f F - 6d5b2 3 1525845 | 7p5Pl 14@531 3
11754.1° 7p3Pl.llsssl 5 13294 .6 7952, ~124% D |3
;;399,6, 7098 - 118 sl 3| 1za11.8 | 7% -15d§Dl 3
12170.4 3p - 9¢,D2 1| 18560.0 x522-11a595 5
12184.5 _x392- 9a5D1 0 13704 .2 x522-15a sl 4
12190.6 P - 9d532' 4| 187518 | 7pipg-14a° D |
12198.2 xgrgf gaznz 9 13928.1 x?Pz 124° D | 4
12250.7|\\!| 7p°®;-10a'D, | 5 14028.2 %3P —10dlnz' 3|
1228970 7p591 1oaznl 7
12246.0 7p3Pl 10a5n2 8
12385.2 7%, 10d§Dl 5
1246146 7p591—11s531 3
12529.5 X?ngl;sési 4
12607.1 x%p,-125%, | 5
12779 .7 7p592-11d591 3
12783.0) ‘ 10

as 6§12f F. The enefgy levels out to 686fl’5F2 5>4 were obtain-
‘ - 2%~y

ed from Bacher and Goudsmita, but subsequent.values had to be

8e

See bibliography.
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obtained by getting apprqximatewsqlgtiops o?-tpg Rydberg f°rf_
mula and determining the approximate wave numberg of the expee-
ted transitions. By a consideration of probable relafive in-
tensities of lines, it was possible to identify certain lines
in the table and thence obtain the correct (average) values of
the energy levels. _Those lines expected'to be fairly strong
(singlet-singlet, J and L changing in the same sense, and high-
J transitions) were readily identified, and agreed with Weid-
mann and Schmidt's intensitles, thus indicating the validity of
the identification.

The'identification of groups on the spectrum was carried
out by lpoking for portions of the table'containing strogger—
than;avefage lines and seeing if they Wogld.appfoximately'fit‘~
theAdispersion curve. The final grouping is noted on the spec=

trum, and the author found that other papérs5

with a photo-
graphic spectrum of the region were useful in the assignment of
values. The agreement is quite good except that group I should

be about twice as wide if the adopted intensitie® are correct.

C. CONCLUSIONS

~ From the wave numbers of lines resolved in the sectional
sPectfum appended to the main ahart; the resolving power is
seen to be at least 1,000 at l.Z/l, which compares favoupably
with the calculated value of 500. This is to be expected since
the dispersion curve approximates a -;7 variétion instead of -&-,_.
The line at ¥- 5455cm™ 1 is obtained from the handbook? but

cannot be found émong the allowed transitions in the term table;

4, 5. Op. cit.
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which indicates that either the dispersion curve is completely
erroneous (which is doubtful) or that the line is due to a for-
bidden transition. The line at Y=1602.5 em 1+ 2.5cm 1 defin-
itely exists and alsb cannot be found.

Several strong lines between 0.7 and %/u,cahnot be iden-
tified on the term table. According fo the M.I.T. waﬁelength
tables, there are lines due.to Hg II at V= 10054 om~1, (inves-
tigéted by“Rasmussen) Hg I at 7= 10055, 11243, 11609, 11785,
'and‘iz939 em~ 1, (investigated by'Suga,.Kamyana, andkSuguira at
Tokyo) and Hg I at V= 12786 em L., (Scientific papers of the
Tokyoﬂlnstitute of Physics and Chemiétry). None of these pub-
lications were available to the author. Exact details of the
references may be found in the M.I.T. wave length tables (1939).

Attempts were made to-dbtain_more precise data on the
region 0.7 to 1 _e«c by the use of continuous sources and absorp;
tion spédtraf However, it was found that all sources using
alternating cufrent had 120 cycle intensity fluctuations that
heterodyned with the chopping wheel. This was true of the ear-
bon arec and the Nernst glower,, "On the other hand, the D.C.
power supply was too unsteady\for efficient operation of the
Nernst, and the proper D.C., carbonsAfor the arc were not ob-
tainable. | |

‘The performance of the spectrograph thus far indicates:
that, while not as comvenient to use as the Perkin-Elmer in-
sfrument, it has a much better resolving power in the.regiohl
thus far worked. The author hopes to further investigate its
performance, and regrets that results obtained will not be com-

pletes in time for inclusion in this paper.
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It can be concluded that the PbS photoelectric cell 1is, in
spite of 1its non-linearity, at least the equal in performance

of any other detector in the near (<i§/L ) infra-red.
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