FourStar Critical Design Review

Carnegi e Qobservatories
Sept enber 21-22, 2006

Charge to Reviewers

Overvi ew

FourStar is a 4K x 4K JHKs i mager currently under construction for the
Magel | an 6.5 neter tel escopes at Las Canpanas Cbservatory. Intended to
provi de a deep extragal actic survey capability, it is also expected to see
service in nore focused situations.

Four Star uses an all-refractive optical systemsimlar to the proven PANIC
i mger installed at Mgellan and enpl oys Rockwel | Hawaii-2RG det ectors.
Carnegi e has partnered with the Johns Hopkins University Instrunent

Devel opnent group for work on the nechani cal and opto-nechani cal design and
mai ntai ns cl ose contact with Rockwel|l Scientific on detector and readout

el ectronics issues.

Scope

This review should identify problenms that would severely inpact the schedul e,
budget, scientific productivity, or observatory operations. The tinme-line
ends at successful testing in Pasadena. Shipping, installation, and

conmi ssioning will not be explained in detail, but reviewers should conment
on issues that inmpact those steps.

Al though a prelimnary design review was not held, we believe the design
fundanental s are sound because it builds on existing exanples. Consequently,
topics of a philosophical nature are less interesting than those of practica
i mport. For exanple, the cooling systemand detector choices are unlikely to
change but we are ready to receive advice about inplenentation and execution.
We are especially interested in tapping your know edge and experi ence on
design, materials, process, and vendors.

Procedure
Four Star team menbers will present technical details on FourStar. During the
presentations, panelists will note issue itens (discoveries), wite renarks,

and provi de recommendati ons. The panel chair will wite and present to the
instrument team a cl oseout report that includes the recommendations in
priority order.
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2. Introduction and Overvi ew

FourStar is the nane of a wide-field near-infrared camera that the Carnegie
oservatories is building for the Baade (Magellan 1) 6.5-m tel escope at Las
Canpanas Observatory, Chile. FourStar is designed and optimnmzed for w de-band
imging in the J, H and Ks bands. The design has been done in close
collaboration with the Instrunent Developnent Goup at The Johns Hopkins
University. This brief introduction will give an overview of the instrunment and
thus provide a context for the individual sections that foll ow
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We began thinking about a survey canera for Mgellan in 2001, when MCarthy and
Persson concluded that an imager should precede any sort of nulti-obect IR
spectrograph. We applied for NSF/ ATl funding to buy six Rockwell HAWAII-2RG
detectors, and were awarded sufficient funding to buy four. Gven the |ong | ead-
times involved in obtaining the detectors, we built a near infrared canera
called PANNIC as a stopgap neasure. This instrunent has a single 1024x1024
detector, 0.125" pixels, a 2x2 arcmin field of view, and nounts at an F/ 11 focus
of the tel escope.

The possible foci at Magellan are the following: tw F/11 Nasnyth ports and
platforns, and three F/ 11 fol ded ports, per telescope. The |l atter have seen very
little use because of poor accessibility. In practice one of the four Nasmyth
ports will be used indefinitely by IMACS - the (Qobservatory's prinmary optica

wi de-field spectrograph/ CCD canmera. There will be, in addition, an F5 Cassegrain
focus on the Cay Tel escope (Magellan 2). Current plans are to use the F/5 focus
three nonths of the year, and they could in principle be used for a wide-field
canmera. Dan Fabricant is leading the effort at Harvard/SAO to build MRS, a
combi nation IR canera/ nulti-object spectrograph for the F/5 Cassegrain focus. In
our original NSF proposal we showed our own F/5 design, but the advent of MMRS
and the advantages of an F/ 11 canera in terns of tine available for use, were
compel ling. Just as inportant, we wanted an instrunment that could be nounted on
the tel escope and kept cold and operational for many nonths at a tine.



Steve Shectrman originated the design for the optics in PANI C whi ch he showed
could be scaled to the large 10.8 X 10.8 field of FourStar with a nodest

i ncrease in the nunber of optical surfaces and the introduction of one aspheric
surface. The FourStar plate scale is 0.159" per 18 nicron pixel which
corresponds to final speed of F/3.6. The Four Star optical design is shown in
Figure 1.

r
-
-

2 L3 L4 L5 L6

I e \F"‘q
jérgﬁ — ;; JI%L %L”)/”) —
\_'_l

Camera Group

Field Lenses
Figure 1 — FourStar optical design

The two-el enent vacuum vessel entrance window is also a Fabry lens that inmages
the telescope pupil onto a cold stop inside the instrunent. The two-lens choice
resulted from nodeling the thermal gradients in a single wndow, and the
resulting cold section near the center which would be extrenely prone to icing.
Four lenses and a field flattener follow and bring the beam to a flat field
focus at a speed appropriate to deliver a pixel scale still suitable for the 2-
m cron nedi an seeing at Las Canpanas, which is about 0.35". The design trades
off a slightly undersanpl ed seeing disk to obtain a large gain in field area for
noder at el y deep i magi ng.

FourStar will be a heavy and long instrument (of order 10 feet in |ength).
Because of this suspending it fromthe Nasnyth guider was rejected in favor of a
plan to offload nbst of the weight onto the Nasnyth platform and use the
attachment to the instrunent nounting ring/guider only to (precisely) locate the
instrument in space.

We adopted sone ideas from PANIC. First, we wanted to cool the canera optics
only as much as necessary. This mninzes uncertainties in the refractive
indices of our chosen materials, shortens cool down tinmes, reduces thernal
contractions, and lowers material stresses. By nmodeling the flux seen by a

detector illum nated by surfaces at various tenperatures inside the instrument,
we concluded that 200K was sufficiently cool for the optical elenents ahead of
the band pass filters. That is, the interior of the instrunent will contribute

only a few percent of the total thermal background under the col dest anbient
conditions. This also reduces the heat load on the interior by 40% conpared to
an instrunent cooled entirely to 77K FourStar will be cooled with liquid
nitrogen (LN2). Modtivating factors for this choice were the portability of LN2,
the potential difficulties and conplexities anticipated for cooling a rotating
instrument with nmechanical refrigeration, and the greater expense and long term
mai nt enance chal | enge of mechanical refrigeration. The proven concept of a dewar
with an independently cooled radiation shield (as pioneered by IR Labs) was
adopt ed.

Much of the rest of the design details follow from these initial concepts and
various essential constraints. The main opto-nechanical-thermal tradeoffs are
between nounting the optics stiffly, but wthout introducing excessive heat
| oads. There are, however, other factors, the nost inportant of which is the
safety and handling of the detectors and associated internal electronics. The
dangers to these devices are electrostatic discharge, rapid tenperature cycling,
nechani cal stresses, and contanination. Each of these requires that we handle
the detectors as little as possible, follow strict ESD protection procedures,



and devel op benign and robust cooling and warnming procedures. Early estinmates
i ndicated that cooling or warnmng the dewar would take nore than a day, so a
further design constraint was to minimze the nunber of such cycles, especially
in Chile. Utimately our goal is to nmaintain the instrunent at cryogenic
tenmperatures and ready to work for many nonths, if not years at a tine.

Finally, our design required a systematic set of procedures for testing the
subassenblies, aligning the optics, and testing the detectors and readout
electronics. The design goal is to test and certify all functions of the
instrument before it is nounted on the telescope. This nminimzes the use of
val uabl e tel escope for comm ssioning. These considerations have influence nany
of the basic choices adopted for instrunment sub-assenblies.
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3. Sanpl e Science Prograns

The Four Star instrument will provide the Magellan community with a powerful new
scientific capability. The outstanding inage quality of Magellan and the Las
Canpanas site, coupled with the high performance and large field of view of
FourStar will enable a range of survey and targeted science progranms. Near-IR

i mgi ng prograns will advance the study of cool and obscured objects within the
M| ky Way and | ocal universe, and will enable a w de range of science at

i nternedi ate and high redshift.

Magel l an’s location at a prem er southern hemi sphere site will enable FourStar
to carry out studies of star formation and early stellar evolution in the
| argest and nearest star forming conplexes. The Oion, Taurus and Ophiuchus

nol ecul ar conplexes are prine |aboratories for star formation studies. The
galactic center and bulge offer well-placed targets for stellar evolution
studies, as do the Magellanic Couds. FourStar will enable synergistic studies

with ALMA and space-based md-1R missions in the com ng decade.

The strongest science notivations for FourStar within OCl Wcenter on studies of
the distant universe. Near-IR imaging surveys allow one to select galaxies on
the basis of their stellar nmass and to trace the evolution of rest-frame visible
light to early epochs. W will use FourStar to study the growth of stellar nass
and assenbly of galaxies in the critical 1 < z < 2 epoch with surveys of
internediate area and depth. Many of these will build on existing surveys at
other wavelengths. The near-IR wavelengths provide critical l|everage in
determ ning the mass and star formati on histories of passively evol ving systens.
Utra-deep surveys will allow us to trace the evolution of the npbst nmassive
galaxies in the 2 <z < 4 era when the first massive stellar systens may have
appeared. FourStar w Il conplenent the spectroscopic capabilities of |IMACS and
LDSS3 and al | ow powerful surveys over a wi de range of redshifts.

Gal axy clusters provide convenient |aboratories for studies of early star
formati on and rapid dynamical evolution. A new generation of distant cluster
surveys are either now underway or in advanced planning stages. Large area
surveys with the Dark Energy Canera at Cerro Tololo wll yield hundreds of
candidate clusters at z > 1. Simlarly, surveys using the South Pole S-Z Array
wi Il produce sanples of thousands of galaxy clusters. Near-IR imaging provides
and efficient neans of selecting the nost interesting clusters on the basis of
photonetric redshifts and richness estinmators.

The nobst massive clusters offer the additional benefit of being powerful
gravitational telescopes. Custer arcs provide a unique window on intrinsically
faint galaxies in the early universe. The nost distant cluster-arc-sources are
best detected in the near-IR as nost of their optical flux is absorbed by the
IGM Y, J and K inmaging, conbined with | or z' imaging in the visible will allow
one to identify the highest redshift arcs and gauge their stellar popul ations.
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Assembly Cradle

Assembly Cradle

The assembly cradle supports the
instrument shell prior to the
installation of the camera / load ring
assembly.

The cradle is driven through +/-0.25
inches of travel by an Acme screw.
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Jack Points / Casters / Lift Points

Swivel lock (all casters)

2000# hoist ring (spreader bar /

lift fixture probably necessary) \

*1800% capacity jack (Cignys) *12.0 inch pneumatic wheels (Caster

Concepts)

T

*Removable, ratcheting handle

6 inch stroke

*675# capacity per wheel (1350# per

*Disc may be removed (retained assembly)
with a nut) to interface with
vee-blocks. *Dual wheels with swivel locks.

13
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Ball Transfer Units

Cart superstructure floats
above cart dolly on four
ball transfer units to ease
mate / de-mate of
instrument and rotator.

* Ball Transfer Unit (OmniTrack)

* Identical to camera-end rollers

Hardened 440C SS cup
provides race for ball transfer
as well as +/- 1.0 inch travel
stop.

14
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Ball Transfer Units

* The OmniTrack 1263 has a 2240#
capacity and smooth action. The
(1.5 inch main ball is hardened and
ground chrome steel.

» Two ball transfers support the
instrument load ring; four additional
units support the entire cart
superstructure.

15
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Ball Transfer Units

Ball transfer lock out.

Clamps (DeStaCo) lock together cart
superstructure and dolly after instrument /
telescope mate. 300-700# applied force.

Captured bolts engage welded-on nuts to
positively lock superstructure and dolly at the
nominal position (used for shipping and
instrument transport).

16



Instrument Cart

Transport Belt / Auxiliary Storage

*Storage drawers (Hammond
Mnfg).

*Stows jack handles, nylon
webbing, and conical adaptor
axial-stop shim.

*Additional DIN rails might be"
mounted beneath cart to
accommodate electronics as
necessary.

17
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*Nylon web belt provides additional
security for instrument transport.

*Quick disconnect ends.
*Cam buckle provides light tension

without overloading polyurethane
roller assembly.
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Ball Coupler and Drawer Details

(2X) 3.5X16 drawers

(2X) 3.5X22 drawers

Ball Coupler self-stores under cart.

2 inch diameter ball
coupler interface to
PowerMover. Mounts to
either end.
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Frame Construction / Operating Environment

*The -6 °C temperature requirement *The bulk of the frame is composed of
does not present any particular welded steel structural members.
concern. Main members are 3X4X0.19 in.

*White paint will provide the finish on
*Clean-room compatibility issues the steel members..
might include the nylon webbing and
the pneumatic tires. The webbing

can be wrapped with Kapton or a

polyurethane coated webbing might
be specified. The wheels may be

bagged.

*Aluminum is used for some machined
components. Anodize will most likely
finish aluminum components.

Stout and lengthy bent tubing handles
provide room for at least four
individuals to roll and otherwise manage
what will finally approach a 3000#
assembly.

19
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Structural Analysis

" Considerable FEA guided the cart
| structural design including the

--| placement of stiffeners and
lightweighting. The goal was to

{ provide extremely stiff supporting
| structures of reasonable weight with
conservative predicted stresses.
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Ball Transfer Contact Stress

Contact Stress Considerations

Two ball transfer units are proposed to support the
maximum vertical 1896 Ibf load at the load ring.
The units are 90 degrees apart, resulting in an
expected 1341 Ibf maximum normal load per ball
transfer (rated to 2240 Ibf each).

The load ring is 440C stainless hardened to Rc 57-
60; this hardness corresponds to an expected yield
strength of 277 ksi, (ultimate is 324 ksi) *

* Timken 440 N-DUR material

21
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Instrument Cart DG

Ball Transfer Contact Stress

Contact Stresses

* Hertzian contact stress models were
initially considered.

* Additionally, FEA models were used to
accurately capture the geometry and to
provide a good metric (Von Mises stresses)
for comparison to expected material
strengths

* A groove was added to the load ring to

limit contact stresses. Highly refined ¥4 Symmetric 3D FE
Model. ©2.0 groove, Q1.5 ball.

22
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Ball Transfer Units

FEA-Predicted Stress
VS. Applied Load Load Ring Mises Stress vs. Applied Load

(Reported at 0.019 in. Below Ring Surface)

* A 02.0 load ring groove o] /’//;/./‘/’/‘
was chosen. 32 7‘/ //-:///
* 200 ksi is predicted in the : b //2 ',/-/'/'

load ring for a 1340 Ibf 1201

applied load. 60 | //

——2 5dia-Groove (3D model) Ball Transfer Applied Load (lbf)
——2.0dia-Groove (3D model)
= Flat (axisym model)
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Ball Transfer Units
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* Given the expected strength of the
hardened 440C load ring coupled with
the 2.0 inch groove, the contact stress
situation at the ball transfer / load ring
interface is adequate.

* The ball transfer manufacturer,
OmniTrack, was consulted on the same
issue. They are entirely comfortable 2iteit
with the expected loading and predict e
that no indention (Brinelling) of the
load ring surface will occur.

- 2.0 dig

guiv Loa inell - 1/4 sym - 1 m groove
roove.odh n Bf5-6 Thu Mar 02 16:01:40 E:

d @ .5 dism ba
ransfer-2 g ABAQUS /STANDARI

Contact Stress FEA model also reveals very
conservative stress levels (~1500 psi) in the
load ring cable throughway.
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Remaining Cart 1 Design Effort

Revisit load situations that result from states of partial
instrument assembly.

Establish whether or not additional racks will be required
beneath the cart.

Draft and place warning and procedural placards.

25



FourStar

Detector Dewar Assembly Cart
(Cart 2)

Randy Hammond
rph@pha.jhu.edu
(410) 516-8390

22 September 06

JOHNS HOPKINS

U N1 V E RS I TY

@
INSTRUMENT
I D DEVELOPMENT
GROUP



%}
C a rt 2 ID G INSTRUMENT
DEVELOPMENT

GROUP

Requirements

e Cart 2 must provide a stable and convenient assembly and
testing platform for the nearly 600 Ib. FourStar detector
dewar assembly (4-Star-003).

* To facilitate mating with the remainder of the instrument,
Cart 2 must be able to both lift and rotate its payload.

e Cart 2 must work in concert with the instrument cart
during final assembly.
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Perspective View

Tricycle Cart Design
Detector Dewar: 538-615#
Cart 2 Weight: 965#

Dewar / Instrument
mate-up position

Detector Dewar
assembly position
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Cart2 Requirements /Features

Manual screw drive

. \| for positive mate-up
| Welded Steel positioning along optical axis.
.| Hard stops and Support Frame
) anti-tip (2x)

. Removable
4 Ball Transfers case Tie downs (2x) Handle
instrument mate-up. Three
Ball-end set screws for lateral
adjustment/rotation. W
_ Presto Hydraulic Lift,
) 1500# capacity
‘\ 36 inch throw

Grip tape for step 0 - l _

Sheet metal uni- D

body chassis

(8” Casters with Axleshox®
suspension, 1200# capacity

Cart 1/ Carf 2 mate-u Stabilization Worm drive [http://www.axleshox.com/vide
. p . with reversible, Jcastershox testi

guides and bumpers jack (4x) ratcheting crank os/castershox_testing.wmv]

(self stores)
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Overall Dimensions

e ~26 in. of scissor lift throw
used.

* <45 in. working height for
assembly efforts.
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Cart 2

Presto® Lift Table

* Manual operation.
* 4X4 ft platform
* 1500# capacity

* 36 inch maximum throw

Weight ~500#

DG
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Rotation Mechanism

266 ft-Ib torque capability, 24:1 self-locking
worm drive (Pfaff-silberblau)

Removable, ratcheting handle

Axis of output shaft @ median CG of full
detector dewar assembly

Mounting flanges have spring return for ease of
de-mate and withdrawal of support structure and
cart.
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Operation
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Structural Analysis

* Cart 2 analysis focused on design
of the sheet metal uni-body chassis.

* Final design allows <8ksi Mises
stresses and 0.04 inch max
deflection under 1600# load.

» 11 gage (0.12 in.) sheet steel, 40-50ksi yield
* Y4 in. thick doublers

» <300# weight (reduced from 485# through FEA predicted

FEA-guided light-weighting efforts) displacement contours
under 1600# load
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Cart 1/ Cart 2 Mate-Up

Final alignment and mate
made with Cart 2 alignment
features (ball-end set
screws and screw drive)

Cart 1 casters
kicked inboard to
provide cart 2
clearance.

Alignment guides and
bumpers provide 1%
order alignment.
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Cart 1/ Cart 2 Mate-Up




Cart 2

Status

* Cart 2 is currently being detailed.

« Cart 2 must bein service prior to Cart 1. Accordingly, it
will enter the build phase first.

* Some long lead items have been purchased (lift table,
worm drive)

* One sheet metal fabricator has provided an attractive
estimate to manufacture the chassis.
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