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ABSTRACT

The Millimeter Bolometer Array Camera (MBAC) was commissioned in the fall of 2007 on the new 6-meter
Atacama Cosmology Telescope (ACT). The MBAC on the ACT will map the temperature anisotropies of the
Cosmic Microwave Background (CMB) with arc-minute resolution. For this rst observing season, the MBAC
contained a di raction-limited, 32 by 32 element, focal plane array of Transition Edge Sensor (TES) bolometers
for observations at 145 GHz. This array was coupled to the tedscope with a series of cold, refractive, reimaging
optics. To meet the performance speci cations, the MBAC emgoys four stages of cooling using closed-cycle
3He/*He sorption fridge systems in combination with pulse tube colers. In this paper we present the design of
the instrument and discuss its performance during the rst observing season. Finally, we report on the status
of the MBAC for the 2008 observing season, when the instrumearwill be upgraded to a total of three separate
1024-element arrays at 145 GHz, 220 GHz and 280 GHz.
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1. INTRODUCTION

The Cosmic Microwave Background (CMB) is the remnant thermal radiation produced roughly 380,000 years
after the Big Bang. Today, this nearly perfect black-body radiation is red-shifted to a temperature of 2.7 K,
with peak emission at 2 mm. Studies of the temperature variations of the CMB sky hawe allowed us to
learn much about the geometry, age, and contents of the univese! When combined with other cosmological
surveys, these data tightly constrain cosmological paramiers, leading to a standard model of cosmology (for a
recent survey, see Ref. 2). Most experiments have focused oneasuring the anisotropy on large angular scales
(& 15 arc-minutes), which are produced by density inhomogenées in the early Universe. Anisotropies at
smaller angular scales re ect the development of structurethroughout the history of the Universe. One e ect
at small angular scales is the Sunyaev-Zel'dovich (SZ) e eic The SZ is spectral distortion of the CMB, caused
by inverse-Compton scattering of CMB photons as they pass though hot gas in clusters of galaxies. Since the
amplitude of the SZ e ect is largely independent of redshift galaxy clusters can be detected to high redshifts.
Because of this feature, blind surveys may yield unbiased, ass-limited catalogues of galaxy cluster positions on
the sky.® By combining SZ galaxy-cluster measurements with optical ad X-ray data, the masses, temperatures,
and redshifts of the clusters can be determined. The clustedensity as a function of redshift will help map out
the growth of structure in the universe, that in turn will con strain the dark energy equation of state.

The Atacama Cosmology Telescope (ACT) is a new 6-meter dianter telescope designed to make detailed
measurements at millimeter wavelengths with arc-minute resolution. The construction of the ACT was completed
in the summer of 2007. The telescope is located at a height of, 90 meters in Atacama desert in the Chilean
Andes. The primary science camera for the ACT is the Millimeter Bolometer Array Camera (MBAC). The
MBAC is designed to make detailed measurements of the CMB temerature anisotropy at angular scales up to
multipole |~ 10,000. The MBAC will simultaneously observe in three freqency bands at 145 GHz, 220 GHz
and 280 GHz, with bandwidths of approximately 30 GHz for eachfrequency. These frequency bands were chosen
to probe the decrement, null, and increment of the SZ signal.Choosing the frequencies in this way allows one
to separate the galaxy clusters from primary CMB anisotropy and other foreground contamination. We expect
to detect hundreds of clusters of galaxies, which we will usé produce a mass-limited galaxy cluster catalogue.

The MBAC was deployed to the ACT site in September 2007. For ths rst observing season, it was out tted
with the 145 GHz array with a 1024-pixel array of Transition Edge Sensor (TES) bolometerd:® Science observa-
tions began on 14 November and continued until 17 December. fle camera was brought back to North America
in January 2008 with the onset of the Bolivian winter. The two other arrays are currently being installed in
preparation for a second observing season, with data analisfrom the rst observing season underway.

This paper is one of a series of papers in these proceedingsialhdescribe the technical aspects of the ACT:
the detectors, the telescope, the cryogenic camera, and thdata acquisition systems?®:6:7:8:° |n this paper we

be made for personal use only. Systematic or multiple reproduction, distribution to multiple locations via electronic  or
other means, duplication of any material in this paper for a f ee or for commercial purposes, or modi cation of the content
of the paper are prohibited.



give a description of the MBAC receiver. In Section 2 we focuon the mechanical design of the instrument. In
Section 3 we describe the cryogenic system. In Section 4 wesduss the performance of the instrument, both in
the lab and during this rst observing season. In Section 5 wereport on the current status and plans for the
upcoming observing season before concluding in Section 6.

2. INSTRUMENT DESIGN

The MBAC is a cryogenic receiver for the ACT. All facets of the design had to meet the scienti ¢ goals and
requirements of the ACT project.1® The telescope observes by continuously moving the entire 40 metric ton
upper structure of the telescope 10 peak to peak in azimuth at constant elevation with a constant velocity of
up to 2 /second with a 400 ms turn around time® The MBAC mates directly to the telescope, roughly on the
rotation axis, and scans with it; all optical elements move tbgether during the scan. With this scan strategy in
mind, the MBAC was designed to be extremely rigid while remaning as lightweight as possible.

2.1 Cryostat Mechanical Design

The vacuum shell is a cylinder measuring 0.94 meters diameteand 1.22 meters long made out of 6.35 mm thick
aluminum. This shape was chosen because it is relatively epdo manufacture, ts in the allocated space, and
has good strength to weight ratio. The shell diameter was ditated by the area of the focal plane, and the length
by the cold optics that were needed to reimage the focus of the -axis Gregorian ACT telescope. A cut away
of the MBAC highlighting major internal components is shown in Figure 1. Due to the large size of the shell,
we chose aluminum to keep the weight as low as possible. Thedint and back of the vacuum-shell cylinder are
25.4 mm thick aluminum plates. The MBAC is mounted to the ACT at the ange that joins the front plate to
the vacuum cylinder, providing an extremely rigid plane that can be precisely aligned with the optical axis of the
telescope. This plane was used as the base for all optical elents inside the MBAC, ensuring that the alignment
was independent of variations in the vacuum shell caused by nessure and temperature. The front plate has two
additional aluminum plates attached by G10 cylinders. The rst plate (\40K plate") is cooled to 40 K. The
second plate (\4K plate"), which is attached to the 40K plate, is cooled to 4 K. These two plates each have a
large radiation shield attached to them. The shields are need so that the outermost one completely surrounds
the inner one. The helium fridges and optics tubes are rigidl mounted to the 4K plate, and are located between
the 4K plate and its corresponding radiation shield. The vaaium shell is split about 200 mm back from the front
plate. This serves to decouple the pulse tube fridges from th rest of the system, thus exposing the cold plates,
optics, and detectors (see Figure 2). All of the cabling for he thermometry, detectors, and the detector readout
comes in through ports in the front vacuum shell section. Thee cables are heat sunk at both the 40K and at 4K
plates. An advantage of this design is that it allows for acces to all of the cabling without making or breaking
any cable attachments.

The G10 cylinders that connect the two plates to the front plate create a robust mechanical connection
between the optics and front plate. Once the cryostat is boled into the telescope receiver cabin, a laser tracker
is used to locate the front plate in relation to the primary mirror, translating the position of the internal cold
optics to the rest of the telescope systemi. The cryostat is attached to the telescope receiver cabin on anount
that has three dimensional adjustment. This system provides a way to accurately align the cold optics to the
telescope and enables the optics to move in concert with theelescope as it scans. Figure 3 shows the mating of
MBAC in the receiver cabin and its relation to the primary and secondary mirrors of the ACT.

2.2 Detectors and Readout Electronics

The MBAC houses three 1024-element arrays of TES bolometereatectors that lie side by side at the reimaged
focal plane of the ACT. Each array consists of 32 individualy stacked columns, with each column consisting of
32 elements. The array elements are close-packed with no fédorns, lling the ACT focal plane. The arrays
are cooled to 300 mK and then biased onto their transitions. Te individual bolometers are read out in a
time-multiplexed fashion through SQUID multiplexers that are controlled and read out by the Multi-Channel
Electronics (MCE). For details on the TES bolometers, array construction, and characterization see Ref. 4 and

Laser tracker manufactured by Faro. For more information se e www.faro.com
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Figure 1. Cut away of the MBAC cryostat showing the location o f the internal components. A cut away of the 220 GHz
optics tube is also shown, giving the location of its lenses, Iters, and array, which is similar for all three tubes. The 2 80
GHz optics tube mounts just above the 145 and 220 GHz optics tubes, but is removed for clarity. The connection of the
rst stage of the pulse tube and its radiation shielding to th e 40K plate is also omitted for clarity.



Figure 2. Left Panel: Picture of the MBAC open. The vacuum she I, pulse tubes and the two radiation shields have
been removed, exposing the large (4600 crfi) 4K plate. The three sorption fridges (G10 cylinders inclin ed at 45 ) are
mounted on the two vertical copper bars which in turn are atta ched to the 4K plate. The cryoperm magnetic shield (silver
vertical cylinder) surrounds the 145 GHz optics tube which i s rigidly attached to the 4K plate. 7 Right Panel: Picture of
the MBAC closed. The receiver is shown at the approximate observing angle at which it is mounted on the telescope.
The pulse tubes are mounted in the MBAC so that they are close t o horizontal during normal operation. Light enters
the cryostat through the three rectangular windows located between the handles that are removed during observations.
The 145 GHz UHMWPE window is installed (lower-right window) (see Sec. 2.4). The total volume is 700 liters and the
total mass is 530 kg. The MCE readout electronics are bolted to the vacuum shell through a mounting plate, forming a
RF seal.

Ref. 5. Details of the MCE readout electronics can be found inRRef. 8 and Ref 11. The SQUID ampli ers are
sensitive to changes in magnetic elds. To reduce this signa we have incorporated three layers of cryoperm
magnetic shielding into the optics tubes of each array. Detds of the magnetic shielding can be found in Ref. 7.

2.3 Optics

The ACT's primary and secondary mirrors are in an o -axis, aplanatic Gregorian con guration. The internal
reimaging optics consists of a series of separate refracévlenses and Iters for each of the three frequency
bands!? To minimize its size, the MBAC is aligned near the optical axis of the telescope. As the ACT is an o -
axis Gregorian, the optimal focal plane is not perpendicula to the optical axis, and because the Gregorian focal
plane is not telecentric, the lenses must be held at compoundngles inside the cryostat. Furthermore, because
each array has a separate optical path, the optical elementfor each array must be closely packed to maximize
sky overlap.” Each array's lens system consists of three silicon lensesh@vn in Figure 4. A series of capacitive
mesh low-pass lters along with a band de ning lter are used to de ne the frequency band of each detector
array. In order to keep the optical loading on the detectors © a minimum, the nal band-pass lIter is cooled
to 300 mK . The placement of the nal lens with respect to the array has the tightest tolerance of all optical
elements and so it is attached directly to the array mounting assembly and also cooled to 300 mK. Behind the
band-pass lter, the array is enclosed in a 300 mK cavity whid is painted with a stycast and lampblack coating
to absorb stray light. An image of the primary is formed along the optical path internal to the MBAC, where

a cold aperture stop (Lyot stop) is placed and held at 1 K. While the actual temperatures of the remaining
optical elements are not critical, they are cooled in stageso limit the loading on the fridges.
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Figure 3. The MBAC mounted in the receiver cabin of the telesc ope. The receiver and telescope were designed to work
together. The width of the receiver cabin is 4 meters. The MBAC enters though doors on the front of the receiver
cabin (left side of gure), and passes through the MBAC mount ing structure whose width is 1 meter where it is then
hoisted and bolted into place. The MBAC mounting structure a llows for positioning of the MBAC, aligning the internal
optics to the primary mirror. The entire telescope structur e, primary, secondary, receiver cabin, and the MBAC, move
together.



Figure 4. Three dimensional model of the cold reimaging optics for the MBAC. The optical elements for each array are
separated into individual optics tubes. Each array has a similar set of optical elements. The 280 GHz elements and
temperatures are labeled. The lenses are labeled Lens 1 to 3with lens one being closest to the 300 K window. The
low-pass capacitive mesh lters are labeled LP and the band-pass lter as BP. Infrared blocking lters labeled IR are
shown for the 40 K stage only. Two other IR blocking lters, at 300 K and 4 K, are not shown along with a LP Iter at

4 K and second LP lter at 1 K. The temperature of the component s decrease moving toward the arrays to reduce the
loading, with the band-pass lter, Lens 3, and arrays all hel d at 0.3 K

2.4 Vacuum Windows

One challenge posed by the optical design was building a vacm window that would accommodate all three
arrays simultaneously. The vacuum window was placed near tb Gregorian focus of the telescope to minimize
the size of the window and reduce the radiative load enteringhe cryostat. Even at this position, the smallest
single window which encircled the beams for all three arraysvas over 50 cm in diameter. At this size making
a single large window becomes dicult. Another problem with a single large window is in the application of
an anti-re ective (AR) coating. The optimal thickness to mi nimize re ections is /2n while an AR layer of
thickness /4 n gives maximum re ections; therefore a single thickness AR oating is not possible for all three of
the ACT wavelength bands. Additionally, to maximize their s ky overlap the three arrays are closely spaced. To
accommodate these demands, three separate rectangular vaem windows were chosen. This takes advantage of
the image shape of the array at the window (shown in Figure 2 ad Figure 4). The drawback to a rectangular
window is that the stress is not uniformly distributed along the circumference, as in a circular window, but
instead is concentrated in the corners. A number of window mégerials were considered. Thin window materials
(200 m thick), such as mylar and kapton, have several disadvantags. First, they are fragile | the chance
of an accidental breakage is considerable. Second, in geaérthey consist of polar organic molecules that have
strong absorbances near 2 mm. This would pose a problem for odongest wavelength band. Third, they
typically have high refractive indexes that increase re edions and reduce transmission. Thick window materials
(20 mm thick) such as Zotefoam also have several disadvantagdor us. The thickness of the pieces made
them di cult to mount given the close spacing of the beams. The material also deforms considerably along the
beam axis when the cryostat is evacuated. Therefore, we coitered medium thickness materials ( 4-9 mm).



We choose to use 4 mm thick Ultra High Molecular Weight Polyetylene (UHMWPE) as the window material.
Each window has an individually tuned expanded-te on AR coatings. UHMWPE is an ideal material, as it is
extremely strong and has low absorption at millimeter waveengths. Measurements of the MBAC windows using
a Fourier transform spectrometer show transmissions of owe95% for the 145 GHz and 220 GHz bands and over
93% in the 280 GHz band.

3. CRYOGENICS AND THERMAL DESIGN

The cryogenic design was dictated by many requirements. Thaite location prevented the use of liquid cryogens;
the optics design required multiple stages of cooling to redce detector loading; the three detector arrays needed
to be maintained at 300 mK continuously for over 18 hours, andrecycle with in 6 hours. The ACT observes from
sunset to sunrise; daytime observations are not possible lsause solar heating of the telescope causes deformation
of the telescope structure signi cantly reducing the 30 m rms of the primary mirror. ® The cryogenics also
had to be able to perform stably when the telescope is scanngn In order to meet these requirements, the MBAC
incorporates a series of di erent types of cooling mechaniss including pulse tube cryocoolers, closed-cycléHe
sorption refrigerators, and a closed-cycléHe sorption refrigerator.

The primary cooling is achieved using two pulse tube cryocolers’. The pulse tubes provide the rst two
stages of cooling, a 45 K rst stage at a loading of 40 Watts anda 4.2 K second stage at 1 Watt. The next stage
of cooling is accomplished using in-house built closed-cig*He sorption refrigerators 31 The sorption fridges
were measured to have 80 Joules cooling capacity and base temperatures of 670 mK. The nal stage of
cooling is accomplished using a in-house buifHe sorption fridge.!* A separate*He fridge is used to precool and
back the 3He fridge. The 3He fridge was measured to have 5.8 Joules cooling capacity dra base temperature
of 240 mK. In order to meet the hold-time requirements, a detdled thermal model for each temperature stage
was made. Table 1 lists the calculated loading, temperaturs, and hold times for each of the four stages with all
three optics tubes and arrays installed.

A schematic of the di erent thermal connections in the cryostat is shown in Figure 5. The pulse tubes and
sorption fridges are thermally arranged to provide two coldtemperature stages. In the rst system, the pulse
tube (\PT 1") is connected to the condenser plate of the *He backing fridge, condensing the high pressure helium
gas in the fridge into liquid helium-4 in the evaporator. The charcoal sorption pump for *He backing fridge is
then cooled, pumping on the liquid and providing a cold evapaoator plate. The evaporator plate for the “He
backing fridge is connected to the condensing plate of théHe fridge, providing the cooling necessary for the
3He gas to condense into liquid onto its evaporator, which is pmped on in a similar way. The *He evaporator
is nally connected to the 0.3 K lenses and lters (\lens cell") along with the detector arrays. The second pulse
tube (\PT 2") is connected to the “He optics fridge, and is cooled in the same way as the othéiHe fridge. The
evaporator for the “He optics fridge is connected to the 1 K lens cells. Arranginghe fridges in this way has
several advantages. Using a separate dedicatetHe backing fridge provides more complete condensation of
3He gas, ensuring we get e cient recycling of the3He fridge. After the 2He fridge is recycled, the*He backing-
fridge has enough capacity to stay cold for the duration of tre 3He hold time, reducing the overall parasitic
load on the ®He fridge and allowing for longer hold times and lower base t@peratures at 300 mK. Having two
separate pulse tube/sorption fridge systems also allows ug thermally recycle the fridge systems faster than
with one.

The system is cold until the liquid helium supply in the evaporator pots is exhausted. After this point,
the charcoal is heated, releasing the gas and the condensimgocess is repeated. The recycling procedure is
completely automated and can be controlled remotely. The tdal recycle time for all three sorption fridges is

5.5 hours. Over the course of a night, the3He fridge can have small temperature drifts. To prevent theg
drifts from a ecting the detectors, we thermally regulate t he temperature of each detector stage independently.

The two fridge assemblies are mounted into the cyrostat on gearate copper towers (Figure 2). These copper
towers provide a rigid mechanical mount for the sorption fridges and also provide high thermal conductivity from
the sorption fridges to the pulse tubes. The base of a coppermtver is bolted to the 4K plate, making the whole
system mechanically robust enough to withstand the scannig motion of the telescope.

YModel PT-410 cryorefrigerator from Cryomech. For more info rmation see www.cryomech.com



Table 1. Cooling capacity, calculated loading, and expected hold times for the four MBAC temperature stages with all
three optics tubes installed. Calculated loading is based on a thermal model. Temperatures and hold times are predicted
from measured load curves on the dierent fridges. Temperat ure increase with increased load, dT/dP, is obtained by
making a linear approximation to a load curve in the loading r egion of interest. Temperature of the pulse tube is based
on laboratory performance. Hold times and loading for the 1 K and 0.3 K stage use an elevated pulse tube second stage
temperature. See Section 4 for details.

Temperature Stage Fridge Capacity | Calculated Load | Temperature dT/dP Hold time
Pulse Tubes 1st stage | 80 Watts @ 40 K 30 W 35K - Continuous
Pulse Tubes 2nd stage| 2 Watts @ 4.2K 0.16 W 3.2K 1.4 KIW Continuous

1 K Optics 78 Joules 670 W 810 mK 0.12 mK/ W 32 hours
0.3 K Optics/Detectors 5.8 Joules 28 W 285 mK 1.3 mK/ W 58 hours
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Figure 5. Schematic of the radiation shielding and thermal ¢ onnections in the MBAC. Only a single optics tube is shown,
but all are connected in a similar way and in parallel.



Several issues can arise when using pulse tube coolers. Thalge tube pulses at a frequency of 1.4 Hz,
producing a 100 mK sine-wave temperature variation and indeing a mechanical vibration, both at the pulse
frequency. To limit the mechanical coupling of the pulse frguency, several strands of copper rope are used to
attach the pulse tube cryocoolers to the copper towers. The &at capacity associated with the pumped helium
of the sorption fridges damps out the thermal oscillation, preventing the signal from entering either the 300 mK
stage or 1 K stage. Furthermore, the connection between the apper towers and the 4K cold plate has a low
thermal conductance, acting as a low-pass Iter on the tempeature variations of the pulse tube. We have not
seen the pulse tube oscillations in any of the lens cell tempature stages, nor in the detector data.

4. INSTRUMENT CHARACTERIZATION

Prior to deployment, several tests on the MBAC receiver wereperformed. One of these tests was to measure the
strength of the system of stacked G10 cylinders. We calculad the total mass connected to the 4K plate to be

120 kg providing 11 N-m torque at the center of mass and obsemg angle on the telescope. We estimated
the telescope acceleration at 0.3 g, increasing the estimadl torque on the system to 14 N-m. To test the G10
strength, we hung 180 kg o of the 4K plate at a more severe momeat arm, imparting 22 N-m torque onto the
two stacked G10 cylinders. There was an initial de ection of280 m, but no sign of buckling of the cylinders
was observed. To test for creep, we left the mass connected @rcontinued to monitor the de ection. After two
days, there was in increase of only 20 m, at which point the de ection stopped increasing. We conclided that
the stacked G10 cylinders were strong enough to withstand tke telescope scan motion and would provide a very
stable and rigid system for mounting the optics and helium soption fridges. After installation of the MBAC on
the telescope, we saw no signal of the telescope's scan patien the cryogenic data.

In order to operate at maximum capacity, pulse tube coolers ad He sorption fridges must remain close to
vertical. The ACT primarily scans at a constant elevation of 50.5, but must be able to look at known sources
such as planets for calibration and pointing purposes. We wated the cryogenic system to perform through the
entire range of telescope motion, 60to 32 elevation, and so the fridges were designed to be mounted sbadt
they were kept vertical when the telescope was pointed nearie middle of its range, at 45 elevation. Cryogenic
tests were performed with the MBAC held at both 60 and 30 . At these angles, there was little reduction in
the performance of the pulse tube coolers. We did measure a sih reduction in the cooling ability of the 3He
fridge of 0.1 mK/ W, along with a 8% reduction in total fridge capacity if the fr idges were recycled at angles
of 60 and 30 . The e ects are relatively small and the MBAC is able to move through the entire elevation range
of the ACT with minimal change in the cryogenic performance.

A series of hold time and load curve tests were performed to védy the thermal model predictions for the
three sorption fridges. In the lab, we measured an 82 hour hdltime for the *He optics fridge and a 48 hour hold
time for the 3He fridge with a single optics tube installed, which matchedthe thermal model prediction to 10%.
With the MBAC on the telescope a similar series of tests were prformed to verify that the system is on track to
meet the cryogenic needs with all three sets of optics inst&d. In the rst observing season we did not optimally
heat sink the wires going to the array from the 4K plate. The added load from these wires reduced the hold time
of the 3He fridge to 20 hours on the telescope. This did not a ect the performanceof the instrument during
this rst season, but posed a problem for operation with all three arrays. To reduce the load on the 0.3 K stage
from these wires, we have heat sunk the wires going to the argato 1 K. This should increase the hold time of
the 0.3 K stage to over 50 hours with all three tubes installed The numbers given in Table 1 are with the wires
heat sunk in this way.

5. CURRENT STATUS AND PLANS

The MBAC was brought back from Chile in January 2007 after the rst season of observations were complete.
The 220 GHz and 280 GHz optics tubes have been installed alongith the 220 GHz array. Cryogenic tests of
the three tube system along with dark tests of both the 220 GHzand 145 GHz arrays have been successfully
completed in the MBAC. The 280 GHz array is currently being asembled, and is due to be completed in early
summer. A full light test of the two full arrays, along with a p artially complete third array has been performed.
We are on schedule to return to the site in early June 2008 and &gin observations shortly thereafter.



6. CONCLUSIONS

We have designed and built the cryogenic receiver MBAC to wok with the new Atacama Cosmology Telescope,
taking into account the many design challenges imposed by th requirements of the ACT project. The MBAC
houses three TES bolometer arrays, at 145, 220 and 280 GHz, dprovides rigid mounting for the corresponding
optical elements. It cools the optics and the arrays to the dsired temperatures without the use of liquid
cryogens using a series of mechanical pulse tube coolers aclsed-cycle*He and 3He sorption fridges. It has
been installed on the ACT with the 145 GHz array and a rst season of observations has been completed. The
data analysis from this season, while still preliminary, indicates that the camera and receiver have worked well.
We are preparing for a second observing season to begin in JuR008 with the three detector arrays installed.
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