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ABSTRACT

We designed, built, and tested a mosaic of four grating blanks at several
position angles relative to gravity. The blanks were adjusted to within 1 arcsec of
each other and stayed within that tolerance. The testing instrument was a Zygo

Model GH interferometer with Polaroid camera attachment for permanent output.

The project was begun during the design phase of the spectrographs for
the Keck 10-Meter Telescope. The so-called MODRES Spectrograph needed a 2 x
2 array of 6 in. x 8 in. gratings. The HIRES Spectrograph needed a 1 x 3 array of
12 in. x 16 in. gratings and several 2 x 1 arrays of 12 in. x 16 in. gratings. The
test consisted of a 2 x 2 array of 6 in. x 8 in. grating blanks. The blanks that were
ordered were fine ground Zerodur from Schott Glass Company in Duryea, Pennsyl-
vania. Pockets were machined into the blanks and Invar attachments glued in. The
polished blanks were supported from an aluminum subplate and the subplate was
supported by a two-axis rotating head.

The Keck instruments were still being desigﬁed and so the actual perfor-
mance specifications were not well established. One year later, it now appears that
all possible camera configurations and scientific goals can be met using a passive

support such as we have built. We briefly describe alternative designs.

We also show the work in progress for the HIRES mosaics.
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1. THE FINAL DESIGN

The figure on the next page shows the final assembly drawing. The gratings
are arranged in a 2 x 2 mosaic. The gratings (blanks) are separated from the
subplate by round Zerodur spacers. Although we used shims under the spacers, the
spacers could have been custom lengths. The spacers are optically contacted to the
gratings. The gratings are held against the subplate by flexible members and coil
springs. The detail drawings show this. The Invar inserts in the grating pockets
are glued in place with 5-minute epoxy. The side support is a steel ball against an
adjusting screw. This is detailed too. Tension springs pull the grating against the
side supports. The design load at each support interface is set so that the minimum

is 1 g and the maximum is 2 g.

The photographs show the attachment to an adapter which mates with the

two-axis rotator head.

Section 4 describes the deflection of the subplate and the nature of the

passive support system.




— . —

ISON

/9—8—/

-
& HEp

AGW3ASSY DIVSOW | B & =

VAE
¥
Fan N
Ry ‘___Jﬁja—-'...J

\1/

5

i
-

1
.@.
2
°¢-
'’
T




ZSON

[8—8—/
SIVL3IA OIVSON

— ¢ —

SLH¥04dNSs 341S
S1d0ddNS MoV 8

=3
== -
e,
l

=

-y
[~
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2. THE INTERFEROGRAMS

The photo shows the final interferogram. The limiting measurement is
less than 1 arcsec. This represents about 1 fringe. It is possible to resolve less
than 1 fringe and thus less than 1 arcsec. The interferograms were used to get the 4
gratings aligned. Then, interferograms were taken to test the subplate performance.
When the mosaic was rotated about the primary axis (the grating rotation axis in
the spectrograph), no deflection was seen. When the mosaic was rotated about
the other axis, about 1/2 fringe was seen. We suspect this was due to flexure in
the adapter we used to mount to the rotator head. It was a non-kinematic (over-

constrained) piece of hardware.

The shop photo shows the chart of interferograms used during alignment.
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FINAL INTERFEROGRAM







3. THERMAL CONSIDERATIONS

Partway through the fabrication of this support system, Jerry Nelson asked
about temperature gradients in the subplate. We had not considered this and so

we looked at the problem,

There are standard formulas for deflection in plates with given temperature
gradients. The deflections we were interested in keeping below could be caused by

1/10° C across the 1.5 in, thickness of the subplate. This is of corcern.

We next built a thermal model and asked the question “What kind of heat
flow would exist if 1/10° existed across the subplate?” The answer is 100 W. There
are no such heat sources in the spectrographs and so we concluded the subplate was

isothermal.

There are other thermal effects. The aluminum subcell and the Zerodur
gratings do not expand and contract at the same rate. The mosaic will be used at
Mauna Kea in Hawaii where the temperature is likely to be 25° C different from the
lab where the initial alignment will be done. If one considers the end support for
one grating to be fixed and the other end free to slide across the subplate, then one
can ask what that motion will be. For 25° it is 0.000 04 in. The grating support
spacer might slide uphill if the subplate is not perfectly flat. This will misalign the
grating. If the local “hill” is 1° (a large amount) then the misalignment will be 0.02

arcsec. This is tolerable.

There will be friction between the support spacer (Zerodur) and the alu-
minum subplate during this thermal expansion. If the coefficient of friction is 1.0
and the clamping force is 2 g or 6 pounds, then the shearing force at the back of
the grating is also 6 pounds. This generates a bending moment in the grating (35
mm thick) and the mid-span deflection is 1/30th wave. This is also tolerable. We
are not sure what the coefficient of friction really is, but we intend to measure it.
If the bending is unacceptable, then the mosaic might have to be dithered once at

Mauna Kea to relax the shear stresses at the support feet,.
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4. FLEXURE OF THE SUBPLATE

A two-dimensional mathematical model was constructed to model the
static deflection of the subplate with two gratings sitting above it. See the drawing.
The equation of the deformed subplate was solved and the deflections at the grating
support points were used to predict the mismatch in angular alignment of the two
gratings. By iteration, the optimum locations of the subplate supports (R1 and R2)
were found. This model says that zero deflection and therefore zero misalignment
is possible. A sensitivity analysis was done: the weight of the glass gratings is
unimportant, in fact, the angular misalignment is practically independent of grat-
ing weight; the location of the support points bélow the subplate is critical at the
1/8 in. level. The thickness of the subplate changes the sensitivity of the model to
geometric changes, Thus, a 6 in. thick plate is tolerant to any kind of back support
but a big weight penalty must be paid, while a 1/4 in. thick plate weighs less but
has 0.001 in. kinds of tolerances. The selected thickness, 1.5 in., was somewhat
arbitrary.

| Many things were omitted from the model: the holes in the subplate were
ignored, the side support hardware was ignored, and the attachment to the test
fixture was never considered to be a problem. This last detail will have to be
addressed in the Keck instruments because we observed bending moments caused
by improper mounting. The 1 arcsec misalignments were 1000 times larger than

any misalignments we expected to see.

The formulas leading to the elastic curve are listed here. Also, the original
basic program (running on a Commodore 64) is listed along with some sample
output. All work since March 1988 used Borland Turbo Basic running on an IBM
PC/AT - a much faster machine.
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REM: MOSAICVI, OSBORNE, 12.15,86
REM: SUE PLATE FLEXURE

REM OPTIMIZE -B&E FDR ERUAL FLEX AT A&C

REM 133 DISK
UREN4, 4

INFUT "COMMENTY A6
FRINTH4, A%

A=1.5: BE=4.05: C=8: D=1a
E=i13,35:F=16.5

F1=71p2=7

L=18:Y=12Q@Q@d:W=14

H=1.5@

REM DENSITY IN G/CC.

DE=2. 72

Pl= (DE*H#L %k W*E, 54°3) / {L*4T4)
IsWxH~3/1&
Ri=(2#P1+E*FE+FE*L) /2

RZ=R1

GOslUpaR@d

FRINT'"START FOINT, DX":INPUTX®@,DX
FRINTH4, "A3B;CsDiE;F;DE"
FRINTH4, A3B3CyD3E;F3DE
PRINT#4, "HiLjW3Y3PL;P2;P2;RL jRE"
PRINT#4, HslLyWyYsPlsP2sFasRI3RE
FRINT#4, "CL,C2";C1,Ca

PRINTH#4 :FRINT#4, "INCHES ALONG3; DEFLECTION, MICRO—INCHES, MICRONSY
REM

GOSUBL 2@

Va=/ (Y*1)

IFX)LBOTD442

V=y% 11200223

V=INT (1a@*V) /12&

U= INT (1222%V/40) / 1020

PRINTH4, X, V, VM

X=X+DX

GOTOERES

FRINT#4:CLOSES

sSTOR
@ XA=X—Q: XB=X—H: XC=SX-Cs XD=X~Di XE=X-E:1 XF=X~F
@ IFX{ATHENXA=&
@ IFX{(RTHENXB=G
B IFX{CTHENXC=2

10870 (FXADTHENMXD=2
1@97 IFX {(ETHENXE=@

py IFX (FTHENXF =@

@ V=

@ V=Y-RaXo4 /84

7 Vey-Rix(XR)"3/6

B VsVHRI* {XE) ~3/6

B Y=V—-R2% (XC) “3/6

B V=Y-FRix(XD)~3/6

¥ Y=U+REw (XE) “3/6
V=2 (XF)~3/76

A V=U+CLiwd

2 V=V+Oz

a3 RETURN

@ REM INTEGRATION CONSTANTS [t AND C2

41@ Hl=—ﬂﬂ*E“4/84-pl*(E“Q)“3/6+R1*(E—B)“S/E-pE*(E—CJ“3/6~?1*(E—D)“3/6

B ME=Fp*R~4/24+P 1% (B—R) "3/6

@ Cl=-—(K1+KE)/ (E-E)

@ CR=fA*B"4/24-+E 1% (B—A) "3/6—C1*E
13 RETURN

Q@ STOR
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UMINUM, 12/15/86 WITH SAME DIMENSIONS AS ORTIMIZED GLASS

THIS RUN IS AL
f3BEsC3D3EsFDE
1.5 4,05 B i@ 13.95 16.5 &.7
HiL:WsYsF13P25FP@3R13RE
1.5 18 14 1oppeeed 7 7 2.04657826 32.4132044 32, 4192044
,Ce §i.8584822 / ~167. 739602
7k 9;.:—'("!-35 CZS:«—.“—)

INCHES ALONGy; DEFLERTION, MICRO-INCHES, MICRONS

~4, 87 - 17

.5 -3. 61 A -. @91
1 -2, 95 -. 074
1.5 ~2, 5 ~. BE8
& ~1.67 - B4

L E.B -1.29 —.oz8
3 -. 53 - 215
3.5 C-.a2 —GE-23
4 -. 21 -1E-23
4.5 -. 01 ~1E-23
5 -. 19 02 ~EE-B3
5.5 - 48 /,;ng. ~. @1
6 -. 85 -, B2E
6.5 ~-1.26 -. 232 ‘
7 T=1.65 -. D4E
7.5 -z - @5
8 - @57
8.5 - WEE
3 - 063
9.5 - D6&
12 - 857
1@. 5 -. 85
11 - B4E
1.8 ~. B3E
12 - G2E
18.5 -.a1e
13 ~5E-23
13.5 —-1E-03
14 ~1E-B3
14.5 —~6E-03
15 - 015
15. 5 -. 028
16 - Q42
16.5 ~-. p5a
17 ~. 874
17.5 ~. 231
18 - 187
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C:D3E;F3DE

~. 27
s ~6. 56

1 -13

1.5 -19. 3&
2 25, 47
2.5 ~31. 4

3 -37. 08
3.5 ~42. 46
4 -47, 58
4,5 ~SZ. @8
5 -56, G&

5. 5 ~B@. 41
6 ~63. 84

B 5 ~66. B

7 -63. &7
7.5 ~71. 21
8 -72. 61
8.5 ~73. 45
3 ~73.73
NG ~73. 45
.- ~-72. 61
10. 5 -71. 21
11 —€3. 27
11.5 —6&. B
L& -E£3. 84
12,5 -62. 41
13 -56. 52 -
13.5 ~5iE, 22
14 —47.582
14,5 ~42. 46
15 -37.08
15. 5 -31.4
16 -25. 47
16. 5 ~13. 38
17 -13

17.5 —6. 56
18 -. 27

@ 8 12 18 16.9
WiYsPlsF2P@;RI;RE;C1 3
5 18 14 15ppdded 7 7

5
1
>
INCHES ALONG; DEFLECTION,
&

“/w

1.9816436& 31.8347926 31.8347386 —-848.1644 -

MICRO-INCHES,
—2E-@3

~. 164

—e 320

—. 483
~. 637
—-. 785
-. 387
-1.0&2
—1.188
-1. 3
-1.413
—1.511%
-1. 596
-1.67
-1.738
-1.781
~1.816
-i.837
-1.844
~-1.837
~1.816

~1.781

-1.73&
"'1- &7
—-1.596

-1.511

-1.413

-1, 306

-1.188

—-1. @62

—-. 7
—-. 785

- 637
—. 483

~. 323

—-. 164

-Z2E-Q3
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\f((v\ fl’éf%

MLl Y3FL3PESPE;RIJREICLCE .
(=50 18 14 1500@Q@d 5 5 . 703163864 16. 3284748 16, 3EB4748 4.4

INCHES ALONS3; DEFLECTION, MICRO-INCHES, MICRONS

-8 -2&. 355 —. G664
1 - -. 5393
1.5 —. 454
= —14 - 35
2.3 -3, 95 — 245
3 — D -. 186
309 ~3. 14 -. Q73
4 -. 96 -. a2
4.5 @ &
] —-. 49 - @13
S9.9 -Z.18 -, AT
& -4, 73 - 112
6.9 -7.8 -, 193 M
7 -1i.1 -. 278
T e ~14.3 -, 358 ‘il_ -11-
a " - B9
-13. 36 - 484
~cR., 72 ~.0l8
-21.18 -. 23
-Zd. 72 -. 518
-19, 36 484
-17. 15 - 429
-14,3 —. 398
-ii.1 -. 278
~7.8 —-. 1385
-4, 73 -. 119
-2. 18 —. B335
- 43 -1z
2 @
-. 96 - BE4
-3. 14 —-. 72
1& —6. 23 - 156
16,35 -3.95 —. 249
17 -14 - 25
17.5 -18. 16 - 454
i8 ~Z22. 35 -, 359
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5. THE GRATING BLANKS AND REAL GRATINGS

The project tested four polished Zerodur blanks. Rulings were never ap-
plied to these blanks, although they could be. The angular adjustment in the plane
of the blanks was only used to get them close. Real gratings would of course need
to be aligned to get the grooves all parallel. This adjustment will require a spec-
trometer, but we feel that is simple to do. The handling of these blanks was not
the same as if they had rulings. This will change. Installation will be done in one

of our laminar flow clean benches and the mosaic will be stored face down.

A 6 in. x 8 in. blank weighs 6.7 pounds each and fits easily with a large
conditioning flat on a small flat-master. A photo of the four blanks is included,
along with a photo of the flat carrier used during “flat-making.” The 12 in. x 16

in. blanks for HIRES weigh 58 pounds each and will be made on a larger machine,
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6. ALIGNMENT AND TESTING

A difference of 1 arcsec between grating blanks produces motion at the
detector. This motion will depend on the camera focal length alone. The distance
from grating to detector is not involved. The detector is important because the pixel
size determines what is tolerable. For the core version of HIRES, a Tektronix 2048
% 2048 has been chosen and a 30 in. camera will be the only camera in the near
future. We have considered also an Ultra High Resolution {UHR) camera where
the collimator mirror is used as the camera mirror and the gratings are used in a

“double-pass” mode,

The 1 arcsec difference is calculated for a 90° rotation of the mosaic (gravity
on and gravity off). The gratings in MODRES would certainly see this and perhaps
twice this since the spectrograph would rotate as the field rotates. The HIRES,
however, is fixed on the Nasmyth platform and the gratings rotate slightly. The
Echelle mosaic (1 X 3) moves +£2.8° and the axis is horizontal. The Cross Disperser
(2 x 1) moves £30° and the axis is only 16° from vertical. The Echelle “sees” a
0.0011 g change and the Cross Disperser “sees” a 0.23 g change in loading, If the
deflection tolerance turned out to be very difficult to maintain over 90° then the
mosaics could be aligned at their operating angles and shipped to Hawaii. We hope

this will not be the case.

The alignment must also be insensitive to temperature. The testing of
HIRES will be done in a refrigerated enclosure and so we will be looking at this.

No tests of temperature changes have been done.

Photos in this section show the mosaic mounted on the two-axis rotary

head in the Optical Shop. All testing was done on the large granite test bed.
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TEST SETUP







7. WHAT OTHER OPTIONS DO WE HAVE?

A complete active control system is possible but too expensive for a grating

mosaic. A system like the Keck primary mirror could be built.

Mosaics in the past have been built with daily or monthly adjustments
reqﬁired (Richardson and Oke). We considered a passive system with manual ad-
justments. This would be our fallback position if the current plan fails, There
are several ways to make an adjustable mosaic. All of them require blocking the
gratings and bringing the spectra into alignment one at a time. For the Echelle (1
x 3) at the Keck HIRES spectrograph, this means tuning two gratings. The Cross
Disperser (2 x 1) would only require tuning one grating per Cross Disperser pair.
The 2 x 2 mosaic for MODRES no longer exists but would require adjusting three
gratings. The simplest and cheapest system would be hand turned screws on the
back of the mosaic. This means that a human does the adjusting while watching
the output monitor of a spectrum. A more expensive, but easier system would have
piezoelectric crystals at the support points and knobs to adjust the voltage at each
support. These piezos cost about $1000 per support point. They are also not stiff

and would need readjusting as a grating is rotated (with a changing gravity vector).
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8. MISCELLANEOUS NOTES

This is a collection of the authors’ notes so that they remain in a safe place.
There is no order implied. Some of the derivations of the shimming procedure are

contained here. Some of the early data outputs are here.
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TOLERANMCES

The speci ~ ! Soommmbination of woret case
resolution rec Leae +le (neowde ) foocal length camera. Fixel
resalution of 1/750th was arwamew 2F A0 the beginning of this
project. Using the Tektvonis 2048 by 2048 00D as detector with 27
micron pixels and the UHRE camera mode in double pass, with 164
in. fooal length, & specification was created: 00007 aro-sec.
This is the flexure tolerance for grating rotations of 180°.

The specification has changed to 1 arc-sec over 180°%. The
mixbion at the detector during any exposure will be less than
17106h pixel .. (No ewposuwre will change the subplate loading by
move than 0.02 g.02

Machining tolevances on the glass are standard guarter wave
flatness and front-to-pack parallelism of 1 arc-min or so0. The
pockets in the glass are diamond tooled and not polished.

Machining tolerances o the metal parts are standard shop
practice. The tighest tolevance is 0,005 in, and is easily
achieved.

The matervial properties fTor bthe subplate vepresents the
bigaest wnoerbtainty: guestions of long term stahility cannot be
angswered without long derm measurements. We aore 13 months into a
lang term stability measurement now. FRee-olam e g
APHRER SR B L G @ R s -mansd s ad b ang FECR TS, T % WY T S o LYY =
et hrgs--may -Read-real-i-ani-ng oW bt G I T A -y ¥ ¥ Y
Wer now suspest that aluminum is not the best material o wse for
the subplate. By July 1988 the subplate had distorted s0 that all
gratings appsar to-have shifted. The lavgest shift is 3 arc-sec.
We don’t know if this change was sudden o gradual with time.
Future measurements will be made. Notes are included here. Pyrex
is being investigated as an alternate material for the subplate.
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9. SPECIFICATIONS AND TOLERANCES

The specifications began as a combination of worst case resolution require-
ment and longest focal length camera. Pixel resolution of 1/50th was dreamed of
in the beginning. Using the Tektronix CCD as detector with 27 u pixels and the
UHR camera mode in double pass, with 164 in. focal length, a specification was

created: 0.007 arcsec. This is for grating rotations of 180°.

The specification has changed to 1 arcsec over 180°. The motion at the
detector during any exposure will be less than 1/10th pixel. (No exposure will
change the subplate loading by more than 0.02 g.)

Machining tolerances on the glass are standard quarter wave flatness and
front-to-back parallelism of 1 arcmin or so. The pockets in the glass are diamond

tooled and not polished.

Machining tolerances on the metal are also standard shop practices. The

tightest tolerance is 0.005 in. and is easily achieved.

The material properties for the subplate represents the biggest uncertainty:
questions of long term stability cannot be answered without long term measure-
ments. We are 12 months into a long term stability measurement now. The changes
are unmeasurable. If a sudden dimensional change occurs in time, then the gratings

may need realigning. We doubt that this will happen.
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10. WORK IN PROGRESS

Subplate design is in progress for the Keck HIRES spectrograph. The
Echelle mosaic and the Cross Disperser mosaic are being designed. Preliminary
designs are presented here. These gratings are 12.6 in. x 16.54 in. x 2.91 in. as
shown in a drawing. The computer optimization is being done on an IBM PC JAT
using Borland Turbo Basie. Also, a finite element analysis program (FEAP) is being
developed with NISA II software to more fully model the mosaic subplate system

and to gain experience using a FEAP.

Future testing will benefit from the Zygo Mark II interferometer which we
have recently purchased. It has several accessories: video output, connection to an

IBM PC/AT for digitizing, and software for interferogram interpreting.
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