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superconducting undulator (SCU) cryostats, each containing two up to 1.9- Corrl
Assembly

Cryocooler 415D ——

m long planar undulator NbTi magnets. The cooling is provided by six Main2 Corr2
cryocoolers arranged in three thermal circuits. The magnets are indirectly [ [
cooled with LHe penetrating through channels in the magnet cores. This 4-
K circuit which also includes a LHe tank, is cooled by five 4-K cryocooler
2"d stages. A beam vacuum that is thermally isolated from the magnets, is

Mgirll

cryostat vacuum = When the SCU is in operation a trim heater is energized to regulate the LHe

cooled by one 10-K cryocooler 21 stage. A thermal shield and warm parts vessel reservoir at 760 Torr, maintaining saturated conditions at 4.2 K. The SCU tank
. ' HTS Lead . » .
paper presents an ANSYS-based thermal analysis of the new SCU cryostat Support power at 4.2 K exceeds the system heat load. This additional trim heat

including all thermal circuits. The bench marked thermal conductance
between the cryocooler cold heads and the LHe tank are used in the
calculations as well as the measured cryocooler load lines. The model
predicts temperatures in the system, total 4-K heat loads and an excess
cooling power for various operational modes of the undulator.

represents the excess cryocooler cooling power. In our ANSYS numerical
simulation, this excess is calculated by constraining the temperature at the LHe
Tank inner surface to a value of 4.2 K. A reaction probe in ANSYS
automatically calculates the additional heat to keep LHe at 4.2 K which
corresponds to the excess cooling power. The validity of this method has been
confirmed with thermal models of existing planar undulators that have been
benchmarked against actual performance data [1].

= The load line of all the cryocoolers (Sumitomo 415D, 418D4, 408S) of 1 st and
2"d stages are measured in detail at low temperatures and used for the FEA

model as inputs.
20K busbar
Beam

1. INTRODUCTION

Currently two planar superconducting undulators (SCU) and one helical
SCU (HSCU) are installed and in operation at the Advanced Photon
Source (APS) storage ring. In these systems, the magnets are indirectly
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cooled with LHe penetrating through channels in the magnet. The Thermal Shiel Beam Chamber ryostat Yachtim Tesse Chamber
systems operate in “zero-boil-off” mode using a regulating trim heater Cryocooler 408S Support 7
which matches the operational heat load to the installed cooling power. 215D| OW
The cooling of the LHe circuit is provided by cryocoolers. The beam ) - - o nd - - - - . ® -
chamber operates at a higher temperature level and is thermally The APSU-SCU cryostat is a one shield cryostat (similar to the 2" generation cryostat) but with three thermal circuits. Over all load line has been 6 R~y TET /./i
. . - — [ ]
isolated from the magnets. = 6 cryocooler 15t stages are connected to the shiled and magnet current leads. published by the £ .
The 1st generation cryostat has two thermal shields and three thermal : manufacturer. [5 @
circuits. gThiS design Vzas originally developed by the Budker Institute of = The 10 K cryocooler cools the beam chamber and is located at the bottom center. It connects to a copper busbar [5] 3 .
Euck(ejathhysilcs (3II\IIP)]c alnd imggrlrj’ented fogI plalnar dSCU(’js. AI\NdStYi which in turn cools the beam chamber through an array of thermal links. Our measured load lines of 34

ased thermal model of planar s were developed and validate _ _ _ _ =
based on the planar SCU first. All the thermal circuits are included in = Five 4K cryocooler 2"d stages are connected to the Lhe Tank . Magnets are cooled by the circulating LHe in the 415D 2nd stage (1.5 W 3 3 2.25W@4.
one FEA model [1, 2]. ] channel M C Cradd - - — cryocooler) and 418D4 2nd @ -
The same method is applied for the 2" generation cryostat which has agne urrent Leadqs agne urrent Leads 3
one thermal shield and two thermal circuits with the beam chamber & & Stage ( 2 W cryocooler) are % 2
connected to the shield. [3, 4]. | o Compared and used as an S
The APSU-SCU cryostat is a one shield cryostat (similar to the 2nd 5X 4K CFVOCOO'EI'S - t for th del 1 —
generation cryostat) but with three thermal circuits. This cryostat design Input Tor the moael. /@4.2K
is based on the operational experiences of existing SCU’s. The overall |
length of the cryostat is twice as much long as the existing SCU 0 ; T
cryostats and it contains two up to 1.9-m long planar undulator NbTi 0 1 2 3 4 5 6 7

magnets. 2nd Stage Temperature (K)

4.2K

4.3. FEA MODEL: MAGNET
& ervocoole COOLING CIRCUIT (4K CIRCUIT)

Boundary Condition 4.2. FEA MODEL: THE BEAM CHAMBER COOLING CIRCUIT

Cooling power OW in the beam chamber 7W in the beam chamber

4.1. FEA MODEL: THERMAL
SHIELD CIRCUIT

Thermal shield

10 K CIRCUIT ° v
( ) 95 Conduction heat through
16 .
Beam Heat is applied at 16mm region at the center 9 ——beam chamber (K) the HTS section Qf ?he
< L oE harer 40 15 [\ 7T busbar (K) magnet lead, radiation
~g5 [\ - X :
v v | dT~0.2K heat from the shield etc
a 8 .E; ““““““““ . .
3 | g \ The 2nd stage load line as an input  (See table)
E 75 = “-.“ "_,,*'
= 13 el
. - dT~1:K| 7
Cooling power . dT~0K 5 ey

Q 0aq: 15t stage Heat Loads: Q=Q(T) based on the 408S Q — Q + Q

Thermal radiation RT to shield 0 05 1 1'5;,05?“0”2'(?11) 2 38 0o 05 1 15 2 25 3 35 4

Conduction through the warm part Position (m)

of magnet leads etc T ) When no heat is app“ed the When 7 W of heat is applied uniformly . . .

35K intercept  SHIEId G083 boarm chamb minimum temperature of both the along the length of the chamber, the Thle :eacuohn prgdb.e n AII\rI]SYS allitomatlca”y
-+ = T e m e == e == e = = == a = s DV0OUG3DEAMchamber __ __ __ o i minimum  temperature  of the beam calculates the additional heat to keep LHe at
Q 418D 1st Q408818t Q 1st stage load uﬂ busbar and the beam chamber Is at chamber and the busbar increases to 12.1 : P
e i ot load i from . =7 K at the center where the " 14" 137 K respectively. The beam 4.2 K which corresponds to the excess
t 15t st t t tort - i i L :
g : gest ! B temperature is at 7.8 K at the end positions where the thermal links are
room temperature to the shield through the transition

_ _ Array of thermal links which is close to the thermal intercept attached. The temperature difference
section of .thel beam hChargber. _ So _the hmaX|mum Q‘L Q at the shield. Since no heat is be’(tjmrienbthg bganz) ;:T(argbert tgmpe(;ature Heat Load
temperature Is always at the end sections since the magnet 408S2nd applied, temperature across the link and the busbar is ~0.2 K, due to impedance _
current leads are located at the ends. cond is zero and the beam chamber and through the links. Since a few thermal links Location of Heat Load W

to shield —_ — at the center are missing due to the position ' :
. - Q40852nd_Q10K |Oad_Qbeam + Q Cond from ’[he Shleld busbar are at the same temperature interference  with the corrector magnet COﬂdUCtlon Heat thrOugh Maln Current Lead 0424
1) The total static heat load is 96 W. In that case, a except the verv ends : 2
calculated shield temperature is 28.9 — 32.9 K P y - assembly, the temperature difference at the
P ' s center is ~1.7 K Conduction Heat through Correction Current 0.256

2) When the beam heat of 7 W is appied i the bean CONDUCTION HEAT LOAD THROUGH THE BEAM CHAMBER SUPPORTS Lead (8 pairs _ _
chamber, the heat is directly coupled to the 408S 2" stage. The beam chamber and 18 sets of beam chamber SUpports Cold Mass Support (vertical and horizontal) 0.045

So the total 408S 2" stage heat load becomes 8W and the 0.036
1st stage heat load does not affected much. )

The thermal isolation between

3) When the magnet is in operation (450 A), shield heat the beam chamber and the
load increases by 35 W due to the Joule heat at the non- . .
magnets are achieved using

superconducting section of the leads resulting in a

LHe Relief Piping (40K to 4.0 K) 0.04

Instrumentation (40K to 4.0 K) 0.02

20T

. | 02946
temperature increase to 29.6 — 34.9 K. The total heat load low thermal conductivity Torlon e 222_313 Beam Chamber Support 0.003
n the 1st st mes 131 W. e
on the 1% stage becomes 13 standoffs. 53473 Total 4 K Heat Load 0.824
4.0315 Min
static | Beam on Bgﬁf;:;fld 0.030 _ _ Thermal radiation heat is estimated by
L - ¥ ) « Conduction heat leak through the beam chamber support is Q = €0A(Thot* = Teoa™) : N
— = : : emissivity, 0= 5.670374419 x1078 W-m2.K™4, A:
7.8 5 0025 calculated as a function of the beam heat load. The heat Surtate aren of the shield. T ... shield temperature, T
Conduction Heat through Main Current Lead (2 pairs) 39.7 8 - ) ) — 4.9 K. For the static case. the shield temperature
0 = through beam chamber support increases monotonically as colg = -2 1 ase, P )

Conduction Heat through Correction Current Lead (8 31.7 < “—0.020 . Is 28.9 — 3.2-9 K as shown in Figure 5, on average Tho=

i = beam heat load increases. 30.5 K, shield area A = 7.24 m2 and emissivity € = 0.1
SR = g hich yields 36 mw
53 c 2 . i w :
— < S 0015 The totarl conduction heat through the. bea_lm chamber
2.3 £ o support is 3 mW when no heat is applied in the beam
— o7 2 £ 0.010 chamber and 15 mW when the beam heat load isat 7 W. ] Five 415D is connected to
e £ . Since the beam chamber temperature is below 20 K, LHe tank via thermal links.
Total 15 stage Heat Load 96 96 131 5 0005 diat f b hamb : liqibl | h 1 The cold head temperature
Beam Heat . 0 7 7 kS - radiation from beam chamber IS negligible (ess than 3.69 K and 3.92 K vyields 4W
Conduction heat from the shield to 408S 2"d stage 1.06 1 1 W )
Total 408S 2" stage Heat Load 1.06 8.0 8.0 0.000 : m ) of the total cooling power.

Temperatures at the cold

0 2 g I_fli ; WS 1N Desrgned Beam head are higher, however,
eam Heat (W) Chamber heat the total cooling powers are

6 . CO N C L U S I O N load 7W | ‘ lower than using 418D4’s

The original design with 415D has excess cooling 5. SUMMARY cold nead temperature 34K
power of 3.18 W. Using 2 W cryocooler increases

and 3.8K vyields total 5.61 W

Beam | Beam and of the cooling power. LHe

. _ tank is maintained at 4.2K.
the excess cooling power as much as 4.8 W. The Total Static Current The additional cooling
high cooling capacity of the entire system suggests 2d stage Heat Load 0.82 0.84  0.99 uonch recovery. time. The
the feasibility of conduction-cooled system in the ZERNEVYNIVE NI 3.99 399 4.0 nalyeis s oan el
near future. The thermal model predicts Excess Cooling power 3.16 3.14 3.0
temperatures in the system, total 4 K heat loads and R EC NI CAG IV 561 561 562 N
an excess cooling power for various operationa B:cess Cooling power 478 4TT 463 " RS A e s
mOdeS Of the SupercondUCtlng undulato r. The additional cooling capacity decreases the total quench recovery time. The (L)J4i\(l)|73(;|_(g105§ AT THE ADVANCED PHOTON SOURCE, PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 18,

detailed quench recovery analysis is given in [6]. The joule heat at joint resistance [81 J FUERST, Q HASSE, Y IVANYUSHENKOV, M KASA AND Y SHIROYANAGI, A SECOND-GENERATION SUPERCONDUCTING
yield 70mW x2=140mW [4] gg?ﬁb@lﬁi (I:ERLOLSJQAIIIE,OS;H}EIAA;DSSE,Z 2{1.71322%2;1351\'151?6% ﬁ/IT.EIEASE,I IEll\égsg?\J?lél ;(;-IIROYANAGI, CRYOGENIC TESTING AND

INITIAL PERFORMANCE OF A HELICAL SUPERCONDUCTING UNDULATOR AT THE APS, IPAC2018 PROCEEDINGS, PP1260
[S] HTTP:/WWW.SHICRYOGENICS.COM/PRODUCTS/4K-CRYOCOOLERS/RDE-418D4-4K-CRYOCOOLER-SERIES/
[6] E.ANLIKER, ET AL, ANEW SUPERCONDUCTING UNDULATOR CRYOSTAT FOR THE APS UPGRADE, C1PO1F-02, THIS CONFERENCE.
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