
Recovery after the instrument fell
Spartan IR Camera for the SOAR Telescope

Dustin I. Baker & Edwin D. Loh

Department of Physics & Astronomy
Michigan State University, East Lansing, MI 48824

Loh@msu.edu 517 355–9200 x2480

29 September 2007

Abstract

This note reports the accident that occurred during Run 3 of Cold Test
3 where the instrument fell and the window broke. The log of pressure and
temperature shows that the water sublimated and was pumped out rather than
turn into liquid and cause the bearings on the rotation stages to rust. The
mirrors were not damaged by shards of broken window. The detectors were
not damaged. The rotation stages were not damaged, but three show greater
friction. The cleaning process is described.

The instrument fell about a foot when it was cold and under vacuum. The CaF2
window broke. A spare window was installed immediately, and the instrument was
pumped. After several days, the instrument warmed to room temperature.

1 CaF2 dust and tape adhesive

When the window broke, the air outside pushed pieces of the window into the in-
strument. The pieces shattered when they struck something. The larger pieces of
the window fell to the bottom (right panel and lower panels of Figure 1. Some of the
window became fine dust, which sticks to all surfaces, even those facing down (top
right panel of Figure 1).

Besides CaF2 dust, adhesive from the tape used to join sections of the insulating
blanket is seen everywhere except protected regions such as the detector and the
insides of the cradles for the rotation stages. Apparently when the air blew the
sections of the insulating blanket apart and lifted the tape, the adhesive separated
from the tape, and the blast of air carried it throughout the instrument.



1 CAF2 DUST AND TAPE ADHESIVE

Figure 1: Lower left: Large pieces of glass near the thermal reflector. Top left: Fine dust
on the wide-field collimator makes it appear cloudy. Top right: The wall between the warm
and cold chambers (on the right) collects small pieces of the window. Bottom right: pieces
of the window on the 4-eye assembly.
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2 PRESSURE AND TEMPERATURE

2 Pressure and temperature
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Figure 2: Top and middle: Time series of
pressure and temperature of the nitrogen
reservoir and heater. The accident occurred
at t=0. The vacuum pump was turned off at
t=4.8 da. Bottom: pressure and temperature
of the nitrogen reservoir.

A new window was installed after the ac-
cident and the instrument was pumped.
A record of the instrument warming up
in shown in Figure 2. The accident
occurred at t=0. The pressure gauge
was turned on at 0.56 da. The heater
was turned on at 0.66 da. The pump
was turned on sometime before 1 hr and
turned off at 4.8 da.

The pressure dropped at 1.625 da
where the temperature was 213K and
again at 2.12 da and 248K (Figure 2).
A possible explanation is the release of
water that condensed when the window
broke. As the temperature rises, water is
released from the surfaces, and the pres-
sure rises. Eventually, the amount of
water on the surfaces decreases and the
pressure decreases. The reason that the
pressure drops at two temperatures may
be that the insulating blanket is warmer
than the rest of the instrument. Water
on the blanket is released first.

A concern was that the water that
condensed when the window broke
might become liquid and cause the bear-
ings on the rotation stages to rust. The
pressure rose to 220mtorr at 248K and
then dropped to 4.6mtorr before the
pumped was turned off (bottom panel of
Figure 2). That there is no rise in pres-
sure at the ice point indicates the water
sublimated and was pumped out, rather
than become liquid.
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3 CLEANING THE MIRRORS

3 Cleaning the mirrors

We used a K1-10 carbon-dioxide-snow cleaner from Applied Surface Technologies
(co2clean.com) of New Providence, NJ. It sprays a jet of carbon dioxide snow. The
cold jet mechanically removes particles by momentum transfer and by shrinking
them, and it disolves hydrocarbons.1

This is the method for cleaning the mirrors.

Clean the large bits and dust Clean with CO2 with the nozzle 3 cm from the
surface. This step is quick because the jet is large. There is no need to be
meticulous.

Float particles Pour on a film of alcohol. Drag a Puff over the surface. Bits are
visible floating in the alcohol.

Drain the alcohol by tipping the mirror.

Blow off remaining alcohol with the CO2 nozzle far from the mirror.

Clean with CO2 while inspecting for particles and water marks The nozzle
needs to be 1 cm from the surface. Removing water marks requires a spraying
with the nozzle close to the surface and spraying for a longer time.

Figure 3: The wide-field collimator after the
right half has been cleaned with CO2.

The CO2 cleaner removes dust well.
In Figure 3, the half of the mirror that
has been cleaned is shiny, and the other
half is dull. We tried to clean the dust
off an anodized aluminum surface with
a vacuum cleaner, but that failed. If the
dust gets wet, it forms a paste.

For surfaces other than mirrors, we
cleaned with CO2 using a wide spray.
The wide-spray CO2 could not remove
some particles, and rubbing them with
a finger removed them.

The direction of the CO2 jet must
be away from the clean area so that the
dirt is either deposited on a dirty area
or blown completely off of the part.

1Applied Surface Technologies, 1996, Cleaning mechanisms. References are in bibliography.
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4 CLEANING THE INSULATING BLANKET

Figure 4: Deposits on the surface of the high-
res collimator

The mirror surfaces look awful; there
are small dull regions (Figure 4) and bits
that appear as bright points. Appar-
ently bits of the window hit the mirror.
Some are driven into the mirror; they
can be seen as a shadow in the jet of
CO2 snow.

The dull circular regions are proba-
bly CaF2 dust. If a piece of the window
hits something, it will fracture and frag-
ment. If the fragments move spherically
from the original piece and hit the mir-
ror, they will be deposited in a ring. The
ring is the extent of the motion of the
fragments.

After cleaning, the mirror looks ac-
ceptable. The dull regions in Figure 4
are gone. The mirror surface looks as
clean as it did when new. There are a few remaining bright points.

The damage to the mirrors will cause an imperceptable loss of light. At the
mirrors, the light beam is rather large. At the fold mirrors, the diameter is about
40mm; at the other mirrors the diameter is about that size, since the beam is
collimated between the collimator, fold mirrors, and focusing mirrors. The few point-
like damaged regions intercept very little of the light. Light that hits them will be
scattered to large angles and will not focus onto the detector.

4 Cleaning the insulating blanket

We cleaned the insulating blanket with a brush and vacuum cleaner. We pushed the
brush against the grain of the bristles to dislodge the dust.

We left the bits of adhesive because they are very difficult to remove. Since the
area covered by the adhesive is negligible, the reflectivity of the insulating blanket is
not reduced.
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5 CLEANING THE DETECTORS

5 Cleaning the detectors

Figure 5: Detector 97 before (top) and after
(bottom) cleaning

Fine CaF2 dust covers the detectors
(Fig. 5).

In cleaning the detectors, there is
no risk to the surface of the detec-
tor, since the sapphire surface is hard.
The greatest risk is breaking the gold
wires. The strength of the wire and
bonds to the pads is 40mN, if we assume
the wires meet method 2011.7 of stan-
dard MILSTD-883G. The gold wires are
0.04mm in diameter and about 5mm in
length.

With a cleaning fluid, surface tension
may break the wires. The pressure due
to surface tension is P = γ(R−1

1 + R−1
2 ),

where γ is xxx and R1 and R2 are radii
of curvature of the surface of the drop.2

The worst case is where the smaller ra-
dius of curvature R1 is equal to the ra-
dius of the wire. In that case, R2 � R1,
and the force F = γL, where L is the
length of the wire. For alcohol, the force
is 0.1mN, which is a factor of 400 less
than the strength in MILSTD-883G.

To test whether any wires are bro-
ken, we take an image with the detector
at room temperature. Bright lines and
bad pixels are visible even though the
picture is saturated.3 For the bad pixels
to appear in the image, all of the wires must be intact, since the video circuits and
circuits for both the horizontral and vertical addresses must work.

2Wikipedia
3The bad pixels are likely caused by the loss of contact between the infrared-sensing layer and

the silicon circuit. They would not saturate because the dark current of the silicon circuit is small
in the 7 ms between clearing the charge and reading a row. That the bright lines appear at room
temperature must mean that the brightening is caused by something following the diode that stores
charge.
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6 ROTATION STAGES

The method for cleaning is this: 1. Take an image. 2. Using a plastic squirt
bottle, drizzle 30ml of alcohol over the detector. The detector is tipped so that
the alcohol runs off a corner of the detector. 3. Let the alcohol drain for a minute.
4. The remaining alcohol evaporates from the detector surface without leaving “water
marks.” 5. When the smell of alcohol is gone to insure that no signals are shorted
by the alcohol, take another image to check whether any wires are broken.

6 Rotation stages

To determine whether dust damaged the rotation stages, we ran each for a significant
fraction of the expected lifetime of its mechanism. This test did reveal problems with
the antibacklash mechanism and a problem with the rotation stage for the big filter
wheel. In addition, friction increased for three of the five rotation stages.

6.1 Big filter wheel

The position of the reverse limit of the big filter wheel showed jumps (Figure 8), and
the antibacklash mechanism showed wear. Fine metal powder was seen.

Suspecting the friction that caused the wear to also cause the jumps, we modified
the antibacklash mechanism. The antibacklash mechanism is a torsion spring. Orig-
inally, the legs are free to move radially, and an arbor limits radial motion. At 26.5%
of the lifetime, the friction on the arbor was reduced, but wear remained. At 43.95%
of the lifetime, the arbor was removed, and the legs were fixed radially and axially.
This eliminates sliding friction and wear completely. However the jumps remain.

6 7 8 9 10
Δ
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0.1

disp

Figure 6: Dispersion between successive mea-
surements of the reverse limit for the big filter
wheel with steps of δ removed.

The size of the jumps is 8.5 step.
The dispersion between successive data
is minimum for this jump size (Figure 6).
In the bottom panel of Figure 8, which
has the 8.5-step jumps removed, shows
a tight dispersion.

It is unlikely that the bearings bind-
ing can cause the jumps for two reasons.
Successive jumps always occur with op-
posite polarity, but jumps with random
polarity would cause a random walk of
the position of the reverse limit, which is
not seen. It is hard to imagine the bear-
ings binding when moving forward, and
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6.1 Big filter wheel 6 ROTATION STAGES

knowing to binding at some later time
only when moving backward. The sec-
ond reason is that the jumps are not a
multiple of 4 steps, the period of the stepper motors.

Figure 7: Limit switches of a rotation stage.
Note the bumper near the reverse limit
switch. The length of the switch is 20mm.

It is possible that the reverse limit
switch causes the jumps. The re-
verse limit switch is a Honeywell 17HM5
switch activated by a bumper (Figure 7).
The bumper pushes on an arm that en-
gages the switch. A jump of 8.5 step
translates to a motion of the bumper of
0.13mm in the direction that activates
the switch. It is possible that the switch
is touching the bumper at slightly differ-
ent locations.

For the big filter wheel, the jump
translates to 0.5mm on the filter, which
is small compared with the 50-mm di-
ameter of the filter.

The position of the reverse limit of
the rotation stage for the big filter wheel
(Figure 8) shows a change of –0.008 step/use or –5 step over the life of the instrument
(Table 1). In addition, there is a change of –2 step over the first several uses of the
reverse limit. A possible cause of this change is wear between the bumper and the
switch. Since this is predictable, the software can compensate for it.

RS/on AB OK σ e-fold ∆/life ∆/use
BFW Yes 0.2 –5.4 –0.008
MW/BFW No 0.3 10 –3.5 –0.035
LFW No 0.6 –2.9 –0.019
HRCol Yes 0.1 24 –1.5 –0.010
WFCam/LFW No 0.3 29 –2.2 –0.015

Table 1: Change ∆ in the position of the reverse limit in units of steps of the stepper
motor. Two of the rotation stages were tested on a foreign mechanism. The column “AB
OK” indicates whether the antibacklash mechanism used in the test is current or old and
defective. For the data fit with an exponential, the e-fold duration is in % of the lifetime.
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6.1 Big filter wheel 6 ROTATION STAGES
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Figure 8: Top: Position of the reverse limit for the big filter wheel vs duration of the test.
At 16% of lifetime, the antibacklash mechanism was modified, and the velocity of approach
to the reverse limit was slowed from 20% to 5% of normal velocity. At 26.5% of life, the
RS was reinstalled with the post on the antibacklash mechanism moved to reduce wear,
and the reverse limit was reset. The limit switch was found to be loose at 34%: therefore
the results before that are invalid. At 43.95%, a new antibacklash spring, which has no
sliding friction, was installed, and the reverse limit was reset. At 50.1% of the lifetime, the
bumper for the switch was polished and and the reverse limit was reset. Bottom: Valid
positions, where the reverse limit switch was not loose, (in black) and valid positions (in
red) offset by 2 steps for clarity and modified by adding 8.5 steps where a jump occurred.
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6.2 Little filter wheel 6 ROTATION STAGES

6.2 Little filter wheel
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Figure 9: Dispersion between successive mea-
surements of the reverse limit for the little
filter wheel with steps of δ removed.

The position of the reverse limit of the
rotation stage for the little filter wheel
(Figure 10) shows jumps. The size of
the jumps is 17.5 step (Figure 9).

The position of the reverse limit of
the rotation stage for the little filter
wheel (Figure 10) shows a change of –
0.019 step/use or –3 step over the life of
the instrument (Table 1).
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Figure 10: Position of the reverse limit for rotation stage of the little filter wheel (black)
vs duration of the test. The position of the little filter wheel shows jumps of –17.5 step.
Shown in red are the positions offset by 2 steps for clarity and modified by adding 17.5
steps where there is a jump.
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6.3 Other mechanisms 6 ROTATION STAGES

6.3 Other mechanisms

The position of the reverse limit of the rotation stage for the mask wheel, wide-field
camera mirror, and high-res collimator (Figure 11) show a slow change but no jumps.
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Figure 11: Position of the reverse limit for rotation stages of the mask wheel, wide-field
camera, and high-res collimator vs. duration of the test. The rotation stage for the wide-
field camera was installed in the mechanism for the little filter wheel. For the high-res
collimator, the velocity of approach to the reverse limit was slowed from 20% to 5% of
normal velocity at 3% of lifetime.

6.4 Friction

The rotation stages (RS) can be turned by hand by rotating the shaft on the motor.
After the lifetime test, the RS for the mask wheel cannot be rotated by hand, and the
RS for the wide-field camera is difficult to rotate by hand. The RS for the high-res
colimator is slightly more difficult.

The frictional torque at the motor of the stiffest RS is 28mN-m. The frictional
torque of a “good” RS is 3–6mN-m. For comparison, the torque when powered is
240mN-m, and the detent torque is 7mN-m.

The degree of difficulty of turning the RS is correlated with the number of cleaning
cycles (how many times we tapped on the RS to clean it). See Figure 12. After trying
different methods of cleaning on the RS for the mask wheel and the wide-field camera,
we figured out what actually works.

The rotation stage for the mask wheel has the greatest friction at room temper-
ature, and the issue is whether it will jam at 77K. At 77K, its friction is 100mN-m.
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6.4 Friction 6 ROTATION STAGES

It runs without jamming at an RMS motor current of 1.3A and jams at 0.8A. For
comparison, the rotation stage for the little filter wheel runs without jamming at an
RMS motor current of 0.8A and jams at 0.6A. We have been running the other mo-
tors at 1.3A and the mask wheel at 2.0A, the point at which the magnet saturates.
The current for the mask wheel was set higher, because it has been jamming when
run for the first time after a cooldown.4
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Mechanism N τ
BFW 6 6 mN-m
WFCam 19 17
MW >21 28
HRCol 15 12
LFW 4 3

Figure 12: Frictional torque τ of the rotation stages at room temperature and the number
of cleaning cycles N .

4Baker, D., & Loh, E., 2007, Cold Test 3, Run 2, Spartan IR Camera for the SOAR Telescope,
p. 7.
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