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001

Cryogenicsfor the Future Accelerator Complex NICA at JINR

Agapov N., Batin V.", Emelianov N, Hisameev I.", Krakovsky B.”", Mitrofanova Y.”,
Nikiforov D. ', Popov O. , Trubnikov G. , Udut V. , Ziskin G.

* Joint Institutefor Nuclear Researcbubna Russia
JointSt ock Company ANI I TWKRABCHKSKEPRESSORDO
" JointSt ock Company i NmMGsco@RUssiaYy MAS HO

ABSTRACT

NICA (Nuclotronbased lon Collider fAcility), presently under construction at JINR [1], will umon its
completion in 2016, among the most advanced research instruments of the physics community. The facility
is aimed at providing collider experiments with heavy ions up to uranium (gold at the beginning stage) with a
centre of mass energy up to G&V/u and an average luminosity up to 1027Zsil. The NICA cryogenics

wi || be based on the modernized | iquid helium pl a
synchrotron known as the Nuclotron. The main goals of the modernizatorinareasing of the total
refrigerator capacity from 4000 W to 8000 W at 4.5 K, making a new distribution system of liquid helium,
and ensuring the shortest possible cool down time. These goals will be achieved by means of an additional
1000 I/hour heim | i quef i er and fAsatellited refrigerator:
describes the design choices of the NICA, demonstrates helium flow diagrams with major new components
and briefly informs of the liquid nitrogen system that willused for shield cooling at 77 K and at the first
stage of cooling down of three accelerator rings
tons.

1. INTRODUCTION

Since 1992, the largest Russian liquid helium plant for the superconductingratoezeNuclotron has been
operating at the Joint Institute for Nuclear Research in Dubna near Moscow. The concept of its cryogenic
system includes a large number of technical ideas and solutions never used before. The most significant of
these solutionsvere the following: fast cycling superconducting magnets, cooling by th@hase helium

flow, an unusually short period of time for cool down till the operating temperature, parallel connection of
about 150 cool i ng chann e panders, scretv hompressorg with ta pressue wiset €
of more than 25, and jet pumps for liquid helium. These technical solutions allowed one to construct an
efficient and reliableryogenicsystem.

The plans for further development of the basic installatiotiseadINR Laboratory of High Energy Physics

are to build new accelerators: Booster and Collider, both using magnets péttcanducting windings

cooled to liquid helium tempettiares. Thesetwo accelerators togethevith the existing Nuclotron will be

united into the NICA complex.

The newly created accelerator complex will require additional refrigeration capacity at 4.5 K and 80 K. For
the cryogenic system upgrading, we will use schmlum compressors with a new desigm additional

1000 I/hour heliuriquefier, and a distribution systemif cooling capacity based on the helidismat el | i t e
refrigerators. Besides, a new 80 K refrigerating system will be made on the basis of nitrogen turbo
COMpressors.

2. GENERAL VIEW OF NICA CRYOGENICS

A detailed descriptio of the existing Nuclotron cryogenic system can be seeB-4h. New installations,

which will appear while updating and building complex NICA, are shown in Figufénd. . main technical
characteristics of the NICA helium cryogenic system are listedlieTa

The cryogenic systems of the future accelerators (Booster and Collider) will consist of the central helium

' iguefier and fAsatellitedo refrigerators | ocated r
using the liquid heliumobtaned fr om t he centr al l'iquefier. I t me
refrigerators by using the minimum of the equipment. In this case this refrigerator, which consists only of
heat exchangers, is highly reliable. Less reliable elementgirggmore attention of the personnel will be

12
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located in one place on the central liquefier. It inecessary to stress that this system needs minimum of
cryogenic pipes but high thermodynamic efficiency is preserved.

Main installations of the existing ywgenic structure at the Nuclotrantwo helium refrigerators KGU
1600/4.5 of capacity 2 kW at 4.5 K were specifically designed by Joitt o ¢ k Company
GELI YMASHO for superconducting magnets of the JI
operating for more than 25 years. Using tleisperience, the company has designed and now is
manufacturingl000 I/h helium liquefier OA.000 (1),which represents the negeneration of th&kussian
largescale helium cryogenics. Its description will beegi below.

We have got similar positive operation experience with helium screw compressors designed and
manufactured by the Kazan Jelitt oc k Company ANI T TURBOKOMPRESSORO.
80/25 was purchased by JINR in 199this machine was madie a twostage version with the outlet
pressure of 2.5 MP&urrently, the Nuclotron cryogenic system uses two of these compressors with helium
flow rates of 5400 Nrith each. Torefrigeratenew NICA accelerators, we have ordered two additional
compressor nits modifiedto increase theutletpressure and capacity. This compressor modification named
Kaskadel110/30 will be discussed section 4 of the paper.

Collider

Figure 1.The general view of the cryogenic system for the NICA compidaw units for the NICA
accelerators:-11000 I/h helium liquefier O&.000; 2-1300 kg/h nitrogen liquefier OA,3; 3i draining and
oil-purification units; 4 satellite refrigerator of the collider;i5500 kg/h nitrogen reondenser RA,5 of

the collider; 6- 500 kg/h nitrgen recondenser RA,5of the booster7 1 satellite refrigerator of the

booster; 8 6600 Nni/h screw compressors Kaskatio/30; 9-liquid helium tank; 18 nitrogen turbo
COMpressors.

13
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Table 1.Basic parameters of the NICA helium cryogenics

Operating ¢émperature (K) 4.5
Refrigerating capacity at 4.5 K (W) 8000
Total capacity of compressors (Nm3/h) 31140
Total power of electric motors (kW) 7400
Flow rate of cooling water (¥h) 355
Cold mass (tons) 220
Time for cool down to operating temperatung ( 336
8 7 7 7
. o
X X
9 Ec-nl i Ec—nl 6
P> L - ] [ 1 L = |
6=p - 6=p
oL 5 1 I 3 pOgn
11 ] L ﬁ Fi 1
VA= P =
] L J <}
) (13 4 O
W | iz 3 PX|PX| PX
14 ;
5
NUCLOTRON 1 NUCLOTRON2
il
A
BOOSTER 1 BOOSTER 2
—
S
COLLIDER 1 COLLIDER 2

Figure2. Schematidlow diagram of the cryogenic helium system for the NICA complesatellite
refrigerator of the collider; Zatellite refrigerator of the boosterj Jiquid helium tank; 4 1000 I/h helium
liquefier OG1000; 51 liquid helium separators;i6KGU-1600/4,5 helium refrigerators;i7gasholders; 8

compressedhelium reservoirs; 945 Nni/h piston compressors 1VUV45/150; 10- 1200 Nn/h piston
compressors 305NP0/30; 11 draining and o#purification units; 126600Nm*h screw compressors
Kaskad110/30; 135400 Nni/h screw compressors Kask&@/25; 14i 100 nfintake reservoir.

14
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3. HELIUM LIQUIFIER OG -1000

In 2011, the helium liquefier OG000 was specially designed to meet the needs dliGé& complexby
JointStok Company @ NP O AGEedsdntXhisd Adndany is manufacturing hardwahe flow
diagram of the liquefier is shown in Figure 2 (point 4). herimodynamic cycleonsists of two gas
expansion turbines, a vat of liquid nitrogen, tvemd threflow heat exchanger s, and a
turbine. The liquefiers composed o$ix basic units(Figure 3) each enclosed in its own thermally itstad
vacuum jacket and connected to the others by mefthermally insulated tubingmipurities are reaved

from the helium at liquishitrogen temperatures in twswitchableunits 1 and 2 containing charcoal
adsorbersWhen one unit is opeliag, the other is being regenerated. This is done by heating with a hot gas
followed byvacuum pumpingBesides, the picte shows two nits 3 and 4consistingof two- and thre-

flow twisted heat exchangers, ampansion turbinenit 5, and a liquefaction unit 6 with leuid-helium
collector of aboufLl000 lin volume The expansion turbines are constructed followtheydesgn described

in [5]. Basic parametersf the liquefier OGL000 and technical characteristics of the turbo expanders are
listed in Table 2 and 3.

Figure3. Helium liquefier OG1000: 1, 2 purification units; 3, 4 heat exchangers units - expansion
turbineunit; 6 liquefaction unit

Table2. Basic parameters tifie liquefier OG100Q

Capacity (I/h) 1100N1
Liquid nitrogen consumption (kg/h) 0560
Energy consumption (kW) 1760

Compressed helium pressure (MPa) |2,5
Compressed helium flow rate (Nfh) 6600
Total mass (kg) 14000
External dimensiongml ml m) 5 Bl 10

15
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Table3. Technical characteristiad the expansion turbines

Parameters Turbine 1 Turbine 2 cwet é t
Mass flow rate (kg/sec) 0.2238 0.2226 0.1094
Inlet pressure (MPa) 2.29 1.16 2.21
Outlet pressure (MPa) 1.18 0.131 0.21

Inlet temperature (K) 54 22.3 7.98
Expectedsentropicefficiency 0.72 0.75 0.65
Output power (KW) 109 10.9 1.25
Speed (rpm) 130000 90000 145000
Impeller diameter (mm) 35 50 15

4. HELIUM COMPRESSORS OF NICA COMPLEX

The cryogenic system of thedICA will use compressors of various types and modifications. Technical
characteristics of thmachinesare liged in Table4d. Themain ones aréour oil-lubricated screveompressor
aggregateaskad80/25 and Kaskad10/30.For the stagdy-stage regulkion of the flow rate and storage
of compressed helium, smaHleapacity 305NR20/30and 2GM412/31 piston compessors are used. The
evacuated Heim is pumped into the reservoirs by smalfUV-45/150 piston compressorsperating at
higher outlet pressures.

At the present timetwo Kaskad80/25 hae been installed in the cryogenic system of the Nuclotron, and
there are plans to instativo new compressonsamedKaskad110/30by 2Q013. The total capacity of the
helium compressors, located in the Nuclotron machine roomingtalled power, and the flow rate of
cooling water are 1%0Nm¥h, 418 MW, and 200 rith, respectively. After new machines are put inte op
eration, these values will increase td0Nm¥h, 7.4 MW, and 355 rih.

Table4. Technical characteristiad the helium compressors in the NICA cryogenic system

Kaskad |Kaskad 305NR 2GM4- 1VUV-

80/25 110/30 20/30 12/31 45/150
Number 2 2 3 4 4
Type screw screw piston piston piston
Capacity (Nnvh) 5400 6600 1200 840 45
Outlet pressure (MPa) 2,5 3.0 3.0 3.1 15
Total power of electric motors (kW) | 1430 1600 200 160 22
Voltage (V) 6000 6000 380 380 380
Number of compression stages 2 2 3 3 3
Speed (rpm) 2970 2970 500 710 620
Flow rate of cooling watem’/h 60 78 15 7.2 1.5

The KaskaeB0/25 consists dhreebasic units: the first stage, the second stagdthe oilcooling unit[4].
Thefirst stage contains two compressors operating in parallel, driven by a single electric motor of power
0.63 MW with a voltage of 6 kVThe second stage consists of a sirggfleew compressor. All ggegates
have a single oil sepatar and an oil system common to t@mpressors of the first and secateges

In comparison withKaskad80/25 the first stepof the new machineHgure 4)includes two compressors;
each ofthemis placed on a separate frame and driven by its own robdfpower 0.4 MW.The oil coolers

for each compressare locatedlirectly on the compressor unitThis solutiontogether with usinghe slide
valves allowsone toadjust the compressoapacityfrom 100 to 20% of the nominal value.

The primary oil separation consists of a horizontallyaited cylindrical vessel which also serves as the oil
reservoir. The next stage is composed of a verticaepiarator and internal oil coalescing filter cartridges in
parallel.The final oil separation is composed of three filters and one oil adsami@iring active charcoal.

5.  LIQUID NITROGEN SYSTEM

The system of liquiditrogenwill be used for shield cooling at 77 K and at the first stage of cooling down of
the accelerator ringdAs it is shown in Figure 1this systemconsists ofone nitrogen liqudéier (2) with
capacity of 1300 kg/h, two 500 kg/h nitrogencandensers (5 and 6), and turbo compressors TH®).
liquefier and re-condenserdhave identical hermodynamic cyck based on two gaexpansion turbines,
where thecompressed gas exparsiepby-stepfrom the pressure of 1.8 to 0.12 MPa.
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Figure4. The general view of the heliustrewcompressor aggregataskad110/30: 1 two primary screw
compressors; R screw compressor of the second stagepBpump; 4 oil reservoir; 5 preliminay oil
purification unit of the second stage;i freliminary oil purification unit of the first stagej Gtartup oil
pump of the primary screw compressor$; @l separator; 9 oil cooler of the second stage; 1vo olil

coolers of the first stagé 11 fine purification oil filters.
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ABSTRACT

The cryogenic permanent magnet undul@@®MU) is an insertion device in whidhe permanet magnets

are cooled down taryogenic temperatusd¢o improve the magnetic performance in terms of the remanent
field and coercivity As it was foundrecently,the peak fieldand coercivity of permanent magnet materials
like NdFeB are increasg as the temperatutis decreased and reachadnaximum ataround 13K. This
temperature is not directly attainable by boiling of standard cryogenic fluids like liquid nitrogen (77 K) or
liquid helium (4.2 K). We present a practical and reliable coofirethod based on the thermal shunt
principle with either liquid nitrogen or a cryocooler as a cold source. Design criteria, cryogenic analysis and
the layout of a CPMU based on this principle are presente@wACPMUwith a magnetic period of 1#m

and a magneticlength of 1.7 m, has been manufactueedl is presently installed and in operatiorthe
Swiss Light Sourc€SLS) as part of &ollaboration between PSI (Paul Scherrer Institute), SRiagd
Hitachi Metals, Ltd.

1. INTRODUCTION

In recent years, pmanent magnet (PM), sheperiod undulators became more and more used in synchrotron
radiation facilities Shortperiod PM undulators increase the number of periods per unit length and generate
therefore a brighter synchrotron radiation. Moreover, th@blenthe emission of high energy photons and
allow the operation of an-pay beam line in a medium size synchrotron like SLS [1]. A short period
undulator is also useful for SASEEL facilities since it lowers the electron beam energy necessary for the
FEL operation and makes it compact and economicalfihe Synchrotron Light Source (SLS) facility in
Villigen we have designed and built a CPMU called U14 based on NdBFe, 50BH PMs. The length of the
undulator is 1.7 m. Each array contains 120 magnets teun metallic keepers fixed by screws on the
magnet support calleddeam. The-beam is made of massive, good thermal conducting material aluminium
alloy) having, besides the function of a mechanical support, also the function to flatten the temperature
gradients along the undulator length. Hollow, thialled stainlessteel shafts (supports) hold thbdams in
position inside the vacuum chamber of the synchrotron and permit creating a variable gap between the two
magnet arrays. The shafts are thermallators and are anchored mechanically and thermally on external,

Iron beam I
" B

Shaft with thermal

isolator Ciyocooler W H rHcatcr

Magnet beam
= § =1 § = Flexible thermal conductor

Refrigerant channel L{ LI

il
XL

(a) (b)

Electron beam Metal sheet

Permanent magnets

Vacuum chamber

Figurel. Two design examples of CPMU, a) with L 8boling channels and b) witt
cryocoolers.
roomtemperature movable irdmeams which are part of the machine frame. The electron bgad8(ImA)
18
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is placed symmetrical in the undulator gap. It produces image currents in the magoktgenerate a large

heat load. In order to protect the magnets from this heat, the magnets are covered with a thin copper foll,
nickelplated on one side. The B magnetic Ni sheet will be attracted by the magnets holding the foil in
thermal contact to the magnets. The heat dissipated cofiger foil by the image currents of the electron
beam is strongly reduced from 80 W/m t8 SV/m.

2. COOLING METHODS

In order to optimize its magnetic properties, the CPMU must be cooled down to a temperature in the range
130140 K at which remanent field and coercivity is maximized [3]. There are two cooling methods which
can be considered for CPMUs in this temperature raigged Nitrogen (LN, or a cryocooler. For LN

cooling, the CPMU is provided with cooling channels (pipes) where the refrigerant is circulated by means of
a circulating pump. Because the cooling channel is at a temperature around 80 K and the desiraditem

of the magnet array is 13010 K, thermal shunts in form of thin metal foil are attached to the cooling pipes
and the magnet supportlfeam). Temperature is regulated with an electrical heater mounted ebeten |

The thermal resistivity of #se shunts, the number of shunts and their distribution alongbigsa will

decide the operating temperature and the temperature uniformity. In case of cryocooler cooling, the CPMU is
provided with a metal plate of good thermal conducting material (cppp¢ghe same length as thdédam,

placed parallel near thebeam. The cryocooler cold head is attached mechanically and thermally to this
temperature distribution plate. Between the plate and-tieam, a number of thermal shunts, similar to
those usé in case of LN cooling, are placed at position such to minimize the temperature gradient along the
I-beam. A heater distributed over the length of thedm allows the temperature regulation. Each cooling
method has qualities and drawbacks. LN2 cootiagds additional sracuum piping. The cryocooler needs

a heavy thermal plate and produces vibrations. The acquisition and operational costs are also important. Only
a detailed analysis can help in taking the decision for one or the other cooling method.

2.1. Cooling with sub-cooled LN,

For our CPMU we chose cooling with LNecause our facility has already an installed, digtribution.

With LN, cooling there are in principle two possibilities: 1) to cool directly withh BNnormal pressure and

2) to cool uang subcooled LN at a pressure higher then the normal pressure. The first case is a typical two

L ’ T T 4 L T v ] T Q =10
8} 4
- LIQUID 1
7t ] Te1 = 8362 K]
max. temperature range o .
B+ . A V =500 [L/hr]
-g L §W. 1 =0.1121 [kg/s]
o St T Vo =29.82 [L/hr]
QL o = 0.006686 [kg/ P2=2[par] @ P1=2[bar
s 4+ T o ko] T,=83[K] Ty =77.24 K]
&
o 3F . l
E J Po =1 [bar]
2+ 4
T ] @J\/;
0k Normal Boiling Point (1bar, 77K)
R i | LN2 T =77.24[K]

L A " | I
70 75 80 85 90 95 100
Temperature [K]

Figure 2. Phase diagram of k,Nhe saturation curve and the operation line for cooling witkceoted LN
at 6 bar. An example calculation for coolinghlwsubcooled LBat 6bar is shown in the right panel.

phase flow cooling with large fluctuations in temperature and pressure inside the cooling channels.
Therefore, although the cooling circuit becomes a little bit more complicated, we choose to walbwith
cooled LN. The cooling principle is illustrated in Fig.2 for a pressure of 6 bar. The boiling point,aSLN

77 K at 1 bar. At 6 bar, LNwould boil at ~95 K. We can codlown equilibrium LN at 6 bar in a heat
exchanger in a separate 1 bhath boiling at normal pressure (1bar). We then obtain liquid at a pressure of 6
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Figure 3. Design of the thermal shunt (a) and detailed view of cooling pipes, thermal shunts position, tapers
and radiation shield.

bar but at a temperature very close to 77 KisThthe sukcooled LN. This subcooled liquid can now be
warmedup 9577=18 K above its initial temperature or allows a pressure drop of several bars before it starts

to vaporize. At a lower operating pressure the temperature margin is lower, assesn beom Fig.2. We

chose to work at a pressure of 2 to 3 bars. In order to keep the magnets at a higher temperdd®@ek(130

we use a humber of thermal shunts{® I 20) as shown in Fig.3 clamped e
tubes. The thicknessf the flex foil is between 0.5 mm and 1.25 mm, depending on the desired minimum
temperature without heating. The temperature is regulated with a heater mounted aldreathdength.

3. UNDULATOR HEAT LOADS

The undulator heat loads are typical for a gemic environment: conduction, thermal radiation and residual

gas to which one should add the heat generated by the beam in the Cu/Ni magndtsl @methe heat
produced by the temperature control heaters mounted orbtaaris. Due to the good inatibn vacuum in

the beam line the residual gas conduction can be negletted heat by conduction between room
temperature and undulator temperaturem temperature), Q takes place inthe N 21 12=24 t hi
walled, hollow tube stainlessteel shaftsqupports)) on which the twehleams are hanging/laying. These

must have enough mechanical stability but conduct a minimum of heat into the system. On both ends of the
undulator it is provides with tapers for a smooth transition from the aperture of timeecheanel to the
undulator aperture (variable gap). These tapers bridge a temperature difference from room temperature to the
undulator operating temperature and conducts hegt@hto the system. The heat by conduction in the
supports is calculated thithe standard relation

To_ Tz
L

Sup

Qu, = Nk A 1)
where: N is the number of columnsgdthe thermal conductivity of the stainlesteel columns, A-the
crosssection area of one columng The cryostat wall temperature (293 K) andi The Fbeam temperature.

A similar relation is used for calculating the heat load from the tapgsss @Finally, the thin Cu/Ni foil
protecting the Wis from the eddy current produces by theeam travelling through the undulator generates
the heat @.nwhich must be included in the thermal balance. This can be calculated with the relation

o 2al 6(34) mr
Qbeam—Mh% W«f 5 (2

where: j=400 mA is the beam current, M=16 is the number of bunches in the bgsfl,ps, G=6 mm is
the undulator gapy,=500 MHz the synchrotron frequency. For a staseel foil ¢ = 8 L'2MM) the load
would be 50 W/m and for a copper fail5( 2 L23) is only 7.5 W/m showing the importance of material
choice. The thermal radiation has two components: the figgt €@ from the room temperature parts to the
80 K dhield (see Fig.3), the second ong,y® from the cold parts of the undulator at around-130 K to
the 80 K shield. The corresponding equations are
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Qshield :,S‘AFE,(T; '1;4)

Qrad.el :S'Aall:e(-l—z4 -Tl4) (3)
i:i 1- ez Uglrd
Fe el ? Uvac

withs= 5 . 6 %W/m“, the StefarBoltzman constang, ande, the emissivities of thelbeam and shield
material (Al and Cu) and 4 and U.cthe perimeter of thelbeam and shield. Finally, there is a thermal load
coming from heaters placed in contaéthwboth Fbeams, Q. On each-beam there are three heaters: left,
middle and right. With the help of these heaters we can set the desired operation temperature, control the
stability and adjust the temperature gradients along the undulator length.

4. THERMAL BALANCE

Due to the symmetry of the undulator one can model the thermal balance only for one half of it ke. one |
beam. When the total heat load on the, bisith is calculated this value is taken twice. We adopt a three node
model with the followingtemperatures: ¢fi the ambient temperature (293 K), ilthe cooling temperature
(also the shield temperatrure) angtfie temperature of thebeam and magnets. The basic equations of the
thermal balance for onebleam are

qup+Qbeam +Qcmrl Qlapers Qflex Qr‘!\’dt
Qflex + Qshie\d :rncp( Toul :rn)
where Qex is the heat flux in the thermal shunts, &and T, the inlet and outlet temperatures of the

subcooled LM m ithe mass flow of evaporated LMnd G, the specific heat of the subcooled 4 N
function of pressure and temperature. The thermal balance for theoblihg loop is

cho = 2(Qﬂex -'Qshleld) Qtransf m (5)

where the factor 2 accounts for a complete undulatofb@aims) and Q. is the heat load on the transfer
lines to and from the LiNsubcoolespump unit. This load is splitted in two halvese half affecting the inlet
line, the other one the outlet line. The temperatures at the inlet and outlet from undglatat T,,; are
calculated using the equations

(4)

hln (-En’ p) = rlat +Q“Tﬂ
2rnsub

2O Q) (6)

sub

Qtransf

huack(Tback’ p) = houl( T’ F) +2_
msub

h, (Tow P) = 0, (T, B

where Ry is the enthalpy of saturated LMnd m,, the mass flow of subcooled LNt the exit from the
subcooler unit. The average temperature(Tin+Tou)/2 is used to calculate all materiabperties. It is also
the temperature of the shield and the clamped temperature of the thermal shuissthe temperature of
subcooled LN at the return point of the subcooelaump unit. The heat flux in the thermal shunts can be
calculated with théormula

. (Tz - T1)
=N
Qﬂex s Rﬂex
L L e § (7)
i - hdin 2kpipe g din 24_ LTIex

ko A

Rflex p Lcomacl Cu” “flex
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Figure 4. The EEE diagram window witte results of the
thermal calculation.

where Re is the equivalent thermal resistance of the thermal shunt, taking into account thechaage
between LN and cooling pipe, the heat conduction in the wall of the cooling pipe and finally the heat
conduction in the flex band of lengthel.and crosssection area f,. The heat exchange coefficient h for

subcooled LNis calculate with th®ittus- Boelter correlationNu= hk,/ d, =0.023Ré&° Pt'where kyis

the thermal conductivity of subcooled LBnd ¢, the inner diameter of the cooling pipe of outer diameter
Opipe Lcontact IS the length of the contact clamp of the thermal shunt withctioding pipe. An alternative
procedure is to calculate the equivalent thermal resistance of the shunt with the help of a 3D finite element
calculation. In both cases we ignored the thermal resistance at the contact between the surfaces.

This complex systm of equation can be solved, if it is feed with appropriate material properties and design
parameters. We chose to set the temperature of the magndts a fixed value and find out the
corresponding power of the control heater. Alternatively, in orderfind the minimum attainable
temperature we can set the power of the control heater to zero and find the temper&ach Talculation

gives out other important parameter like mass flow of, lENaporated in the LNsubcooler, shield
temperature 7 inlet and outlet temperature of LNrom subcooler etc. The calculations have been
performed with EEE [4]. An EEE script file with a graphical interface was prepared and a typical output is
shown in Fig.4.

5. RESULTS

A summary of the calculated operating coiutis is presented in Table 1. The following assumptions have
been made: operating pressurg,=P bar, total volumetric flow of subcooled LNV¢=500 L/hr, loss in
transfer lines, @ns=80 W, the cooling circuit pipe is stainlesteel, tbeam is madef aluminium alloy and

the thermal shunts are made of copper.

Table 1. Summary of undulator operating conditions. Minimum temperature and other two typical operating
temperatures: 132 and 142 K for two different thermal shunts.

Shunt Minimum LN, Operating Heater Power| Total LN,
thickness/thermal temperature | consumption | temperature Qentr consumption
resistance T min for Tmin Top at Top
[mm]/[K/W] K] [Liter/hr] K] [W] [Liter/hr]
0.8/9.91 121.8 6.073 132 24.93 6.991

142 49.30 7.888
0.7/11 125.6 5997 132 14.21 6.511
142 36.62 7.319
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6. COOLING CIRCUIT

The cooling circuit comprises a LN2 subcooler unit, a distribution manifold with valves and transfer lines.
The subcooler unit is used to cool in parallel an optical monochromator. The most thartrahsfer lines

are flexible vacuum supénsulated lines with a loss of around 1 W/m. The rigid lines, have a loss of 0.45
W/m. For couplings we estimated the loss to be around 3W/coupler. The total load on the distribution system
was estimated at 8%. The schematic of the subcooler unit is shown in Fig.5.
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Figure 5. Left: Schematic of the subcooler unit used to prepare and circulate subcagdletheMold
undulator. Right: distribution manifold of undulator U14 and monochtorat the user bealime OPTIS.

Warmer subcooled liquid coming from undulator enters the subcooler unit at point,Alolad over the
nonreturn valve C16 and enters in two volumes. One is provided with a centrifugal pump 18, the second one
contains a &ater 14, a level indicator LC1 and a pressure controller PIC3. After being compressed in the
pump 18, LN is cooleddown in a subcooler heat exchanger in a thirg bith at normal pressure. The
temperature of LNat the exit point B is around 77 K. Withe help of the pressure regulator PIC3 the
operating pressure of the subcooler and therefore the available temperature margin for the operation of the
undulator can be set up. The subcooler unit is provided with valves for automatic refilling, valves for
vent/overflow and a pressure relief valve.

7. CONCLUSIONS

Although very challenging,he design of the cold permanent magnet undulator could be managed with
simple methods. The CPMU is now in operation over an almost 2 year period without problems. The
tempeature is very stable and the LN2 consumption is moderate, ~10 L/hr. The cooling was stopped once in
December 2011 and then restarted end of January. According to our experience, the CPMU are as reliable as
the room temperature permanent magnet undulatithsie benefit of ~30% gain in performance.
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ABSTRACT

We present the cooling scherné the superconducting SIS100 accelerator, which follows the Nuclotron
design. This Nuclotron concept is kdson forced two phase helium flow where the cooling channels of the
individual magnets are connectigdparallelto the helium supply lines. The cooling principle is described
for both a single magnet and the magnet string and the analysis of the pgstaneters is given. It is
shown, that foall requested operation modesuniform cooling of all magnets can be assured and will be
stable. This stability will bachieved despite the fact tliae SIS100 magnet size and losses are significantly
larger han those of the Nuclotron magnets.

1. INTRODUCTION

The Facility of Proton and lon Research (FAIR) will construct as a set of accelerators and storage rings at
GSI. The aim of the project is to provide high intensity primary and secondary beams of ionspantbag

for experiments in nuclear, atomic and plasma phy3ites.SIS100 synchrotron with rigidity of 100 Tm will
accelerate ions and protons at a high repetition rate at about 1 Hz which requiresmpest
superconducting magnets with high dynamiatheleaseThe starting point for the design of the magnets

and of the cooling system for the SIS100 was the Nuclotron synchrotron at JINR in Dubna, which was
constructed on the basis of the fagtling supeiferric magnets [1] and is successfully in og@®n since

1993 [2].

The accelerator will be used in different super cycles [3]. Each-syphkr consists of several pulses with
different amplitude and repetition frequency of the magnetic field. While the ramp rate and the magnetic
field at injectionare fixed at 4T/s and0.23T, respectively, the extraction field varies in the range from 0.5 T

to 1.9 T. The repetition frequency varies from few tenths of hertz up to 1 Hz, depending on the maximal field
and on the injection and extraction time. Themgety of different operation modes cause a wide range of
dynamic heat load generated in the SIS100 magnets [4, 5]. The measured power losses in the dipole magnets
varies from 7 W static losses up to 70 W in the continuous triangular cycle with stemtioimj and
extraction at maximal field of 1.9 T. The winding of the magnets is made from hollow superconducting cable
of the Nuclotron type cooled by twmhase helium flow. The hydraulic and thermal calculationssfg}w

that only the cooling by twphasehelium allows to keep the maximum temperature in the coil
constant over a wide range of the heat load. Thus for the SIS100 synchrotron the cooling scheme
based on the Nuclotron concept was selected.

2. THE CONCEPT OF THE SIS100 MAGNET COOLING

The superferriaipoles Figure2) and quadrupoles for the SIS100 synchrotron consists of an iron yoke and
a superconducting coil made from the inneoled superconducting cable. The cooling scheme of SIS100
magnets is shown ondhFigure 2. All magnets are connected in parallel to the common supply and return
headers. The helium from the supply header passes the magnet bus bars and the coil -Bothis e

cooler attached to the supply heade(® ) , t h3%ang godsethe(re2urn header. Since the hydraulic
resistances of the 4@oler and of the cooling channels in the yoke are low in comparison to the hydraulic
resistance of the coil and of the bus bars, the pressure drop in the yoke can be neglected. One ¢hatassume
the pressure in the point 2 is equal to the pressure in the return header. The heat generated in the
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Figure 2 The structure of the Nuclotron cable and K100 dipole magnetl T cooling tube, 2i
superconducting wire, 3Nicrome wire, 4i Kapton tape, 5 adhesive Kapton tape,iémagnet joke, 1
superconducting coil, 8 bus bars, 9 helium supply and return headers, ILGupport structure, 11
radiation shield, 12 vacuum vessel.

yoke is about 70% of the total wer losses in the magnet. The helium in the supply header is aghage

liquid, subcooled by 0.10.2 K. In the magnet coil the liquid warms up until the saturation line is reached.
Starting from this point the temperature of tploase helium drops due the pressure drop in the coil. The
minimal temperature on the coil output is aboutk.8nd depends on the pressure in the return header.
Afterwards the twephase helium passes aa@oler attached to the supply header (Poir2ss® on t he Fi
right). The aim of the reooler is to keep thkelium in the liquid state over the whole SIS100 sector and to
avoid ingress of thhelium vapour on the coil input. That way assures a reliable magnet cooling despite a big
number of the parallel channels. Theplags valve on the end of the magnet string (Fig. 2, right) allows to
control the flow rate on the end of a sector and to keep it above a certain limit, needed for the sufficient heat
transfer in the last reoolers. The SIS100 ring is divided into six sestwith about 50 parallel cooling
channels in each sector [7].

This method of cooling requires an adjustment of the hydraulic resistances for all cooling channels. Dipole
magnets with a total length of coil and bus bars of about 108 m define the uppesflthe hydraulic
resistance. Twadlifferent scenarios for operation of dipole magraets shown on the-% diagrams (Fig. 3).

The inner diameter of the cooling tube for all dipoles and quadrupoles is 4.7 mm. This value is optimized for
a heat release itme dipole magnet of about 40 W, which corresponds to an operating cycle with a maximal
field of 1.9 T, short extraction and an injection plateau of about 0.8 s. For the paiffsoeace between the
helium headers of 0.5 b#re mass flow through thepible magnet will be 2.4 g/s and the vapour quality on

the yoke output about 0.9 (Fig. 3, left). For the most intensive triangular cycle wijth B9 T the expected

total heat release is about VW0 With the same pressudéference between the heliunedders of 0.5 bahe

mass flow rate will drop to 2.1 g/s and the helium temperature at the yoke output will raise up to 6.4 K (Fig.
3, right), which is still sufficient for the reliable operation. The calculated operating parameters were
experimentally vefied on the two layer dipole prototypes [8]. First tests of the single layer dipole are
expected in the beginning of 2013.

1 . 1 7 o
L L - g
g 2 e
Ze _ A 3 d

Figure 3 Cooling scheme of a single magnet (left) and of the SIS100 sector ¢ightpil input,2 1 coil
0 ut p wuré-cpoleRoditput, 3 yoke output
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Figure4 TS diagrars for the heat release in the dipole of 40 W (left) and 70 W (right)

Besides the 18 dipole magnets each SIS100 sector will contain 28 gaudrupoledenseed in doublets.

The length of one quadrupole coil with bus bars is 61 m; therefore the hydraulic resistance of the gadrupoles
will be considerably smaller. Also the heat release in the quadrupoles is approximately two times smaller
than in the dipas. To assure a uniform distribution of the helium flow the adjustment of the hydraulic
resistances of all parallel channels is required. This adjustment will be performed by combining of the
quadrupole units with corrector magnets in sefisand by intoduction of additional impedances (flow
restrictors) in the cooling circuits.

3. CONCLUSIONS

The cooling scheme of the SIS100 synchrotron is based on the Nuclotron concept. Because of the bigger
number of the superconducting magnets in the SIS100 ringastdiwvided into six independently cooled
sectors instead of two sectors in the Nuclotron ring. That allows to reduce the number of parallel channels in
one SIS100 sector by the factor of two in comparison to the Nuclotron sector. The reliability ofatted par
cooling will be achieved by the adjustment of the hydraulic resistance for each channel, by usage of sub
cooled helium in the supply header and by the controlling of the helium flow in the last magnets in the sector
by a bypass valve.
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ABSTRACT

The cryogenic transfer line for XFEL/AMTF is dedicated for transferring cryogenicngpplower from

helium refrigerators to a cryogenic test facility by means of the constant flows of supercritical and cold
gaseous helium. The external envelope of this cryoline contains 4 cold process lines and a common radiation
shield, as well as the sgsh of supports and thermal contraction compensators. The line was designed and
manufactured by Wroclaw University of Technology and KrioSystem Ltd, respectively, within the scope of
Polish inkind contribution to the XFEL project. Besides the minimisatbheat loads to transferred helium

the design phase included the numerical analysis of the stresses and deformations on both the process lines
and external envelope for a number of operational and failure modes. The paper describes the design of the
cryogenic transfer line as well as the main phases of the manufacturing and assembly of its linear and elbow
modules.

1. INTRODUCTION

European Xray Free Electron Laser (XFEL) being under construction at DESY in Hamburg, Germany, will
be composed of about 100 ogenic modules, each holding eight superconducting cavities and one
superconducting magnets assembly. Before their installation in the XFEL underground tunnel the cavities
and cryogenic modules will be tested at their nominal operation conditions in ditzatdd Accelerator
Module Test Facility (AMTF). The cryogenic system of that facility will be supplied with cryogenic cooling
capacity from helium refrigerators located of about dbflom the AMTF hall. The cooling capacity, that is
specified as the suwf 3kW at 40K, 0.5kW at 4.5K and 0.8kW at 2.0K, will be provided by means of

two cold helium continuous streams: pressurised gaseous heliunKaartD supercritical helium at 4t&

For that reason the AMTF hall will be connected with the heliumgesfators by multichannel cryogenic
transfer line XATL1. The line will be located on a pipeline bridge, approximately 8 m in height, and will be
exposed to weather conditions.

2.  XATL1 PROJECT MANAGEMENT AND QUALITY ASSURANCE

The XATL1 project has been imptented by Wroclaw Technology Park (WTP) under Poliskind
contribution to the European XFEL project. The requirements on the transfer line were provided to Polish
party in the comprehensive specification prepared by DESY. The line was designed byw\ioslarsity

of Technology WUT according to the developed methodology presented in [1]. Then the design
documentation of the line was provided to its final manufacturer, KrioSystemThtl . XATL1 project
includes following phases:

1) Conceptual design (WUT),

2) Manufacturing design and technical documentation preparation (WUT),

3) Examination and acceptance of the technical documentation (DESY and notified body)
4) Procurement of materials (WTP),

5) Manufacturing of elements, components and subassemblies (WTP and sadioos)t

6) Assembly of the transfer line modules at assembly site (WTP and subcontractors)

7) Transportation of the modules to the construction site (WTP and subcontractors),
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8) Module installation on the pipeline bridge at DESY (WTP and subcontractors),
9) Commissoning (WTP, WUT and DESY).

Since the specified high quality assurance requirements, both the design and manufacturing of the transfer
line were performed according to the AD2000 code and the procedure described by Module G of the
European Pressure Eqmpnt Directive 97/23/EC. This module imposes, among other things, the necessity

of applying a notified body for the verification of technical documentation, assessment of materials, approval
of the welding procedures, as well as the verification of thé qud i cati ons of manuf act
the notified body approves the final pressure test and carries out the final inspection of all the pressure
comprised in the vacuum jacket of the cryogenic transfer line, i.e. its internal process lines.

3. INTERNAL STRUCTURE OF THE CRYOGENIC TRANSFER LINE

The taken arrangement of process lines in the XATL1 cross section is presented in Figure 1. The cryoline
consist of four process lines, which constitute two cryogenic circuits &t drfel 40/8K.

Thermal shield return line
(SS1.4306A4 8. 31 2)

Thermal shield supply line

SHe supply lin (SS1.4306A4 8 . 31

(SS1.4306A8 8 .

GHe return line
(SS1.4306A8 8. 91 2

Radiation shiel
(AW6060,A3 00T ¢

Figure 1. Cross section of the cryogenic transfer line XATL1

The 4.5K circuit is composed of the SHe supply and GHe return lines, whilst the lines of thermal shield
return and supply form the 40/8circuit. The thermal shield return line is cowoted with the radiation
shield, thermalized at an average temperature of abdkit B@ a number of thermal bridges and it is used
for gathering the radiation heat flux from the vacuum jacket, which temperature can vary frddn 260
to 310K due to externalvhether conditions.

4. ROUTING AND MODULARIZATION OF THE CRYOGENIC TRANSFER LINE

The routing of the cryogenic transfer line XATL1 is shown in Figure 2. The line runs from the Valve Box
located at the helium refrigeration hall to the Subcooler Box locatédeinbe AMTF hall. The line is
located on the piping bridge B above the ground level in order to do not collide with existing
infrastructures (access roads, transforming station, cooling towers, and overhead crane in the AMTF hall).

tmig_ E90-1
4 E90-3
to Valve Box at Helium ) e E90-2 \
Refrigerator Hall Y0 gt
& - V™ Compensator II to Subcooler Box
SN in AMTF hall

LM5 goeeer — J— oo

Figure 2. Routingf the XATL1 line with marked locations of the linear and elbow modules
The cryoline XATL1 has two long straight sections connected by alé$@lbow and it is ended with three
short sections, two vertical and one horizontal, which include three@®@@bows. Its total length is equal to
167 m and exceeds the direct distance between the Valve Box and Subcooler Box b1
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The modularization of the cryogenic transfer line was done in respect to the necessity of -thistéoug
transportation tohte XFEL/AMTF site and the facilitation of the final installation on the pipeline bridge as
well. It took also into account some aspects of the minimisation of heat loads due to conduction through
additional supporting structures. The size of each modulél gt exceed the dimensions of a standard
lorry trailer. Thus the maximum length and width of the modules were specified msab8 2.5m,
respectively. Finally, the whole line was divided into 11 linear modules-LM11, and four elbow
modules (E150, €01, E9G2 and E9EB). The proposed modularization resulted in 16 interconnections,
which were designed as sleeslgaped and dedicated to hold the elements of thermal compensation system.

5. DESIGN OF SUPPORTING AND THERMAL COMPENSATION SYSTEMS

The supportig and thermal compensation system of the external envelope is schematically presented in
Figure 3a. Its supporting system consist of two fixed supports (VLA) which block all the possible
movements (vertical, lateral and axial) in respect to the pipirdpérias well as it includes 21 sliding
supports allowing for axial movements only (VL) and 2 sliding supports blocking the line movements only
in vertical directions (V). The thermal expansion or shrinkage of the envelope is compensated by two axial
and ore lateral compensators. Both long straight sections are equipped with axial compensators as shown in
Figures 2 and 3a, whilst the lateral compensator was built in the last interconnection, between me8ule E90
and the Subcooler Box.

The external envelopeill apply on the bridge not only its own pressure, thermal and weight loads but also
the loads transferred from internal process lines. The supporting and thermal compensation system of each
process line is shown in Figure 3b. It includes a set of oerd filxA), four sliding supports (L) and one axial
compensator (CA) per each linear module. The other modules have different supporting structure. Each
process line in module E150 includes, apart from two sliding supports (L) and one axial compensator (CA),
two fixed supports (LA) separated by a flexible hose (H). The section composed of three E90 modules
contains two fixed supports (LA), two sliding support (L) and one metallic flexible hose.

Valve| VA

| &
-
Box L

[l LA L LA LA(strong)

y CL

Subcooler ‘

Supports:
A - axial

H CA CA

L - lateral
V - vertical
Compensators:
CA - axial process line in linear module LA(strong)
CL - lateral OCO0O—0C—0O0—"~0—=e H

A CA L L L L LA
H - flexible hose

Figure 3. The schematic layout of the suppoid compensation system
of external vacuum envelope (a) and process lines (b)

The proposed layout of supports and compensators was used as an input data to numerical thermo
mechanical analysis which allowed for checking the mechanical stability ofriheskposed to all the
possible operation conditions and failure modes. The analysis was also useful for the specification of the
parameters of the crucial elements of supporting and thermal compensation siatens.exposure to
outdoor whether conditiothe line as well as thgipeline bridge can shrink or elongate independently and
strongly interact mechanically between themselves. Therefore the design of the line was strongly affected by
the thermal performance of the pipeline bridge.
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6. THERMO -MECHANICAL STRENGHT ANALYSIS

Stresses and displacements in the XATL1 process lines and vacuum jacket were checked numerically for
various load cases. For that purpose a detailed numerical model of whole transfer line was developed and
calculated with the use of kia Element Method. The calculations were carried out for most dangerous load
cases taking into account the thernpaéssure and weight loads acting on the XATL1. The deedlopodel
assumes that the pipeliteidge structure is much stiffer than the sfam line and the ambient operatibna
temperature can vary from 280to 310K. It takes also into account the thermal expansion of the bridge
resulting from the ambient temperature variations. Additionally, because there is a safety exhaust on every
moduk interconnection, which will open in case of helium leakage, the internal pressure in whole vacuum
jacket during any failure modes increaseghe 1,%ara, whilst only two subsequent modules are cooled
down by discharging cold helium. The themmechantal strength analysis was daa out fordesign

and pressure tesbnditions as well as for three failure modes. The first madeliom leak ) analyses

a helium leakage ihbM2 andE150 modules, the second orte(ium leak 1) considers leakage 1M 10 and

ML11 modules whist the third mode (Helium leak Ill) covers the case of helium leakage in the section of all
E90 modules.

The built FEMmodel usesshel elements for process lines, radiation shield and external envdiepm
elements forsliding sypports and pipelinebridge construction elements, spring elements for all the
compensatorand finallymembrane elements for elastic hosEse model consist of 1000 elements and
includes all the kinematic joints of the external envelope, thermal simdigrocess line supports. A view of

detail FEM model of a chosen section of XATL1 line is shown in Figure 4.

Strong fixed support

of processines Fixed support of

the vacuum
external envelope

Vacuumexternal

v envelope
i

i

/

Process line aial
compensators

Thermal shitl

Procesdines

Figure 4 Schematic view of thEEM modelof the E9G1 module

The numerical modeling resulted in the distributions of von Mises stressefefmmohations as well as the
forces acting on the supports. An example of the stress distribution is shown in Figure 5. The maximum
stress values on the external envelope and process lines afdRe0.d4nd 87.2Pa, respectively. The
maximum allowable stregs, which take into account safety factors, are equal to ¥B&for the external
envelope and 146MPa for the process lines. Thus, the maximum stresses do not excéedf7the
allowable stress values and therefore, according to [2], both the vaackeh and process lines are in stress
category Il. It means that the lowest temperatures of the external envelope and process lines ean reach
273 C and-255 C, respectively.
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