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Various research elds require large and complex instrusmenntaining detectors operating at millikelvin
temperatures. The materials and techniques traditionziyd in cryogenics are often unsuitable for the de-
manding requirements of such instruments. We describehgrenal design and performance of the 1-K and
millikelvin systems of the SCUBA-2 instrument. This is atrasomical “camera” operating at wavelengths of
450 and 850 m. It is the largest and most complex instrument ever builstd-mm astronomy, and the rst
to use a cryogen-free dilution refrigerator. The designsizia of a mix of traditional techniques (but used in
demanding situations) as well as novel elements. The tHgranformance has been stable and very successful,
and we hope that the details described here will be useftigdesigners of future large instruments.

Keywords: (D) Instrumentation (F) Cryostats (C) Thermaldesign for the 1-K and millikelvin stages along with theirpe
conductivity formance. We pay particular attention to details of the glesi
which are likely to be relevant to future instruments of $ami
(or greater) complexity. We also describe the rationaleséos
ious design decisions, in the hope that they will be useful to
workers faced with similar problems. The overall designhef t
instrument, including the design of higher temperaturgesa

Various research elds such as astronomy [1] and fundais described elsewhere [4].
mental physics [2] require large instruments containingcle
tors operating at millikelvin temperatures. The scale aed d
manding requirements of these instruments often require-in
vative design, as traditional techniques and materialdl use
smaller-scale experiments can be insuf cient. One exargple
the SCUBA-2 [1] instrument on the James Clerk Maxwell Tele-2.1 Overview The SCUBA-2 instrument contains two focal

1 Introduction

2 Design

scope in Hawaii. This is a “camera” operating at wavelengths planes so that it can perform simultaneous
of 450 and 850 m, and is the largest and most complex instru- imaging at two wavelengths (450 and 850
ment ever built for sub-mm astronomy. m). Each focal plane is made up of four detectors, called sub-

Images are produced using over 10 000 transition edge sarays, each of which consists of bonded silicon wafers with
perconducting (TES) detectors [3]. To meet the performancedimensions approximately 40 50 mm. The purpose of the
requirements, the detectors must be heat sunk at a temperatinstrument is to maintain the detectors at their operatimg-t
of around 60 mK and must be surrounded by radiation shieldperature, to support them mechanically in a precise posit®
ing at a temperature of approximately 1.5 K. The millikelvin bring the image from the telescope onto the detectors, ikblo
and 1-K stages are cooled respectively by the mixing chambesther sources of radiation, and to provide magnetic shigldi
and still of a cryogen-free dilution refrigerator (DR) from the telescope environment.

The DR is located at a considerable distance (approximately Each of the eight sub-array detectors is contained in a sub-
a metre) from the detectors, requiring thermal links todfan  array module, shown in the top right hand corner in Fig. 1.
the cooling power. These links have several required ptigser This contains the detectors as well as the cryogenic read-ou
which limit the achievable thermal conductance: they maseh circuitry. To achieve the required sensitivity the detestmust
a degree of exibility to permit motion during thermal coat-  operate at millikelvin temperatures, but the nal cryogergad-
tion and demountable joints are required to permit comptsen out stage, consisting of series arrays of 100 SQUIDS, must op
to be removed for repair or replacement. Another set of comerate at the 1-K temperature stage as the power dissipation i
peting requirements arises from the need to rigidly supihert too high for the millikelvin stage to handle. A subarray mtdu
detectors from the 1-K box while keeping the heat input to artherefore contains sections held at two different tempieeat
acceptable level. The four sub-array modules in each focal plane are contained

Despite these dif culties and the overall complexity, thet  within a focal plane unit (FPU), shown in Fig. 1. The two
mal design has been highly successful, and met the requiréPUs provide thermal and electrical interfaces to the sudya
ments on the very rst cooldown. This paper describes themodules, as well as optical and magnetic shielding. Electri

cal connections are provided via multi-pin MDM connectors,

while bolted joints form thermal and mechanical interfacas

Iter in each FPU permits radiation of the required waveltrgg
E-mail: adam.woodcraft@physics.org. Tel.: +44-870-1833; Fax: + 44-  to enter and thus reach the detectors, while rejecting h#rot
§;2£t7i§r;73r71i?/ersities Physics Alliance Wavelengths. . .
YCurrent address: Department of Physics, Queen Mary, Usityesf London, The FPUS, are_ Contam_ed within an enclosure called the 1-K
Mile End Road, London E1 4NS, UK box, shown in Fig. 2. This supports the FPUs and the thermal
1 Leiden Cryogenics BV, Leiden, Netherlands links running between them and the dilution refrigeratceirt.
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Figure 1: (Top group) Cross-sectional schematic

Figure 3: The SCUBA-2 cryostat, showing the location of the€ Hox.
Most of the space inside the cryostat is required for thecapbieam.

(not teeyaaf a  The 1-K box also provides further magnetic and optical shiel

focal plane unit (FPU), showing two out of the four subarraydules  jng and contains a dichroic (beamsplitter) which feedsstge
contained within. A single subarray module is shown in theygirea nal from the sky onto the two focal planes. The FPUs can be

in the top right hand corner. (Bottom group) Image of an FPthwi
a single subarray module installed, and (top left) with tiJFouter

cover in place. The numbers denoting the different
same for all gures in the paper.

removed from the 1-K box; the sub-array modules can then be
removed and replaced independently. Figure 3 shows how the
1-K box ts into the overall instrument, and Fig. 4 shows a-pic
ture of the 1-K box installed in the instrument with all theagr
wiring in place.

compisnane the
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4K heat sink 7

A constraint on the design is that we avoided ferromagnetig 19 shutter support
materials within the 1-K box due to the possibility of magoet ! epoxy joint ({5) shutter motor
interference with the SQUIDs in the detector read-out @irgu 1 1.k strap network
:
1

The 1-K box is cooled by the still of the dilution refrigerato

shutter driveshaft

This is necessary because the “dry” (cryocoolerpreco@éd) L e cccccccccccemececceeemamsinmmm= -
lution refrigerator lacks the 1-K pot of a traditional frilgvhich shutter
would normally be used to provide cooling power. Copper-ther
X . K st 1K st 4-K st
mal links run between the still and the 1-K box. A separat me siage - - sage - sage

system of copper links runs between the mixing chamber of th- Thermal isolation = Wiring path

dilution fridge and the millikelvin stage of the FPUs; these
entirely enclosed by radiation shielding at a temperattisgpe
proximately 1.5 K. Wiring to the arrays is made by Monel clad
niobium titanium, woven into ribbon cables. In total there a
over 2000 wires, and each ribbon cable is heat sunk at the, 60-
4-K and 1-K stages before reaching the arrays. The theryal la
out of the 1-K box and the FPUs is shown in Fig. 5. The critical

areas of the thermal design are described in more detaikin th ) )
following sections. manufacture practical, the box is constructed from sesaal

tions bolted together. Once assembled, there is no reqeirem

2.2 1-K stage The 1-K stage must completely surround for disassembly, and to improve thermal conduction across t

the detectors to prevent b|ack-body radiation bolted jOintS they were bonded together with Sty%QﬂSO FT
and stray-light from reaching the them. The 1-K box is con-€POXy (the choice of expoxy is discussed later in this sajtio
structed from aluminium alloy (6082 T6). Aluminium alloy wa To reduce black-body radiation on the detectors to an ac-
chosen since it has a low density, minimizing the mass of theeptable level, the maximum temperature of the box should be
instrument, and is readily machined. This particular ali@as
chosen as it was available in suitable sizes, and has a higher——
thermal conductivity than the majority of aluminium alloyg
while maintaining reasonable mechanical properties. Tkema 2 Emerson & Cuming, Billerica, MA, USA

Figure 5: The thermal layout of the 1-K and mK stages. For Eaity
}g:e 1-K links are only shown linking to the connector platasoe of
e focal plane units.
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gold plated; the straps were too long to conveniently goddepl
the entire length, and the main purpose of the gold plating is
to prevent oxidation of the bolted surfaces. Inspectiorhefé
straps after welding gave us some concern about the wele qual
ity, and the welded interface was therefore supplementéd wi
M6 bolts as a precaution.
The link consists of four parallel stacks of 50 foils, eackhwi
a total cross-section of 160 nfma photograph of one end is
shown in Fig. 6. The length is 410 mm. This link carries all the
heat owing from the 1-K stage, and is the limiting factor on
the cool-down time of the 1-K box. It was therefore designed
Figure 6: Photograph of one end of the thermal link betweerstl ~ for higher performance than the rest of the 1-K thermal links
and the 1-K box. The millikelvin thermal links are similakaept that ~ The minimum number of bolted contacts for this link would be
they are gold plated throughout and the weld is not supplézderith  two (one at each end), but for assembly reasons a furthedolt
bolts. joint at the still was necessary. Two M8 bolts were used f@ on
joint at the still and eight M6 bolts (at a torque of 9 Nm) foeth
other.
1.5 K. However, this temperature would give an unacceptably \jaking good thermal contact to aluminium is dif cult be-
high conductivdoad down wiring and the supports to the mil- 4,56 of the poorly conducting oxide layer which forms. Gold
likelvin stage. We therefore aimed to maintain an upper 8mp  ,|ating aluminium without trapping an oxide layer under the
ature of 1.1 K at the appropriate points (this was later & |ating is not straightforward, particularly for large adinium

1.3 K'as described in section 3). _ structures. A further concern is degradation of such a jhiret

We did not wish to rely on thermal conduction through thetq differential thermal contraction between aluminium ang-
1-K box to achieve this, since aluminium alloys are reldyive per on repeated cooldowns. Overall, we could not justifysé te
poor thermal conductors and the conduction across theoltgyrogramme to determine if we could make suf ciently good
joints is unknown. Instead, a system of copper thermal linkgontact to the 1-K box with a metal to metal joint. Instead,
provide an all-copper path from the dilution refrigerattit &0 the straps are bolted to a large area copper plate, whicsei§ it
both sides of the box, the heat sinks for the detector wiri) & glued and bolted to the side of the 1-K box. While the conduc-
to the base of each FPU; these can be seen in Fig. 2 and ajgn through epoxy is much lower than for a good metal to metal
shown schematically in Fig. 5 (components 10-18). contact, such a joint has a large effective contact are@ she

At these temperatures, temperature drops at bolted jointgpoxy ows into irregularities in the surfaces, whereasteeh
are signi cant, and can dominate the overall temperatuodr in a pure metal to metal joint is made over a much smaller
across a thermal link. Careful attention was paid to thegiesi area than the nominal contact area. The conduction through
of the joints, in particular designing them to allow a larg@€  an epoxy joint is therefore easier to predict as it does net de
tact force [6]. The most risky joints are those which must bepend signi cantly on joint pressure and surface propeytes
broken apart and re-made during the life of the instrument (f is thus less of a risk than a bolted joint. The copper plate is
example to remove the dilution fridge insert for repair)tfeexe 10 mm thick, and has an area of 100 mm100 mm. The
is the possibility of degradation of performance overtimdwe  epoxy used was Stycast 1266. A lled epoxy such as Stycast
to mishandling. The number of such joints was kept to a mini-2850 FT would have had a better thermal contraction match to
mum. In principle, the remaining joints could have been madeluminium and therefore have been more suitable; 1266 was
by welding or in some other permanent fashion to improve conused in error, but the thermal and mechanical performanse ha
ductance. However, modelling showed that there was suftcie been satisfactory. Five M5 bolts were used at a torque of 6 Nm
margin in the expected thermal performance that furthetedol  for the bolted joint between the 1-K strap and the coppeeplat
joints could be used to simplify assembly. Since copperss ea |deally only one joint would be broken to remove the 1-K box
ily deformed, in order to be able to repeatedly make the goint from the instrument, but in practice the 1-K link is unboltsd
in areliable fashion, helicoils were used in all the copppped  both ends since it is too heavy to be safely left unsupported.
holes. The screws were A2 non-magnetic stainless steel. As seen in Figs. 2 and 5, the copper plate (component 15) acts

Thermal contact from the still of the dilution fridge to the 1 as a junction for a network of further thermal links. As these
K box is made via exible links consisting of stacks of 0.1 mm links carry less heat than the main thermal link, it was possi
thick vacuum annealed 5N (99.999%) purity copper foil with ple to make these from ETP copper, and to use smaller cross-
commercial copper (ETP, electrolytic tough pitch) end p&c  sections and bolted joints. The links had a width of 25 mm and
The foils are diffusion bonded at each end to give a solids:ros a thickness of 3 mm, and the bolted joints were generally made
section which is then electron beam welded into the end piecewith six M4 screws at a torque of 2 Nm. Two links (compo-
Annealing and using such high purity copper provides imptbv nents 14 and 17 in Fig. 5) run to further copper plates epoxied
thermal conductivity compared with using standard comimeérc and bolted to the side of the 1-K box. These plates perform
copper, while using thin foils provides exibility to alloior  two tasks; they act as thermal anchoring points for the detec
movement during thermal contraction. A further reason ® uswiring, and also help to carry heat away from the 1-K box. The
foils is that we have found it relatively easy to procure 5-Co box is constructed from two main sections, bolted togetired,
per in the form of thin foils, but not in bulk form. this improves the thermal contact to the side of the box oippos

The use of ETP copper end-pieces has little impact on théhe link to the still. Connections from these straps alsotoua
overall conductance of the links, and has the advantagéibat copper plate near each of the FPUs (e.g. component 12). This
less soft than 5N copper, which would be likely to deform sig-provides an all-copper path to the connector plate of ea¢h FP
ni cantly after repeated make and break cycles. The endgwerand is also a mounting location for detector wiring heat sink
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Links within the subarray modules run from this point to the
heat sink for the 1-K electronics modules, which are the domi
nant source of heating at 1-K within the FPUs. This is desctib
in more detail in section 2 4.

The wiring heat sinks are constructed by sandwiching the rib
bon cables between copper plates (with area 9% mn?), and
gluing them together with Stycast 2850FT epoxy. The plates a
permanently attached to the ribbon cables, and the wirdgs-are
stalled by bolting the plates to corresponding copper plate
the 1-K box. Further heat sinks of a similar design are used ¢
the 4-K and 60-K stages in the instrument.

A further thermal link [4], attached to the main epoxy joint
copper plate, is used to provide cooling to the SCUBA-2 shut:
ter [1]. The shutter and its motor operate from the 4 K stagk an
are outside the scope of this paper; the shutter itself isekier,
cooled by the 1-K stage.

The 1-K box is supported from the 4-K stage by CFRP struts.
Values are available in the literature for the conductiafy
CFRP, but there are many types of CFRP, depending on the n
ture of the carbon bres and the matrix in which they are em-
bedded [7]. No values were available for the type we used, an
any case there is always the possibility of signi cant lotlot
variations with materials of this type, since the low tengpere
conductivity is not a parameter of importance to most usérs o
the material. Measurements were therefore made on samples
from the actual sheets to be used to make the componentsin the
instrument.

igure 7: Photograph of the “manifold” in the millikelvin ¢éhmal
inks, showing the Kevldt wheel support structures. An idea of the
scale of this joint can be obtained from the fact that thesbaie M4
ze

Hub

2.3 Millikelvin stage The millikelvin thermal links have a

simpler topology than the 1-K sys-
tem, with only a single branch between the dilution fridge an
the FPUs. However, as is usually the case at such low temper- /
atures, the requirements on the overall conductance aré muc Rim
more demanding. The number of joints was therefore kept to
an absolute minimum. As with the 1-K stage, helicoils areluse

in the tapped holes for all joints, and A2 non-magnetic s Figure 8: Left: Schematic of the Kevlar wheel assembly useslip-

steel b_OItS V\_’ere_ used. ) ) port the millikelvin straps. Right: diagram showing how tevlar is
Their design is complicated by the fact that the links have tahreaded to form the assembly; the thread passes round thisened
be supported but thermally isolated from the 1-K box, and argoints in order.

totally enclosed by shielding at a temperature of approteéiga
1.5 K. This shielding provides thermal radiation and sigiytl
protection for the detectors, and is a more reliable safuttian Since the manifold is mounted on the 1-K box, supports
providing baf ing where the millikelvin straps enter thetdetor  are needed which minimise the heat transferred into the mil-
units. Light baf es would require parts which were very @bs  likelvin system. This is achieved by using supports cormsér
tting but did not touch since a touch would cause a thermalfrom Kevla® in tension. This is a common technique for
short from the millikelvin to the 1-K system. This could have large cryogenic instruments [8, 9]. Kevlar has a favourable
been achieved, but was felt to be an unnecessary compticatio strength/conductance ratio, and when used in tension geesvi

A exible link runs from the mixing chamber of the dilution rigid supports with low thermal conductance. Two such sup-
fridge to a junction on the 1-K box called the “manifold” (cem ports (called “wheels”) are used, since each one only pesvid
ponent5 in Fig. 5, and shown in Fig. 7). This link runs in cutve constraints in a single direction.
exible bellows (shown in Fig. 2). The construction is sianilto Kevlar expandsas it is cooled, and also creeps with time;
the links between the still and the 1-K box, but only two stack this complicates the design of thermal isolation assershige
of 50 foils are used. Other differences are that the straps weing Kevlar, which generally employ a system of pulleys and
gold plated throughout, and the welds were not supplementechpstans to maintain tension. In this case, the assemtdyien
by bolts since there were no concerns about the weld qualitguired to provide precise positioning, and we developedm si
on these straps. Ideally, one end of the link would bolt diyec pler design which was adequate for our purposes. A sketch of
to the mixing chamber. However, to aid assembly, an intermethe design is shown in Fig. 8. To assemble the wheel, one end
diate plate is bolted permanently to the mixing chamber. Thef a single length of Kevlar is looped around a screw to hold
end of the link clamps around a cylinder which protrudes fromit. The thread is then passed back and forth between the rim
this plate. This scheme means that the orientation of thextins and the hub, running round small posts on the rim, as shown in
(which was procured separately from the instrument itgslf) Fig. 8. This is repeated until the starting point is reachih-
not critical. This link is unbolted at the mixing chamber @énd  sion is maintained for an hour by attaching a 3 kg weight to the
remove the 1-K box from the cryostat. free end of the Kevlar; most of the creep will take place dur-

Cryogenics 49, 504-513 (2009) 5



ing this time. Matching parts are then screwed tightly ohs t Good thermal conduction across this joint is very imporgant
outer ring and hub, trapping the thread in place. The pretrudis part of the link between the detectors and the dilutioshofei.
ing ends of the thread are then removed. The Kevlar running At the 1-K stage, the FPUs have a thermal path to the still
between the rim and hub then consists of 18 sections, each aghrough the structure of the 1-K box. However, the conduman
proximately 20 mm long. Apart from two breakages attributedthrough this path is likely to be relatively poor, and retyion
to force applied during handling, assemblies with this giesi this cooling path alone could cause local heating in the FPUs
have functioned well here and elsewhere over repeated #iermSince the heat leak across the supports to the millikehzgest
cycles. increases rapidly with increasing temperature at the rehttérs

Two links leave the manifold, one to each of the two FPUs.could resultin an unacceptable heat leak to the milliketvage.
As with the link to the mixing chamber, they run within cylin- The dominant heat load at the 1-K stage is from the electsonic
drical radiation shields, although in this case they argigit.  on the 1-K PCB in the subarray modules, and an all-copper path
Ideally, these links would bolt directly to the link to thexirig  is therefore provided between the electronics and the still
chamber. However, a practical design required all thresgpstr A gold plated ETP copper link (component 26 in Fig. 1) con-
to bolt to the manifold plate, so that there are two interface nects the electronics modules to the gold plated copperazsnn
from one link to another. Each interface uses six M4 screws abr plate on the subarray module. Copper links (component 10
a torque of 2 Nm. The links from the manifold to the FPUs arejn Fig. 9), run from each connector plate to a split annulak li
actually part of the FPUs, and are described in the next®ecti running round the centre of the FPU (component 11). A similar
To remove an FPU, the links are unbolted at the manifold. link (not visible in Fig. 9), runs to the 1-K strap system andu

- . the 1-K box and thus to the still.
2.4 Focalplane  The 1-K and millikelvin systems come to- The millikelvin system in the FPUs and subarray modules is
units gether in the FPUs, and are both described Y y

in this section. Each FPU contains four M°re critical. As mentioned above, the links running frora th
: manifold to the FPUs are actually part of the FPUs. To remove
subarray modules. These can be removed and replaced irdepen

dently from each other. The design of the subarray modules ig" FPU, the joint at the manifold is broken, and as the FPU is

not considered to be part of tiestrumenthermal design, and withdrawn from the 1-K box the link slides out of the cylincii
thus is outside the scope of this paper. However, when ladtal radiation shield. No further joints have to be broken apathe

they form an integral part of the FPUs both from a thermal anc{m”'kelylrl system tf) removean FPU. . -
mechanical point of view, and they are therefore descrileed h The “U” shaped link, running fror_n locations 4 to 4a in Fig. 1,
in some detail. The FPUs and the sub-array modules contaf§ made from three lengths of solid ETP copper bar, electron
sections at the mK and 1-K temperature levels. Each modul®@m welded together. The cross-section of the lengths4rom
is divided into three parts, as shown in Fig. 1. The connectof® 42 is25mm 3 mm, and the partfrom 4ato 4b has a circular

plate connects to the 1-K circuit board via the detectorngiri

and a thermal link. The 1-K circuit board connects direcatly t

the millikelvin section only by the detector wiring. The ¢lar

sections are independently mechanically supported byRe F

The 1-K sections are bolted to the FPU in several places; ther

mal contact across these joints is not critical, as they ate n

required to carry heat. The millikelvin section carries the ®
tector heat sinks. These are bolted to their supports infté F

Figure 10: Photograph of the hairbrush support from undeme
Figure 9: Photograph showing the millikelvin thermal lingsgeminan  showing part of the sapphire thermal isolation supportcstine. The
FPU, along with the 1-K thermal links on the outside of the FPke entire sapphire support is shown in the top left hand comiénput the
numbered components are: 1-K thermal links (10,11), caongtate  thermal link installed. The numbered components are: thikelvin
(21), the millikelvin thermal link (4b, 4c) and the millikéh thermal  thermal link (4a), a sapphire thermal isolation unit (9) antkirbrush
link cover (24). support (3).
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heat sinks (component 2 in Figs. 1 and 11). These are generall
referred to as the “hairbrushes” due to their appearance Th
™ rationale for their design is as follows. The detectors aaelen
from silicon, and must be heat sunk across the whole surface
to carry away the heat generated during operation. The con-
@ duction laterally through the silicon is relatively poondathe
detectors would heat beyond their operating temperatumesit
was only removed from the edges. Furthermore, uniform heat
@ sinking is required since variation in temperature of thee|s
leads to variation in pixel performance across the arrahié\c
ing such heat sinking is dif cult because the thermal coctican
of silicon is not well matched to metals.
The solution was to fabricate a heat sink consisting of many

Figure 11: The hairbrush support (3) with a single subarnaiy io- thin beryllium copper tines, each of which is individually

stalled. On the subarray unit the detector (1) and the hath(2) are  Ponded to the detectors [12]. The tines are 22 mm long, and
visible. The joint between components 2 and 3 is the interistween ~ have a cross-section of 0.8.5 mn?. To increase the contact

the instrument millikelvin subsystem and the subarray nesiu area, the cross-section increases to @8 mnt at the tips.
The larger cross-section cannot be used throughout as ti
would then not have suf cient exibility. It is possible taabri-

cross-section with diameter 26 mm. The total length is 815 mngate such a component by electron discharge machining (EDM)
(for the 450 m focal plane). The bar is supported at the cornergcopper would be the ideal material from a thermal point of
by Kevla® assemblies identical to those used at the manifoldview, but is not suf ciently elastic. We therefore used alhig
Inside the FPU, the link terminates in a circular plate, shaw ~ conductivity beryllium copper alloy (C17500, temper no¢sp
Fig. 10. This bolts to a platform (the hairbrush support) mad i €d but believed to be TF00). The hairbrushes contain a sep-
from commercial copper (component 3 in Figs. 1 and 11). Thérate tine corresponding to each pixel in the detector, had t
bolted joint is made using eight M4 aluminium screws with atines are bonded to the silicon with Stycast 1266 epoxy. Once
torque of 1.7 Nm. Due to the proximity to the detectors, webonded, itis almostimpossible to check that each tine islbdn
avoided stainless steel, since even nominally non-magstet2l ~ well and that there is no glue bridging the tines, and in asgca
may have some residual magnetism. it is not possible to remove the detector to make a second at-

The hairbrush support is rigidly mounted to the 1-K struc-tempt. The bonding was therefore carried out by using a desk-
ture of the FPU. In this case we wished to avoid the use ofop robot to deposit a metered amount of epoxy separatety ont
Kevlar®, due to the possibility of creep over time spoiling the €ach tine, before placing the detector onto the hairbruisiyzs
optical alignment, and also the danger of catastrophioraibf ~ JI9-
the Kevlaf thread. However, there was insuf cient space to  The impact of this on the design of the instrument millikalvi
use a rigid support using a good bulk thermal insulator. The s stage is that the nal interface is to a beryllium copper aof,
lution was to make use of the poor thermal conductance acro$®t copper, and we are unaware of any previous work on the
a joint between sapphire discs with alumina powder betweefonductance of such bolted joints The thermal contraction o
them [10]. Good thermal isolation is achieved because tioe twthe two materials is similar (C17500 contains over 96% coppe
sapphire surfaces are very hard, and only touch at a smaH nurgo differential motion is unlikely to be a problem. However,
ber of points, giving a very small true contact area. If aeoft beryllium copper is much harder than copper, and soft materi
material (such as a metal) were used, the surfaces wouldnefo als make good contact because they can deform so that the two
to some extent under pressure, increasing the contactHnea. Sides conform to each other. We therefore made conductance
powder decreases the contact area further from that of tpro sameasurements on a representative joint [11]; these shdveed t
phire surfaces in direct contact. This provides a rigidattree ~ we could achieve suitable performance. The joints betwleen t
to support the arrays with a suf ciently low thermal conduc- hairbrushes and the hairbrush support are each made using fo
tance. The open structure allows access to the back of the d#4 aluminium screws with a torque of 1.7 Nm.
rays, enabling the use of bolted joints to the detector hipkss

A development programme, described in detail in Ref. [11],
was carried out to optimise the design of single sapphire: .
powder-sapphire joints, which to our knowledge have nonbee3 Modelling and measured performance
used before for this purpose. The full support, shown in the
corner of Fig. 10, uses four of these joints to provide a stuppo  The thermal design presented a dif culty common to other
which is constrained in all three dimensions. A prototypg-su complex cryogenic instruments. The ultimate requirement o
port was constructed; the thermal performance has been methe thermal performance is that the temperature of the belom
sured at operating temperatures, and the mechanical 8trendger heat sinks within the silicon detector wafer should heac
has been measured at room temperature. Both were well withispeci ed temperature [13]. However, this is a somewhat-indi
the speci cations, and the mechanical performance shoold n rect requirement for much of the instrument, since the tempe
be signi cantly different at lower temperatures. ature within the detectors depends on the thermal architect

A second path for heat transfer between the 1-K and milof the detectors themselves as well as the instrument. lerord
likelvin stages of the FPU occurs via the array wiring in thbs  to make the design practical, the instrument was divided int
array module. To minimise thermal conductance, ribbonesabl subsystems; these include the detectors themselves aagsvell
were fabricated by depositing niobium tracks onto Kafitdh-  the millikelvin and 1-K stages of the instrument. It was rsece
bon cables [12]. The hairbrush support connects to the etec sary to set requirements for each subsystem so that thendesig
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Table I: Power loading on the 1-K stage (in decreasing order oTable II: Predicted thermal loads on the cryostat fourth jrskage.
power) [14]. The power loads are divided into the contribution from eadaf plane
and the contribution of the common sections of the systene Tt

two rows give the power dissipated in the detectors therasednd the

Source - Power (mW) multiplexing electronics respectively [14]. More detadle given in

1-K electronics 0.256 the text.

Array wiring 0.163

Shutter and shutter motor ~ 0.088 Element Power (W)

Supports from 4-K stage 0.054 850 m 450 m Common

Radiation 0.0007 Detectors (8 subarrays) 0.23 1.02 n/a

Opt|ca| radiation 410 6 MUX (8 Subarrays) 2.38 2.83 n/a.
Supports 7.4 7.4 0.4
Array wiring (8 subarrays) 2.1 2.1 n/a

s 4
could begin even though the properties of the other subsigste Radiation n/a na_ 1.410

Total 12.11 13.36 0.4

were not yet known. However, keeping to strict requirements
which were chosen before the design stage is likely to lead to ~ Total load 25.89
non-optimal design.
Our approach was to maintain a model of the entire thermal
system, from room temperature to the detectors themsedbees.
rameters in the model were based on reliable data from the lifor this stage (a temperature of 1.3 K or lower at the wiring
erature where possible. Otherwise, measurements weiedarr heat sinks and sapphire support stage) were based on tee effe
out on representative samples. As described above, thase we&n the millikelvin stage, direct temperature measuremarss
necessary for the conductance across the copper to bemylliunot necessary. However, the temperature at the 1-K box end of
copper joint between the hairbrushes and the hairbrush sufe thermal link to the still (component 16 in Figs. 2 and 5) is
ports, across the sapphire isolation stage and along the>CFRL.16 K, suggesting that they were met.
(carbon bre reinforced plastic) struts linking the 1-K bwsith The still temperature was found to be around 1 K, instead of
components at higher temperatures [4]. This model was wsed 00 mK as expected. Measurement of the still cooling power
set initial requirements for each subsystem, so that thigides suggests that this corresponds to a power loading of approxi
could begin. The design of each subsystem was fed into theately 10 mW on the 1-K stage, which is larger than expected.
overall model, which was then used to adjust the requiresnenilhe reason for this is not clear, though there are severahgiat
for the subsystems if necessary to achieve an optimal dveragources of such heat. It is evident that the detector wiridf h
thermal design. sinks are not perfect. Measurements of the temperatuné-dist
For the millikelvin thermal system, we set a requirement ofbution along the wiring have suggested temperatures of010-2
a maximum temperature difference of 20 mK across the entirK at the heat sinks on the 4-K stage. This would result in a
thermal link (i.e. between the mixing chamber and the hashr larger than expected length of the wires being in the normal
supports). For the 1-K stage, there was a strict requirethant  (as opposed to superconducting) stage. However, the clirange
the 1-K box be no warmer than 1.5 K, based on the radiativeéonductivity between the normal and superconductingsiate
loading on the detectors. However, the conductive load®ien t small enough that the effect on the total power loading would
millikelvin stage would be rather high from this temperatur not explain the discrepancy. Superconducting wire wasenos
We therefore set the requirement of a maximum temperaturt®r electrical, not thermal properties, and was necessarg-
of 1.1 K at the wiring heat sinks and at the points where theduce Joule heating in the wires at the 1-K stage to an acdeptab
sapphire support structure was mounted. As the design of tHevel. Joule heating is not the cause of the excess powes Binc
millikelvin stage progressed, we were able to relax thisiieg IS present when the arrays are not powered up. There are many
ment to 1.3 K. places where structures in the 1-K and 4-K stages are close to
As the detailednechanicaldesign progressed, the thermal each other, and a possible explanation is a thermal shottitir
models were updated in parallel with changes. In severakgas occurring during cool-down. Since the requirements fos thi
changes which reduced the thermal performance, such as thtage were metin any case, it has not been necessary tdydenti
addition of extra bolted interfaces, were requested on arech and correct this situation.
ical grounds. The model was used to determine whether th
were acceptable from a thermal point of view.

eg_z Millikelvin stage Modelling of the millikelvin stage
during the design process showed
3.1 1-K stage The thermal model showed that the require-that the performance was much more critical than the 1-Kestag
ments for the 1-K system should be met with Thermometry at various locations permits a comparison be-
a considerable amount of margin. Table | shows the predictetiveen the model and the measured values. Ruthenium Oxide
power loading on the 1-K stage. There are few thermometers othermometerswere used, calibrated against a commercial cali-
the 1-K stage, and a detailed comparison with models is therdrated thermometer.
fore not possible. The predicted thermal loading on the millikelvin system is
The temperature of the FPU covers were measured to be bshown in Table I, and the measured temperature at various
low 1.4 K. Since these are extremities of the 1-K box, with
thermal contact to the still being via several bolted aluoim
joints, this suggests that the overall requirement of a tap
ture below 1.5 K has been met. Since the other requirement3Model RX-102ACD, Lakeshore Cryotronics, Westerville, QHISA
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Detector

Table Ill: The predicted and measured temperatures atuggoints in

the millikelvin thermal link system [14]. The component noens all Hairbrush
appear in Fig. 12. For the values predicted with two arragited, the / @ (beryllium copper)
mixing chamber temperature was taken at the measured vatiregd Epoxy joint

operation, and the model of the system was used to obtairethain- - o

ing temperatures. For the predicted values for eight aymagmsure- I @

ments of the dilution refrigerator performance in a tesostst were y

used to obtain the expected mixing chamber temperature timelén- Sanohire th I/ @

creased povier. S

Hairbrush support

Location Temperature (mK) Keviar

Two arrays Eight arrays O) supports

Measured Predicted Predicted /
450 m system
Hairbrush (2) - 57.4 61.3
Hairbrush support (3) 56.3 57.3 61.3
Link (4) - warm end (4a) - 57.0 60.7 Keviar support e=== — F?U>
Link (4) - cold end (4d) - 56.1 59.5
850 m system

Hairbrush - 57.3 61.1 manifold
Hairbrush support 72.9 57.3 61.0
Link - warm end - 56.9 60.6
Link - cool end - 56.0 59.5 Bolted joint = 4 =

Combined Thermal link [ I— _

Thermometer
Manifold (5) 55.0 55.7 59.0 Thermally
Link (6) - warmend (6a) - 55.0 58.0 e — Mixing chamber
Link (6) - cold end (6d) 53.5 54.2 57.0
Bolt plate (7) - 53.5 55.9
Mixing chamber (8) 52.7 (52.7) 54.8 Figure 12: Diagram of the millikelvin thermal link system.
points is shown in Table Ill. This is compared to predictedmance since there are many parameters which affect the be-

values for a con guration with two sub-arrays present (agme haviour, and they are not WeII_understood. Ever_1 Wit_h measure
ments of the exact con gurations used, there is still likady

sured), and for a full complement of eight arrays. The thérm - : - e
) D g d abe large variation between nominally identical joints, aven

paths are shown in Fig. 12. - ;
Choosing parameters for the model was not straightforward!® Same joint after bellng broken apart and remade. We used
for the conductance of each copper

The conductivity of 5N copper varies greatly depending an th a value of0:4 T/K WK

treatment and the source of the copper [15]. We measured safilted joint, wherel is temperature. This somewhat arbitrary
ples of the material used for the exible links, obtaining RR value was obtained by taking the approximate lower value for

(residual resistivity ratio [16]) values of over 1400 aftemeal- measurements on bolted joints with somewhat lower torqde an

ing. To simplify the measurements, the electrical resistamas ~ [€Wer bolts [6], then multiplying by a factor of 4 to allow for
measured at a temperature of 4 K, and the thermal conductiji€ increase in expected performance. The temperature-vari
ity calculated using the Wiedemann-Franz law [16]. Since wdion of condu_ctance across joints was taker] to be that of bulk
did not measure the actual materials used, we added mar T P copper, in the absence of any information to the contrary
to the model by assuming an RRR value of half the measuretf@lués for the conductance of the copper to beryllium-coppe
value. For the ETP copper, we took an RRR of 90, which id0ints were taken from our own measurements [11].
the lower limit of values typically found for commercial cop A value for the conductance of the sapphire joint thermal iso
per. The hairbrushes are made from C17500 beryllium coppel@tion structure is required in order to predict the heak leato
We are not aware of thermal conductivity measurements en thithe millikelvin stage; this was taken from measurementsen t
material at cryogenic temperatures. However, the comipasit Prototype system [11].
and quoted room temperature conductivity are both simidart As can be seen from table Il, the agreement between the pre-
C17510, whicthasbeen measured [17]. Since there is a gooddicted and measured values is generally reasonable. Thal act
correlation between room temperature and cryogenic cendu@erformance is better than the predictions, as might beategde
tivity of dilute copper alloys [18], we felt justi ed in assuing  since we used pessimistic values in the model. The exception
the same conductivity as C17510, particularly since thé bulto this is the hairbrush support in the 85 system, which is
conductivity of the material does not dominate the expectedomewhat warmer than expected. The temperature has varied
temperature gradient between the arrays and the mixing-charafter removal and replacement of the FPU, suggesting paer pe
ber. formance at a bolted joint. However, we also suspect thaethe
For the bolted joints, again it is hard to predict the perfor-is an error in the calibration of this thermometer.
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Running the model for the heat load expected with a full com-extremely successful. In particular, we achieved a tentpera
plement of eight arrays shows that the requirement of a 20 midifference of under 4 mK for a thermal link across a distarfce o
temperature difference should still be easily met by both sy over 1.5 m and through 5 bolted joints, carrying an (estichate
tems. However, clearly the model is incorrect for the 850  load of over 10 W. The thermal design met the requirements
system. While we do not know the source of the unwanted theren the rst cooldown, and has operated in a reproducible man-
mal impedance, we can approximate the performance by assumer over eight cooldowns, with the 1-K box and FPUs being re-
ing that the entire temperature difference between thefaldni moved and replaced between each cooldown. The performance
and the hairbrush support occurs at a single joint. The condu has also remained stable after the instrument was disagsgmb
tance across this joint can be taken from the measured valuesnd transported by air and sea from Scotland to the telescope
assuming (as with the other joints) that it follows the saeme-t  in Hawai'i. The experience with SCUBA-2 and the new tech-
perature dependence as ETP copper. Under this assumptiariques developed can be used to aid the successful design of
the hairbrush support will reach 81.2 mK with the power load-future instruments with similar or greater complexity.
ing expected from a full complement of sub-arrays. Although

this is greater than the requirement, the detectors will ati
tain their required performance at this temperature, anteth

fore it will not be necessary to modify the system even if the

high measured temperature is real (as opposed to being due to

thermometer calibration error).

4 Conclusions

Despite its complexity, and the need to develop novel tech- We would like to thank Julian House for his help in the prepa-
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