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1,0 INTRODUCTICN

This is the second and final report prepared for the Jet Propulsion Laboratory
under Contract No. 952552 for the development of a desfgn--using ray-trace
analysis--for a Mars Atmospheric Water Netection Spectrophotometer. The pre-
liminary report presented a comparative analysis of nine monochromater con-
figurations, each of which was physically no longer than fifty percent of its
effective dispersive focal length. This is an important requirement for this
spectrophotometer, since its dispersive focal length must be nearly 1000 mm,

yet the instrument structure not be much over 500 mm in length.

The nine monorhromator configurations were made up of one single-pass monochromator
with a Cassegrainian collimating system and eight double-pass monoéhrowators.

These monochromators consisted of both Ebert and Littrow types having all com-
binations of either a spherical or paraboloic collimating mirror, with either a
corner mirror or corner prism used as the return reflector at the intermediate

spectral image.

Of these nine monochromator configurations, only three--the Cassegrainian
monochromator and the double-pass Littrow monochromators using & paraboloid
collimating mirror with either a corner mirror or corner prism--gave sufficiently
good spectral image quality for its application. These three monochromator con-
figurations have spectral imagé aberrations which are smaller than 10 percent of
the spectral bandwidth which was specified for the four frequencies .used in the
preliminary study.

The preliminary report was a comparative mathematical analysis of any monochrom-
ator optical configuration which appeared feasible for this application. This
final report, on the other hand, is more of an optical engineering report which

presents a critical analysis of only one preferred monochromator configuration.
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The resultant physical locations of the optical elements in the final monochrom-
ator design are compromises which optimize both physical ﬁqunting conéiderations
and spectral image quality.

JPL has selected the double-pass Littrow monochromator which uses a paraboloid
collimating mirror and a return prism for the final spectrophotometer design,

as a result of the investigation presented in the.preliminary report. The choice
of a double-pass monocchromator over the Cassegrainian monochromator is’ based
primarily on the fact that the Cassegrainian system reqﬁires both the grating
and the collimating mirror to be twice'as largé in linear dimeasions and nearly
eight times more massive than tﬁose required by the double-péss'monochromator.
Although the double-pass monochromator may be a little longer than the Casse-
grainian monochromator, the structural cross sectional area of the double-pass
monochromator will be four times smaller. The return prism has been seiectéd--
rather than the return mirrers--since hiéh accuracy prisms arz much easier to

manufacture, mount, and service than high-accuraty, double-mirror systems.

The best locations for each optical surface in the final monochromator design

are controlled by several factors:

a, Providing for the large volume occupied by the grating and its

supporting surfaces;

b. Supporting the PbS detectors ard the entrance slit on a common

substrate with a fused-silica cover plate ov ' the detectors;

C. Providing the proper entrance slit curvature on the substrate
and proviling the substrate with the pruper tilt forward to

optimize the spectral image flatness for all the PbS detectors.

JPL has specified five new frequencies for the final monochromator design instead
of the four frequencies used in the preliminary report. JPL has further requested
Beckman to investigate available line emission sources to determine whether onne
can be used as a frequency calibration source. Such a scurce must have one or

more strong emission line3 within, or near to, the five frequencies which have




been specified. It is, of course, suitable to use the 2nd, 3rd, or 4th orders

of ar emission iine frequency.

The physical dimensions of the final monochromator design that are described in
this report are nearly the same as those dimensions used for the double-pass
Littrow monochromator which had a paraboloid collimating mirror and a return
pflSm and which was analyzed in the preliminary report., There are these

differences:

a, The grating ruled surface has beeh moved 75 mm in front of the
entrance slit to obtain sufficient mechanical clearance for the
entrance slit and PbS detector assembly, the return prism, and a

mechanical chopper to be mounted in front of the prism.

bl A 0.25-mm-thick fused-silica plate has been placed in the optical
path in front of PbS detectors. The detectors are cemented to the.
back face of this plate.

c. ° The entrance slit is mounted to and flush with the front face of
the same fused-silica plate. An opening is provided through the
plate directly behind the entrance slit sc the light rays passing

?; through the entrance slit do not interfere with the plate.

d. The entrance slit is no longer straight and parallel to the grooves
of the grating, but is slightly curved and tilted. However, it is
still flush with the front face of the fused-silica plate. This new
entrance slit spacial orientation produces spectral images that are

perfectly straight and parallel at each of the PbS Jetectors. The
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fused-silica plate is further tipped 0.8° from the vertical to bring
all of the PbS detectors to an optimal focus. '

The spectral image quality of the final monochroma:ior design has been found to be
very good. The maximum aberration spread for each of the five frequencies is less
than ten percent of the PbS detector widths, The three center frequencies--which
are the most important analytically--have aberration spreads that are less than
five percent of the PbS detector widths.
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A search for a calibration source has shown that a Kryton arc produces a relatively
strong and well isolated emission line at 6904.68 R, which has a second order
spectral image 1.6 mm from the entrance slit. This image, furthermore, is on the
opposite side of the entrance slit from the images of the five frequencies. '
This Kryton emission line may be straddled by two PbS detectors which are mounted
to the same substrate as the entrance slit and the other five PbS detectors. Any
wavelength error in the monochromator during operation will cause a lateral shift

of the spectral image of the Kryton emission line relative to these two detectors.

by




2.0

FINAL PERFORMANCE REQUIREMENTS

JPL has modified several of the Bérformance requirements outlined in the

Preliminary Report, and these modifications have been included in this final

monochromator design. The final perfornance requirements for the Mars Atmos-

pheric Water Detection Spectrophotometer are now as follows:

The monochremator shall have a 1000-mm focal length and a f/b

relative square aperture.

The grating shall have 1200 line/mm with a blaze at 1.2y, and a
blaze angle of 46° 4'.

The entrance slit is to be 0.25 mm wide by 3.5 mm high.

The PbS detectors shall be locafed on the spectral image surface
to soiely define the frequency bandpasses. The PbS detectors are
to have sensiti—e areas (0.25-mm wide in the direction of dispersion
by 1.0 mﬁ high. They are to be mounted on a common substrate and
protected with a 0.25-mm-thick, fused-silica plate which is cemented

to their sensitive surfaces.

The center frequencies to be detected are:

1. 7229.09 cm” !
2. 7230.90 cm!
3. 7232.12 cm :
4, 7234,85 cm -
5. 7236.27 em >

The frequency resolution at the PbS detectors must be at least

1 cm-l, and preferably 0.65 cm-l.

o
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The second order of the 6904,68% Kryton line is to be used for

frequency calibration., Its spectral image is to be straddled
by the two PbS detectors.
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3.0 DESCRIPTION OF THE MONOCHROMATOR

A schematic diagram of the final monochromator desix. is shown in Figure 1, and

it is rigorovsly defined by Tables I, ITI, and III. In operation, light rays
travel successively from the eatrance slit of the monochromator--which is in the
(Xo, Yo’ Zo) axis system--to the collimating mirror, grating, collimating misror,
return prism, collimating mirror, grating, collimating mirror, and finally the
spectral image surface--which is in the (xlﬁ’ Y16’ 216) axis system, The entrance
slit and the PbS detectors which are each at a spectral image of the entrance slit
have only positive Y-values in their respective axis sysfemSu The.first ;pectral
image which is formed of the entrance slit is formed with approximately unity .
magnification in the return prism and it ?as all negative Y values. The second

spectral image of the entrance slit is formed on the PbS deteetors.

-

To cbtain the best overall spectral image quality for the five analytical  fre-
quencies, and for the Kryton calibration frequency, the entrance slié has been
oflset along the positive Zo axis as shown in the upper-chart of. Table IV. Five
entrance slit starting points are used for the ray trace, and their Zo‘valugs
range from 1.0 mm to 0.846 mm; therefore, the best image quality is obtained in
the vicinity of 216 = -0.9 mm. The five analytical frequencies are approximately
centered abnut 216 = -0.9 mm.

The single collimating mirror of this monochromator is a parabecloid of 506 mm e
focal length, Sin~e the light rays travel through the monochromator twice in
successio. , the spectral dispersion of the entrance slit image at the PbS
detectors is equivalent to that formed by a single monochromator having a

1000-mm focal length.

The diffraction grating is a replica grating of 1200 line/mm. It -is used in ‘the

first order for the five analytical frequercies and in the second order for .the

oo
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Table I (Sheet 1 of 2), Definition of Axis Systems for the

X, Y, 2,)

(%13 Yy Tyl

ST TR
(X5» Y55 Ze)
(X310 Y130 %49)

S TRRSTRRCTY

(X3, Y3, Z5)

(Xy2s Y125 Z39)

(Xa, Y&’ 24)

Z

(X135 Yy35 Z43)

Vs Yoo Zg)

X5 Yg5 25)
(X, %o Z)

(X102 Y100 %10

Double-Pass Littrow Monochromator with a Returr Prism.

ENTRANCE SLIT--The entrance slit is on the Yo - Z° plzane.

MATHEMATICAL AXTIS SYSTEM--This axis system has the same origin
as the (Xo, Yo, Zo) and (XIS’ Y55 ZIS) axis systems, and it is

used only as a mathematical aid.

COLLIMATING MIRROR--These four axis systems are identical, The

collimating mirror is tangential to the YZ,S,11,14-22,5,11,14

plane at the origin. The focus of this paraboloid collimating

mirror is located on the negative X2 5.11.14 axis.
o= R P

DIFFRACTION GRATING--These two axis systems are identical, The

grating surface is on the Y3 12 - 23,12 plane, and the grating

’

rulings are parallel to the Y3 12 axis,
3

MATHEMATICAL AXIS SYSTEMS--These two axis systems are identical,
They have the same origin as the (X3,12, Y3’12, 23’12) axis

system, and they are used only as a mathematical aid.

RETURN PRISM--The Y6,10 - 26,10 plane is used as the “ransmitting

face of the prism, and the Y7 - 27 and Y8 - 28 planes are the

internal reflecting faces. The Y , and Y, axes are identical

70 Yg 9

axis, The Z., axis is at 90° to cthe Z

and parallel to the Y - 8

6,10

axis is at 45° to both the Z. axis and the

axis and the 26,10 7

28 axis.

-9a




Table T

(Xg, Yo, Zg)

(Xy55 Yi55 Z35)

(X165 Y162 Z16)

(X175 Y175 Z97)

T

(Sheet 2 of 2)., Definition of Axis Systems for the

Double-Pass Littrow Mcnochromator with a Return Prism.

MATHEMATICAL AXIS SYSTEM--This axis system has the same origin
as the (X, Yo, 27) aad (Xg, Yg, 28) axis systems, and it is

used only as a mathematical aid,

FRONT FACE OF DETECTOR COVER PLATE--A 0,25-mm-thick quartz plate
covers the photo-detectors for prot.ctic~ The front face of

this plate is on the Y ,_ - 215 plane. This axis system is

15
identical to the (X , Yo, Z,) axis system.

BACK FACE OF DETECTOR COVER PLATE--The photodetectors are

mounied on the Y16- 216

required frequency.

plane at the spectral images of each

SPECTRAL IMAGE FOCUSING SURFACE-~-This axis system is used only
when the computer automatic focusing program is used. This axis

system is set identical to the (X 216) axis system at

167 Y16?

the start of each ray trace. The computer then moves this axis
system along the X16 axis by mathematical iteration until the

ray-traced image on the Y plane has a leact square

17 %17

deviation,

«-10=-




Table II, Definitions of Dimensional Parameters Used in
Table III

The xn-l coordinate for the origin of the'(xn, Y, Zn) axis system

measured in the (xn_l, Y 1> Z,.q) #xis system.

The Y

n-1 coordinate for the origin of the (Xn, Yo Zn) axis system

measured in the (xn-l’ Yo _1» zn-l) axis system.

The Z

n-1 coordinate for the origin of the (Xn, Y s Zn) axis systet

measured in the (X ., Y _,, Z _1) axis system.

The Angular displacement of the Xn axis from the Xn_ axis measured

1

in the xn-l'zn-l plane. This angle is positive when the )(,n axis is
moved toward the positive Zn-l axis, and negative when moved toward

the negative Z axis,
n-1

The angular displacement of the.Xn axis from the xn-l axis measured
in the xn-l-Yn-l plane. This angle is positive when the Xn axis is
moved toward the positive Yn-l axis, and negative when moved toward

the negative Y axis,
n-1

The angular displacement oi the Zn axis from the Zn_1 axis measured
in the Yn-l'zn-l piane. This angle is positive when che Zn axis is
moved toward the positive ¥ , axis, and negative when moved toward

the negative Yn-l axis,

-11-




Table III,

Dimensions of the Final Monochromator
Optical System

AXIS I
SUBSCRIPT A H B| C a B Y
1 0 o O 0 -0.8 | O
2 500.0 o oC 0 0 0
3 -425.0 o 0 56.055 0 0
4 0 0) 0 | -56.055 0 0
3 425.0 0O 0 0 0
6 -496.,4416| 0| O 0 0 0
7 -5.0 00 45.0 0 0
8 0 0| 0 | -90.0 Y 0
9 0 0| O 45,0 0 0
10 5.0 0| 0 0 0 0
11 496.,4416| 0| O 0 0 0
12 =425,0 0|0 56.055 0 0
: 13 0 0| G | -56.055 0 0
14 425.0 0| O 0 0 0
- 15 -500,0 o O 0 0.8 |0
16 -0,25 0| 0 0 0 e
17 0 0| ¢C 0 0 0

A, B, C in mm
a, B, ¥ in degrees

]2~




Table 1V,

5

Ray=Defining Coordinates for the Final
Monochromator Optical System

Points

2.0
255
3515
5.0

5.5

1.0

0.987
0.942
0.877

0.846

The five Entrance S1lit Starting Points

Corner X Y3
F
1 0 o
2 0 50,0
3 0 -50.0
4 0 -50.0

=ﬁ—_—%
50.0 -90.0

Z4

90.0
90.0

-90.0

The Four Corner Points of th- Grating Used

Area Which Dzfine the Field Stop of the
Monochroma Lor

3w
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Kryton calibration frequency. The'grating is blazed at 1.2, which insures a

good grating efficiency at all the six frequencies involved.

The grating must be provided with a hole cut through its center to transfer light
rays between the collimating mirror and the entrance slit, return prism, and PbS
detectors. This hole is preferably cut in the grating substrate before the
grating replication is performed. The ruled area of the grating is 100 mm
measured along the grooves and 180 mm measured across the grooves. The grating
is mounted with the grating normal rotated 56.055° from the optical axis. The
grating ruled area for the first pass of the monochromator has been defined as
the aperture stop for the monochromator. The lower chart of Table IV gives the
coordinates of the ruled area of the grating in the (X3, Y3, 23) axis system.
These same coordinates define the monochromatcr aperture stop for every ray
trace. The grating ruled area subtends a 100-mm square area measured normal to

the optical axis; thus, the monochromator has a relative square aperture of f/5.

The return prism is a 45°-90°-45° solid prism made from fused silica. The widths
of the three faces are app.oximately 7.07 mm x 10.00 mm x 7.C7 mm. The prism can
be made as long as necessary (measured normal to the prismatic cross section) to
aid in supporting the prism from surfaces that are well away from the prism's
used surfaces. The top end of the prism should be at the optical axis. All
portions of the prism will then have negative Y-locations. This will insure
that the prism does not interfere with lignt rays traveling from the entrance

slit and to the PbS detectors.

The entrance slit and the PbS detectors are in physical contact with a 0.25-mm
thick, fused-silica plate. The entrance slit is considered to be a photo-etched
slot in a thin metal sheet which lies flat on the front surface of the fused
silica plate. An opening will be drilled througzh the plate immediately behind
the slit to allow the incident Jight rays to pass through the entrance slit
without interference by the plate. The PbS detectors are flush with the back
surface of the fused silica plate except for a thin film of cement which hoids

the two together., .he photo-deposited detectors can be rectangular, 0.25-mm

7.




wide x 1 mm high, and their locations are completely determined by the ray trace
analysis revorted here. '

<15




4.0 RAY TRACE PROCEDURES

The optimization of the mouochromator optical design was accomplished by

several ray-trace iterations varying several monochromator parameters listed
in Tables III and 1V, namely B’. and [315; A6 and An; and Zo' Each ray-trace
analysis was used to determine the optical performance characteristics of the

monochromator after each modification of parameters.

The ray-trace program that has been applied utilizes a separate three-dimensional
axis system for each optical surface, or for each plane that Is used to analyze
for image quality. This final monochromator design requires sixteen axis systems
to define all of its optical surfaces. A seventeen-axis system is used to mea-
sure the distance from the si%teen-axis system to the oest focus for all

combinations of each frequency and each entrance slit starting point,

In performing each ray trace analysis of the monochromator, the rfame type of ray
family has been used for each frequency and for each of the five stérting points
on the entrance slit., A ray family is defined here as a group of rays that start
from a single point on the entrance slit, and upon the first eﬁcougter with the
grating surface, the group of rays spreads oﬁt so as to intersect the grating
surface in a uniform array of intersection points which consists of an equal
number of columns and rows of points. The boundaries of the array for each ray
family precisely matches the ruled area of the grating. This makes the ruled

area of the grating the aperture stop of the monochromator optical system.

A family of rays may consist typically of 4, 9, 81, or 100 rays. A four-ray
family is generally sufficient to define the physical boundaries of the
optically-used areas at each optical surface in the monochromator system. That
is, of course, because these four rays intersect the four corners of the aperture

stop. A nine-ray family not only can define the physical boundary conditions,

=16~




but it has one ray which is the centroid of its array. Furthermore, it has a
sufficient number of rays to give a.usable knowledge about the nature of the

optical aberrations at the spectral images of its starting point. An eighty-one

ray family also provides one ray at the centroid of its array, and it has sufficient
rays to analyze the characteristics of image aberrations in tine detail., A one-
hundred-ray family does not have a centroid ray, but it is coiven.e~t for

analyzing image characteristics as a percent of a total image ar.ay  since each

ray accounts for one percent of the array.

- -




5.0 SPECTRAL IMAGE ANALYSIS

This analysis consistea of finding the spectral image location and aberration

content for thirty separate families of rays representing all combinations cf
f£ive entrance-slit starting points and.six center frequencies (five analytical
frequencies and one Kryton calibration frequency). Each of the thirty family
of rays consisted of one hundred rays., The best focus for.each one-hundred-ray
‘family was computed on the Y17-217‘plane which was automatically translated
along the X16-axis by the computer until a least-square aberration existed as

measured in the direction of dispersion (along the Z1 -axis).

7
The Ali values (movement of the Y”-Z17 plane along the X16-axis) for the thirty
ray family then describe the shape of the true monochromator focal surface '

relative to the (X 216) axis system. Once the computer has determined

167 Y167
the true focal position for a family of rays, it then also calculates the centroid,
the total image spread for all 100 rays, the best 99 rays, the best 98 rays, the
best 95 rays, the best 90 rays, and the best 75 rays, as measured in the direction
of dispersion. Further, the ray density for small aberration intervals measured

in the direction of dispersion are tabulated by the computer for each family.

Several ray trace trials were required in which ﬁl’ ﬁHS’ AG’ All’ and 7,‘j were
changed slightly, For the first trial Bl and BIS were equal to zero and ZO

was equal to 1,0 mm for Y, = 2.0, 2.5, 3.75, 5.0, and 5.5 The monochromator
focal surface was not parallel to the Y16'216 plane on which the PbS detectors
are in contact, and the spectral images of the five entrance slit starting points
were neither in a straight line nor parallel tu the Y16-axis. For the fi 1l
monochromator design, the five entrance slit starting points shown in the upper
chart of Table IV are displaced from parallelism with the Yo-axis and are also
curved suffticiently to make all six of the spectral images of the entrance slit

straight and parallel to the Y16-axis. The fused-silicez plate was also rotated

-18=
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through 0.8° around a fixed ZO,IS-aXiS’ to obtain the best monochromator focal
surface match with the Yl6-216 plane for all thirty spectral images.

Figure 2 is a composite graph of the locations of the five entrance slit starting
points on the YO-Z0 plane, and the locations of their thirty spectral images an
the Y16-216 plane as viewed from inside the monochromator locking parallel to the
X0’16-axis. The YO-ZO plane is 0.25 mm in front of the Yi6~%16 plane as separated
by the fused silica plate. The Zo-value is printed at each of the entrance slit
starting points. Two numbers are printed at each of the thirty spectral images.
The upper number gives the distance cf the best focus from the Y16_216 plane.

The positive values are in freot of and negative values are behind the Y16_216
plane. The lower numbers, which are in pareanthesis, give the total aberration
spread measured on the 217-axis for all 100 rays of each ray family. The 216-
locations of each of the six spectral images is printed along each image. It is

seen from Figure 2 that:

aMe The spectral images are straight and parallel to the Y, _-axis. The

16
computer output has shown that the centroids of each of the five
points making up each of the six spectral images are parallel to

the Yla-axis within 0,001 mm, because of the entrance slit shape.

b. The focal surface for all the six frequencies is within #0.030 mm of
the PbS detector surfaces, which is the Y16-216 plane. fir the two
preferred frequencies for the water analysis~~7232.12 cm = and
7234 .85 cm-l--the focal surface deviates from Y16-216 plane by less

than +0.018 mm.

e The total aberration spreads for the five analytical frequencies
measured in the direction of dispersion are everywhere less than
(.025 mm, or 10 percent of the PbS detector width. For the two
preferred frequencies--7232.12 cm‘1 and 7234.85 cm-l--the toial
aberration spread is less than 0,016 mm. The aberration spread for
the Krypton line is less than 0.043 mm, or about 15 percent nf the

PbS detector width.

-19-
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6.0 USED AREAS OF OPTICAL ELEMENTS

The ray-trace program computes and prints out the coordinates of the intersection
of each ray with each optical surface in the axis system of that surface. Tt
also prints out the direction cosines of each ray as it leaves a surface in the
axis system of that surface. Since the printout of this much information for

100 ray families becomes expensive and cumbersome, it was not done for the

100-ray spectral image analiysis.

For this final monochromator design, %4-ray families are sufficient to define the
used areas of each optical element. Such 4-ray, ray traces were parformed for
the five analytical frequencies and the Kryton calibration frequency usinsg only

two entrance slit starting pecints: YO = 2.0, and YO = 5.5.

Figure 3 is a composite graph of the optical utilizaticn of tive different

optical surfaces:

a. The entrance slit on the YO-ZO plane;
b The six spectral images of the entrance slit on the Y16-Zl6 plane;
(" The transmitting face of the return prism on the 7, . _ -Z plane;
6,10 76,10
d. The first internal reflecting surface in the return prism on the
Y7~Z7 plane;
e. The second internal reflecting surface in the return prism on the

Y8-28 plane.

This is a view from inside the monochromator looking parallel with the optical
axis. All measurements are in mm. As jn Figure 2, the entrance slit plane,

Y. .-Z is 0.25 mm in front of the PbS detector surfaces which are on the Y

0~%o» 16"%16
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Figure 3.
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plane, the 0.25-mm spacing being the fused-silica protective plate for the
detectors. The width of the entrance slit and its six spectral images are

shown as 0.25 mm.

Dashed lines surround the maximum area of use on the transmitting face of the
return prism, which is the Y6,10-26,10 plane. The coordinates of the four
cornzrs of this used area are given. The actual edges of the return prism
are at 26,10 = +5,0 mm, which are just off the edges of‘this graph c¢n each

side,

The locations of the 7229.09 cm-l, 7236 .27 cm—l, and the Krypton images of the

entrauce slit are shown on the Y_-Z_ and Y -Zg planes, which are the internal

7 77 8
reflecting surfaces of the return prism. The cross-hatched areas show the used
areas for single horizontal lines 0.25 mm wide at YO = 2.0, and Y, = 5.5 ca the

=1 "
entrance slit., The 7236.27 cm frequency images come nearest the corner of the

prism which is the Y -ax1s, but do rot actually cross into it. The used areas

il
7,8
for the other three analytical frequencies are not shown in Figure 2, but they

have image locations between the 7229,09 cm-1 and 7236.27 cm-l locations.

Figure 4 is a graph of the used area of the collimating mirror. The coordinates

of the four corner prints are given in mm.
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7.0 CONCLUS IONS

This report has described the optimization of a monochromator optical design
using ray-trace techniques. It has shown that by the proper location and shape
for the entrance slit, and by the proper locations for each of thc'photodetectors,
the best possible image quality is obtained. This means that this monochromator

design will give the best possible resolution for this application.
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