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This document explains how the spectrograph optical design is derived and implemented. The design
requirements are derived from the science case and the design decisions are discussed in some detail.
Following a tolerancing and stray light analysis a practical design, optical specification and alignment
plan is presented.

2 SPECTROGRAPH DESIGN

2.1 Requirements

The top-level requirements (TR_#) flow down from the science derived requirements (see Science
Requirements Document) and are the starting point for the FPRD and optical alignment plan:

Table 2.1. Spectrograph optical design requirements

Requirement Requirement Name

Number

SR 1 Resolving power

SR 2 Sensitivity

SR 3 Continuous wavelength range

SR 4 Simultaneous wavelength range

SR_5 Slit width

SR 6 Sampling

SR 7 Slit length

SR 9 S/N limit (includes stray light)

SR 10 Wavelength measurement

SR 11 Radial velocity precision

SR 12 Spectral response function

TR 1 Throughput

TR 5 Pixel-field-of-view

TR 10 Image quality at the spectrograph detector
TR 11 Image stability at the spectrograph detector
TR 17 Position of the spectrograph detector
TR 18 Stray light at the spectrograph detector
2.2 Layout

The layout of the spectrograph is shown in Figure 2.1. The £/38.3 beam enters the spectrograph through
the slit-mirrors that are aligned at 22.5 degrees to the incoming beam. Aligning the slits at this angle is
advantageous for the overall instrument layout. Individual slit-mirrors are 38.1 mm in diameter and are
housed in a 5-position wheel (see Table 2.2). The slit mirrors reflect a 42" diameter field into the slit
viewer.

Page 4 of 49



XD
GRATING

SPECTRUM &=

I =t i
MIRROR AREA
XD
SPECTRUM CAMERA LENS
MIRROR [ |
_—

\\Ié‘ = l: ; ‘T\_T 7___%“:7,’ —— "
J

2 — ORDER SORTER
SLIT ~ ~DEKKER OAP

Figure 2.1. Raytrace of the spectrograph. For scale the camera lenses are about 100 mm in diameter and the
distance from the spectrum mirror to OAP1 is 838 mm. The spectrograph is folded as shown

We have two workable designs for the slit mirrors. In the first design metal-coated substrate-type slits are
employed. A gold coating with a slit aperture is lithographically applied to the front side of an
antireflection-coated CaF, substrate. Since the coating is less than one micron thick, the knife-edge is
extremely sharp. A backside metal coating is used to absorb ghosts that are formed in the substrate. In the
second design the slit mirrors and slots are diamond machined. Substrate slits are extremely sharp and
provide excellent image quality in the slit viewer but introduce some astigmatism into the spectrograph.
In contrast the sharpness and image quality of the diamond-machined slits are not quite as good but they
do not introduce any astigmatism into the transmitted beam and the transmitted throughput is a few
percent higher. There is a choice of four slit widths (see Table 2.2).
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Table 2.2. Slit viewer filter wheel

Position # Slit width Slit length R
1 0.375" 25.0" 72,000
2 0.75" 25.0" 39,000
3 1.50" 25.0" 20,000
4 4.00" 25.0" 7,500
5 Blank-off/mirror (darks/slit-less imaging)

A slit dekker mechanism placed about one mm behind the slit wheel (i.e. close to focus) is used to control
slit length (see Table 2.3). The defocus at the edge of the slits is about one pixel at the spectrograph
detector. The use of a dekker reduces the number of slit mirrors from 16 to 4.

Table 2.3. Slit dekker wheel

Position # Slit length Notes
1 Blank For darks
2 5.0" 2.79 mm long
3 10.0" 5.57 mm long
4 15.0" 8.36 mm long
5 25.0" 13.93 mm long

An order-sorting filter wheel immediately follows the slit dekker. Order sorters are used to limit the
wavelength range to the free spectral range (FSR) of the grating cross disperser being used. A preliminary
list of the filters required is given in Table 2.4. Each filter is about 6 x 10 mm in area and about 3 mm
thick.

Table 2.4. Order sorter filter wheel

Position # Filter Notes

1 Blank

2 1.05-1.45 um J-band XD
3 1.40-1.90 um H-band XD
4 1.80-2.60 um K-band XD
5 2.70-4.20 um L/L"-band XD
6 4.50-5.50 um M-band XD
7 TBD

8 TBD

9 TBD
10 Open

Following the order sorter the beam is folded and collimated at the first off-axis parabola (OAP1). Two
R3 silicon immersion gratings (IG) are located at the pupil following OAP1 (only one IG is drawn in
Figure 2.1). An in/out mirror close to the pupil selects either of two IGs (IG1 covers 1.1-2.5 um and 1G2
covers 2.8-5.3 um). Each IG is tilted by 1.025 degrees (‘gamma’ angle) in the out-of-plane grating
direction so that the dispersed beam at OAP1 is reflected towards the cross disperser. OAP1 forms a
dispersed image of the slit at the spectrum mirror flat. The out-of-plane angle tilts the re-imaged slit at the
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spectrograph detector by about two degrees (depending on wavelength) with respect to the detector
columns. The front face of each IG is also wedged by —0.8 degrees in the same sense to steer the un-
dispersed ghost reflection away from the optical path and onto a baffle to the side of OAP1. The wedge
also refracts internal reflections at the front face of the IG away from the optical path. At OAP2 the beam
from the spectrum mirror is re-collimated and forms a second “white” pupil image at the cross-disperser
(XD) mechanism. The OAPs are diamond-turned aluminum mirrors with off-axis angles of 3.0 degrees.

Gratings in the XD wheel diffract the beam into the spectrograph camera lens and the camera images the
spectrum onto a 2048x2048 H2RG array. The camera consists of a BaF,-ZnS-LiF three-element lens.
Each lens is about 100 mm in diameter. The XD wheel contains 11 different gratings. Individual gratings
cover the J, H, K, L/L’, or M bands, and the grating blaze of a particular grating depends upon the band
and the required slit length. Once a particular grating is selected by rotating the XD wheel, the wheel is
tilted about the axis of the grating to select the wavelength orders required (e.g. see Figure 2.2). The
wheel is designed for tilt in the range = 5 degrees. In most cases one tilt-table grating is sufficient to cover
an entire waveband but in the cases of K and L/L’two gratings are needed.

A list of the gratings occupying the XD wheel and the resulting spectral formats are given in Table 2.5.
Within the limits set by non-overlapping orders at short wavelengths and by the + 5-degree tilt limit of the
XD wheel, the wavelength range is continuously variable (i.e. the orders can be moved up and down the
array). To enable the spectral extraction software to automatically locate spectral orders, the minimum
separation of orders is set to 10 pixels. Of the 11 gratings listed in Table 2.5 five are custom gratings
(expensive) and six are replicas (cheap). The two M-band gratings are the same type of grating. The two
gratings occupy two different slots but are aligned differently so that they cover both the short and long
wavelength ends of the FSR. This is necessary since the M-band orders overfill the array.

Figure 2.2. Orientation of the grating for the H1 (52.6 degrees), H2 (55.0 degrees), and H3 (57.1 degrees)
exposures
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Table 2.5. List of cross dispersers and spectral formats available in iSHELL

Exp. Wavelength Orders ) XD Blaze | Blaze Order Slit XD tilt XP Cus!om
name coverage Covered | (line/mm) | wavel. | angle sorter length size grating?
(Mode) | (um) (um) | (deg) | (um) | (arcsec) | (9e9rees) | (mm)
J 1.15-1.35 279-237 800 1.25 29.9 1.05-1.45 5.0 394 40x40 Yes
H 1.50-1.80 211-176 530 1.67 25.7 1.40-1.90 5.0 35.2 40x40 Yes
K 1.97-2.52 160-125 290 2.19 18.5 1.80-2.60 5.0 28.0 40x40 Yes
J1 1.15-1.26 280-255 1200 1.2 46.0 1.05-1.45 10.0 56.0 55x40 No
J2 1.25-1.35 255-236 1200 1.2 46.0 1.05-1.45 15.0 61.5 55x40 -
H1 1.50-1.66 211-191 847 1.67 45.0 1.40-1.90 10.0 51.6 50x40 Yes
H2 1.60-1.75 198-181 847 1.67 45.0 1.40-1.90 15.0 55.0 50x40 -
H3 1.68-1.83 188-173 847 1.67 45.0 1.40-1.90 15.0 571 50x40 -
K1 1.84-2.03 171-156 720 1.90 431 1.80-2.60 15.0 54.1 50x40 No
K2 2.02-2.18 156-144 720 1.90 431 1.80-2.60 15.0 58.9 50x40 -
K3 2.12-2.34 148-135 600 2.16 40.4 1.80-2.60 15.0 51.6 50x40 No
K4 2.32-2.52 135-125 600 2.16 40.4 1.80-2.60 15.0 56.4 50x40 -
L1 2.80-3.10 184-167 450 3.14 45.0 2.70-4.20 15.0 51.3 50x40 Yes
L2 3.02-3.30 171-157 450 3.14 450 | 2.70-4.20 15.0 55.0 50x40 -
L3 3.14-3.42 164-151 450 3.14 45.0 2.70-4.20 15.0 57.3 50x40 -
L4 3.28-3.67 157-141 360 3.70 42.0 2.70-4.20 15.0 48.5 50x40 No
L5 3.65-4.01 141-129 360 3.70 42.0 2.70-4.20 15.0 53.5 50x40 -
L6 3.84-4.18 134-124 360 3.70 42.0 2.70-4.20 25.0 56.2 50x40 -
M1 4.55-5.27 s 113-98 210 5.0 31.7 | 4.50-5.50 15.0 40.4 40x40 No
M2 4.55-5.27 | 113-98 210 5.0 31.7 | 4.50-5.50 15.0 40.4 40x40 No

Examples of the spectral formatting are shown in Figure 2.3.
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Figure 2.3. Example spectral formats. Order numbers and wavelength limits (in microns) at the edge of

the H2RG are annotated. Spectral orders are moved up and down the array by tilting the cross-disperser
mechanism. Exposure “K2” (left — see Table 1) with a 15" long slit. The slit length with this cross-
dispersing grating is limited to 15” by order overlap at shorter wavelengths. Exposure “L6” (right — see

Table 1) with a 25" long slit.
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2.3 Design Details
2.3.1 Silicon immersion grating and white pupil layout
The general grating equations is given by

mA =nocosy(sina+sinfl) (1)

where m is the grating order at wavelength A, n is the refractive
index the immersing medium, o is the grating groove width, y is
the out-of-plane angle, § is the grating blaze angle. For y=0, a
and f are the angles of incidence and diffraction respectively
(see Figure 2.4).

In Littrow configuration a=p=0 (6=0), and y=0 (in-plane
configuration). Since there is no clearance between the incident

and diffracted beams this i; not a practical orientation but it is Figure 2.4. Grating geometry
useful for first order calculations.

In near-Littrow configuration o=, |a-B|=20, and y=0. Compared to Littrow configuration diffraction
efficiency is reduced as 0 increases. This effect can be significant for echelle gratings (high blaze angle,
coarse gratings).

In pseudo-Littrow configuration a=p=8 (6=0), and y=0 (out-of-plane configuration). Diffraction
efficiency is the same as Littrow but the re-imaged slit is tilted with respect to detector columns as y
increases, which can be a complication for data reduction. However, tilt can improve the sampling of
telluric features along the slit (see below).

From Equation 1 the angular dispersion is given by

ﬁ_ 2y(sina+sin/3) @)

= cos n=3.4
dA Acosf >

and on exiting from the immersed medium the angular dispersion
is increased by a factor of n

%=ncoszy(sma+smﬁ) 3)

d Acosf

Therefore in Littrow configuration (a=p=9, y=0) the angular \\m
dispersion of a grating is given by

% = 2ntand 4) Figure 2.5. Increase in dispersion on
di A exiting immersion
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It can be shown (Schroeder 2000) that resolving power

r=4 (s
r¢ D

where A4 is the angular dispersion,  is the anamorphic magnification (r=cosa/cosp), ¢ is the slit width (in
radians), d; is the incident beam diameter, and D is the telescope diameter.

Substituting for Equation 4 in Equation 5 the collimated beam diameter in Littrow configuration is given
by

oD

6
2ntand ©

1

For a high dispersion spectrograph (R=80,000) matched to very good seeing (¢=0.375") on IRTF (D=3.0
m) using a standard R2 (tand=2) echelle grating (n=1.0), the collimated beam diameter d;=109 mm. To
minimize aberrations across a large format detector requires that the collimator operate at a relatively
slow f/number. For iSHELL we work at the beam speed delivered by the telescope (f/38.3). Consequently
for a standard echelle this requires a collimator focal length of 4.2 m, which is too big for a Cassegrain-
mounted instrument on IRTF.

Our solution is to use R3 silicon (#=3.4) immersion gratings (SIGs) to be provided by Dan Jaffe’s group
at the University of Texas (UT), Austin. In this case the collimated beam diameter is reduced to 21.4 mm.
This comfortably fits within the maximum size of the SIG entrance face (30 mm x 30 mm), which is
limited by the size of the Silicon substrate. (Without a SIG an R10 echelle would be required for this
beam size.) For a high resolving power echelle spectrograph the collimated beam diameter cannot be
much smaller than this to satisfy the spectral resolving power in the diffraction limit

Ro=ﬂ=mN (7)
O

where N is the total number of grooves in the grating width .

Using a white pupil design has two features that are important to the design of the spectrograph. First, the
echelle tilts required to separate the incident and diffracted beams are small compared to that required in
conventional designs (about 1 degree compared to 5 degrees or more). This minimizes grating efficiency
losses in near-Littrow orientations and minimizes tilt of the re-imaged slit in out-of-plane orientations.
Second, placing cross dispersers at the second pupil keeps them small and allows space for several
different cross dispersers located in a wheel. Several different cross-dispersed spectral formats are
required to satisfy the science case (different wavelength ranges, different slit lengths — see Table 2.5).
The added complication of a second collimator and extra fold mirror is easily accommodated (see Figure
2.1).
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2.3.2 Choice of echelle (SIG) geometry

Normally, a pseudo-Littrow grating illumination is optimum for echelle efficiency. However, in
a white pupil configuration the tilt of the echelle required to avoid collision of the incident and
diffracted beams is small (about one degree) and there is no significant difference in grating
efficiency between near-Littrow and pseudo-Littrow orientation.

We have chosen pseudo-Littrow illumination (“y angle’) for two reasons. First, in this orientation
the small tilt, %, of the re-imaged slit with respect to detector columns that results, improves
sampling of telluric features along the slit and results in better sky subtraction.

of ]
St _
2 81 -
| o ;
o[ = 2ar B
> EN' 1
s - L J
08_ ]
8 . 2f §

o o S ot USSR S S N S T SR S N T T o

50 100 150 90 95 100 105
X X

Figure 2.6. Left panel: Subsection of an LRIS two-dimensional spectrum surrounding the 5577 A night-sky

emission line. Right panel: Thick line shows the intensity of the 5577 A line from a single CCD row, while the
thin line shows the value of every pixel in the left panel, plotted as a function of its rectified position along the
wavelength-dependent coordinate in the rectified coordinate system. Note that the shape of the line is actually

quite well sampled as a result of the tilt of the spectral line. If the data were to be rebinned, this oversampling
would be lost. (Kelson, D. 2003 PASP 115, 808.)

From the general grating equation (Equation 1) and for constant o and Y>0
Y we get

d sina +sin

_ﬁ=tany(—ﬁ)=)LAtan)/ ®) XD |

dy cos 3 A

where A is the angular dispersion of the grating for y=0. Note that for v
a fixed vy, df/dy is just the tilt of the reimaged slit but that for a finite
length slit y changes and the reimaged slit is therefore curved (see
Schroeder 2000). For a short slit the tilt, ¥, is given by

tan y =2tandtan(y/n) (9) EC}\HE_)LLE

for a grating used in Littrow. It is important to note that the tilt angle is Figure 2.7. Variation of line tilt

reduced to p/n in immersion. For iSHELL y=1 degree results in a With wavelength
reimaged slit angle of about 2 degrees. In practice the tilt of the
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immersion grating also depends on the wedge angle on the front face of the SIG required to reflect the
front surface ghost reflection away from the optical path and the actual spectral line tilt is 2-3 degrees.
There is also a second order dependence of spectral line tilt on wavelength as shown in Figure 2.7

The second reason for choosing pseudo-Littrow
orientation is to avoid the so-called ‘picket fence’
ghost (see Tull et al. 1995, PASP 107, 251), a
single row of apparent emission lines sometimes
seen at the detector in echelle spectrographs (see
Figure 2.8). This can arise when light is reflected
back from the detector array to the echelle grating
where it undergoes a second dispersion, forming a
series of images, one for each spectral order of the

primary spectrum at the detector, reversing the “
dispersion and resulting in the picket fence. It is the : %
combination of y=0 and small 0 (i.e. very near true =—— e
Littrow orientation) that permits this reflected ghost
to return to the detector. A nonzero value of y is
used to redirect this ghost away from the camera.

Figure 2.8. White light flat field spectrum showing
picket fence ghost (top).

2.3.3 Choice of free spectral range (FSR) and spectral formats
H2RG array: 2048 x 2048 pixels

ISHELL is optimized for the 3-4 um region and so to make best [
use of the 2048 x 2048 H2RG array format the free spectral range |\ /

(FSR=A/m) of the 4.15 um order is matched to the maximum |\

span of the detector (see Figure 2.9). It follows that e S
‘\’"
A A xspan RxS = ;
Lo _ L XSPAR and m = (10) Y
m RxS§ span “.< Free spectral range =A/m °/
where A, is the central wavelength of order m, R is the resolving \
power (80,000), S is the number of pixels sampling a spectral !
resolution element (3), span is the useful width of the array in v
pixels (about 1948 — a border of 50 pixels). (Note that R=80,000 _— !

is design resolving power; it is degraded by unavoidable optical

aberrations etc. The science requirement of R>70,000 is met.) For Figure 2.9. Matching FSR to the
a central wavelength of A,=4.17 um order m=124 spans the array. Width of the array

From Equation 1 this requires a groove width of about 0=80 um

(12.5 lines/mm). From Equation 7, R,=99,500 in order 124 at 4.17 um.

To first order mA, is constant (n changes slightly with wavelength). Therefore 2.4 um appears in order
m=202 and a result K-band orders only span about half the array at most leading to a very inefficient use
of the array and factors of two and more reduction in the potential one-shot spectral coverage at short
wavelengths. Since the 1.2-2.5 wm regime contains very important science goals we have chosen to add a
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second SIG. For a central wavelength of A,=2.50 wm order m=124 spans the array and this requires a
groove width of about 0=48.5 um (20.6 lines/mm). From Equation 7, R,=164,000 in order 124 at 2.50
um.

4.48518

TS (g

4.56426

4.60485

Optimizing the two SIGs for the L band and K . i

band respectively does mean that M-band o —
orders overfill the array. Rather than building a e ° ———
third SIG our solution is to use two identical ... B .
cross-dispersing grating that are tilted slightly —
with respect to each other so that the full ™" 408782 ::
echellogram is sampled in two exposures as O soos0 g
shown in Figure 2.9. sorshs m————

5.10463

5.15552

5.20745

5.26044

N 98
5.287

5.31452 97

Figure 2.9. M-band orders that overfill the array are
accommodated by tilting the cross dispersers

2.3.4 Spectrograph camera

The focal length of the spectrograph camera, f., (see Figure 2.10) is found as follows

w' =dBf. = ﬁd)tfc - ncos2yw£ (11
dA cosf3 R
N NS iy
and R = ncos’y SMEHSNA) Jo (1)
cosfB w'

Where, w’, is the linear dimension matched to the spectral %)

resolution element, dA=A/R, at the detector array and df/dA is from ¢

Equation 3. Therefore, in Littrow Figure 2.10. In the camera the
resolution element is matched to the

/ angular dispersion
__WR (13
2ntand

In iSHELL, w=0.054 mm (3 pixels) is matched to R=80,000, tand=3, n=3.4, giving f,=212 mm. The
diffracted angle, 3, varies with wavelength across a spectral order and from Equation 12 this means that R
also changes. For iSHELL f3 varies by a maximum of + 1.5 degrees (in immersion) about the blaze angle
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(71.6 degrees). Consequently R=87,000 and 74,000 at either end of the widest spectral orders, compared
to R=80,000 at the center (ignoring optical aberrations). The two viable options for the camera itself are a
three or four mirror anastigmat or an achromatic lens system. Both solutions meet the design
requirements. Although the anastigmat is preferable due its better stray light performance it is too
expensive and so we chose a refractive camera. Optimization of the camera is discussed in a following
section.

2.3.5 Cross dispersion

The cross disperser needs to separate the m+/ and m echelle m+1
orders by a minimum by a spatial slit length of w "’ matched to a
dispersion of d@ (see Figure 2.11). It follows that
de F----- o e w”’

" do A

w'=dOf =——AAf. where AA=—  (14) o
di m
<>
For a cross-dispersing grating in Littrow fe
d0 2tanp Figure 2.11. The slit length is matched to
—= L the angular dispersion of the cross-
di A dispersing grating
2f mw"

Therefore w" =tanf3,

and tanﬁx =7 (15)

c

Consequently it is apparent that the required cross-disperser blaze angles are potentially higher than
optimum for good efficiency when working in high orders (short wavelength) and with relatively long
slits. For most iSHELL modes it is desirable to have a minimum slit length of 15" so that point sources
can be nodded within the slit to remove background (stray light at A < 2.5 um and sky at A > 2.5 um). A
25" slit is also desirable at about 3.9-4.1 um for H;" observations across the disk of Jupiter.

At 1.25 um the SIG works in order m=256; for a desired slit length of 15" (w"= 120 x 18 um pixels) and
for £;=212 mm, the required grating blaze angle Px=53 degrees.

At 2.2 um the SIG works in order m=144; for a desired slit length of 15" (w"= 120 x 18 uwm pixels) and
for £;=212 mm, the required grating blaze angle Bx=31 degrees.

At 3.9 um the SIG works in order m=133; for a desired slit length of 25" (w"= 200 x 18 um pixels) and
for £;=212 mm, the required grating blaze angle =49 degrees.

To accommodate different wavelength ranges and slit lengths several cross dispersers are needed (see
Table 2.5). These are used in first order to provide large free spectral range and optimum efficiency.
Grating tilts of about 9 degrees are required for the diffracted beam into the camera to clear the incident
beam (see Figure 2.1). At this angle there is some concern about the grating efficiency and so pseudo-
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Littrow orientation is preferred (Jy[>0 degrees). However, rewriting Equation 8 for a cross-dispersing
grating, the echelle orders are tilted (see Figure 2.12) by an angle x given by

tan ¥ =2tandtan(y) (16)

For a grating of blaze =45 degrees and y=9 degrees, x=17.6 degrees.

Y=0, x=0 Y>0 Y<0

Figure 2.12. Tilted orders in pseudo-Littrow configuration (y>0)

A large y results in poor formatting of orders on the array. Consequently the cross-dispersing gratings are
oriented in near-Littrow configuration with a slight loss of overall efficiency.

2.4 Optimization and Nominal Performance

Employing slow OAPs with small off-axis angles minimizes aberrations in the spectrograph. One-to-one
reimaging in the foreoptics feeds the slow {/38.3 beam from the telescope into the spectrograph. The pupil
size of 22 mm comfortably fits within the largest entrance face available for the SIG substrate (30.5 mm x
30.5 mm). The resulting 843 mm focal length of the collimator sets the size of the Cassegrain-mounted
cryostat, which fits well within the available space envelope. OAP off-axis angles of 3 degrees give
sufficient clearance of components in the spectrograph. An /9.6 camera with a focal length of 212 mm is
required.

2.4.1 Collimator off-axis parabolas (OAPs)

We investigated two designs for the spectrograph collimator. The first used two sections of one large
OAP to collimate the beam and produce two pupil images (see Figure 2.13). Further optimization turned
the surface into a general asphere with just one wave departure from a parabola. While this approach
simplified mounting and alignment the asphere required more specialized testing (a computer generated
hologram) and would not be economic.

Page 16 of 49



Figure 2.13. Spectrograph layout using one large OAP

In the second approach optimization was allowed to decenter the two OAP sections relative to one
another and this produced the final design with two OAPs as shown in Figure 2.1 Fabrication and testing
of this design is much easier but with slightly more complicated mounting and alignment.

The OAPs are single-point diamond-turned (SPDT) from 6061-T6 aluminum so that alignment can be
done warm and is not disturbed on cooling. SPDT aluminum has periodic structures (i.e. grooves) in the
surface that can be a significant source of scatter (see Figure 2.14).

PSD Curve Spec Limit for Minimal Scatter Main spatial
(PSD Measured @20x Mag-on ZYGO)
1" Al Witness Samples S frequency
1000000
—
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Spatial Frequency (1/mm) Spikes in PSD data.

Figure 2.14. Power spectral density (PSD) versus spatial frequency for different single-
point diamond turning samples and methods
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The amount of scatter is proportional to the area under the PSD curve. Although the area under these
spikes is small they scatter light into particular directions (e.g. about 10 degrees from the normal for 2 um
light incident normal to a machined surface with a spatial frequency of 100 lines/mm), which can
potentially compromise the instrument profile of a high-resolution echelle spectrograph. However, given
the relatively large angle scatter at 1-5 wm it is difficult to see how this scattered light can make it into the
camera. The scattered light reduces the reflectivity of the mirrors by about 5% (greater area under PSD
curve).

Corning Specialty Materials have a proprietary technique called the ‘LEC’ process that removes the
periodic structures as shown in Figure 2.14. Another technique is to SPDT Rapid Solidification Process
(RSP) aluminum. This is aluminum that is solidified by rapidly cooling from melt forming a very
homogenous structure that machines without the ‘pull outs’ that cause the periodic structures. RSP
Technology markets this material. Corning claim that the improved homogeneity is mostly lost once RSP
material is cryo-cycled, as it must be for final figuring. RSP Technology disputes this claim.

2.4.2 Camera lens

The refractive camera is optimized to meet the spectrograph image quality requirement TR 10 in the
modes J1 to M1 listed in Table 2.4. Only spherical lens surfaces were permitted and the final lens surface
was not allowed to move within 100 mm of the detector to leave space for a detector-mounted cold (38 K)
baffle. This baffle limits the solid angle of the cold enclosure visible by the detector so that operating the
cold structure at about 80 K keeps the thermal background below the dark current (see Cryogenic Design
Document). Each of the modes includes orders (i.e. Zemax configurations) across the top, middle, and
bottom of the array. Optimization required focus compensation for each mode. In practice this is done
with a focus stage. Image quality (encircled energy) is specified in the dispersion direction (x-axis). Since
lower image quality in the cross-dispersion direction (y-axis) does not affect spectral resolving power spot
size in the dispersion axis is used as the merit function criteria (‘spot x’) and makes use of the slight
astigmatism in the collimator to find best x-axis focus in each mode.

Our solution is a three-element BaF,-ZnS-LiF lens system. Each lens is about 100 mm diameter and the
materials are standard infrared lens substrates. This solution was very slightly better than a BaF,-ZnSe-
LiF triplet. ZnS is preferred over ZnSe due to its slightly lower refractive index (less sensitive to tilt and
decenter) and slightly lower absorption in the optical (better for alignment). Optical Solutions Inc. (OSI)
will fabricate the lenses. OSI made very similar lenses for JWST and can meet all our specifications.

2.4.3 Nominal performance

The nominal performance of the spectrograph (i.e. before tolerancing) easily meets the encircled energy
image quality requirement (TR _10). The 50% and 80% x-axis encircled energy widths in the spectral
modes J1 to M1 are listed in Table 2.6. For each mode nine positions on the array are given
corresponding to the locations illustrated in Figure 2.15: top, center, and bottom of the array, and at the
center and either end of the free spectral range (FSR). The relative focus position of each mode is also
given.
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FSR
short

FSR
center

FSR
long

|
Free Spectral Range (FSR)

Top

Center

Bottom

-100

FSR-short
A=2.304 um

FSR-center
A=2.312 ym

FSR-long
A=2.321pum

Figure 2.15 (Left) Positions on the array where the x-axis encircled energy width is listed (see Table 2.6).
This example is for mode K3. For each mode nine positions on the array are given corresponding to the
locations illustrated: top, center, and bottom of the array, and at the center and either end of the free
spectral range (FSR). (Right) The through-focus spot diagrams for the bottom order of mode K3 are plotted.
Note the slight astigmatism due to the collimator. Focus is optimized for smallest x-axis encircled energy
width (dispersion direction). At focus y-axis encircled energy width (cross dispersion or seeing direction) is
typically twice the x-axis encircled energy width.
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Table 2.6 Encircled energy widths in each of the spectral modes. Nominal design and 90" percentile Monte
Carlo trial (see section 3)

Mode/ Position | Focus 50% x-EE (microns) 80% x-EE (microns)
Config. (mm) FSR FSR FSR FSR FSR FSR
short center long short center long
Req. <24.7 <24.7 <24.7 <493 <493 <493
J1/1 Top -1.677 | 10.1 9.1 | 10.8 11.8 6.6 93 |19.0 17.3 |20.0 21.4 | 13.0 17.8
J1/3 Center -1.677 | 10.0 10.0 7.0 7.0 88 72 |141 169 | 123 12.0 | 155 126
J1/5 Bottom -1.677 74 113 48 58 76 69 |12.1 173 82 96 |12.0 10.5
12/6 Top -1.322 8.1 7.0 9.0 10.0 46 7.2 |16.0 13.7 |17.1 18.6 94 143
12/7 Center -1.322 6.0 8.0 48 45 6.8 58 |10.8 14.0 92 8.8 | 12.6 10.0
J2/8 Bottom -1.322 6.0 10.1 28 3.6 6.6 58 9.4 15.0 50 64 9.1 83
H1/9 Top -0.727 7.2 58 8.8 9.7 46 66 |14.1 116 | 16.5 18.0 7.7 12.7
H1/10 Center -0.727 6.0 85 43 4.1 7.6 6.0 |10.1 13.8 7.8 72 | 128 9.5
H1/11 Bottom -0.737 6.0 10.0 22 29 6.6 5.8 9.2 153 40 5.0 92 8.2
H2/12 Top -0.646 5.8 4.6 6.0 85 24 47 | 120 98 | 152 16.1 52 98
H2/15 Center -0.646 7.8 10.6 6.0 58 88 72 |132 18.0 | 12.0 103 | 15.8 12.2
H2/16 Bottom -0.646 7.0 11.6 1.9 3.6 7.6 6.8 |10.0 16.2 35 50 |10.0 10.8
H3/17 Top -0.512 43 34 63 73 1.6 4.1 9.6 6.6 12.7 14.0 3.1 88
H3/18 Center -0.512 54 8.1 34 32 6.8 6.2 9.4 13.8 6.8 6.1 |12.0 8.9
H3/19 Bottom -0.512 5.8 10.3 1.4 2.1 6.4 58 8.1 14.3 26 33 9.6 10.1
K1/20 Top -0.311 43 35 7.0 8.1 1.6 4.2 9.5 6.6 13.8 154 3.1 88
K1/21 Center -0.311 6.6 9.8 39 3.6 79 6.8 4.1 16.1 72 6.8 | 134 89
K1/22 Bottom -0.311 6.0 10.6 1.2 1.7 72 6.5 8.3 15.1 25 29 |10.7 10.8
K2/23 Top -0.221 5.2 4.7 8.6 74 20 46 |10.8 8.0 | 16.2 18.0 39 88
K2/27 Center -0.221 4.0 12.0 4.1 2.5 8.6 82 |122 19.6 8.0 80 |14.1 122
K2/29 Bottom -0.221 7.0 12.1 31 14 38 42 |11.8 18.0 74 64 83 9.1
K3/30 Top -0.115 3.0 3.0 6.6 74 2.1 3.8 6.8 46 |13.0 143 3.8 88
K3/31 Center -0.115 6.2 10.1 27 25 7.8 7.0 | 103 16.2 52 4.8 |13.0 10.3
K3/32 Bottom -0.115 6.1 11.0 1.1 14 7.8 7.1 8.5 16.1 31 28 | 112 125
K4/33 Top -0.076 3.6 4.2 73 8.6 33 4.2 7.0 6.6 | 142 16.0 6.0 7.1
K4/34 Center -0.076 7.8 11.7 34 3.0 93 89 | 13.0 194 6.6 60 |159 133
K4/35 Bottom -0.076 8.0 13.1 14 1.6 | 112 10.7 | 11.6 20.0 46 4.0 | 17.0 19.0
L1/36 Top -0.086 23 26 3.6 48 1.3 32 6.2 43 8.4 10.0 27 7.0
L1/38 Center -0.086 7.2 10.8 5.8 6.0 6.5 54 |12.0 17.2 | 10.0 10.1 | 11.4 85
L1/39 Bottom -0.086 30 73 1.3 1.7 3.6 4.1 4.8 10.1 42 38 7.3 88
L2/40 Top -0.033 3.0 2.1 38 45 20 3.9 7.5 4.0 8.6 9.8 3.6 88
L2/41 Center -0.033 5.6 8.7 47 4.6 6.4 6.2 9.8 14.3 8.6 81 |114 8.6
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L2/42 Bottom -0.033 58 7.0 1.2 15 34 42 4.2 9.8 4.0 35 6.8 93
L3/43 Top -0.055 2.1 1.8 23 32 34 43 49 42 64 79 50 8.9
L3/44 Center -0.055 6.1 94 52 5.0 6.6 63 |11.0 16.0 9.6 9.0 | 116 9.1
L3/45 Bottom -0.055 29 7.0 25 23 4.7 6.2 6.0 103 6.5 58 | 113 132
L4/46 Top -0.063 4.6 2.7 6.1 7.2 1.9 52 9.8 56 | 124 138 3.3 10.8
L4/52 Center -0.063 52 9.1 4.6 45 55 5.0 8.6 14.6 80 7.7 |10.6 6.8
L4/54 Bottom -0.063 4.7 154 6.0 5.8 64 82 |105 9.6 |12.0 11.2 | 13.1 163
L5/56 Top -0.209 3.1 2.1 2.7 39 4.0 53 4.8 44 72 8.7 5.8 10.0
L5/57 Center -0.209 7.8 11.2 74 7.0 80 7.4 |13.0 18.8 |12.8 12.0 | 13.6 10.8
L5/58 Bottom -0.209 3.1 6.8 32 3.0 6.0 8.5 7.9 103 7.6 7.2 | 12.8 16.8
L6/59 Top -0.242 3.1 23 4.5 43 50 6.6 72 5.0 80 94 7.0 12.9
L6/61 Center -0.242 6.9 10.6 64 6.1 72 6.8 | 108 17.3 | 114 108 | 10.8 9.8
L6/63 Bottom -0.242 33 69 24 24 6.6 9.1 8.3 10.6 6.6 6.1 | 14.1 183
M1/64 Top -0.633 3.8 6.0 14 1.7 56 6.8 55 82 2.7 32 8.0 12.1
M1/67 Center -0.633 3.0 7.0 72 69 2.1 34 4.7 10.5 | 12.1 11.1 3.6 6.1
M1/68 Bottom -0.633 | 154 10.1 9.2 92 |16.1 18.6 | 275 193 | 18.9 17.3 | 28.0 32.4

At focus y-axis encircled energy width (cross dispersion or seeing direction) is typically twice the x-axis
encircled energy width. The image quality requirement in this axis is less important since it broadens the
seeing profile (by less than 5% including tolerancing) and does not affect resolving power.

We have found that the nominal encircled energy performance can be improved by about 20% adding a
ZnSe lens. However, this is at the cost of more stray light, reduced throughput, and tighter tolerancing
requirements.
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3 SPECTROGRAPH TOLERANCING

Tolerancing of the spectrograph is split into consideration of the two major assemblies: the OAP unit
(OAP1, spectrum mirror, OAP2, and fold mirrors), and the multi-element camera lens. In the Monte Carlo
analyses the whole system is modeled and these assemblies are perturbed separately to understand the
individual contributions. The resulting errors are added together in quadrature to get the total system
performance. This is then compared to the system perturbed as a whole. Zemax is used to do the
analysis, which addresses low-frequency spatial errors affecting the core of the image profile. The default
Gaussian distribution of errors was used since the dominant perturbations are alignment (i.e.
measurement). The range of perturbation is given as + value with the standard deviation as half this value
(Zemax STAT=2 in Monte Carlo analysis). The spectrograph image quality requirements are a given by
TR_10.

Mid-frequency and high-frequency (roughness) spatial errors affect the wider wings of the image profile
and arise from surface irregularity and are the source of scattered light. These effects are analyzed
separately from the Zemax analysis of the image core. Scattered light requirements are given by TR_18.

The tightest tolerances in the spectrograph are those required to meet the image stability requirements
TR_11 - the movement of spectra on the detector as a result of moving the telescope between an object,
standard star or calibration image. The magnitude of the tilts and decentrations required to meet these
specifications are given in the following section.

3.1 Image stability

Table 3.1 gives the tilts and decentrations that meet the image stability requirement TR_11, restricting
movements to less than one tenth of the slit width when moving the telescope between the object and the
standard star or calibration position. Tilt and decenter of some components do not change image position
on the array (e.g. tilt of the spectrum mirror and decentration of the flat mirrors) but can effect image
quality and position on the pupil. For these components the tolerances are derived from the tolerance
analysis.

Table 3.1 Magnitude of tilt (T, T,) and decentration (D,, Dy) needed to meet the image stability requirement
at the spectrograph detector. X and Y refer to the dispersion and cross dispersion directions respectively

COMPONENT Tx (arcsec) Ty (arcsec) | Dx (um) Dy (um)
Order sorter 2016.0 9720.0 100.0 100.0
Fold mirror 18.9 130.0 100.0 100.0
OAP 1 2.7 12.2 21.0 99.0
Immersion grating (IG) 2.6 12.2 100.0 100.0
IG selection mirror 2.6 12.2 100.0 100.0
Spectrum mirror 400.0 400.0 100.0 100.0
OAP2 2.6 12.5 106.0 22.5
XD grating 4.2 10.1 100.0 100.0
Lens assembly 9.3 36.0 5.4 18.0

These are very tight tolerances and it is not clear that they can be met. Some relaxation of the requirement
is acceptable for many of the science cases and for others the angular distance between the object and the
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standard can be reduced, or perhaps calibration (flats and arcs) can be done both at the object and at the
standard. This analysis only indicates sensitivity to movement. A more detailed FEA model of the
spectrograph is needed to predict actual movements.

3.2 OAP unit

The OAP unit comprises the fold mirror, OAP 1, the immersion grating, OAP 1, the spectrum mirror, and
OAP 2, in that order along the light path (see Figure 2.1). Standard fabrication and assembly tolerances
are used in the Zemax tolerance analysis (see Table 3.2).

Table 3.2 Standard fabrication and assembly tolerances of the OAP unit (mechanical tolerances are in blue,
optical fabrication tolerances are in red)

PARAMETER (ZEMAX CODE) VALUE | UNITS NOTES
Thickness (TTHI) +0.10 mm

Surface decentration (TSDX/Y) +0.50 mm

Element decentration (TEDX/Y) +0.50 mm

Element tilt (TETX/Y) +0.05 degrees

Plane mirror flatness (TFRN) +0.2 Fringes @ 0.63 um

Radius (TRAD) +0.1% n/a

Mirror surface irregularity (TIRR) +0.2 Fringes @ 0.63 wm Clear aperture

From the sensitivity analysis the ten worst offenders are identified in Table 3.3.

Table 3.3. The ten worst offenders from the sensitivity analysis of the OAP unit (nominal merit function
0.00356)

PARAMETER COMPONENT VALUE MERIT FUNCTION
TETY OAP 1 0.05 0.004187
TETY OAP 1 -0.05 0.003976
TETY SIG -0.05 0.003724
TETX OAP 1 0.05 0.003700
TETX Spectrum mirror 0.05 0.003686
TEDX OAP1 -0.50 0.003656
TETX OAP2 -0.05 0.003649
TRAD OAP1 -1.70 0.003649
TETX Fold mirror -0.05 0.003644
TFRN Fold mirror 0.10 0.003640

Using the tolerances given in Table 3.2 a Monte Carlo simulation of 100 trials (14 hours on a Mac Pro)
produced the merit functions (RMS x-spot size) given in Table 3.4. The resulting merit functions are
averages of the 68 spectral orders tested (each order is a separate Zemax configuration). Table 3.4 gives
the best, worst and mean performance together with the nominal (optimized) merit function. Focus
compensation for each spectral mode (consisting of orders exposed at the same time) was permitted in
this computation. In practice focusing will be done by spectrograph detector focus stage with a range of =
2 mm.
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Table 3.4. Results of Monte Carlo simulation (100 trials) for the OAP unit

MERIT FUNCTION NOTE
Nominal 0.003547
Best 0.003509
Mean 0.003772
Worst 0.005175
Std. Dev. 0.000238

90% of trials <0.004117

80% of trials <0.003922

50% of trials <0.003697

20% of trials <0.003591

10% of trials <0.003563

Of the 100 Monte Carlo trials of the OAP unit, 90% have a merit function below RMS x-half-width
0.00412 mm. This merit function includes the best design performance and the OAP assembly
perturbations. From quadrature the OAP perturbation amounts to a mean spot RMS x-half-width of
0.00128 mm and 90% better than 0.00209 mm. Note that the OAPs are relatively tolerant to decenter
compared to tilt.

Although the decentering of the beam from the allowable tilts of the components of the OAP unit does
not meet the stability requirements (TR_11 and Table 3.1) the decenterings are less than about 0.5 mm
and do not significantly reduce clear apertures. Also alignment precision is expected to be about 0.1 mm.

3.3 Spectrograph lens unit

The spectrograph lens unit comprises the three-element BaF,-ZnS-LiF lens and the lens mount. Standard
fabrication and assembly tolerances are used in the Zemax tolerance analysis (see Table 3.5).

Table 3.5. Standard fabrication and assembly tolerances of the lens unit (mechanical tolerances are in blue,
optical fabrication tolerances are in red)

PARAMETER (ZEMAX CODE) VALUE UNITS NOTES

Thickness (TTHI) +0.10 mm

Surface decentration (TSDX/Y) +0.05 mm

Element decentration (TEDX/Y) +0.05/+0.20 mm MC runs for both values
Element tilt (TETX/Y) +0.05 degrees

Lens runout (TIRX/Y) +0.05 mm

Lens thickness (TTHI) +0.05 mm

Radius (TRAD) +0.1% n/a

BaF, surface irregularity (TIRR) +0.5 Fr. @ 0.63 um Clear aperture

ZnS surface irregularity (TIRR) +0.5 Fr. @ 0.63 um Clear aperture

LiF surface irregularity (TIRR) +1.0 Fr. @ 0.63 um Clear aperture
Refractive index, An (TIND) +0.001 n/a Bulk change of substrate
Inhomogeneity, An (TEZI) £5x107° n/a Low order change of substrate

From the sensitivity analysis the ten worst offenders are identified in Table 3.6.
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Table 3.6. The ten worst offenders from the sensitivity analysis of the lens unit (nominal merit function
0.00368) with lens element decentrations of +0.05 mm.

PARAMETER COMPONENT VALUE MERIT FUNCTION
TETX ZnS lens -0.05 0.003844
TETX LiF lens 0.05 0.003834
TETY ZnS lens -0.05 0.003805
TETY LiF lens 0.05 0.003803
TETX BaF, lens 0.05 0.003793
TETY BaF, lens 0.05 0.003771
TIRY BaF, lens 0.05 0.003752
TIRY LiF lens 0.05 0.003749
TIRX BaF, lens 0.05 0.003721
TIRY ZnS lens -0.05 0.003720

Using the tolerances given in Table 3.5 a Monte Carlo simulation of 100 trials (18 hours on a Mac Pro)
produced the merit functions (RMS x-half-width) given in Table 3.7. The resulting merit functions are
averages of the 24 spectral orders tested (each order is a separate Zemax configuration). Table 3.7 gives
the best, worst and mean performance together with the nominal (optimized) merit function. Again, focus
compensation for each spectral mode (consisting of orders exposed at the same time) was permitted in
this computation.

Table 3.7. Results of Monte Carlo simulation (100 trials) for the lens unit with lens element decentrations of
+0.05 mm

MERIT FUNCTION NOTE
Nominal 0.003684
Best 0.003453
Mean 0.003731
Worst 0.004280
Std. Dev. 0.000171
90% of trials <0.003974
80% of trials <0.003879
50% of trials <0.003697
20% of trials <0.003593
10% of trials <0.003550

Of the 100 Monte Carlo trials of the lens unit, 90% have a merit function below RMS x-half-width
0.00397 mm. This merit function includes the best design performance and the lens fabrication and
assembly perturbations. From quadrature the lens perturbation amounts to a mean spot RMS x-half-width
0f 0.00063 mm and 90% better than 0.00149 mm.

Combining the OAP and lens perturbations in quadrature, 90 % of the spots (in the dispersion direction)

are better than an RMS x-half-width of 0.00453 mm or 0.25 detector pixels — a factor of 1.23 worse than
the nominal case.
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To better understand the requirements for the lens barrel a second Monte Carlo simulation was performed

with the lens element decentrations relaxed from +0.05 mm to £0.20 mm. The results are shown in Table
3.8.

Table 3.8. Results of Monte Carlo simulation (100 trials) for the lens unit with lens element decentrations
relaxed to +0.20 mm

MERIT FUNCTION NOTE
Nominal 0.003684
Best 0.003475
Mean 0.003813
Worst 0.004702
Std. Dev. 0.000231
90% of trials <0.004086
80% of trials <0.003966
50% of trials <0.003777
20% of trials <0.003619
10% of trials <0.003552

With the relaxed lens-centering requirement the 90% spot RMS x-half-width increases slightly from
0.00149 mm 0.00177 mm. This is not a significant change but it significantly eases the lens barrel
requirements.

3.4 Spectrograph system
The spectrograph is also toleranced as a system with the OAP and lens units toleranced at the same time

using the same individual component tolerances. From the sensitivity analysis the ten worst offenders are
identified in Table 3.9.

Table 3.9. The ten worst offenders from the sensitivity analysis of the spectrograph system (nominal merit
function 0.00365) with optical element decentrations of +0.05 mm

PARAMETER COMPONENT VALUE MERIT FUNCTION
TETX ZnS -0.05 0.003846
TETX LiF 0.05 0.003836
TETX OAP 1 0.05 0.003815
TETY ZnS -0.05 0.003807
TETY LiF 0.05 0.003805
TETX BaF, 0.05 0.003796
TETX Spectrum mirror 0.05 0.003795
TETY BaF, 0.05 0.003773
TETX OAP2 -0.05 0.003758
TIRX BaF, 0.05 0.003755

Using the tolerances given in Tables 3.2 and 3.5 a Monte Carlo simulation of 100 trials (20 hours on a
Mac Pro) produced the merit functions (RMS x-spot size) given in Table 3.10. The resulting merit
functions are averages of the 68 spectral orders tested (each order is a separate Zemax configuration).
Table 3.10 gives the best, worst and mean performance together with the nominal (optimized) merit
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function. Focus compensation for each spectral mode (consisting of orders exposed at the same time) was
permitted in this computation. In practice focusing will be done by spectrograph detector focus stage with
arange of + 2 mm.

Table 3.10. Results of Monte Carlo simulation (100 trials) for the spectrograph system (nominal merit
function 0.00365) with optical element decentrations of +0.05 mm

MERIT FUNCTION NOTE
Nominal 0.003651
Best 0.003474
Mean 0.003848
Worst 0.004648
Std. Dev. 0.000221
90% of trials <0.004137
80% of trials <0.004027
50% of trials <0.003801
20% of trials <0.003664
10% of trials <0.003584

Of the 100 Monte Carlo trials of the spectrograph unit, 90% have a merit function below RMS x-half-
width 0.00414 mm — a factor of 1.14 worse than the nominal design. This compares with a factor 1.22
when the OAP and lens units are considered separately and then added in quadrature. The reason for the
difference is uncertain but possibly involves the assumption about adding the separate components in
quadrature since some of the errors might not be independent, in which case spectrograph system
tolerancing is the better estimate. When applying either factor to the nominal design encircled energy
widths listed in Table 2.6, the fully toleranced spectrograph design easily meets the TR 10 requirement.
Table 2.6 also compares x-width encircled energy of the nominal design with a 90" percentile Monte
Carlo trial. The results are consistent with encircled energy width degradation by the same as the
degradation in RMS spot width.

To better understand the requirements for the OAP mount and lens barrel a second Monte Carlo

simulation was performed with the OAP and lens element decentrations relaxed from +0.05 mm to +0.20
mm. The results are shown in Table 3.11 and Table 3.12.
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Table 3.11. The ten worst offenders from the sensitivity analysis of the spectrograph system (nominal merit
function 0.00365) with the optical element decentrations relaxed from +0.05 mm to +0.20 mm.

PARAMETER COMPONENT VALUE MERIT FUNCTION
TEDX BaF, 0.20 0.003997
TEDY BaF, -0.20 0.003967
TEDY LiF 0.20 0.003879
TETX ZnS -0.05 0.003846
TETX LiF 0.05 0.003836
TEDX LiF -0.20 0.003828
TEDX BaF, -0.02 0.003823
TETX OAP 1 0.05 0.003815
TETY ZnS -0.05 0.003807
TETY LiF 0.05 0.003805

Table 3.12. Results of Monte Carlo simulation (100 trials) for the spectrograph system (nominal merit
function 0.00365) with the optical element decentrations relaxed from +0.05 mm to £0.20 mm

MERIT FUNCTION NOTE
Nominal 0.003651
Best 0.003418
Mean 0.003918
Worst 0.004935
Std. Dev. 0.000268
90% of trials <0.004223
80% of trials <0.004141
50% of trials <0.003885
20% of trials <0.003668
10% of trials <0.003588

Relaxing the optical element decentrations from +0.05 mm to *0.20 mm increase the performance
degradation over the nominal optical design from a factor of 1.14 to a factor of 1.17. This is still within
the requirements and the increase is small. Therefore, if needed the OAP mount and lens barrel element
decentrations tolerances can be relaxed from +0.05 mm to +0.20 mm.

3.5 Surface irregularity

Mid-frequency and high-frequency (roughness) spatial errors affect the wider wings of the image profile
and arise from surface irregularity and are the source of scattered light. These effects are analyzed
separately from the Zemax analysis of the image core and use a Power Spectrum Density (PSD) function
method (Christ Ftclas priv. comm). The PSD represents the spatial frequency spectrum of the surface
roughness measured in inverse—length units (e.g. Optical scattering: measurement and analysis by John C.
Stover, 1990, McGraw-Hill, Inc.). It can be calculated from surface profiles made by an optical or
mechanical profiler. The lower spatial frequencies represent waviness (surface figure) while higher
frequencies represent roughness (surface finish). In terms of the PSD measured between upper and lower
spatial frequency (f) limits the effective RMS roughness (irregularity), oy, is given by
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of = 2m [[" PSD, (P)fdf  (17)

where PSD; is the two-dimensional PSD. Examples of the PSD for optically polished fused silica and a
polished silicon wafer are shown in Figure 3.1 (taken from Duparré ef al. 2002, Applied Optics, 41, 154-
171).
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Figure 3.1. PSD, plots for super-polished Fused Silica (left) and a polished Silicon wafer (right). The profiles
were obtained with an atomic force microscope (AFM — mid and high spatial frequencies), an angle-resolved
scattering instrument (ARS — mid frequencies), and a Taylor Hobson Talystep mechanical profiler (low and
mid frequencies)

To a good approximation the PSD, plots are power laws of the form 1/f, with n=2.5 to 3 (n=2.5 for
super-polished Fused Silica and n=3 for polished Silicon). Using n=3 the integral of PSD, between the
limits f,x= % and f.;,= 1/D, where D is the largest spatial scale (i.e. the diameter of the optic or optical
beam), gives g2 1/D"?. This result is used in the following to scale roughness with beamsize ( (FP/D)"?
— for n=2.5 the relationship is (FP/D)1/4).

The total wavefront error due to irregularity, or, is given by

2 2

1
FP,\Z 4,
> +ym [Zam (ﬂ) Z] 18)

o =T} [ol (ﬂ)%j—;(n - 1»]

In the first term of the summation o is the RMS wavefront error in waves over the diameter D; of the 1™

lens surface (factor of (n-1) for surface refraction) measured at the wavelength it is tested A; and used at
wavelength A, n is the refractive index of the lens medium, and FP; is the diameter of the beam footprint
at the 1™ element. In the second term of the summation o, is the RMS wavefront error in waves over the
diameter D, of the m™ mirror surface (factor of 2 for surface reflection) measured at the wavelength it is
tested A; and used at wavelength A, and FP,, is the diameter of the beam footprint at the m™ element.
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Using the vendor specifications for irregularity given in Table 3.13 we calculate the wavefront error
(scaled for beam footprint) for each surface from Equation 18 and list the results in Table 3.14. The

measured SIG wavefront error is also given.

Table 3.13. Vendor supplied RMS surface irregularity (o)

Surface Surface o | Note
(waves)
Mirror (FS substrate) 1/10 Measured at 0.63 wm, typical off-the-shelf
OAP 1/16 Over 22 mm ¢ footprint measured at 0.63 um (from Corning)
CaF, 1/4 Measured at 0.63 um (from OSI)
BaF, 1/4 Measured at 0.63 um (from OSI)
LiF 172 Measured at 0.63 um (from OSI)
ZnS 1/4 Measured at 0.63 um (from OSI)

Table 3.14. Beam footprint RMS wavefront errors o per surface

SURFACE (DAPERTURE | (2) BEAM DIAM. | RMS WFE | NOTES
SIZE (MM) FOOTPRINT (MM) | (1) | 0 @l.65um
Dy FPy (waves)

Slit, front 26 x 18 rect. <0.1 ¢ ~0 0.00

Slit, back 26 x 18 rect. <0.1¢ ~0 0.00

OS filter, front 6 x 20 rect. 0.6 ¢ 0.03 0.013 ZnS substrate

OS filter, back 6 x 20 rect. 0.6 ¢ 0.03 0.013 ZnS substrate

Fold mirror 8 x 20 rect. 4 x 3 ellipse 0.2 0.02

OAP 1in 206 x 80 rect. 20 x 10 ellipse 0.1 0.02 Corning est.

IG mirror in 60 x 35 rect. 30 x 20 ellipse 0.5 0.034

SIG element Zygo measurement of prototype G03 @ 0.63 um 0.2 Expect improvement
and scaled to 1.65 um, 30 mm aperture from 0.2 to 0.1?

1G mirror out 60 x 35 rect. 31 x 22 ellipse 0.52 0.034

OAP1 out 206 x 80 rect. 22 ¢ 0.1 0.02 Corning est.

Spectrum mirror | 170 x 25 rect. <0.1 ¢ ~0 0.00

OAP 2 206 x 50 rect. 22 ¢ 0.1 0.02 Corning est.

XD grating ~36 x 50 rect. ~22 x 42 ellipse 0.84 0.044

BaF, lens, front | 104 mm ¢ 22 x 35 ellipse 0.34 0.016

BaF, lens, back | 104 mm ¢ 22 x 35 ellipse 0.34 0.016

ZnS lens, front 100 mm ¢ 14 x 24 ellipse 0.24 0.035

ZnS lens, back 100 mm ¢ 14 x 24 ellipse 0.24 0.035

LiF lens, front 100 mm ¢ 12 x 21 ellipse 0.21 0.020

LiF lens, back 100 mm ¢ 12 x 21 ellipse 0.21 0.020
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Table 3.15. Total wavefront error for the spectrograph

UNIT RMS WFE o Note
@ 1.65um (waves)
SIG 0.100 Assume best expected performance
OAPs 0.035 Two OAPs and spectrum mirror
Lenses 0.061 Three lenses
XD grating 0.044 Assume A/10 at 0.63 um
Fold mirror 0.020 Assume A/10 at 0.63 um
(SIG selection mirror) 0.048 Assume A/10 at 0.63 um
OS filters 0.020 Assume A/4 at 0.63 um
Total spectrograph 0.141 A/7.1 at 1.65 um

From Table 3.15 it is apparent that the wavefront error of the spectrograph is dominated by the immersion
grating. Using the Mahajan approximation the Strehl ratio, S, is given by

S =~ exp- (ZJTO‘T)2 (19)

Therefore the fraction of flux scattered out of the image core is 1-S. From Table 3.15 and Equation 19
this fraction is about 0.5 at 1.65 um, and 0.1 at 3.8 um. If we make the reasonable assumption that the
light is scattered evenly into a hemisphere then the spectrograph optics intercept a fraction, f,, of at most
0.03 (the maximum cone angle is 10 degrees) and distribute this scattered light evenly across the array,
with the rest absorbed by baffling. For a point source in median seeing (0.6” i.e. 5 pixels wide) with
negligible sky background (A<2.5 um), and with 12 orders on the array (see Figure 2.3), the fraction, f,
of the array illuminated my continuum flux is

_(12x5)x2048

2770 _0.03
S 2048 x 2048

Therefore the fraction of scattered light surface brightness compared to the continuum is
Jox fux(1=S5)=0.00045 (about 0.05% of the point-source spectral continuum).

For sky background limited observations at longer wavelengths (e.g. 3.8 um) where sky fills the slit (15"
i.e. 120 pixels wide), the fraction of the array illuminated is

/i (12x120)x2048 _

2048 x 2048

At 3.8 um scattering is much less (1-5=0.1) and the fraction of scattered light is
Joxfix(1-8)=0.002. This level of light scattered onto the array (about 0.2% of the spectral

continuum at most) is an order of magnitude less than that due to ghosting in the camera lenses (see
below), easily meeting the stray light requirement.
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4 STRAY LIGHT EFFECTS AND MITIGATION

We define stray light as being detected on the detector array at an unintended location. There are four
main sources:

1. Diffraction from apertures in the spectrograph
e Slit aperture
* Silicon immersion grating entrance/exit aperture
2. Qrating ghosts
* Periodic grating errors (Rowland and Lyman ghosts)
* General scatter (‘grass’)
3. Ghost reflections
*  Slit substrate
* Silicon immersion grating
* Lens surfaces
4. General surface scatter
* Surface irregularity

4.1 Diffraction from apertures in the spectrograph
4.1.1 Slit aperture and cold stop location

In the simplest possible configuration the spectrograph comprises a collimator and camera. The /38 beam
from the telescope is focused onto the slit that is placed at the front focus of the collimator, and the
telescope pupil is imaged one focal length behind the collimator. This is usually the location of the
grating and spectrograph pupil stop (smallest collimated beam diameter). The function of the pupil stop is
to prevent light from outside the optical beam from scattering into the spectrograph and onto the
spectrograph detector. Placing an aperture matched to the size the telescope pupil at the re-imaged pupil
does this. In a simple re-imaging system this works very well. However, in a spectrograph the effect of a
narrow slit is to blur the image of the pupil due to diffraction at the slit, creating a path for light outside
the optical beam into the spectrograph.

Figure 4.1 (left) shows the image of the telescope entrance pupil at a wavelength of 4.8 um when the slit
is wide open. As expected the image is sharp and all the energy is contained within the geometrical
diameter of about 22 mm since the slit aperture is not close to the point source in the focal plane —
equivalent to a simple imager.
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Figure 4.1 (Left) Image of the reimaged telescope pupil with a very wide slit. (Right) Image of the reimaged
telescope pupil with the required narrow slit, resulting in a blurred image of the pupil

Figure 4.1 (right) shows the image of the telescope entrance pupil at a wavelength of 4.8 um with the
narrowest slit in the focal plane (0.208 mm x 8.4 mm — equivalent to 0.375" x 15.0"). The image of the
telescope entrance pupil now becomes blurred in the narrow direction but still sharp in the long direction.
As a consequence the x-enslitted energy within the geometrical pupil diameter of 22 mm is reduced from
1.0 to about 0.85 due to diffraction at the narrow slit. (The effect is less at 2.2 um where the enslitted
energy is reduced to 0.95.) This is equivalent to an emissivity of 0.15 and given the telescope emissivity
of about 0.05 results in a total emissivity at 4.8 um of 0.20, a four fold increase over a perfectly optimized
stop. Together with the increase in emissivity the un-sharp stop will also result in light outside the optical
beam scattering into the spectrograph and onto the detector.

To avoid these effects an optimized pupil is placed in front of the slit and the cold stop placed there.
iISHELL has a simple collimator-camera in front of the spectrograph to re-image the {/38.3 telescope focal
plane onto the slit plane and form a sharp 10.0 mm diameter image of the telescope entrance pupil on a
cold stop. Placing a small pupil in the fore-optics also greatly simplifies the design of the internal k-
mirror field rotator.

4.1.2 SIG aperture

The function of the spectrograph optics is to re-image the slit onto the array. Dispersing elements are
placed in the collimated beam to spatially sort images of the slit with wavelength at the array. Ignoring
other effects (e.g. grating profile, scattered light, optical aberrations) the final spectrum is the result of
convolving the slit image (i.e. the instrument profile) with the intrinsic source spectrum.

If geometrical aberrations are minimized the spectrograph instrument profile is the result of convolving
the rectangular slit profile with the diffraction profile of the limiting aperture in the spectrograph. In an
ideal instrument the limiting aperture is large enough that diffraction effects are insignificant and the
image of the slit on the detector is sharp. In iSHELL the aperture at the immersion grating is small by
design (about 30 mm) to keep the instrument small but the slit image is blurred by diffraction at
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immersion grating aperture, as shown in Figures 4.2 and 4.3. Diffraction does not broaden the FWHM of
the re-imaged slit, so resolving power (defined as the FWHM) does not change, but more light is
diffracted into the wings, reducing the contrast of closely spaced spectral features. Line contrast decreases
with wavelength (see Figures 4.4 and 4.5).

1E+0 1E+0

1E-1 1E-1
1E-2 1E-2
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1E-4 1E-4
1E-5 1E-5

Figure 4.2. (Left) 4.8 um image of the slit at the array with a star focused onto the slit and with a large
aperture at the pupil/immersion grating. The slit image is perfect. The Airy pattern of the star along the slit is
due to diffraction of the telescope. (Right) Same image but now with the aperture at the pupil/immersion
grating reduced to a 30.5 mm x 35.0 mm rectangle (immersion grating face). Diffraction at this aperture leads
to the spreading of the instrument profile
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Figure 4.3. The calculated instrument profile at 1.52 pm (left) and 4.8 pm (right), the x-axis is in microns at
the array. The FWHM of both profiles is the same. However, more light is scattered into the wings of the
instrument profile at longer wavelengths

The primary mitigating measure for iSHELL is to maximize the size of the aperture of the SIGs (about 30
mm x 30 mm — limited by the size of the available Silicon substrates). For a more complete discussion see
the iISHELL design note Diffraction Effects.
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Figure 4.4. (Left) The instrument profile at 4.8 pm. (Right) With spectral features separated by half a slit
width the feature/line contrast is degraded to 0.5 (red) from the perfect instrument profile of 1.0 (blue) due to
diffraction at the immersion grating aperture of 30.5 mm x 35.0 mm (green)
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Figure 4.5. (Left) The instrument profile at 1.52 pm. (Right) With spectral features separated by half a slit
width the feature/line contrast is degraded to 0.85 (red) from the perfect instrument profile of 1.0 (blue) due
to diffraction at the immersion grating aperture of 30.5 mm x 30.5 mm (green)
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4.2 Grating ghosts

Periodic errors in the grating ruling (Rowland and Lyman ghosts) result in spikes in the grating point
spread profile. Surface roughness of the rulings contributes general scatter (‘grass’). Figure 4.6 shows the
measured PSF of an IGRINS SIG, very similar to the gratings we will use in iSHELL. The far wings of
the PSF are similar to commercial surface relief gratings. The near wings of the PSF suffer from ghosts at
the one percent level — about the same as the background level due to ghost reflections from the
spectrograph camera lenses (see below).
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Figure 4.6. Point spread profile (PSF) an IGRINS SIG. The ghosts are visible at the one percent level of the
main diffraction peak, separated by ten diffractions widths. The IGRINS spectrograph will smooth out the
PSF so that the ghosts produce one percent shoulders of the slit profile (Gully-Santiago et al. Amsterdam
SPIE 2012)

4.3 Ghost reflections

4.3.1 Slit substrate

We have two workable designs for the slit mirrors. One uses a vacuum-gap slit while the other uses a
CaF, substrate. The substrate-type slit requires a backside metal coating to absorb ghosts that are formed
in the substrate (see Figure 4.7). The substrate needs a minimum thickness of Smm to displace the ghost
so that it does not overlap with the primary beam and can be blocked by the backside coating. The
thickness is set by the 22.5-degree tilt of the slit (required to reflect the surrounding field into the slit
viewer) and the size of the widest slit (4”). Since the substrate introduces some astigmatism into the beam
it is used as the default design to assess spectrograph image quality. A CaF, substrate-type slit is used
successfully in SpeX.
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Figure 4.7. (Left) Transmitted ghost images of slit (to intensity 0.1%). (Right) Ghost images are absorbed
by backside slit. The Smm thick slit CaF, substrate is inclined at 22.5 degrees to the incoming f/38.3 beam
to reflect the field surrounding the slit into a slit viewer. The slit width shown is 4" (the widest)

4.3.2 Silicon Immersion Grating (SIG)

In addition to the grating itself the SIG substrate is potentially a serious source of stray light in the
spectrograph. The stray light originates as partial reflections at the entrance/exit face of the silicon
substrate. Undispersed light from OAP 1 incident on the entrance face can be partially reflected towards
the camera and detector in the same direction as the dispersed light exiting the SIG. Since the external
ghost reflection is undispersed the ghost at the detector is brighter than the imaged spectra.

Dispersed light exiting the substrate can also be partially reflected at the exit face and undergo further
reflections before exiting the SIG in the direction of the camera and detector. Since these internal ghosts
are dispersed the intensity is a few percent of the imaged spectra but still a cause for concern.

The solution to both the externally and internally generated SIG ghosts is to slightly wedge the
entrance/exit face by 0.8 degrees, in combination with a tilt of the SIG to avoid collision of the incident
and diffracted beams. Figures 4.8 and 4.9 illustrate how the ghosts are directed away from the diffracted
beam. The wedge reflects the external ghost away from the diffracted beam while the wedge refracts the
internal ghosts away from the diffracted beam.
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Figure 4.8. (Top) An example of a ZEMAX non-sequential single raytrace illustrating how the external and
internal ghost rays are directed away from the diffracted ray and absorbed by baffles. (Bottom) Detail of the
same ray at the SIG. The single ray is split by partial reflection at the entrance exit face

Figure 4.9. Same as Figure 4.8 but showing many more rays
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4.3.3 Lens surfaces

Some of the highest intensity stray light problems in the spectrograph arise from narcissus reflections at
the detector array onto the camera lenses and back onto the array. These are minimized by using broad-
band anti-reflection (BBAR) on the lenses. The BBAR coatings typically reduce individual lens
reflections to a few percent. We used a non-sequential raytrace analysis in ZEMAX to estimate the stray
light background at the array.

Figure 4.10 (left) shows the ghost image due to a point source at the center of the array (3 pixels x 3
pixels). The circular features are out-of-focus images of the point source reflected back onto the array by
reflections at the lenses. In practice a point-source spectrum is spread out across the array and in about 12
orders so the background intensity is a factor of about 12 x 2048/3 x 0.5 ~ 4000 times higher than
indicated in the figure. (The factor of 0.5 allows for the blaze function and for the FSR not filling the
array span.) Consequently the ghost background due to a point source spectrum is about 0.1% of the
spectral continuum.

Figure 4.10 (right) shows the ghost image due to sky background filling a 15”-long slit at the center of the
array (120 pixels x 3 pixels). Similarly the ghost background intensity is about 4000 times higher than
shown in the figure. Consequently the ghost background due to a sky background filling the slit is about
1% of the sky spectral continuum.

In both cases the ghost background will be subtracted relatively cleanly when point sources are nodded
within the slit because of the extended (i.e. out of focus) nature of the ghosts. The ghost then becomes a
S/N issue rather than a systematic effect. When the source is brighter than the sky and is too large to be
nodded within the slit the stray light background will not be subtracted and can lead to a systematic S/N
limit (see Science Requirements Document 3.1.9). Under these circumstances the instrument profile can
sometimes be fitted and the S/N recovered.
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Figure 4.10 Spectrograph camera lens ghosts due a point source (left) filled slit (right)
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4.4 General surface scatter

Stray light from surface scatter (i.e. wide angle scatter) arises from mid-frequency and high-frequency
(roughness) spatial errors of optical surfaces. The analysis of section 3.5 shows that the specified surface
irregularity meets the stray light requirement. General scattering also arises from random errors in the
grating ruling. The background level due to general scatter at the detector array is less than the stray light
background from ghosting in the spectrograph camera lenses.

4.5 Baffling

The baffling of off-axis flux and thermal radiation from the telescope and sky is done in the foreoptics
with the cold stop and baffle tubes. The spectrograph does not lend itself to baffling with tubes because of
the intersecting layout of the optical path. However, extreme measures are not required since off-axis flux
has been controlled in the foreoptics and scattered light generated in the spectrograph is relatively small
(see section 3.5). Stray light from the two SIGs is easily absorbed by baffles near OAP1 and with a baffle
placed in between OAP1 and OAP2 as shown in Figures 4.8 and 4.9. Optimum placement of these baffles
must await mechanical details of the optical bench. A standard series of tube baffles are used in the
spectrograph camera as shown in Figure 4.11. These are required to prevent off-axis narcissus ghosts
reflecting back onto the detector array. The baffles prevent grazing path reflections onto the array.
Baffling will be painted matt black (details TBD).

BaF, ZnS LiF

| | [\ 38 K BAFFLE

77 K BAFFLE

Figure 4.11. Baffling of the spectrograph camera lenses (each about 100 mm diameter. The baffle
immediately in front of the array is cooled to the same temperature of the array (38 K) and also serves the
function of keeping the thermal background from the LN, cooled enclosure below 0.01 e/s by limiting the
solid angle viewed by the array. The baffles are placed to prevent the exit aperture of the baffle tube seeing
the side of the tube (grazing incidence). The dashed blue lines define the positioning of the baffles
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5 SPECTROGRAPH THROUGHPUT

The throughput of the spectrograph is estimated in Table 5.1. Throughput as a function of wavelength
will be refined when spectral estimates become available.

Table 5.1. Spectrograph throughput estimate

Element Transmission Notes

Slit substrate (CaF;) 0.98° BBAR coat est.

Order sorting filter 0.80 Peak of profile

Fold mirror 0.98 Fused silica substrate, protected-silver
OAP 1 0.98 Gold-coated aluminum

SIG 0.75 Peak measured at H and K

OAP 1 0.98 Gold-coated aluminum

Spectrum mirror 0.98 Fused silica substrate, protected-silver
OAP 2 0.98 Gold-coated aluminum

XD grating 0.70 Mix of custom and off-the-shelf gratings
Lens 1 (BaF,) 0.98? BBAR coat est.

Lens 2 (ZnS) 0.96° BBAR coat est.

Lens 3 (LiF) 0.98° BBAR coat est.

H2RG QE 0.80 Measured SpeX science grade device
Total 0.25 At blaze peak

Since the estimated throughput of the foreoptics is 0.71 the total estimated throughput of iSHELL is
0.71x0.25 = 0.18 (not including seeing losses and the throughput of the telescope (est. 0.95)).
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6 OPTICAL ELEMENT SPECIFICATIONS

6.1 Spectrograph camera lens

The specifications are given in Table 6.1 (CC means concave, CX means convex). The following
documentation must be included with the fabricated lenses:

1. Report on actual linear dimensions of each finished element (diameter, center thickness, edge

thickness) to 0.0 1lmm.

2. Documentation of the measurement of each optical surface in the form of a fringe image against
the measured test plate or Zygo surface map.
3. All surfaces should be completely polished including outside diameter and bevels.

Table 6.1. Spectrograph camera lens specifications

Parameter Lens Tolerance/note
LENS# 1 2 3

WORKING TEMP 77K 77K 77K 22K

MATERIAL BaF, Cleartran (ZnS) | LiF

Ry/mm (3 fringe fit to test plate) 153.27 CX 215.52 CX 196.67 CC +0.1%

Ry/mm 1610.74 CC 1868.88 CC 304.07 CC +0.1%

IRREG: >1.0 line/mm (figure) <0.50 fr. RMS [ <0.50 fr. RMS <1.00 fr. RMS At 0.63 um, over CA.
IRREG: ~0.1 line/mm <0.16 fr. RMS [ <0.16 fr. RMS <0.33 fr. RMS | At0.63 um, over CA.
IRREG: roughness <16 nm RMS | <16 nm RMS <16 nm RMS Assumes irreg. o scale™’
CENTER THICKNESS/mm 15.05 15.02 7.03 +0.05Smm
RUNOUT/mm 0.00 0.00 0.00 +0.03mm
DIAMETER/mm 104.32 100.11 94.45 +0.00/-0.02mm
CLEAR APER (CA.)/mm 84 84 75

SURFACE (scratch/dig) 60/40 60/40 60/40

BEVEL See drawing See drawing See drawing On drawing
COATING (1.1-5.4 um) BBAR < 2% BBAR < 4% BBAR < 2% Reflection per surface

QUANTITY

1

1

1
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6.2 Off-axis parabolas (OAPs)

The specifications are given in Table 6.2 (CC means concave). The following documentation must be

included with the fabricated mirrors:

1. Report on actual linear dimensions of each finished element (diameter, center thickness, edge

thickness) to 0.0 1mm.

2. Documentation of the measurement of each optical surface in the form a Zygo surface map.

Vendor must co-align mirrors in mount.

Table 6.2. OAP specifications

Parameter OAP 1 OAP2 Tolerance/Note

WORKING TEMP 77K 77K +2 K

SUBSTRATE Al 6091 Al 6061

CONIC SHAPE Parabola Parabola

FOCAL LENGTH/mm 845.86 CC 845.86 CC *0.1% (0.85 mm)

OFF-AXIS DISTANCE (x-axis) | 3.000 degrees 3.000 degrees =0.005 degrees

see drawing 44 .33 mm 44 .33 mm +0.05 mm

OFF-AXIS DISTANCE (x-axis) | 0.34 degrees 1.31 degrees

inner edge 5.0 mm 19.3 mm

OFF-AXIS DISTANCE (x-axis) | 5.07 degrees 4.69 degrees

outer edge 75.0 mm 69.3 mm

IRREG: >1.0 line/mm (figure) <0.06 waves RMS <0.06 waves RMS At 0.63 um, over 22 mm
<0.30 waves pk-valley | <0.03 waves pk-valley | diameter beam footprint

IRREG: ~0.1 line/mm <0.02 waves RMS <0.02 waves RMS At 0.63 um, over 22 mm

diameter beam footprint

IRREG: roughness <5 nm RMS <5 nm RMS Assumes irreg. « scale™’

WIDTH/mm (x-axis) 80.0 mm 50.0 mm See drawing

HEIGHT/mm (y-axis) 206.0 mm 206.0 mm See drawing

CENTER THICKNESS/mm 34.3 mm 34.3 mm See drawing (height/6)

CLEAR APER (x x y)/mm 66 x 186 mm 34 x 157 mm

COATING Gold Gold

QUANTITY 1 1

Page 43 of 49




6.3 Spectrum mirror

The specifications are given in Table 6.3. The following documentation must be included with the

fabricated mirror:

1. Report on actual linear dimensions of each finished element (diameter, center thickness, edge

thickness) to 0.0 1mm.

2. Documentation of the measurement of the optical surface in the form a Zygo surface map.

Table 6.3. Spectrum mirror specifications

Parameter Spectrum mirror Tolerance/Note
WORKING TEMP 77K =2 K
SUBSTRATE Fused silica

SHAPE Flat, 0.2 fr. At 0.63 um
PARALLELISM 0.5 arc-min

IRREG: >1.0 line/mm (figure)

<5 waves RMS
<15 waves pk-valley

At 0.63 um, over CA.

IRREG: ~0.1 line/mm

<2 waves RMS

At 0.63 um, over CA.

IRREG: roughness <5 nm RMS Assumes irreg. « scale™’
WIDTH/mm 25.0 mm See drawing
HEIGHT/mm 170.0 mm See drawing

CENTER THICKNESS/mm 28.3 mm See drawing (height/6)
CLEAR APER (CA.)/mm 15 x 151 mm

COATING Protected silver

QUANTITY 1
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6.4 Fold mirrors

The specifications are given in Table 6.4. The following documentation must be included with the

fabricated mirror:

1. Report on actual linear dimensions of each finished element (diameter, center thickness, edge

thickness) to 0.0 1mm.

2. Documentation of the measurement of the optical surface in the form a Zygo surface map.

Table 6.4. Fold mirror specifications

Parameter Fold mirror SIG selection mirror Tolerance/Note
WORKING TEMP 77K 77K =2 K
SUBSTRATE Fused silica Fused silica

SHAPE Flat, +0.2 fr. Flat, 0.2 fr. At 0.63 um
PARALLELISM 0.5 arc-min 0.5 arc-min

IRREG: >1.0 line/mm (figure)

<0.1 waves RMS
<0.5 waves pk-valley

<0.1 waves RMS
<0.5 waves pk-valley

At 0.63 um, over CA.

IRREG: ~0.1 line/mm

<0.03 waves RMS

<0.03 waves RMS

At 0.63 um, over CA.

IRREG: roughness <5 nm RMS <5 nm RMS Assumes irreg. o scale™’
WIDTH/mm 8.0 mm 35.0 mm See drawing
HEIGHT/mm 20.0 mm 60.0 mm See drawing

CENTER THICKNESS/mm 3.3 mm 10.0 mm See drawing (height/6)
CLEAR APER (CA.)/mm 6 x 17 mm 22 x 47 mm

COATING Protected silver Protected silver

QUANTITY 1 1
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6.5 Cross-dispersing gratings

The grating parameters are given in Table 6.5 and the tolerances in Table 6.6. The gratings are all used in
first order and at an operating temperature of 77K+2K.

Table 6.5. Grating parameters

Irreg: >1.0 line/mm

<0.1 waves RMS
<0.5 waves pk-valley

At 0.63 um, over CA.

Irreg:~0.1 line/mm

<0.03 waves RMS

At 0.63 um, over CA.

Parallelism

0.5 arc-min
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Grating # Blaze Blaze | Line/mm | Substrate Thickness | Size Clear Custom
wavel. angle (mm) (mm) aperture | grating?
(um) (deg.) (mm)
1 1.25 29.9 800 Fused silica 10.00 40x40 36x36 Yes
2 1.67 25.7 530 Fused silica 10.00 40x40 36x36 Yes
3 2.19 18.5 290 Fused silica 10.00 40x40 36x36 Yes
4 1.20 46.0 1200 Fused silica 10.00 55x40 50x36 No
5 1.67 45.0 847 Fused silica 10.00 50x40 45x36 Yes
6 1.90 43.1 720 Fused silica 10.00 50x40 45x36 No
7 2.16 40.4 600 Fused silica 10.00 50x40 45x36 No
8 3.14 45.0 450 Fused silica 10.00 50x40 45x36 Yes
9 3.70 42.0 360 Fused silica 10.00 50x40 45x36 No
10 5.00 31.7 210 Fused silica 10.00 40x40 36x36 No
Table 6.6. Grating tolerances
Parameter Tolerance Note
Size +0.00-0.05 mm
Thickness +0.1 mm
Blaze angle +=0.1 degrees
Lines/mm +0.1%
Flatness +0.1 waves At 0.63 um, over CA.



7 SPECTROGRAPH ALIGNMENT PLAN

The alignment procedure for the spectrograph will follow that developed for the foreoptics and which is
documented in the General Alignment Strategy and Preliminary Alignment Plan technical notes. In
general terms the alignment procedure is as follows:

* Fabrication of the optical bench and all of the individual mounting fixtures to basic precision
machine shop tolerances (0.075 mm).

* Use a standard coordinate measurement machine (CMM) to probe optical element contact points for
some of the more critical elements (OAP unit, silicon immersion gratings, spectrum mirror, and
cross disperser). A final machining process would ensue, based on the results of this metrology
process.

* Alignment of the spectrograph requires alignment of the foreoptics first.

* LASER ALIGNMENT - Adjustment of the alignment (tilt and decentration) of all of the optical
elements along the optical path from the slit to the spectrograph detector.

7.1 Alignment and mount requirements

Spectrograph alignment starts with the alignment laser already mounted to the optical bench and with the
beam projected along the optical axis of the previously aligned foreoptics, entering the spectrograph at the
slit. Each optical element is then centered on the beam and then tilted to center the beam on the following
optical element. In the case of the OAP unit (OAP 1 and OAP 2 mounted together) the beam is placed at
the required distance from the OAP 1 optical axis. This will be carefully opto-mechanically referenced to
the OAP unit mount by the vendor. Analysis shows that decentrations of 1.0 mm or less are required to
meet the image quality requirement and the optical elements are designed so that a decentration of 1.0
mm leaves plenty of margin for the clear aperture.

7.1.1 Slits

The slits need to be co-aligned with columns of the detector to within about one pixel at the maximum
length (25" equivalent to 200 pixels). This requires a rotation angle 0.75 degrees or a spatial resolution of
+0.25 mm at the circumference of the 38.1 mm diameter slit mirror. This can be done with a fiducial mark
on the circumference referenced to the long axis of the slit.

7.1.2 OAP mount

It is assumed that OAP 1 and OAP 2 are mounted together in one unit by the vendor. Tolerancing of the
individual OAP mirrors (see section 3.2 and 3.4) indicates that tilts equivalent to 50 wm at the edge of
each mirror (about 1 arcmin) are needed to meet the image quality requirements. The OAP mirrors are
more tolerant to decentrations where values up to 200 um are acceptable. To meet the beam decentration
requirement of < +1.00 mm at the following element the OAP unit tilt requirement is <+0.01 degrees (i.e.
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+35 wm at the edge of a 200 mm diameter element) and the OAP unit decentration requirement is < +0.4
mm.

7.1.3 Flat mirror and grating mounts

To meet the beam decentration requirement of < +1.00 mm at the following element the flat mirror
(including the gratings) tilt requirement is <+0.03 degrees (i.e. 30 um at the edge of a 50 mm diameter
element) and the flat mirror decentration requirement is < =1.0 mm.

7.1.4 Lens mount

Tolerancing of the individual lens elements indicates that to meet the image quality requirement they need
to be mounted inside the lens barrel with tilts < £50 um at the edge of their 100 mm diameter. Individual
lenses are tolerant to decentrations of up to +200 wm, which means that the change in the lens diameters
upon cooling does not need to be compensated for in the mount (i.e. the change in decentering is not
significant). The despace tolerance is about =100 um. To meet an alignment requirement at the
spectrograph array of 50 pixels the decentration requirement of the lens barrel is = +100 um and to meet
the image quality requirement the tilt of the lens barrel is = 0.1 degrees (i.e. £200 um at the edge of the
150 mm long barrel).

7.2 Alignment procedure

Alignment of the spectrograph will follow the same general procedure as described for the foreoptics and
slit viewer. The main difference is that the beam-centering requirement is an order of magnitude looser.

The laser beam, which has already been centered on the optical axis, enters the spectrograph at the slit.
The first optical element encountered is the order-sorting filter. The filter does not need to be well-
centered and the beam displacement it introduces due to its 3 degree tilt is small (about 0.1 mm)
compared to the centering requirement of 1 mm and can be ignored, which is just as well since the order-
sorting filters are opaque to optical lasers.

The next optical element is the fold mirror that sends the beam to OAP 1. A special fixture needs to be
made that will allow mounting of the alignment CCD array at the next element’s mounting fixture, and
centered as accurately as possible. Knowing the position of the CCD relative to the mounting fixture and
the mounting fixture relative to the fold mirror, the fixture is adjusted to center the laser beam on the fold
Mmirror.

The next optical element is OAP 1. OAP 1 is mounted together with OAP 2 in the OAP unit. The OAP
unit is mounted to the optical bench to a positional precision of about 25 um using the coordinate
measuring machine (CMM), although a precision of about 100 um is adequate in the spectrograph. With
the alignment CCD mounted to the OAP mount and its position know relative to the required beam
position at OAP 1, the fold mirror is tilted to center the beam. At the position of the fold mirror a shim
accuracy of about 30 um is required to center the beam to with 1 mm as needed.
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The next optical element is the short wavelength SIG. With the alignment CCD mounted to the SIG
mount and its position know relative to the required beam position at the SIG, the OAP unit is tilted to
center the beam. The OAP unit mount will be designed so that he tilt will be about the parent optical axis
of OAP 1. At the position of OAP 1 a shim accuracy of about 30 um is required to center the beam to
within 1 mm as needed.

At this point the SIG mount is installed on the optical bench but with the front face of the SIG replaced
with a properly tilted mirror. Silicon is opaque in the optical and so the initial alignment procedure will
align the SIG mount rather than the SIG itself. A precision mechanical alignment of the SIG and its
mount will be required using fiducials on the SIG substrate.

A similar procedure is used for the SIG selection mirror and long wavelength SIG.

The next optical element is OAP 1 but now the beam is returned to a different part of OAP 1. With the
alignment CCD mounted to the OAP mount and its position known relative to the return beam position on
OAP 1, the SIG mount is tilted to center the beam at the second location on OAP 1.

The next optical element is the spectrum mirror, which is positioned using the CMM. Since the OAP unit
is already aligned the beam should be well centered on the spectrum mirror as indicated by the alignment
CCD. If not the mount can be re-centered.

The next optical element is OAP 2. OAP 2 is mounted together with OAP 1 in the OAP unit. With the
alignment CCD mounted to the OAP mount and its position know relative to the return beam position on
OAP 2, the spectrum mirror is tilted to center the beam on OAP 2.

The beam from OAP 2 is directed at the cross-dispersing mechanism. To locate the beam on a cross
dispersing grating a fixture is made to simulate the mount and grating position (which is at the reimaged
entrance pupil). Since the OAP unit is already aligned any decentration indicated by the alignment CCD
is corrected by recentering the grating fixture. This adjustment is then applied to the cross-dispersing
mechanism.

The next optical element is the spectrograph lens unit. The beam from the cross disperser is directed
towards the lens unit by a mirror in one of the grating mounts (position 12). As before the lens unit is
centered using the alignment CCD mounted in a fixture referenced to the lens mount. The tilt of the lens
mount is adjusted by mounting a mirror to the front face of the lens barrel and autocorrelating on the
return beam at the laser.

Finally, with the lens unit in place the beam is centered on the fixture for the array mount and the fixture

is recentered to center the beam. Although the lenses are not perfectly centered when warm the effect is
not significant compared to the centering requirement of better than 1 mm.
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