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Cryogenics for the Future Accelerator Complex NICA at JINR 

Agapov N.
*
, Batin V.

*
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*
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**
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***
, Mitrofanova Y.

*
, 

Nikiforov D.
*
, Popov O.

***
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*
, Udut V.

***
, Ziskin G.

**
 

* 
Joint Institute for Nuclear Research, Dubna, Russia; 

**
 Joint-Stock Company ñNIITURBOKOMPRESSORò, Kazan, Russia 

***
 Joint-Stock Company ñNPO GELIYMASHò, Moscow, Russia  

ABSTRACT 

NICA (Nuclotron-based Ion Collider fAcility), presently under construction at JINR [1], will be, upon 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 11 GeV/u and an average luminosity up to 1027 cm-2 s-1. The NICA cryogenics 

will be based on the modernized liquid helium plant that was built in the early 90ôs for the superconducting 

synchrotron known as the Nuclotron. The main goals of the modernization are: increasing 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 l/hour helium liquefier and ñsatelliteò refrigerators located near the accelerator rings. This report 

describes the design choices of the NICA, demonstrates helium flow diagrams with major new components 

and briefly informs of the liquid nitrogen system that will be used for shield cooling at 77 K and at the first 

stage of cooling down of three accelerator rings with the total length of about 1 km and ñcoldò mass of 220 

tons. 

1. INTRODUCTION  

Since 1992, the largest Russian liquid helium plant for the superconducting accelerator Nuclotron 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 solutions were the following: fast cycling superconducting magnets, cooling by the two-phase helium 

flow, an unusually short period of time for cool down till the operating temperature, parallel connection of 

about 150 cooling channels of the magnets, çwetè turbo expanders, screw compressors with a pressure rise 

of more than 25, and jet pumps for liquid helium. These technical solutions allowed one to construct an 

efficient and reliable cryogenic system. 

The plans for further development of the basic installations at the JINR Laboratory of High Energy Physics 

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

cooled to liquid helium temperatures. These two accelerators together with 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 screw helium compressors with a new design, an additional 

1000 l/hour helium liquefier, and a distribution system of cooling capacity based on the helium ñsatelliteò 

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 description of the existing Nuclotron cryogenic system can be seen in [2-4]. New installations, 

which will appear while updating and building complex NICA, are shown in Figure 1. The main technical 

characteristics of the NICA helium cryogenic system are listed in Table 1. 

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

liquefier and ñsatelliteò refrigerators located near the accelerator rings. The ñsatelliteò refrigerators operate 

using the liquid helium obtained from the central liquefier. It makes it possible to manage each of ñsatelliteò 

refrigerators by using the minimum of the equipment. In this case this refrigerator, which consists only of 

heat exchangers, is highly reliable. Less reliable elements requiring more attention of the personnel will be 
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located in one place ï on the central liquefier. It is necessary to stress that this system needs minimum of 

cryogenic pipes but high thermodynamic efficiency is preserved. 

Main installations of the existing cryogenic structure at the Nuclotron ï two helium refrigerators KGU-

1600/4.5 of capacity 2 kW at 4.5 K ï were specifically designed by Joint-Stock Company ñNPO 

GELIYMASHò for superconducting magnets of the JINR accelerators and have already been successfully 

operating for more than 25 years. Using this experience, the company has designed and now is 

manufacturing 1000 l/h helium liquefier OG-1000 (1), which represents the next generation of the Russian 

large-scale helium cryogenics. Its description will be given below. 

We have got similar positive operation experience with helium screw compressors designed and 

manufactured by the Kazan Joint-Stock Company ñNIITURBOKOMPRESSORò. The first machine Kaskad-

80/25 was purchased by JINR in 1990. This machine was made in a two-stage version with the outlet 

pressure of 2.5 MPa. Currently, the Nuclotron cryogenic system uses two of these compressors with helium 

flow rates of 5400 Nm
3
/h each. To refrigerate new NICA accelerators, we have ordered two additional 

compressor units modified to increase the outlet pressure and capacity. This compressor modification named 

Kaskade-110/30 will be discussed in section 4 of the paper.  

 

 

 
 

Figure 1. The general view of the cryogenic system for the NICA complex. New units for the NICA 

accelerators: 1- 1000 l/h helium liquefier OG-1000; 2 -1300 kg/h nitrogen liquefier OA-1,3; 3 ï draining and 

oil-purification units; 4 ï satellite refrigerator of the collider; 5 ï 500 kg/h nitrogen re-condenser  RA-0,5 of 

the collider; 6 - 500 kg/h nitrogen re-condenser  RA-0,5 of the booster; 7 ïsatellite refrigerator of the 

booster; 8 ï 6600 Nm
3
/h screw compressors Kaskad-110/30; 9 -liquid helium tank; 10 - nitrogen turbo 

compressors. 
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Table 1. Basic parameters of the NICA helium cryogenics. 

Operating temperature (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 (m
3
/h) 355 

Cold mass (tons) 220 

Time for cool down to operating temperature (h) 336 

 

 

 

 

Figure 2. Schematic flow diagram of the cryogenic helium system for the NICA complex: 1- satellite 

refrigerator of the collider; 2 -satellite refrigerator of the booster; 3 ï liquid helium tank; 4 ï1000  l/h helium 

liquefier OG-1000; 5 ï liquid helium separators; 6 ï KGU-1600/4,5 helium refrigerators; 7 ï gas-holders; 8 ï 

compressed-helium reservoirs;  9 - 45 Nm
3
/h piston compressors 1VUV ï 45/150; 10 - 1200 Nm

3
/h piston 

compressors 305NP-20/30; 11- draining and oil-purification units; 12- 6600 Nm
3
/h screw compressors 

Kaskad-110/30; 13- 5400 Nm
3
/h screw compressors Kaskad-80/25; 14 ï 100 m

3 
intake reservoir. 

 



The 12th CRYOGENICS 2012 - Dresden, Germany 

15 
 

3. HELIUM LIQUIFIER OG -1000 

In 2011, the helium liquefier OG-1000 was specially designed to meet the needs of the NICA complex by 

Joint-Stock Company ñNPO GELIYMASHò. At present this company is manufacturing hardware. The flow 

diagram of the liquefier is shown in Figure 2 (point 4). Its thermodynamic cycle consists of two gas-

expansion turbines, a vat of liquid nitrogen, two- and three-flow heat exchangers, and a çwetè expansion 

turbine. The liquefier is composed of six basic units (Figure 3), each enclosed in its own thermally insulated 

vacuum jacket and connected to the others by means of thermally insulated tubing. Impurities are removed 

from the helium at liquid-nitrogen temperatures in two switchable units 1 and 2 containing charcoal 

adsorbers. When one unit is operating, the other is being regenerated. This is done by heating with a hot gas 

followed by vacuum pumping. Besides, the picture shows two units 3 and 4 consisting of two- and three-

flow twisted heat exchangers, an expansion turbine unit 5, and a liquefaction unit 6 with a liquid-helium 

collector of about 1000 l in volume. The expansion turbines are constructed following the design described 

in [5]. Basic parameters of the liquefier OG-1000 and technical characteristics of the turbo expanders are 

listed in Table 2 and 3. 

 

Figure 3. Helium liquefier OG-1000: 1, 2 - purification units; 3, 4 ï heat exchangers units; 5 - expansion 

turbine unit; 6ï liquefaction unit. 

 

Table 2. Basic parameters of the liquefier OG-1000. 

Capacity (l/h) 1100Ñ100 

Liquid nitrogen consumption (kg/h) Ò 560 

Energy consumption (kW) 1760 

Compressed helium pressure (MPa) 2,5 

Compressed helium flow rate (Nm
3
/h) 6600 

Total mass (kg) 14000 

External dimensions (mĬmĬm) 5Ĭ5Ĭ10 
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Table 3. Technical characteristics of the expansion turbines. 

Parameters Turbine 1 Turbine 2 çwetè turbine 

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 

Expected isentropic efficiency 0.72 0.75 0.65 

Output power (kW) 10.9 10.9 1.25 

Speed (rpm) 130 000 90 000 145 000 

Impeller diameter (mm) 35 50 15 

4. HELIUM COMPRESSORS OF NICA COMPLEX  

The cryogenic system of the NICA will  use compressors of various types and modifications. Technical 
characteristics of the machines are listed in Table 4. The main ones are four oil-lubricated screw compressor 
aggregates Kaskad-80/25 and Kaskad-110/30. For the stage-by-stage regulation of the flow rate and storage 
of compressed helium, smaller-capacity 305NP-20/30 and 2GM4-12/31 piston compressors are used. The 
evacuated helium is pumped into the reservoirs by small 1VUV-45/150 piston compressors, operating at 
higher outlet pressures.  
At the present time, two Kaskad-80/25 have been installed in the cryogenic system of the Nuclotron, and 
there are plans to install two new compressors named Kaskad-110/30 by 2013. The total capacity of the 
helium compressors, located in the Nuclotron machine room, the installed power, and the flow rate of 
cooling water are 17940 Nm

3
/h, 4.18 MW, and 200 m

3
/h,

  
respectively. After new machines are put into op-

eration, these values will increase to 31140 Nm
3
/h, 7.4 MW, and 355 m

3
/h.   

Table 4. Technical characteristics of the helium compressors in the NICA cryogenic system. 

 
Kaskad- 

80/25 

Kaskad- 

110/30 

305NP-

20/30 

2GM4-

12/31 

1VUV-

45/150 

Number 2 2 3 4 4 

Type screw screw piston piston piston 

Capacity (Nm
3
/h) 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 water, m
3
/h 60 78 15 7.2 1.5 

 
The Kaskad-80/25 consists of three basic units: the first stage, the second stage, and the oil-cooling unit [4]. 
The first stage contains two compressors operating in parallel, driven by a single electric motor of power 
0.63 MW with a voltage of 6 kV. The second stage consists of a single screw compressor. All aggregates 
have a single oil separator and an oil system common to the compressors of the first and second stages.  
In comparison with Kaskad-80/25, the first step of the new machine (Figure 4) includes two compressors; 

each of them is placed on a separate frame and driven by its own motor of power 0.4 MW. The oil coolers 

for each compressor are located directly on the compressor unit.  This solution together with using the slide 

valves allows one to adjust the compressor capacity from 100 to 20% of the nominal value.  

The primary oil separation consists of a horizontally installed cylindrical vessel which also serves as the oil 

reservoir. The next stage is composed of a vertical oil separator and internal oil coalescing filter cartridges in 

parallel. The final oil separation is composed of three filters and one oil adsorber containing active charcoal.  

5. LIQUID NITROGEN SYSTEM  

The system of liquid nitrogen will be used for shield cooling at 77 K and at the first stage of cooling down of 

the accelerator rings. As it is shown in Figure 1, this system consists of one nitrogen liquefier (2) with 

capacity of 1300 kg/h, two 500 kg/h nitrogen re-condensers (5 and 6), and turbo compressors (10). The 

liquefier and re-condensers have identical thermodynamic cycles based on two gas-expansion turbines, 

where the compressed gas expands step-by-step from the pressure of 1.8 to 0.12 MPa. 
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Figure 4. The general view of the helium screw compressor aggregate Kaskad-110/30: 1- two primary screw 

compressors; 2 ï screw compressor of the second  stage; 3 ï oil pump; 4ï oil reservoir; 5 - preliminary oil 

purification unit of the second stage;  6 ï preliminary oil purification unit of the first stage; 7 ï start-up oil 

pump of the primary screw compressors; 8 ï oil separator; 9 ï oil cooler of the second stage; 10 - two oil 

coolers of the first stage; 11 ï fine purification oil filters. 
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ABSTRACT 

The cryogenic permanent magnet undulator (CPMU) is an insertion device in which the permanent magnets 

are cooled down to cryogenic temperatures to improve the magnetic performance in terms of the remanent 

field and coercivity. As it was found recently, the peak field and coercivity of permanent magnet materials 

like NdFeB are increasing as the temperature is decreased and reached a maximum at around 130 K. 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 cooling method 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 presented. A new CPMU with a magnetic period of 14 mm 

and a magnetic length of 1.7 m, has been manufactured and is presently installed and in operation at the 

Swiss Light Source (SLS) as part of a collaboration between PSI (Paul Scherrer Institute), SPring-8 and 

Hitachi Metals, Ltd. 

1. INTRODUCTION  

In recent years, permanent magnet (PM), short-period undulators became more and more used in synchrotron 

radiation facilities. Short-period PM undulators increase the number of periods per unit length and generate 

therefore a brighter synchrotron radiation. Moreover, they enable the emission of high energy photons and 

allow the operation of an x-ray beam line in a medium size synchrotron like SLS [1]. A short period 

undulator is also useful for SASE-FEL facilities since it lowers the electron beam energy necessary for the 

FEL operation and makes it compact and economical [2]. At the 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 mounted in metallic keepers fixed by screws on the 

magnet support called I-beam. The I-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, thin-walled stainless-steel shafts (supports) hold the I-beams in 

position inside the vacuum chamber of the synchrotron and permit creating a variable gap between the two 

magnet arrays. The shafts are thermal insulators and are anchored mechanically and thermally on external, 

room-temperature movable iron-beams which are part of the machine frame. The electron beam (Ib=400 mA) 

 

Figure 1. Two design examples of CPMU, a) with LN2 cooling channels and b) with 

cryocoolers. 
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is placed symmetrical in the undulator gap. It produces image currents in the magnets which generate a large 

heat load. In order to protect the magnets from this heat, the magnets are covered with a thin copper foil, 

nickel-plated on one side. The 50 mm magnetic Ni sheet will be attracted by the magnets holding the foil in 

thermal contact to the magnets.  The heat dissipated in the copper foil by the image currents of the electron 

beam is strongly reduced from 80 W/m to 5-8 W/m.  

2. COOLING METHODS  

In order to optimize its magnetic properties, the CPMU must be cooled down to a temperature in the range 

130-140 K at which remanent field and coercivity is maximized [3]. There are two cooling methods which 

can be considered for CPMUs in this temperature range: liquid Nitrogen (LN2) or a cryocooler.  For LN2 

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 desired temperature 

of the magnet array is 130-140 K, thermal shunts in form of thin metal foil are attached to the cooling pipes 

and the magnet support (I-beam). Temperature is regulated with an electrical heater mounted on the I-beam.  

The thermal resistivity of these shunts, the number of shunts and their distribution along the I-beam 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 (copper) of the same length as the I-beam, 

placed parallel near the I-beam. The cryocooler cold head is attached mechanically and thermally to this 

temperature distribution plate. Between the plate and the I-beam, a number of thermal shunts, similar to 

those used in case of LN2 cooling, are placed at position such to minimize the temperature gradient along the 

I-beam. A heater distributed over the length of the I-beam allows the temperature regulation. Each cooling 

method has qualities and drawbacks. LN2 cooling needs additional in-vacuum 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 LN2 

For our CPMU we chose cooling with LN2 because our facility has already an installed LN2 distribution. 

With LN2 cooling there are in principle two possibilities: 1) to cool directly with LN2 at normal pressure and 

2) to cool using sub-cooled LN2 at a pressure higher then the normal pressure. The first case is a typical two- 

 

Figure 2. Phase diagram of LN2, the saturation curve and the operation line for cooling with sub-cooled LN2 

at 6 bar. An example calculation for cooling with subcooled LN2 at 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 work with sub-

cooled LN2. The cooling principle is illustrated in Fig.2 for a pressure of 6 bar. The boiling point of LN2 is 

77 K at 1 bar. At 6 bar, LN2 would boil at ~95 K. We can cool-down equilibrium LN2 at 6 bar in a heat-

exchanger in a separate LN2 bath 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 K. This is the sub-cooled LN2. This sub-cooled liquid can now be 

warmed-up 95-77=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, as can be seen from Fig.2. We 

chose to work at a pressure of 2 to 3 bars. In order to keep the magnets at a higher temperature (130-140 K) 

we use a number of thermal shunts (Ns=2Ĭ20) as shown in Fig.3 clamped at fixed positions along the cooling 

tubes. The thickness of 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 along the I-beam length. 

3.  UNDULATOR HEAT LOADS  

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

gas to which one should add the heat generated by the beam in the Cu/Ni magnets cover-foil and the heat 

produced by the temperature control heaters mounted on the I-beams.  Due to the good insulation vacuum in 

the beam line the residual gas conduction can be neglected. The heat by conduction between room 

temperature and undulator temperature (I-beam temperature), Qsup takes place in the Nc=2Ĭ12=24 thin-

walled, hollow tube stainless-steel shafts (supports)) on which the two I-beams 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 the beam channel to the 

undulator aperture (variable gap). These tapers bridge a temperature difference from room temperature to the 

undulator operating temperature and conducts heat Qtapers into the system. The heat by conduction in the 

supports is calculated with the standard relation 

 0 2

sup s

sup

c ss

T T
Q N k A

L

-
=  (1) 

where: Nc is the number of columns, kss -the thermal conductivity of the stainless-steel columns, As -the 

cross-section area of one column, T0 -the cryostat wall temperature (293 K) and T2 ïthe I-beam temperature. 

A similar relation is used for calculating the heat load from the tapers Qtapers. Finally, the thin Cu/Ni foil 

protecting the PMs from the eddy current produces by the e-beam travelling through the undulator generates 

the heat Qbeam which must be included in the thermal balance. This can be calculated with the relation 
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where: Ib=400 mA is the beam current, M=16 is the number of bunches in the beam, st=30 ps, G=6 mm is 

the undulator gap, w0=500 MHz the synchrotron frequency. For a stainless-steel foil (r=8Ŀ10
-7
 Wm) the load 

would be 50 W/m and for a copper foil (r=2Ŀ10
-8
 Wm) is only 7.5 W/m showing the importance of material 

choice. The thermal radiation has two components: the first, Qshield is from the room temperature parts to the 

80 K shield (see Fig.3), the second one, Qrad,e1 from the cold parts of the undulator at around 130-140 K to 

the 80 K shield. The corresponding equations are 
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with s=5.67Ŀ10
-8
 [W/m

2
K

4
], the Stefan-Boltzman constant, e1 and e2 the emissivities of the I-beam and shield 

material (Al and Cu) and Ugird and Uvac the perimeter of the I-beam and shield. Finally, there is a thermal load 

coming from heaters placed in contact with both I-beams, Qcntrl. On each I-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 i.e. one I-

beam. When the total heat load on the LN2 bath is calculated this value is taken twice. We adopt a three node 

model with the following temperatures: T0 ïthe ambient temperature (293 K), T1 ïthe cooling temperature 

(also the shield temperatrure) and T2 the temperature of the I-beam and magnets. The basic equations of the 

thermal balance for one I-beam are 
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where Qflex is the heat flux in the thermal shunts, Tin and Tout, the inlet and outlet temperatures of the 

subcooled LN2, m  ïthe mass flow of evaporated LN2 and Cp the specific heat of the subcooled LN2, a 

function of pressure and temperature. The thermal balance for the LN2 cooling loop is 

 ( )2
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where the factor 2 accounts for a complete undulator (2 I-beams) and Qtranf is the heat load on the transfer 

lines to and from the LN2 subcooler-pump unit. This load is splitted in two halves, one half affecting the inlet 

line, the other one the outlet line. The temperatures at the inlet and outlet from undulator Tin and Tout are 

calculated using the equations 
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where hsat is the enthalpy of saturated LN2 and msub the mass flow of subcooled LN2 at the exit from the 

subcooler unit. The average temperature T1=(Tin+Tout)/2 is used to calculate all material properties. It is also 

the temperature of the shield and the clamped temperature of the thermal shunts. Tback is the temperature of 

subcooled LN2 at the return point of the subcooler-pump unit. The heat flux in the thermal shunts can be 

calculated with the formula 
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where Rflex is the equivalent thermal resistance of the thermal shunt, taking into account the heat exchange 

between LN2 and cooling pipe, the heat conduction in the wall of the cooling pipe and finally the heat 

conduction in the flex band of length Lflex and cross-section area Aflex. The heat exchange coefficient h for 

subcooled LN2 is calculate with the Dittus- Boelter correlation 
0.8 0.4

0.023Re Pr
sub in

Nu hk d= = where ksub is 

the thermal conductivity of subcooled LN2 and din the inner diameter of the cooling pipe of outer diameter 

dpipe. Lcontact is the length of the contact clamp of the thermal shunt with the cooling 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 system of equation can be solved, if it is feed with appropriate material properties and design 

parameters. We chose to set the temperature of the magnets T2 to a fixed value and find out the 

corresponding power of the control heater. Alternatively, in order to find the minimum attainable 

temperature we can set the power of the control heater to zero and find the temperature T2. Each calculation 

gives out other important parameter like mass flow of LN2 evaporated in the LN2 subcooler, shield 

temperature T1, inlet and outlet temperature of LN2 from 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 conditions is presented in Table 1. The following assumptions have 

been made: operating pressure, Pop=2 bar, total volumetric flow of subcooled LN2, Vsub=500 L/hr, loss in 

transfer lines, Qtransf=80 W, the cooling circuit pipe is stainless-steel, I-beam is made of 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 

thickness/thermal 

resistance  

Minimum 

temperature 

Tmin 

LN2 

consumption 

for Tmin 

Operating 

temperature  

Top 

Heater Power 

Qcntrl 

Total LN2 

consumption 

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 5.997 132 14.21 6.511 

   142 36.62 7.319 

 

 

Figure 4. The EEE diagram window with the results of the 

thermal calculation. 
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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 part of the transfer lines 

are flexible vacuum super-insulated 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 80 W. The schematic of the subcooler unit is shown in Fig.5. 

                      

Figure 5. Left: Schematic of the subcooler unit used to prepare and circulate subcooled LN2 in the cold 

undulator. Right: distribution manifold of undulator U14 and monochromator at the user beam-line OPTIS. 

Warmer subcooled liquid coming from undulator enters the subcooler unit at point A. LN2 flows over the 

non-return valve C16 and enters in two volumes. One is provided with a centrifugal pump 18, the second one 

contains a heater 14, a level indicator LC1 and a pressure controller PIC3. After being compressed in the 

pump 18, LN2 is cooled-down in a subcooler heat exchanger in a third LN2 bath at normal pressure. The 

temperature of LN2 at the exit point B is around 77 K. With the 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, the 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 

temperature 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 undulators with the benefit of ~30% gain in performance.  
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ABSTRACT 

We present the cooling scheme of the superconducting SIS100 accelerator, which follows the Nuclotron 

design. This Nuclotron concept is based on forced two phase helium flow where the cooling channels of the 

individual magnets are connected in parallel to the helium supply lines.  The cooling principle is described 

for both a single magnet and the magnet string and the analysis of the system parameters is given. It is 

shown, that for all requested operation modes, a uniform cooling of all magnets can be assured and will be 

stable. This stability will be achieved despite the fact that the SIS100 magnet size and losses are significantly 

larger than those of the Nuclotron magnets. 

1. INTRODUCTION  

The Facility of Proton and Ion 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 ions and antiprotons 

for experiments in nuclear, atomic and plasma physics. The SIS100 synchrotron with rigidity of 100 Tm will 

accelerate ions and protons at a high repetition rate at about 1 Hz which requires fast-ramped 

superconducting magnets with high dynamic heat release. The 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 fast-cycling super-ferric magnets [1] and is successfully in operation since 

1993 [2]. 

The accelerator will be used in different super cycles [3]. Each super-cycle consists of several pulses with 

different amplitude and repetition frequency of the magnetic field. While the ramp rate and the magnetic 

field at injection are fixed at 4 T/s and 0.23 T, 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. The big variety 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 short injection 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 two-phase helium flow. The hydraulic and thermal calculations [6] show 

that only the cooling by two-phase helium 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 superferric dipoles (Figure 2)  and quadrupoles for the SIS100 synchrotron consists of an iron yoke and 

a superconducting coil made from the  inner-cooled superconducting cable. The cooling scheme of SIS100 

magnets is shown on the Figure 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 (Points 1 -2), the re-

cooler attached to the supply header (2-2ô), the yoke (2-3) and goes to the return header. Since the hydraulic 

resistances of the re-cooler 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 can assume that 

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 the SIS100 dipole magnet: 1 ï cooling tube, 2 ï 

superconducting wire, 3 - Nicrome wire, 4 ï Kapton tape, 5 ï adhesive Kapton tape, 6 ï magnet joke, 7 ï 

superconducting coil, 8 ï bus bars, 9 ï helium supply and return headers, 10 ï support structure, 11 ï 

radiation shield, 12 ï vacuum vessel. 

 

yoke is about 70% of the total power losses in the magnet. The helium in the supply header is a single-phase 

liquid, subcooled by 0.1 -0.2 K. In the magnet coil the liquid warms up until the saturation line is reached. 

Starting from this point the temperature of two-phase helium drops due to the pressure drop in the coil. The 

minimal temperature on the coil output is about 4.3 K and depends on the pressure in the return header. 

Afterwards the two-phase helium passes a re-cooler attached to the supply header (Points 2-2ô on the Fig.2, 

right). The aim of the re-cooler is to keep the helium in the liquid state over the whole SIS100 sector and to 

avoid ingress of the helium vapour on the coil input. That way assures a reliable magnet cooling despite a big 

number of the parallel channels. The bypass 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 re-coolers. The SIS100 ring is divided into six sectors with 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 upper limit of the hydraulic 

resistance. Two different scenarios for operation of dipole magnets are shown on the T-S 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 in the 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 pressure difference between the 

helium headers of 0.5 bar the mass flow through the dipole 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 with Bmax = 1.9 T the expected 

total heat release is about 70 W. With the same pressure difference between the helium headers of 0.5 bar the 

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 verified on the two layer dipole prototypes [8]. First tests of the single layer dipole are 

expected in the beginning of 2013.  

 

 
   

Figure 3 Cooling scheme of a single magnet (left) and of the SIS100 sector (right) 1 ï coil input, 2 ï coil 

output, 2ô- re-cooler output, 3 ï yoke output 
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Figure 4 TS diagrams 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 qaudrupole lenses combined in doublets. 

The length of one quadrupole coil with bus bars is 61 m; therefore the hydraulic resistance of the qadrupoles 

will be considerably smaller. Also the heat release in the quadrupoles is approximately two times smaller  

than in the dipoles. 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 series [7] and by introduction 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 ring, it was divided 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 of the parallel 

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 cryogenic cooling power 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 system 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 in-kind contribution to the XFEL project. Besides the minimisation of heat 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 X-ray Free Electron Laser (XFEL) being under construction at DESY in Hamburg, Germany, will 

be composed of about 100 cryogenic 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 the dedicated Accelerator 

Module Test Facility (AMTF). The cryogenic system of that facility will be supplied with cryogenic cooling 

capacity from helium refrigerators located of about 150 m from the AMTF hall. The cooling capacity, that is 

specified as the sum of 3 kW at 40 K, 0.5 kW at 4.5 K and 0.8 kW at 2.0 K, will be provided by means of 

two cold helium continuous streams: pressurised gaseous helium at 40 K and supercritical helium at 4.5 K. 

For that reason the AMTF hall will be connected with the helium refrigerators 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 implemented by Wroclaw Technology Park (WTP) under Polish in-kind 

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 by Wroclaw University 

of Technology WUT according to the developed methodology presented in [1]. Then the design 

documentation of the line was provided to its final manufacturer, KrioSystem Ltd. The 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 subcontractors), 

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) Commissioning (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 Equipment 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 the qualifications of manufacturerôs welders. Lastly 

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. INTER NAL 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 at 4.5 K and 40/80 K.    

 

 
 

Figure 1. Cross section of the cryogenic transfer line XATL1 

 

The 4.5 K circuit is composed of the SHe supply and GHe return lines, whilst the lines of thermal shield 

return and supply form the 40/80 K circuit. The thermal shield return line is connected with the radiation 

shield, thermalized at an average temperature of about 80 K, by a number of thermal bridges and it is used 

for gathering the radiation heat flux from the vacuum jacket, which temperature can vary from 260 K  

to 310 K due to external whether 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 located inside the AMTF hall. The line is 

located on the piping bridge 8 m 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).  

 

 
Figure 2. Routing of the XATL1 line with marked locations of the linear and elbow modules 

The cryoline XATL1 has two long straight sections connected by a 150 deg elbow and it is ended with three 

short sections, two vertical and one horizontal, which include three 90 deg elbows. Its total length is equal to 

167 m and exceeds the direct distance between the Valve Box and Subcooler Box by 11 m only.  

Radiation shield 

(AW6060, Å300Ĭ4) 

External envelope  

(SS1.4301, Å406.4Ĭ4.78) 

Thermal shield return line  

(SS1.4306, Å48.3Ĭ2) 

Thermal shield supply line 

(SS1.4306, Å48.3Ĭ2) 

GHe return line  

(SS1.4306, Å88.9Ĭ2.3) 

SHe supply line  

(SS1.4306, Å88.9Ĭ2.3) 
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The modularization of the cryogenic transfer line was done in respect to the necessity of the long-distance 

transportation to the 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 module could not exceed the dimensions of a standard 

lorry trailer. Thus the maximum length and width of the modules were specified as 13 m and 2.5 m, 

respectively. Finally, the whole line was divided into 11 linear modules LM1-LM11, and four elbow 

modules (E150, E90-1, E90-2 and E90-3). The proposed modularization resulted in 16 interconnections, 

which were designed as sleeve-shaped and dedicated to hold the elements of thermal compensation system.  

5. DESIGN OF SUPPORTING AND THERMAL COMPENSATION SYSTEMS  

The supporting 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 piping bridge, as 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 one 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 module E90-3 

and the Subcooler Box.  

The external envelope will 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 one fixed (LA), 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.  

 

 

   
 

 

 

 

 

 

 

 

Figure 3. The schematic layout of the support and 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 of the line exposed 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 systems. Due to exposure to 

outdoor whether condition the line as well as the pipeline 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. 

a) 

 

 

 

 

b) 

Supports:  

A  - axial 

L  - lateral 

V - vertical 

Compensators: 

CA - axial  

CL - lateral  

H - flexible hose 
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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 Finite Element Method. The calculations were carried out for most dangerous load 

cases taking into account the thermal, pressure and weight loads acting on the XATL1. The developed model 

assumes that the pipeline bridge structure is much stiffer than the transfer line and the ambient operational 

temperature can vary from 260 K to 310 K. 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 

module interconnection, which will open in case of helium leakage, the internal pressure in whole vacuum 

jacket during any failure modes increases to the 1,5 bara, whilst only two subsequent modules are cooled 

down by discharging cold helium. The thermo-mechanical strength analysis was carried out for design  

and pressure test conditions, as well as for three failure modes. The first mode (Helium leak I)  analyses  

a helium leakage in LM2 and E150 modules, the second one (Helium leak II) considers leakage in LM10 and 

ML11 modules, whist the third mode (Helium leak III) covers the case of helium leakage in the section of all 

E90 modules.  

The built FEM model uses shell elements for process lines, radiation shield and external envelope, beam 

elements for sliding supports and pipeline bridge construction elements, spring elements for all the 

compensators and finally membrane elements for elastic hoses. The model consist of 107 000 elements and 

includes all the kinematic joints of the external envelope, thermal shield and process line supports. A view of 

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

 
 

Figure 4. Schematic view of the FEM model of the E90-1 module 
 

The numerical modeling resulted in the distributions of von Mises stresses and deformations 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 are 80.4 MPa and 87.2 MPa, respectively. The 

maximum allowable stresses, which take into account safety factors, are equal to 156.7 MPa for the external 

envelope and 146.9 MPa for the process lines. Thus, the maximum stresses do not exceed 75 % of the 

allowable stress values and therefore, according to [2], both the vacuum jacket and process lines are in stress 

category II. It means that the lowest temperatures of the external envelope and process lines can reach -

273̄ C and -255̄ C, respectively. 
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