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*
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*
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**
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***
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*
, 

Nikiforov D.
*
, Popov O.

***
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*
, Udut V.

***
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**
 

* 
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. 
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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  

 



The 12th CRYOGENICS 2012 - Dresden, Germany 

20 
 

 
 

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 
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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.  

8. REFERENCES 

1. Schmidt T. et al., Insertion Devices at the Swiss Light Source, Nucl. Instr. and Methods Phys. Res. A 467-

468, 126 (2001) 

2. Shintake T. et al., Startus of Spring-8 Compac SASE source FEL Project, Nucl. Instr. and Methods Phys. 

Res. A 507, 382 (2003) 

3. Hara T., Tanaka T. and Kitamura H., Cryogenic permanent magnet undulators, Phys Rev. ST 7, 050702 

(2004) 

4. Engineering Equation Solver (EES) is a general equation solver that can solve coupled non-linear 

algebraic and differential equations.  



The 12th CRYOGENICS 2012 - Dresden, Germany 

24 
 

036 

Analysis of the SIS100 Superconducting Magnet Cooling 

Bleile A.
*
, Fischer E.

*
, Khodzhibagiyan H.

**
, Mierau A.

*  

*
 GSI Helmholtzzentrum f¿r Schwerionenforschung, Darmstadt, Germany 

**
 Joint Institute for Nuclear Research, Dubna, Russia 

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. 

 

 

 

Strong fixed support  
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the vacuum 
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Process line axial 
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Figure 5. Location of maximal Von Mises stresses on process lines in the E90-1 module 

 

The final design documentation of the cryogenic transfer line XATL1 included the functional specification, 

design calculation report, a set of 205 technical drawings, welding plan, test plan and hazard analysis. This 

documentation was verified and examined by TUV Nord Hamburg in agreement with the requirements of the 

guideline 97/23/EC and code AD2000 and the examination resulted in no objections.   

7. MANUFACTURING AND ASSEMBLY OF THE XATL1 MODULES  

The manufacturing and assembly of each module of cryogenic transfer line XATL1 contained the following 

set of technical operations: 

1) Welding of process line sections and external envelope sections,  

2) Test of the process line and external envelope sections,  

3) Winding MLI on the 4.5 K and 40 K process lines,  

4) Installation of the process line in their supports and radiation shield, 

5) Fixation of thermal bridges to the thermal shield and thermal shield return line, 

6) Winding MLI on the thermal shield, 

7) Installation of the sliding supports to thermal shield, 

8) Installation of the thermal shield in the external envelope, 

9) Connection of the process line fixed supports to the external envelope, 

10) Packing of the module and preparation for its transportation. 

 

Some of listed above technical operations are shown in Figures 6-9. All used elements made of stainless 

steel, G10 and Teflon were brushed, cleaned and dried to remove all impurities as dust, oil, grease, welding 

cinder and other contaminants. All the operation done on cleaned elements as well as on MLI required 

handling with protective gloves (see Figure 6).   

The tests of the process line sections included the radiographic examination of weld seams, pressure and 

helium-leak tightness tests as well as thermal shocking. The tightness tests and thermal shocking were 

carried out in a dedicated test rig, where a line section was closed in a 13 m long vacuum vessel connected  

to a helium leak detector (the smallest detectable helium leak rate Ò 5Ŀ10
-12

 mbarĿlĿs
-1
). The tightness of each 

process line section was checked two times, separated by a cycle of three thermal shocking down to liquid 

nitrogen temperature level and rapid warming to the ambient temperature. All these performed tests did  

not reveal any defects of weld seams as well as any leaks exceeding and neither near to acceptable level  

(10
-8
 mbarĿlĿs

-1
).  

  

ů, MPa 

ů = 87.2 MPa 

ů = 78.7 MPa 
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Figures 6. Views of the installation  

of the process line sections in a doubled  

sliding support (courtesy Kriosystem) 

 
Figures 7. View of the process line sections  

installed in their thermal shield with thermal  

bridges being installed (courtesy Kriosystem) 

 

 
Figures 8. View of the thermal shield wound with 

30 layers of MLI (courtesy Kriosystem) 

 
Figures 9. View of the assembled linear module  

of XATL1 (courtesy Kriosystem) 

8. CONCLUSIONS 

The paper briefly describes the main issues of the design, manufacturing and assembly of the modules of the 

cryogenic transfer line for XFEL/AMTF. Both the design and assembly were performed according to the 

methodology and procedures developed at Wroclaw University of Technology and KrioSystem Ltd. The 

applied design methodology allowed for preparation of correct design documentation in respect to Directive 

97/23/EC Module G and AD2000 code. This documentation was positively examined by TUV Nord 

Hamburg. Finally, the developed manufacturing and assembly procedure allowed for proper and efficient 

production of all the modules of cryogenic transfer line XATL1. Their production was completed within a 

very tight schedule. 
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ABSTRACT 

The MITICA Neutral Beam Injector, under construction in Padua at Consorzio RFX, will be equipped with a 

large cryosorption pump (composed by two halves). The cryopump, installed inside the MITICA Beam Line 

Vessel, will be supplied by a dedicated cryogenic plant with gaseous Helium (GHe) at 80 K and super 

critical Helium (ScHe) at 4.6 K. The design proposal for MITICA cryogenic plant is described in this paper. 

The cryogenic plant is divided in two main closed circuits: the 4.6 K circuit and the 80 K circuit. The first 

one is supplied by a Helium refrigerator via a LHe control cryostat acting as a thermal buffer due to the 

variable pulsed heat loads expected during MITICA operation. The second circuit is supplied by an 80 K 

facility where the refrigeration power is given by liquid nitrogen (LN2). Due to the expected large LN2 

consumptions, a Nitrogen refrigerator is foreseen to recover and re-liquefy the evaporated LN2. 

1. INTRODUCTION  

In the framework of the ITER project, a new test facility called PRIMA (Padova Research on Iter Megavolt 

Accelerator) is under construction at Consorzio RFX (Padua, Italy). PRIMA will host two experiments: a full 

size plasma source with low voltage extraction called SPIDER (Source for Production of Ion of Deuterium 

Extracted from Rf plasma) and a full size neutral beam injector at full beam power called MITICA 

(Megavolt ITER Injector Concept Advancement). One of the MITICA internal components is a very large 

cryopump which must be supplied with ScHe at 4.6 K and GHe at 80 K from a dedicated cryogenic plant. 

This article describes in detail the actual status of the cryogenic plant design and configuration. 

2. THE MITICA CRYOPUMP  

The cryopump is divided in two halves located on the lateral sides of the MITICA Beam Line Vessel. Each 

half is 2.8 m high and 8 m long and it is divided in 8 modules (see Figure 5). It is constituted by two main 

circuits: the thermal shields circuit at 80 K and the cryopanels circuit at 4.6 K. The cryopanels are coated 

with an activated charcoal layer in order to adsorb gases during MITICA operation. The thermal shields have 

the aim of shielding the cryopanels from the heat loads (mainly radiation) coming from the hot surfaces of 

the other beam line components as well as from the 300 K vessel wall. The cryopump must be supplied with 

GHe at 80 K and 1.8 MPa, for the shielding system, and with ScHe at 4.6 K and 0.4 MPa, for the cryopanels 

system. The overall mass of thermal shields and cryopanels system are respectively 3960 kg and 1355 kg. 

The main materials are stainless steel and copper. The cryopump operation flow conditions are summarized 

in Table 1. These values refer to the stand-by and the pulse-on operation with H2 and D2 only. 

 

 
Figure 5 MITICA cryopump 
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Table 1. Cryopump operation flow conditions and requirements during steady state stand-by and pulse operations 

 

 

Cryopanels system Thermal shields system 

Static 

heat 

load 

[W]  

Mass 

flow 

rate 

[g/s] 

Inlet 

T  

[K]  

Outlet 

T 

[K]  

Inlet P 

[MPa] 

ȹP 

[kPa] 

Static 

heat 

load 

[kW]  

Mass 

flow 

rate 

[g/s] 

Inlet  

T 

[K]  

Outlet 

T 

[K]  

Inlet P 

[MPa] 

ȹP 

[kPa] 

Stand-by 

(steady state) 

400 25 

4.6 

< 6.5 

0.4 10 

10 195 

80 

90 

1.75 100 

Pulse-on mode 

H2 (steady 

state) 

900 50 

Max 

6.5 
16 310 ~ 90 

Pulse-on mode 

D2 (steady 

state) 

800 45 

 

Once the charcoal layer is saturated, the cryopump must be warmed up at 100 K and maintained at this 

temperature for a certain amount of time in order to perform the required charcoal regeneration. The cryogen 

flow conditions during the regeneration process for desorbing the trapped gases are summarized in Table 2. 

 
Table 2. Cryopump operation flow conditions and requirements during transient 100 K regeneration 

 

 

Cryopanels system Thermal shields system 

Heat 

load 

[W]  

Mass 

flow 

rate 

[g/s] 

Inlet  

T    

[K]  

Outlet 

T      

[K]  

Inlet P 

[MPa] 

ȹP 

[kPa] 

Heat 

load 

[kW]  

Mass 

flow 

rate 

[g/s] 

Inlet 

T 

[K]  

Outlet 

T   

[K]  

Inlet P 

[MPa] 

ȹP 

[kPa] 

Warm-up 

20 min 

Cold He 

release 
400 N/A N/A ~ 6.5 N/A Max 10 

Max 

21 

310 

80 

Max 

93.5 

1.75 100 

Warm-up 

Max 

500 

~ 130 

Ó 80 

¢ 130 

Ó 6.5 

¢ 100 

1.75 

Max 70 

Exhaust 

(steady state) 

~ 20 > 100 

Ó 100 

¢ 110 

10 

Cool-down  

2 hours 

Depressur-

ization 
N/A N/A 

Ó 100 

¢ 110 

N/A Max 50 

~ 10 > 195 ~ 90 Cool-down ~ 9 ~ 4.6 

¢ 110 

Ó 10 

0.4 

Max 10 

Final cool-

down 
~ 30 4.6 

¢ 12 

Ó 6.3 

10 

N/A: not available parameter 
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3. MITICA CRYOGENIC PLANT DESIGN PROPOSAL  

The current cryogenic plant design proposal is shown in Figure 8. The main plant components are: 

 

1. Helium compression station with its own oil removal system and dryers 

2. 900 W Helium refrigerator (equivalent power at 4.5 K) 

3. LHe control cryostat (with two submerged heat exchangers and a ScHe cold circulator) 

4. Valve box 

5. Nitrogen compression station 

6. 16 kW Nitrogen refrigerator 

7. 80 K facility (with two submerged heat exchangers and a cold circulator) 

8. Black box (for splitting circuits) 

9. Medium pressure GHe storage tanks (2.0 MPa) 

10. Helium atmospheric heaters 

11. LN2 tank (for back-up purposes) 

 

The cryogenic plant must be characterized by a high operational flexibility in order to fulfil the strongly 

variable cryopump requirements, especially during the transient 100 K regeneration process, which, 

according to current IO (ITER Organization) requirements, should be performed in maximum 3 hours 

(including the warm-up, exhaust and cool-down phase). This requirement has a strong impact on refrigerator 

size and on the overall plant configuration. For this reason, according to the current design, the refrigeration 

at 4.6 K is separate from the refrigeration at 80 K in order to guarantee the required plant flexibility. 

3.1 Refrigeration at 4.6 K 

The entire circuit for the refrigeration at 4.6 K is divided in two main closed loops (bolted blue lines in 

Figure 8): the supply loop between the Helium refrigerator and the LHe control cryostat and the cooling loop 

between the LHe control cryostat and the cryopump. During the stand-by mode the operational parameters 

inside the cryopump must be held constant in order to be ready for the next pulse operation. The refrigerator 

supplies cold Helium to the control cryostat. This cold Helium is partly used for the liquefaction as well as 

for the Joule-Thomson flow directly into the cooling circuit of the cryopump. The cooling loop must be 

pressure controlled. The backflow coming from the cryopump is partly released into the LHe bath of the 

control cryostat and also sent to the cryopump again via submerged heat exchangers. The fraction of the 

ScHe released into the control cryostat can be evaporated into the gaseous Helium volume or, depending on 

the operational parameters it can be liquefied in the LHe bath. In the supply loop the boiled off GHe is sent 

back to the refrigerator inside the heat exchangers column to cool down the GHe supply flow. In the cooling 

loop a cold circulator is used to increase or reduce the mass flow rate. In this way it is possible to adapt the 

flow rate to the actual heat loads at the cryopump. Inside the LHe bath in the control cryostat two heat 

exchangers are foreseen upstream and downstream the circulator. The main function of the LHe control 

cryostat is to separate the refrigerator itself from the cryopump acting as a thermal buffer. In this way a more 

stable operation of the refrigeration is guaranteed in spite of the pulsed heat loads during MITICA operation. 

3.2 Cooling loop operation 

The schematic layout foreseen for MITICA Cryogenic Plant is characterized by a closed loop in which 4.6 K 

ScHe flows during normal pulse-on and stand-by operation. This closed loop, named cooling loop in Figure 

8, includes the LHe control cryostat, the valve box and the cryopanels circuit of the cryopump. A bypass 

valve is foreseen in the valve box in order to be able to open/close the loop. A simplified scheme of the ScHe 

loop is shown in Figure 6. During stand-by and pulse-on operation the ScHe flows from the control cryostat 

via the valve box to the cryopump. The return flow goes from the cryopanels outlet to the valve box again 

and then (bypass valve closed) to the control cryostat in which the heat load is removed into the LHe bath. 

During the 100 K regeneration the ScHe must be replaced with warm GHe at 100 K at higher pressure (1.8 

MPa). The loop has to be interrupted. The bypass valve in the valve box must be opened and valves A and B 

must be closed allowing the 4.6 K ScHe to flow only from the control cryostat to the valve box and vice 

versa in order to keep the supply lines at operational temperature. At the very beginning of the regeneration 

phase the situation is the following: ~4.6 K and 0.4 MPa ScHe is flowing in the cryopanels circuit; this cold 

Helium must be replaced with warm Helium at ~100 K and 1.8 MPa. This temperature and pressure levels 

can be reached by mixing cold Helium with 300 K GHe from the storage tanks inside the valve box. All the 

cold Helium ñlostò during this phase (the quantity of ScHe necessary to fill the internal volume of the 
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cryopump, the cryojumpers, and the transfer lines between the black box and the valve box) must be 

liquefied again in order to be available at the beginning of the following cool down phase. After the 

exhausting phase (desorption of the cryopanels, about 30 minutes), the cool down phase starts. The warm 

high pressure GHe (~110 K) is discharged to other manifolds at lower pressure and the cryopanels system is 

depressurized. Once the pressure inside the system reaches 0.4 MPa the bypass valve in the valve box is 

closed, valves A and B are opened and 4.6 K ScHe supply flow into the loop starts. This cold Helium will be 

warmed up passing through the regenerated cryopanels. The Helium flow at the outlet of the cryopump is 

expected to have a temperature similar to the regeneration temperature (T >> 6 K). During the cool down 

phase the temperature will decrease until the target value of 4.6 K is reached. During this phase the warm 

outlet Helium (T >> 6 K) canôt be sent to the control cryostat due to excessively high temperature. The 

Helium will be discharged to other manifolds until the cryopump operation temperature of ~4.6 K is reached. 

At this point the discharge line is closed and the loop begins its normal operation again. 

 

 
Figure 6. Simplified scheme of the cooling loop 

3.3 Refrigeration at 80 K 

The 80 K thermal shields circuit of the MITICA cryopump must be supplied with GHe at 80 K. In order to 

maintain the two circuits of the cryopump completely independent, a dedicated facility for the refrigeration 

at 80 K is foreseen. A dewar of suitable size filled with LN2 represents the so called 80 K facility. Two heat 

exchangers are immersed in the liquid nitrogen bath and a cold circulator is interposed in between. The 

circulator allows the adaptation of the mass flow rate according to the specific cryopump requirements. The 

GHe flows inside the circuit in a closed loop between the cryopump and the 80 K facility. The refrigeration 

power is given by the latent heat of the LN2. This configuration gives a high operational flexibility, which 

would not be possible with a single Helium refrigerator with two outputs at two temperature levels. A 

schematic view of the 80 K facility and the related closed loop is shown in Figure 7. 

 

 
Figure 7. Closed loop and heat loads on the 80 K GHe flow 

4. LN2 CONSUMPTION ESTIMATION  

Considering the foreseen MITICA operational scenarios a large LN2 consumption is expected. In Figure 9 

the LN2 consumptions during the foreseen experimental scenarios are shown. The contribution of the heat 

load introduced by the cold circulator during the different operating modes is also included. In Figure 10 the 

cumulative consumption during an entire operational day is shown. Depending on the operational scenario, 

consumptions between 9000 and 10000 litres per day have been estimated. Considering also the expected
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Figure 8. MITICA cryogenic plant design proposal 
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MITICA experiment life (20 years), from preliminary calculations and budget estimations seems that the 

installation of a N2 refrigerator is the most economical solution taking into account the operational costs. In 

this case the boiled-off GN2 in the 80 K facility returns to the N2 refrigerator to be re-liquefied and sent 

again to the dewar (as shown in Figure 8). The alternative solution is to install two 25000 litres LN2 tanks 

outside the buildings and to supply the LN2 for the refilling of the dewar from these tanks. 

 

 
Figure 9. LN2 consumptions per hour during the entire experimental day in different operational scenarios 

 

In this case the initial investment costs should be obviously lower but the operational costs during the overall 

experiment life would be much higher. A 10000 l LN2 tank is foreseen also in the case of N2 refrigerator 

solution for back-up purposes. 

 
Figure 10 Cumulative LN2 consumptions during an entire day of operation in different operational scenarios 

5. CONCLUSIONS AND FUTURE WORK  

The MITICA cryogenic plant design proposal has been described in this article. Further steps are required in 

order to assess some important details regarding budget constraints and final requirements. Furthermore a 

technical dialogue with industry is planned in order to receive a feedback for the preparation of the final 

version of the technical specification. A critical analysis of the requirements must be carried out in order to 

fix an optimal design for the plant without exceeding the allocated budget. 

This work has been carried out in collaboration and with financial support from Fusion for Energy (F4E). 
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ABSTRACT 

In MITICA experiment (Padova, Italy), a large sorption cryopump has to be installed in the Beam Line 

Vessel. A dedicated cryogenic plant has to be realized to supply the cryopanels with ScHe @ 4.6 K and GHe 

@ 80 K for radiation shields. Considering the various operation modes of MITICA cryopump, a possible 

way to decrease significantly the installed cryogenic power (referred to 4.6 K) is the use of a helium 

refrigerator sized on an average refrigeration power value instead of the peak heat load and constantly 

operating at full power. The additional refrigeration power requested during beam pulse operations would be 

supplied by LHe inside a Control Cryostat housing the heat exchangers that cool the cryopanels ScHe loop; 

the recovery of evaporated LHe can be carried out during the long regeneration time performed overnight. A 

test case of MITICA experiment in ITER conditions foresees fast cryopump regeneration, detailed in this 

paper. 

1. INTRODUCTION  

MITICA is an ITER facility in which the performance of a Neutral Beam Injector (named HNB, Heating 

Neutral Beams to be used in ITER) will be proofed and tested. The target of MITICA cryogenic plant is to 

allow the correct operations of the MITICA cryopump [1], an injector component placed into MITICA Beam 

Line Vessel. ITER cryogenic plant [2] has many cryogenic users (magnets, cryopumps, cryostat, etc.), while 

MITICA cryogenic plant shall be sized to supply a single user, the cryopump. This paper deals with expected 

experimental scenarios for MITICA experiment, involving cryopump and consequently the cryogenic plant, 

and a possible way to minimize cryogenic plant complexity and costs based on the effective requirements. 

2. MITICA OPERATIONAL SCENARIOS DESCRIPTION  

The MITICA test facility can use hydrogen or deuterium gas for performing the experiments [3]. The 

associated Cryogenic plant will be customized on the cryopump operating requirements. An exact definition 

of these requirements is essential in order to assure an optimized design of the plant avoiding extra costs due 

to excessive margins or over-estimation. 

2.1. Preliminary experimental campaigns with hydrogen 

The first period of MITICA experiment operations will be performed using hydrogen and not deuterium in 

order to avoid possible complications due to the activation of the materials. After having gained sufficient 

experience with the machine, it will be possible to switch from hydrogen to deuterium operations. 

During this first period of operation, as well as in the future with deuterium, the limitation on the number of 

pulses per day (with hydrogen) or pulses duration is imposed by the gas saturation of the cryopump and not 

by the size of the refrigerator, which should be designed to cover all the foreseen operating scenarios. 

2.2. Nominal reference scenario 

The nominal reference scenario for MITICA cryogenic plant, named scenario 2D (Figure 1 and Table 1), 

consists of a series of identical pulses at full power beam (standard pulse), using deuterium; each pulse has a 

300 s duration and a 900 s of stand-by (that is beam OFF) is foreseen between pulses. A maximum number 

of 21 pulses is foreseen during a nominal experimental day; after the operation a cryopump regeneration 

phase at 100 K of maximum 12 hours (during night) is foreseen. 
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Figure 1 - Nominal reference scenario 2D: series of (maximum) 21 pulses in deuterium 

of 300 s duration with intervals of 900 s between pulses 

2.3. Test cases 

The main important test case is the demonstration of the reliability of Neutral Beam for long pulse, fulfilling 

the ITER contractual requirements: 

- full power beam pulse, duration 3600 s; 

- beam OFF for the three consecutive hours; during this time a regeneration process at 100 K is required; 

- repetition of full power beam pulse, duration 3600 s (Figure 2 and  Table 1). 

It is still unclear whether the execution of a correspondent long pulse (test case 1H) using hydrogen instead 

of deuterium, is required or not; in any case, due to cryopump characteristics, pulse duration has to be 

limited, using hydrogen, to 3000 s duration. However, both test cases are planned to be executed only few 

times in the entire expected life of MITICA experiment (20 years), as a full performance test of Neutral 

Beam. 

Based on these considerations, it is necessary to design the MITICA cryogenic plant to perform both nominal 

reference scenario and test cases. The execution of test cases will be possible also considering the purchase 

of temporary quantities of LN2 and LHe as cryogenic plant boosters. The MITICA cryogenic plant will allow 

the processing of these quantities supplied by means of temporary trucks and/or tanks. This strategy would 

allow reducing the amount of installed cryogenic power, because the nominal reference scenario is less 

demanding than the test cases, and reaching the required power for test cases execution with temporary 

supply of cryogenic power on-demand. The proposed strategy would allow a reduction of capital costs with a 

slight increase of operational costs for test cases execution, as further explained. 

Table 3 - Cryopump operation flow conditions in reference scenario and test cases 

 
Static heat load: 

pulse [W] 

Cryopanels mass 

flow rate during  

pulse [g/s] 

Pulse duration [s] Regeneration type 

Nominal reference scenario 2D 800 (D2) 45 
300 s 

(max. 21 pulses         

per day) 

Slow, 12 hours 

Scenario 2H 900 (H2) 50 
300 s 

(max. 10 pulses           

per day) 

Slow, 12 hours 

Test case 1D 800 (D2) 45  2 x 3600 s  Fast, 3 hours 
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Figure 2 - Test case 1D: two long pulses in deuterium of 3600 s duration 

with three hours for cryopump fast regeneration @ 100 K in between 
(note to Figure 2: tw warm-up time, tr regeneration time (exhaust phase), tc cool-down time, 

 Tp cryopanels temperature, Tr regeneration temperature) 

2.4. Considerations about MITICA experiment operations 

Beside the nominal reference scenario 2D and the above mentioned test cases, a quite long intermediate 

phase should be considered in order to outline a more realistic view of MITICA experiment operations. The 

high demanding fast Pump Regeneration Sequence (3 hours), named fast PRS, will be not performed during 

this long phase because unnecessary. For this reason the fast cryopump regeneration, and in particular the 

fast cool down (see Table 2), should not be the reference for cryogenic plant size definition (see Table 2). 

The cryogenic plant will be sized on the nominal reference scenario 2D (Table 1 and Figure 1), where only 

slow Pump Regeneration Sequence is foreseen, without the use of additional quantities of LHe and LN2. 

Also during the H2 pulses (which will require an intermediate regeneration because hydrogen causes a more 

rapid saturation of the charcoal adsorbent layers), the regeneration should not be considered as a constraint 

for the cryogenic plant design. The real duration of the regeneration will depend on the effective capacity of 

the installed plant. Only when the test cases with long pulses will be scheduled, with the fast regeneration 

between two pulses, additional quantities of cryogens will be ordered by the gas supply Companies, in order 

to have the required refrigeration power. This solution has to be intended as extraordinary operation.  

Furthermore, beside the operational scenarios there will be a series of general operating states involving all 

the experiment components and auxiliary systems for MITICA, including the cryopump and, consequently, 

the cryogenic plant. These operating states will not affect the cryogenic plant capacity, but should be carried 

out for a correct operation of the experiment. 

Table 2 - Cryopump requirements during fast regeneration (performed @ Tr=100 K) 

 Heat load [W] 
Cryopanels mass 

flow rate [g/s] 

Warm-up (tw=20 min) 
Cold He release 400 N/A 

Warm-up 

Max 500 

~130 

Exhaust (steady state, tr=30õ40 min) ~20 

Cool-down
*
 (tc=2 hours) 

Depressurization N/A 

Cool-down ~9 

Final cool-down ~30 

* the cool-down is the most demanding phase for cryogenic plant, due to the necessity  to cool  down 

from 100 K to 4.6 K and further refilling with ScHe the cyopanels in a short time.  

N/A means ñnot assessed valueò 
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3. A POSSIBLE WAY TO REDUCE CRYOGENIC PLANT SIZE  

Considering a long cryopump regeneration during night (slow PRS) and with reduced time constraints for the 

cool-down and warm-up phases the load on the refrigerator and the related size would be reduced. Also the 

control system performance requirements would be relaxed with consequent improvement in the operation 

easiness. 

In Section 2.2 the nominal reference scenario 2D for cryoplant design is detailed. Based on this scenario the 

most demanding cryoplant operation phase (cryopump regeneration) is relaxed, since it is planned to be 

performed during night. Having long time available to liquefy the helium required during the cool-down 

after the warm-up phase, the load on the refrigerator is strongly reduced. 

Dimensioning the helium refrigerator on the nominal reference scenario 2D, a cost saving would be possible. 

In order to perform also the test cases described in Section 2.3, a temporary boosting system based on hired 

LHe/LN2 trucks/dewars shall be used. In this way it will be possible to reduce the size of the refrigerator 

without any functional penalization of the tests foreseen to verify the MITICA cryopump performance. 

Nevertheless, right from the beginning the plant should be designed in order to be able to process the higher 

flows during the test cases with an easy integration of the external additional cooling facilities. 

3.1. Cryogenic plant design scenario and test case execution 

Considering the sizing of the cryogenic plant on the base of nominal reference scenario 2D mentioned in 

Section 2.2, the maximum heat load acting on the cryopump on which the plant could be sized is (currently) 

900 W (maximum heat load during Hydrogen pulses, see Table 1). In this case the related refrigeration 

power required to remove this heat load from the cryopanels represents the driving factor for the sizing of the 

refrigerator, as detailed in [4]. 

In order to reduce the overall investment and operational cost of the plant, another possible alternative is here 

considered. Since the nominal reference scenario 2D (see Table 3) for plant sizing includes a long time 

available to perform slow PRS during night, a smaller refrigerator could be taken into account. An average 

power between the peak pulse heat load (900 W) and the stand-by heat load (400 W) could be chosen. Hence 

a refrigerator of 500õ600 W would be able to fulfil the requirements (in the remaining part of this document, 

to fix a size, a 500 W power will be considered; final size will be assessed in the future after the final design 

of cryopump). This refrigerator would work constantly at full power supplying the required refrigeration in 

stand-by mode). Just before the pulse the cold circulator in the control cryostat begins to increase the ScHe 

mass flow rate in order to remove the higher heat load. The heat removed is transferred by ScHe loop in the 

LHe bath in the Control Cryostat; because of this increased heat load a larger quantity of LHe evaporates in 

the ullage space of the cryostat. The additional quantity of gas generated inside the cryostat cannot return to 

the refrigerator, which is sized to work out a gas quantity correspondent to stand-by operation only (or 

slightly higher). If this larger quantity of gas were sent to the low pressure side of the refrigerator a sub-

cooling of the heat exchangers and the turbines with failures or interlock system intervention could be 

experienced. For these reasons the additional gas Helium generated inside the cryostat during pulses should 

bypass the refrigerator cold box, be warmed up and temporarily discharged into the buffer volumes before to 

be processed again. 

During the entire experimental session there will be a continuous reduction of LHe level inside the bath. The 

LHe quantity required for the next day experimental session must be recovered during night. The refrigerator 

re-liquefies the necessary amount of Helium to refill the cryostat. At the same time the warm-up and the 

regeneration of the cryopanels is performed through the separate high temperature circuit. Once the refilling 

operation is completed the slow cool down of the cryopanels from 100 K to 4.6 K can start, in order to 

recover the operational conditions of the cryopump. 

The so called test cases (see Table 4, where the more demanding test using Deuterium is shown) with fast 

PRS between two long pulses, can be performed using an additional external LHe quantity (around 600 l, as 

shown in the last row of Table 4) to be supplied directly inside the low temperature loop for the cool down of 

the cryopanels. If this quantity of liquid helium cannot be supplied in the given short time and subsequently 

reprocessed by cryogenic plant in parallel with the all the other duties because its capacity and overall design 

features are based on the nominal 2D scenario, it can be released into atmosphere after the performing of the 

fast cool-down phase. 
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Table 3 ï Main parameters during execution of Scenario 2D 

Refrigerator nominal power 500 W 

Heat load (during pulses) 800 W 

Number of pulses 21  

Duration 300 s 

Maximum overnight time for slow PRS 12 h 

Cryopanels cool down rate (overnight) 1.5 g/s 

Evaporated LHe during pulses 829 l 

Liquefaction rate during night 3.8 g/s 

 

Table 4 ï Main parameters during execution of Test case 1D 

Refrigerator nominal power 500 W 

Heat load (during pulses) 800 W 

Number of pulses 2  

Duration 3600 s 

Maximum overnight time for slow PRS 12 h 

Cryopanels cool down rate (overnight) 1.5 g/s 

Evaporated LHe during pulses 947 l 

Liquefaction rate during night 4.1 g/s 

Additional LHe required between the two pulses 540 l 

 

3.2. Cryopump regeneration transient operation (@ 100 K) 

During this operation, the cryopanels of the cryopump have to be regenerated at a temperature of 100 K. The 

100 K regeneration operation is divided in three main phases: the warm-up, the exhaust, and the cool-down 

phases (Table 2). For the fast PRS, a maximum allocated time of 3 hours is imposed (12 hours for slow 

PRS). 

1 - Warm-up of the cryopanel system 

The cryopanels shall be first warmed up to a minimum temperature of 100 K. A part of the cold helium 

(supercritical helium between 4.6 K and 6.5 K) is previously removed from the cryopump. The envisaged 

way to remove the cold helium is to close the supply valves and open the return valves to a pressure lower 

than 0.4 MPa. This phase is time consuming and reduces the time allocated for the warm-up, leading to an 

increase of the average mass flow to warm up the cryopump. 

Then the supply valves can be very slightly opened to progressively supply the cryopanels with warmer gas 

at 1.75 MPa, starting with a very small mass flow. Once the initial cold helium is totally removed, the mass 

flow can be increased. The cryopanels can be supplied from a mix of 80 K and 300 K gas helium in order to 

provide temperatures from 80 K up to 130 K. The warm-up phase is finished when a minimum temperature 

of 100 K is reached everywhere in the cryopanel system. The maximum allocated time for warming up the 

cryopanel system, including the preliminary cold helium release phase is 20 minutes. 
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2 - Exhaust phase 

When a minimum temperature of 100 K is reached everywhere in the cryopanel system, this state must be 

maintained for a minimum duration (30-40 min) to ensure a complete release of the captured gases. Note that 

the captured gases start to be desorbed already during the warm-up phase. 

3 - Cool-down of the cryopanel system 

The cool-down first starts with the depressurization of the system from 1.75 MPa to a pressure below 0.4 

MPa. The supply valves have to be closed and the return valves opened to a lower pressure. Then the 

supercritical helium at 4.6 K and 0.4 MPa can be supplied and the cool-down phase is finished when a 

temperature below 6.5 K is reached at the outlet of the cryopanel system. The maximum allocated time for 

cooling down the cryopanel system during a fast PRS, including the preliminary depressurization phase is 

two hours. 

Estimations of the required mass flows to warm-up and cool-down the cryopanel system have been 

performed, taking into account only the internal cryopump components. As a consequence, the real required 

mass flows during the warm-up and cool-down phases could be increased. The two mass flow values for the 

warm-up and cool-down phases in the Table 2 (130 g/s and 9 g/s) should not be intended as requirements for 

the cryogenic plant but those evaluated assuming that the cryopump is directly connected to the supply of 

cooling power and that no other mass and volumes have been taken into account. Moreover, these 

estimations are based on preliminary calculations and no margin has been considered. The main results are 

reported in the Table 2. 

Assumptions for the calculations: 

- cryopanel system mass and volumes: capacity 105 litres, mass 1810 kg (referring to one half of 

cryopump, including welding materials, charcoal and glue); 

- the static heat loads (solid conduction and thermal radiation) are taken into account. The variation of 

the radiation heat load with the variation of the cryopanels system temperature is also taken into account. 

4. CONCLUSIONS 

The reduced power refrigerator solution can represent a possible way for reducing the investment costs of the 

cryogenic plant with the associated external systems (electrical power supply and cooling water). 

Furthermore this solution presents three main advantages in terms of operational costs if compared with the 

900 W refrigerator solution (as described in [4]). 

1) The refrigerator must operate as far as possible in stable conditions; for this reason the load seen by 

the refrigerator should be maintained as constant as possible. In case of a 900 W refrigerator, electrical 

heaters must be used inside the LHe bath in order to compensate the reduced load during the stand-by phase 

between pulses. With a 500 W refrigerator the dissipative solution of the electrical heaters would not be 

required, because the refrigerator would work constantly at full power; a consistent amount of electrical 

energy costs will be saved, and this will be very important in a country, like Italy, with high electricity costs 

(around 130 ú/MWh, VAT excluded, considering a wide quantity supplied at medium voltage level, 20 kV) 

2) The refrigerator would work constantly in the range of the maximum efficiency for which the 

refrigerator itself is designed and realized; 

3) A lower size motor allows saving the operative contractual costs for installed power supply since at 

least 300 kVA can be saved with a 500 W instead of 900 W refrigerator.  
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ABSTRACT 

The European Spallation Source (ESS) is an intergovernmental project building a multidisciplinary research 

laboratory based upon the worldôs most powerful neutron source. The main facility will be built in Lund, 

Sweden. The ESS linear accelerator (linac) will deliver protons with 5 MW of power to the target at 

2.5 GeV, with a nominal current of 50 mA. Three fully independent refrigerators are foreseen to guarantee 

the necessary cooling capacity for the entire facility. The superconducting part of the linac consists of a total 

of 208 niobium cavities cooled with superfluid helium to 2 K. The cryogenic hydrogen moderators in the 

target will operate at around 20 K under supercritical conditions. The instruments and test stand cryoplant 

combines liquefaction for the instruments at 4.5 K and the occasional helium refrigeration for the two 

cryomodule (CM) test benches. This paper describes the baseline considerations, the conceptual design, the 

key cryogenic components and the preliminary heat load estimates for the cryogenic supply of ESS project.  

1. INTRODUCTION  

The ESS, a new international research infrastructure, is under pre-construction phase at Lund, Sweden [1], 

which will deliver first neutrons in 2019. At full specification, to be achieved in 2025, the ESS will deliver 

2.86 millisecond, pulses (at 14 Hz) intense neutron beams at a power of 5 MW, to 22 independent 

experimental instruments. The general layout of the ESS is shown in Figure 1.  

 

 

Figure 1. General layout of the ESS. 

 

The high level parameters of the ESS, and its guiding scientific goals are recorded in Table 1. 
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Table 1. High level parameters of the ESS. 

Parameter Unit  Value 

Average beam power MW 5 

Number of target stations  1 

Number of instruments  23 

Number of moderators  2 

Proton kinetic energy GeV 2.5 

Average macro-pulse current mA 50 

Macro-pulse length ms 2.86 

Pulse repetition rate Hz 14 

Maximum acc. cavity surface field MV/m 40 

Maximum linac length m 502 

Upgrade length m 100 

Annual operating period h 5200 

Reliability % 95 

 

ESSô cryogenic system will serve three different parts of the machine, namely the linac, the target, and the 

instruments and test stand. The baseline concept of the cryogenic system foresees three fully separated 

cryoplants to cater for the liquid helium (LHe) needs. The linac cryoplant supplies 2 K LHe to the 

superconducting RF CMs of the accelerator. The target cryoplant provides the helium refrigeration power at 

around 16 K to the hydrogen moderators in the target. The instruments and test stand cryoplant feeds LHe in 

mobile dewars to experiments and instruments as well as supplying the the CM test stand, while collecting, 

purifying and reusing the warm return helium. The basic requirements, the reference cryoplant capacities, 

layout and the cryogenic components for the ESS will be presented in this paper.  

2. LINAC CRYOGENICS  

The ESS linac will deliver protons with 5 MW of power to the target at 2.5 GeV, with a nominal current of 

50 mA. The general layout of the linac and its cryogenic infrastructure is shown in Figure 2. The 

superconducting section of the linac contains 14 spoke CMs with two double-spoke cavities in each which 

takes the beam to 191 MeV, 15 medium beta and 30 high beta elliptical CMs with four five-cell cavities in 

each which finally takes the beam to the full energy of 2.5 GeV. There are 59 CMs in total and the length of 

the cold linac is about 400 meters. All cavities will operate at 2 K helium bath temperature. As described by 

the BCS theory of the superconducting state, the surface resistance at radio frequencies and the dynamic 

losses decrease strongly with the temperature. At the same time, the efficiency of cryogenic plants decreases 

with decreasing the temperature. As a consequence, an optimum operation temperature needs to be defined. 

 

Figure 2. The general layout of the ESS linac and the cryogenic infrastructure. 

The ESS linac cryogenic system will mainly consist of one central cryoplant, the distribution system, the 

cryogenic transfer lines with the length of 430 meters and the related warm piping system in order to supply 

the liquid helium to the CMs. To design the cryogenic system, the refined heat load estimates, the cavities 

and shield operation temperature optimization, safety aspects, redundancy concepts, machine component 

choice and the CM design need to be studied in details.   
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2.1. The Segmented CM Design 

The CM design is crucially important to design and optimize the linac cryogenic system. The strategy of ESS 

CM design is to make use of the two existing designs for XFEL [2-5] and SNS [6-8], named respectively as 

the continuous module and the segmented module.  

 

The XFEL continuous module design is based on the technology of TESLA Test Facility (TTF), which is 

driven strongly by the length of the cold linac and directly by the cost [9]. The TESLA linear collider project, 

like the ILC, would have a length of several km and consist of thousands of CMs. Compared with the 

segmented CM, the continuous CM design, got rid of the local distribution system including cryogenic 

valves, safety valves, low pressure heat exchangers, jumper connections etc. and used the 300 mm backbone 

tube as a process tube and support structure to the cavity string. It will cost much less for the individual CM, 

which reduces significantly the total cost of the project. For a short linac, like that of ESS, this cost issue has 

a minor effect so that there are no obvious advantages to use the continuous module design. 

 

The other big concern about the CM design is the cryogenic heat load composed of the static and dynamic 

fractions. For the XFEL continuous CM, the static heat load of CM provides more than 50 % of the total heat 

load [10]. This kind of CM design could decrease as much as possible the CM static heat load and further 

reduce the size of the cryoplant and simplify the cryogenic system.  For ESS CMs, the initial heat load 

estimates show that the total heat load is dominated by the dynamic fraction [11, 12]. It means that the 

additional static heat load from the cold-warm transition and the interface (Bayonet or VCR connections) 

between the main distribution system and the CM in terms of the segmented module design has a limited 

influence on the size and complexity of the cryogenic system. It results that the segmented module design is 

more suitable for the ESS case from the heat load fraction point of view. 

 

Two key elements, the relative short linac and the heat load dominated by the dynamic fraction, determined 

the adoption of the segmented CM design for ESS. The segmented module design also provides additional 

advantages [13]. It allows replacing quickly one complete module without warming up the whole linac. A 

warm interlocked valve could isolate one module in case of beam pipe vacuum loss. The warm focusing 

magnets in between CMs are easy to access, align, maintain and update. Two ESS CM technology 

demonstrators are under development with extensive international collaboration including the mechanical 

and thermal design, required tooling design, preparation for the industry manufacture and development of 

infrastructure, like clean room, assembly hall and test area [14]. 

2.2. Proposed Flow Schematic 

The schematic of the proposed distribution system of the linac with segmented modules is given in Figure 3 

(see next page). There are three cooling circuits in the linac. The primary circuit (about 3 bar, 4.5 K) uses a 

heat exchanger to precool the forward flow, followed by a Joule-Thomson (J-T) valve to expand to saturation 

pressure at 2 K within the CM. The second circuit supplies a forced flow of about 4.5 K helium to cool the 

RF power couplers. The helium warms up from 4.5 K to ambient temperature towards the warm end of the 

power coupler and returns back to the cryoplant via a warm gas return line [15]. An on-going study will 

show if itôs necessary to use the second circuit as additional thermal intercept for the support posts, wires and 

cables as well as the cold-warm transition, in order to minimize the heat load into the CM. The third circuit 

provides helium at about 14 bar, 40-50 K to the thermal radiation shield. Each CM will be connected to the 

cryogenic transfer line via jumper connections in U-shape design. Cryogenic valves situated in a vacuum 

insulated valve box on the transfer line adjust the appropriate mass flow. A vacuum barrier in the jumper 

connection separates the vacuum of the transfer line from the individual insulation vacuum of the CM. 

2.3. Requirements of the Cryoplant 

For the time being, the overall cryogenic heat load of the ESS linac installation, including the distribution 

system, the main transfer line and the CMs, is estimated to in a range of 12-14 kW equivalent at 4.5 K under 

the full power operation of the ESS. The uncertainty factor of 1.8 [16] has been considered in this estimate 

related to the stage of the project. With reference to the experience with other large superconducting 

accelerator facilities like XFEL, LHC and SNS, it is expected that the cryogenic supply of the linac has to be 

maintained across a period in the order of several years without any major shut-down of the cryogenic plant. 

The availability and reliability should exceed 99 % in order to contribute to the overall goal of 95 % 

availability of ESS.  



The 12th CRYOGENICS 2012 - Dresden, Germany 

49 
 

Figure 3. Schematic of the proposed helium distribution system of the linac with segmented modules. 

3. TARGET CRYOGENICS  

The ESS target station will have two cylindrical coupled liquid hydrogen cryogenic moderators each with 

wing-geometry water (at 300 K) thermal moderators - one above the target and one below. The target 

cryogenics in ESS has to continuously provide the moderator cooling system with cryogenic hydrogen. The 

cryogenic moderators share a common hydrogen loop and are connected in a parallel configuration. The 

hydrogen is maintained at a pressure exceeding 1.3 MPa and a temperature between 17-20 K under all 

operating conditions, thus ensuring that the hydrogen always remains in the supercritical state, which keeps 

the system free from all problems associated with two-phase flow.  
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The reference heat load at present for each cryogenic moderator is approximately 10 kW (0.4 kg/s at 17-20 K 

range) for a proton beam power of 5 MW, which will be significantly larger than the load of JSNS [17,18] 

and SNS [19]. The concept design of the target cryogenic system is approaching completion, and is similar to 

that of JSNS and SNS. The target cryogenic system will consist of: 

¶ One helium refrigerator system to produce the refrigeration power of about 20 kW at around 16 K. 

¶ The helium-hydrogen heat exchanger to transfer the cooling power to the hydrogen.  

¶ The hydrogen circulation system to circulate the cryogenic hydrogen through the moderators and to 

absorb the heat of the moderators and the circulation system. 

¶ Cryogenic hydrogen transfer lines to supply the cryogenic hydrogen to the moderators and to return the 

warm hydrogen. 

¶ Other components such as a gas hydrogen supply unit, accumulator and heater system, an ortho-para 

hydrogen converter and a vacuum system. 

¶ The hydrogen safety system to avoid the inflammation and explosion of the hydrogen and to guarantee 

the cryogenic system running safely and stably. 

4. INSTRUMENTS AND TEST STAND CRYOGENICS 

About 50 l/h of liquid helium are required for the instrument and experiment cooling. It is foreseen to use the 

liquefier that is supplying these quantities as well as refrigerator for the local CM test stand. During the 

construction of the ESS all 45 elliptical CMs have to be tested. The local test stand is in the proposal stage 

now and has recently passed the first preliminary approval. It will supply all cryogenic and RF stationary and 

transient operating conditions except the beam operation. The main purposes are: 

¶ test the complete CM system at operation temperatures and at full RF load; 

¶ qualify all CMs after the assembly; 

¶ maintain and improve the superconducting linac and support power upgrade R&D;  

¶ train the staff and accumulate CM operational experience as early and quickly as possible.  

The preliminary cryogenic heat load estimate is about 0.5 kW equivalent at 4.5 K. The cryogenic supply for 

the instruments and the test stand will be integrated into one cryoplant which can supply the helium 

refrigeration and liquefaction at 4.5 K in parallel. The liquid helium supply will be buffered by a liquid 

helium storage vessel. Warm sub-atmospheric helium compressors will be used for the 2 K helium circuit of 

the test stand. In order to fit the elliptical CMs test plan, it needs to be operational by 2017.  

5. CONCLUSIONS 

The requirements for the cryogenic supply of the ESS project are preliminarily discussed. Three helium 

refrigerators will serve independently the three ESS cryogenic customers: the linac, the target as well as the 

instruments and test stand. The first and rough heat load estimates give an indication of cooling capacities, 

12-14 kW equivalent at 4.5 K for the linac, 20 kW at 16 K for the target, and 50 l/h helium liquefaction for 

the instruments and 0.5 kW equivalent at 4.5 K for the test stand. It should be noted that these numbers still 

have a big uncertainty at this moment and that more reliable numbers will be given in further detailed 

studies. The baseline concept, cooling capacities and the key cryogenic components are described. The first 

cryoplant for the instruments and test stand will be commissioned and ready to run in 2017.  
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ABSTRACT 

NICA is a new accelerator complex being under design and construction at the Joint Institute for Nuclear 

Research (JINR) in Dubna. Full-size prototype dipole and quadrupole magnets have been designed, 

manufactured and tested for the booster synchrotron and the NICA collider. The magnets are based on a cold 

window frame iron yoke and a saddle-shaped superconducting winding made from a hollow NbTi composite 

superconducting cable cooled with a forced two-phase helium flow at T = 4.5 K. The maximal operating 

magnetic field in the aperture is 1.8 T. The magnetic field ramp rate of 1.2 T/s should be achievable. The 

quench history, AC losses as a function of the magnetic field ramp rate and pressure drop in the cooling 

channels of the magnets at different pulsed operation modes are presented. 

1. INTRODUCTION  

The NICA/MPD project [1] started at the Joint Institute for Nuclear Research (JINR) in Dubna in 2007. The 

goal of the project is to carry out experimental studies of the hot and dense strongly interacting quantum 

chromodynamics matter and light polarized ions. The NICA accelerator complex will consist of two injector 

chains, a new 600MeV/u superconducting booster synchrotron, the existing superconducting synchrotron ï 

Nuclotron [2], and the new superconducting collider consisting of two rings each of about 503 m in 

circumference. 

2. DESIGN AND MANUFACTURING OF THE PROTOTYPE MAGNETS  

The Nuclotron-type design [3-5] based on a cold iron yoke and a saddle-shaped superconducting (SC) 

winding has been chosen for the booster and the collider magnet. The magnet includes a cold (4.5K) window 

frame iron yoke and a SC winding made of a hollow NbTi composite SC cable cooled with a two-phase 

helium flow. Lorentz forces in the winding are supported by the yoke. The view of the Nuclotron type SC 

cable is shown in Fig. 1. The main characteristics of the cable for the NICA magnets are given in Table 1. 

 
 

Figure 1. View of the Nuclotron cable: 1- copper-nickel tube, 2 - superconducting wire, 3 - nichrome strand, 

5 - Kapton tape, 6 - glassfiber tape.  
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Table 1. Main characteristics of the cable for the NICA booster and collider magnets.  

 

Characteristic Booster Collider 

Cooling channel diameter, mm 3 3 
Number of strands 18 16 

Transposition lay of strands, mm 50 50 

SC strand diameter, mm 0.78 0.9 

Superconductor 50% Nb ï 50% Ti 
Cu/SC ratio 1.26 / 1  1.33 / 1 

Diameter of SC filaments, Õm 7 8 

Twist pitch of filaments, mm 7 9 

Ni-Cr wire diameter, mm 0.2 0.3 

Ni-Cr wire binding pitch, mm 0.4 0.6 

Cable outer diameter with insulation, mm 6.6 7.0 
Operating current at 1.8 T and 4.65 K, kA 9.69 10.4 

Critical current at 2.5 T and 4.7 K, kA 14.2 16.8 

 

 

A cross-section view of the booster quadrupole and dipole magnets is shown in Figs. 2 and 3, 

correspondingly. The main characteristics of the NICA booster and collider magnets are summarized in 

Table 2. 

  

 
 

Figure 2. Cross-section view of the quadrupole magnet with hyperbolic poles for the NICA booster. 

 

A full -scale curved model dipole magnet for the NICA booster was manufactured at the Laboratory of High 

Energy Physics (LHEP) JINR in April 2011. The use of the curved single-layer winding dipoles instead of 

the straight two-layer winding ones makes it possible to reduce the horizontal size of the magnetôs useful 

aperture leading to less AC losses. The magnet is 2.2 m long and has a radius of the curvature of about 14 m. 
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Figure 3. Cross-section view of the bent dipole magnet for the NICA booster. 

 

Table 2.  Main characteristics of the NICA booster and collider magnets. 

 * - the final focus lens 

Characteristic Booster Collider 

Dipole Lens Dipole Lens 

Number of magnets in the ring 40 48 80 86 (+12*) 

Maximum magnetic induction, T  

(field gradient), T/m 

1,8  

20,2 

1,8 

- 

- 

23 

Minimum magnetic induction, T  

(field gradient), T/m 

0,11  

1,2 

0,57 

- 

- 

7,2 

Effective magnetic length, m 2,2 0,55 1,94 0,46 

Ramp rate 
dB

/dt, T/s 

                 
dG

/dt, T/(mĿs) 

1,2 - 

13,5 

Ò 0,5  

-
 

Field error æ B/ B  (æ G/ G ) at R= 30 mm Ò 6Ö10
-4
 Ò 2Ö10

-4
 

Beam pipe aperture (horizontal/vertical), mm/mm 128/64 130/64 120/70 120/70 

Pole radius, mm - 47,5 - 47,5 

Bending angle, deg 9 - 4,5 - 

Radius of curvature, m 14.01 - - - 

Yoke width, m 0,31 0,226 0,304 0,258 

Yoke height, m 0,228 0,226 0,554 0,548 

Distance between the beams, m - - 0,32 

Overall weight , kg 850 110 1000 300 

Current at maximum field (field gradient), kA 9,68 10,4 

Number of turns in the winding 10 8 10 8 

Inductance , ÕH 630 96 450 94 

Vacuum shell outer diameter , mm 570 812 

Dynamic heat releases, W 8,4 0,84 - - 

Static heat leak, W  4,4 4,0 8,0 5,0 

Helium pressure drop in the  cooling channel, kPa Ò 27 Ò 27 

Maximal temperature of helium in the winding, K 4,65 4,65 
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The first NICA booster magnet in the cryostat is shown in Fig. 4 (left).   

 

   
 

Figure 4. The NICA booster magnets: Installation of the cryostat with the dipole magnet on the bench for the 

cryogenic test (left) and quadrupole lens before mounting in the cryostat (right). 

 

A full -scale model quadrupole magnet for the NICA booster was manufactured at the LHEP in December 

2011. The first quadrupole magnet before installation in the cryostat is shown in Fig. 4 (right).  

The Nuclotron-type design was chosen for the NICA collider. Two identical single-layer windings are 

located in the common straight iron yoke one over the other (see Fig. 5). Lorentz forces in the windings are 

supported by the yoke. The yoke consists of three parts made of laminated electrical steel. They are held 

together by longitudinal steel plates welded with laminations and frontal sheets. The magnets are cooled with 

a two-phase helium flow which in series passes from the supply header through the cooling channels of the 

bus bars, lower and upper windings, iron yoke and then enters the return header. Each twin bore dipole or 

quadrupole magnet is connected in parallel to the supply and return helium headers.  

   
 

Figure 5. Cross-section view of the twin aperture dipole (left) and quadrupole (right) magnets for the NICA 

collider. 
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A twin aperture model dipole magnet for the NICA collider (see Fig. 6 left) was manufactured at LHEP 

JINR in August 2011. Completion of manufacturing of the model collider twin-bore quadrupole lens with 

hyperbolic poles is scheduled for May ï June 2012. The iron yoke of the model quadrupole magnet for the 

NICA collider is shown in Fig. 6 (right). 

 

                             
 

 Figure 6. The first NICA collider twin-bore dipole magnet (left) and yoke of the quadrupole lens (right). 

3. FIRST NICA MAGNETS TEST RESULT S 

A cryogenic test of the first dipole magnet for the NICA booster synchrotron was carried out in May 2011. 

The first quench occurred at 7705 A (see Fig. 4). After the 13
th
 quench the current reaches the nominal value 

of 9690 A.  This corresponds to the magnetic field induction in the gap of 1.8 T. Further training was stopped 

because of the power supply limitation.  

 

      

Figure 7. Quench history (left) and AC losses as a function of the magnetic field ramp rate in the aperture 

during the operation in the triangular cycle (right) for the NICA dipole magnet.  

 

The measured static (at zero current) heat flow to the magnet was 5.8 W. AC losses of 12 W were measured 

by means of the calorimetric method while the magnet was operating in the triangular cycle with a magnetic 

field ramp rate of 1.2 T/s without a pause. This value agrees well with the calculation and confirms the 
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correct choice of steel for the magnet yoke. AC losses as a function of the magnetic field ramp rate are 

shown in Fig. 7. The pressure drop of the helium flow in the cooling channel of the magnet was 47 kPa during 

the operation in the indicated mode. Hydraulic resistance of the cooling channel was 2 times higher than the 

calculated value due to the fact that the cooling channel of the cable has a diameter of 2.6 mm instead of the 

designed one equal to 3 mm. The new winding of the cable with a cooling channel of 3 mm in diameter was 

fabricated and installed in the yoke of the magnet in spring 2012. Cryogenic tests of the magnet with the new 

winding are scheduled for May 2012. 

Experimental studies of the booster quadrupole magnet were carried out in spring 2012 after upgrading the 

power supply on the test bench. The current reached the nominal value of 9690 A after the 4th quench. The 

measured static (at zero current) heat flow to the quadrupole magnet was 3.3 W. AC losses of 4.4 W were 

measured by using the calorimetric method while the magnet was operating in the triangular cycle with the 

following parameters: amplitude of the magnetic field gradient of 20.3 T/m, and ramp rate of 20.3 T/(mÅs) 

without a pause. The pressure drop of the two-phase helium flow in the cooling channel of the lense was 7 kPa 

during the operation in the indicated mode. AC losses as a function of the ramp rate of the magnetic field 

gradient are shown in Fig. 8.  

         

Fugure 8. Quench history (left) and AC losses as a function of the magnetic field gradient ramp rate in the 

aperture (right) for the NICA quadrupole magnet.  

4. CONCLUSIONS 

The full -scale Nuclotronïtype superconducting model dipole and quadrupole magnets for the NICA booster 

and collider were manufactured at LHEP JINR. First dipole and quadrupole magnets for the NICA booster 

have successfully passed the cryogenic test on the bench . The nominal current of 9.7 kA was reached after 

short training. The magnets were successfully tested in the pulsed mode with a magnetic field ramp rate of 

up to 4 T/s. Further experimental studies of the booster magnet with new winding are scheduled for the end 

of May 2012. Tests of the model magnet and lense for the collider are scheduled for summer and autumn of 

this year. 
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ABSTRACT 

The dynamic losses in fast ramped super ferric magnets will create the main part of the expected heat losses 

in the superconducting synchrotron SIS100 ï the primary accelerator in the Facility for Antiproton and Ion 

Research (FAIR).  Two full size dipole models have been tested at the cryogenic magnet test facility at GSI 

and a third one at JINR Dubna. The heat losses were measured to verify the magnet design. Dynamic losses 

were measured for different operation cycles. VI and calorimetrical methods for loss measurements are 

presented next to the obtained results together with a parametric the model of the AC- losses. 

1. INTRODUCTION  

The SIS100 synchrotron, the core component of the international Facility for Antiproton and Ion Research, 

will provide proton and ion beams with high currents. The high repetition rate of the synchrotron of up to 

1 Hz requires the rapidly-cycling dipole magnets with the ramp rates of 4 T/s. The ramp rate and the duty 

cycle of the synchrotron are mainly limited by the dynamic heat losses in the magnets: hysteresis and the 

eddy current losses in the iron yoke, superconducting coil and the beam vacuum chamber. The starting point 

of the magnet design was the magnets used in the Nuclotron ring in JINR in Dubna [1]. During an intensive 

R&D phase the AC losses were considerably reduced in comparison to the original Nuclotron magnets [2]. 

The losses were experimentally measured on short models in Dubna and in GSI. Finally three full-size 

models were built at BNG W¿rzburg, JINR Dubna and BINP Novosibirsk using different technologies and 

different electrical steel grades. Two of them ï the straight dipole S2LD and the curved dipole C2LD were 

tested at the prototype test facility at GSI [3-8]. The main parameters of both tested dipoles are summarized 

in the Table 4. This paper describes the applied methods for loss measurements ï the V-I method and the 

calorimetric one. The obtained results for both dipoles are also presented besides the parametric model for 

the AC losses. 

 

Table 4. Main parameters of the dipoles tested at the Prototype Test Facility at GSI. 

 S2LD C2LD 

Manufacturer BNG/W¿rzburg BINP/Novosibirsk 

Maximal field, T 2.1 1.9 

Effective length, m 2.756 3.062 

Nominal current, kA 7.5 6.4 

Ramp rate, T/s 4 4 

Bending angle, Á 3.33 3.33 

Bending radius 47.368 52.632 

Steel grade M700 3413 

     

The third magnet was tested on the bench in Dubna. This magnet has the same design with the BNG magnet, 

but was assembled from Russian steel grade 3413 ET with sheets thickness of 0.5 mm instead German steel 

grade M700 with sheets thickness of 1 mm. 
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2. V-I METHOD  

The AC losses in the magnet can be measured by integration of the instantaneous electrical power over the 

whole cycle. To obtain the instantaneous power the magnet current and the voltage drop on the magnet are 

simultaneously sampled by two high accuracy digital multimeters HP 3458A. The voltage is measured by 

two voltage tabs on the magnet coil, for the current measurements a Zero-Flux Current Transformer (DCCT) 

is used. Both DMM are synchronised ï the output trigger signal of the first DMM is used to trigger the 

second one. The integration time of the both multimeters was set to one power line cycle (20 ms), with 

results a sampling rate of roughly 50 Hz. The energy loss in the magnet is calculated as:  

ä
=

D=
N

i

ii tIVE
1

 

with the sum of the instantaneous power over the whole magnet cycle and tD the sampling interval. 

3. CALORIMETRIC METHOD  

The total losses in the magnet can be measured by calorimetric method. The super-ferric magnets for the 

SIS100 synchrotron are cooled by two phase helium flow. The helium in the supply header is a liquid at the 

temperature below the saturation line by 0.1-0.2 K. When the liquid flows through the magnet coil its 

temperature increases until the two-phase region is reached. Further heat load in the coil and in the yoke 

increases the vapour qualityx , while the temperature drops with the pressure. 

The heat losses can be calculated from the enthalpy difference of helium on the outlet and inlet of the 

magnet:  

)( inout iimQ -Ö=#  

with i  the enthalpy of helium and m#the mass flow. The measurements were done for the magnet cycles 

where the generated losses were high enough to reach the vapour quality1=x  at the yoke output. In this 

case the helium enthalpy can be calculated as the function of two directly measured values - the temperature 

and the pressure. Since the helium passes the phase separator before it enters the magnet, we assume the pure 

liquid on the coil input and calculate the enthalpy ini from the saturation line for a measured pressureinp and 

the vapour quality 0=x . The mass flow rate has been measured by calorimetric sensor installed on the 

magnet outlet. 
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4. TEST RESULTS 

Each of the both full-size dipole prototypes S2LD and C2LD were tested within several cold runs. The first 

runs were performed without beam vacuum chamber because of magnetic field measurements in the whole 

magnet aperture. The AC losses were measured by both methods - calorimetric and VI. The magnet was 

ramped with continuous triangular cycles with different ramp rates dtdBB /=# as well as for different 

maximum fields maxB .  Since the cooling power for both dipoles is limited by the hydraulic resistance of the 

superconducting coil to about 35 W, delays was added to the cycles with high ramp rates and high maximal 

field to keep the generated losses below this limit. As an example the AC loss data for the C2LD dipole 

without beam vacuum chamber are shown on the Fig. 1. The data obtained by both methods are consistent 

within errors. On the Fig. 1 only the statistic errors of the VI data are shown, the systematic errors for these 

data are valued at about 10%, whereby the main error source is the accuracy of the DCCT transformer. The 

biggest error source of the calorimetric method was the slow deviations of the pressure and of the mass flow 

in the experimental set up. The errors of these measurements are valued about 5-10% of the measured power 

with a bigger error for the smaller power. 

 

Figure 1. AC loss measurements on the C2LD dipole without beam vacuum chamber. Triangles denote the 

calorimetric data. Circles with error bars are the data obtained by the VI-method.  

5. PARAMETRIC MODEL  

The measured values for the energy losses per cycleE respectively the averaged power cyctEP /= were 

used to calculate the equivalent power for the pure triangular cycle: 

L

L=
t

t
PP

cyc
    [W]                                             (1)  

Lt is defined as BB #/2 max and is the length of a nominal triangular cycle without delays and with sharp 

edges. Since the edges in the real cycles are smoothed to assure the operation of the power converter unit, the 

measured cycle length cyct is slightly higher than the sum of Lt and the introduced delaydt . The errors PD

were scaled by the same factor Lttcyc / . Then the power losses LP were fitted by function 
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2

maxmax )()( fBqfBqP eh Ö+Ö=L                            (2) 

with L= tf /1 the repetition rate of the triangular cycle. The fitting curves are also shown on Fig.2. The 

linear term in (2) can be interpreted as a hysteresis loss contribution of both the magnet coil and yoke. This 

term has the same value within errors for both dipoles (see Fig. 2). Also the beam vacuum chamber made of 

non-magnetic steel doesnôt contribute to hq , as expected. The function )( maxBqh can be described with 

sufficient accuracy with the function: 

                                                         
2

maxBhqh Ö=                                              (3)                                                                                 

The second term in (2) can be evaluated for both dipoles and for their beam vacuum chambers. While the 

losses in both dipoles are similar (see Fig.3), the losses in the vacuum chambers differs clearly (Fig.4).  The 

higher losses in the vacuum chamber of the S2LD dipole are caused by cooling tubes [9]. The quadratic term 

in (2) can be fitted with the function 

  
5.2

maxBeqe Ö=                                                               (4) 

The fit curves are shown on Figs. 3-4 and the parameters h and eare summarised in the table 2. 

 
Figure 2 Linear term in the fit function (2) for both dipoles with and without beam vacuum chamber. 
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Figure 3 Quadratic term for both dipoles, runs without beam vacuum chamber 

 

 
Figure 4 Quadratic term for vacuum chambers 
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Table 5 AC loss model coefficients 

 h e 

S2LD dipole 
12.0Ñ0.4 

4.8Ñ0.3 

C2LD dipole 4.2Ñ0.2 

S2LD Vacuum Chamber 
0 

8.5Ñ0.2 

C2LD Vacuum Chamber 3.4Ñ0.2 

The AC losses in the BNG magnet exceed the losses in the JINR magnet no more than 7% even for 

the most intense cycle of triangular shape with amplitude of 2 T, ramp rate 4 T/s and a frequency of 

1 Hz. This result allows us the steel 3413 ET to replace on the steel M700 and reduce to 

approximately 2 times the cost of manufacturing the yoke of SIS100 magnets. 

6. CONCLUSIONS 

Two full-size magnets for SIS100 were tested on the Prototype Test Facility at GSI. The AC losses of the 

magnets as well as of their beam vacuum chambers were measured using two different methods ï V-I and 

the calorimetric one. While the losses in the both magnets are comparable, the losses in the vacuum 

chambers differ clearly. As expected, the losses in the vacuum chamber of the C2LD dipoles are smaller due 

to electrically insulated cooling tubes. The losses in the triangular cycle could be parameterised by a model 

with two parameters and two variables ï the maximal field maxB and the cycle repetition rate. It is shown 

experimentally that the AC losses in the yoke, made of steel grade M700 almost equal losses in the yoke, 

made from steel 3413 ET. This fact allows us to halve the number of laminations and the cost of the SIS100 

magnet yoke. 
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ABSTRACT 

A CEA-CNRS French collaboration is currently developing a new hybrid magnet. This magnet combines a 

resistive insert, composed of Bitter and polyhelix coils, and a large bore superconducting coil (subsequently 

named "outsert" due to its outermost location), to create an overall continuous magnetic field of 43 T in a 34 

mm warm bore aperture. The superconducting coil, based on the novel development of a Nb-Ti/Cu 

Rutherford Cable On Conduit Conductor (RCOCC) cooled down to 1.8 K by a bath of superfluid helium at 

atmospheric pressure, aims at producing a continuous magnetic field of 8.5 T in a 1.1 m cold bore diameter. 

The cryogenic requirements will be presented together with design principles and parameters. 

1. INTRODUCTION  

Hybrid magnets, i.e. the combination of a resistive inner coil with a superconducting outer one, allow 

generating the highest continuous magnetic field for a given electrical power. The present state-of-the-art 

hybrid magnet system was built by the NHMFL in Tallahassee, Florida, and has produced the highest DC 

magnetic field of 45.1 T in a 32 mm warm bore diameter [1]. Several hybrid magnets are under construction 

all over the world [2], [3]. The Grenoble project aims at reaching 43 T in a 34 mm warm bore diameter. A 

general overview of the Grenoble project can be found in [4], the final design of the large bore 

superconducting coil based on Nb-Ti and superfluid He technologies is reported in [5]. This article focuses 

on the cryogenic system of the project, the design and control aspects. 

2. HYBRID  MAGNET   

The resistive insert is constituted of a set of 14 polyhelix coils surrounded by a set of two Bitter coils. Both 

magnets types have already been fully described in [6].  

 

The 8.5 T superconducting outsert coil design of the new LNCMI hybrid magnet has been described in [4]-

[5], and the most important choices that have been made can be summarized as follows: 

- High current to reduce the inductance of the coil and therefore the voltage levels during quenches, 

- Cu stabilized Nb-Ti Rutherford cable directly cooled by a static pressurized bath of superfluid He at 1.8 K, 

- Modular coil made of 37 double pancakes, each of them being impregnated separately under vacuum  

 

Table 1. Main parameters of the superconducting outsert coil 

Parameters Values 

Inner / outer diameter 1150 / 1826 mm 

Height 1400 mm 

Coil weight 16.3 tons 

Nominal current (@ 8.5 T) 7100 A 

Current density in the conductor 30 A/mm
2
 

Inductance 3 H 

Stored Energy 76 MJ 

Operating temperature 1.8 K 
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The existing infrastructure, coming from a previous project [7]-[8], has determined the maximum dimensions 

of the present superconducting coil. These dimensions are listed in Table 1 together with the main 

parameters of the superconducting magnet.  

 

This new superconducting magnet is based on an innovative conductor development [4]. A Nb-Ti/Cu 

Rutherford cable of rectangular cross section, with a 15 Õm stainless steel core, is soldered on a Cu-Ag 

stabilizer to form the so-called RCOCC: Rutherford Cable On Conduit Conductor (Figure 1). The studies 

and the developments of the RCOCC and its full technical specifications are reported in [9]. 

 

To ensure the internal cooling at 1.8 K of the fully impregnated coil winding, the stabilizer of each double 

pancake is equipped with a cooling channel of 6 mm diameter with both ends open to the static bath of 

pressurized superfluid He.  

 

 
Figure 1. Cross-section of RCOCC, Rutherford Cable On Conduit Conductor (dimensions in mm). 

3. CRYOGENIC  SYSTEM  

In order to safely drive the cryo-fluids in the magnet environment, all the valves have been transferred from 

the cryostat to a separate cryogenic satellite located in a limited magnetic stray field area. The cryostat only 

includes the burst disks as an ultimate security in case of vacuum failure. The main difficulties in the design 

of this cryostat are the cold mass weight (Table 2), and the very high magnetic forces applied to the cold 

elements in case of loss of a half resistive coil in the center (the forces are sufficient to cause an unexpected 

levitation of the 24 tons cold mass @ 1.8 K). The most critical part of the design of the cryostat concerns the 

support structure of the eddy-current shield. This part has corresponding costs in terms of energy. In the 

present state of studies, the eddy-current shield sustentation devices and the cryogenic line between the 

satellite and the cryostat are the last unknown features to solve. 

 

The present estimation of thermal charges for the whole system (cryostat, cryogenic satellite, cryogenic line) 

at four levels of temperature (1.8 K, 4.2 K, 30 K and 80 K) gives an equivalent cooling power of 87 l/h LHe 

@ 4.5 K when the magnet is not energized and 115 l/h LHe @ 4.5 K when the magnet is energized at its 

nominal operating conditions (7100 A, 8.5 T). Since the eddy-current shield sustentations and the cryogenic 

line remain to be designed, this equivalent cooling power cannot be considered as final value. Nevertheless, 

at this step, one can assume that the operation of the magnet will require a dedicated helium liquefier of a 

production rate > 120 l/h LHe @ 4.5 K. 

 

Based on a Claudet Bath principle [10], the cryogenic satellite is a standard model initially developed for 

SEHT coil at Saclay [11], also used for ISEULT [12], and adapted for the LNCMI Hybrid magnet. 

The great difference with the original design from SEHT is that this satellite has an empty cold volume large 

enough to store all the helium contained in the magnet cryostat (and not only the channel volume), which 

eventually can be expelled in case of quench. This significantly reduces the pressure rise in case of quench.  

Moreover, the resultant drying out (at least partial) of the coils enhances normal zone propagation velocities 

and, as a consequence, reduces the maximal and average temperatures of the magnet after a quench.
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Figure 2. Simplified sketch of the Hybrid magnet and the associated cryogenic system 
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Table 2. Magnet components list and mass 

 

Description Mass (kg) 

Total mass @ 1.8 K 

- Superconducting coil 

- Helium vessel 

- Mechanical structure 

24 060 
16 300 

5 380 

2 380 

Total mass @ 30 K 

- Eddy-current shield 

- Thermal screens 

2 900 
2 280 

620 

Total mass @ 80 K 

- Thermal screens 
710 

710 

Total mass @ 300 K 

- Outer vacuum chamber 

- 14 polyhelix coils 

- 2 Bitter coils 

- Water boxes 

- Mechanical structure 

25 050 

1 750 

700 

2 600 

5 900 

14 100 

 

The main difficulty of this strategy at 1.8 K is to use a fast quench valve between the 1.8 K pressurized bath 

and the expansion volume (for security reasons, 2 fast quench valves will be used). This principle has already 

been realized successfully in 2000 for the LHC SSS5 tests at the Saclay test facilities [13] and in 2005 for 

CLAS-DVCS [14]. 

 

The 1.8 K mass will be cooled by an external heat exchanger. This implies a longer time for the initial cool-

down but avoids having big transient flows directly in contact with the coil. A LN2/He exchanger will be 

used for the beginning of the cool down and, eventually, to maintain the cold mass at 80 K during long 

standbys.  

 

The estimated time to cool down the 24 tons cold mass from ambient temperature to 1.8 K is 50 days with 

LN2 and LHe (95 days with only LHe). 

 

 

The satellite also contains the resistive current leads. The connections to the superconducting busbars are 

located in the 4.2 K normal boiling LHe bath before joining the pressurized 1.8 K bath through the lambda 

plate. The cryogenic line contains the superconducting busbars to power the magnet.  

When the magnet is energized to its nominal conditions (7100 A, 8.5 T), an estimated power of 7.7 W is 

transmitted to the 1.8 K pressurized superfluid helium bath in contact with the superconducting coil. This 

power is transported from the cryostat to the cryogenic satellite via the pressurized superfluid helium bath of 

the cryogenic line. This heat transfer mechanism is driven by the Gorter-Mellink regime.  

On the basis of a pre-designed 7 meter long (not a definitive value) cryogenic line, and using He properties 

from Hepak V3.4 [15], one can estimate a minimal inner diameter for a given transported power and a 

maximal thermal gradient between the cryostat and the satellite. For example: for 7.7 W and DT Ò 0.01 K 

(1.81 K on the coil side, 1.80 K on the satellite side) the minimum equivalent hydraulic diameter of the 

cryogenic line is 62 mm. With the line length and the satellite bath temperature being fixed, there exists an 

upper flux limit or critical flux qc corresponding to a Tɚ = 2.17 K (superfluid helium transition) given by eq 

(1).   

bar 1P andK  1.8Tat  m  Wm16000 bathbath

.3332333. ==º³ -Lqc       
(1) 

For an equivalent hydraulic diameter of 62 mm diameter, this leads to a maximal transported power of 25 W. 

Of course, increasing the diameter significantly improves the line transport properties and provides a 

comfortable margin against errors on evaluated thermal loads. For instance, for a 100 mm equivalent 

hydraulic diameter, 7 meter long cryogenic line, the maximal transported power increases to up to 65 W. 
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4. CRYOGENICS OPERATION: MCS (MAGNET  CONTROL  SYSTEM)   

The aim of the Magnet Control System (MCS) is to control and monitor the cryogenics and the power supply 

of the superconducting magnet.  

 

The safe operation of the superconducting magnet is controlled by a dedicated hardware named MSS 

(Magnet Safety System) [16]. The operation of the resistive coils is done via the LNCMI standard MCMS 

(Magnet Control and Monitoring System) [17]. 

 

The MCS (Figure 3) is made of standard industrial products for automation and is composed of a low level 

part for managing the process efficiently and a high level Human Machine Interface (HMI) for monitoring 

the parameters. 
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[5]

MAGNET

OPERATION

ALLOWED

[1]

VACUUM

OK

[2]

COOL

DOWN

80K

[4]

COOL

DOWN

1.8K

CRYOGENIC

FAULT

From 

any state

[3]

COOL

DOWN

4K

 

Figure 3. MCS simplified state diagram 

 

The first task of the MCS is to realize the vacuum pumping for thermal insulation. There are two dedicated 

vacuum units: one for the cryostat and one for the satellite and the cryogenic line.  

 

The second task of the MCS is to cool down the superconducting magnet. This operation is realized in 3 

different steps: from ambient temperature to 80 K with the use of LN2 from an external 17 000 litres tank, 

from 80 K to 4.2 K with LHe produced by the liquefier and stored in the 4500 litres Dewar and, finally, 

down to 1.8 K with the production of the superfluid pressurized helium bath with the help of the 1.8 K pump.  

 

The third task is to maintain the temperature of the coil bath at 1.8 K during the operation of the magnet.  

 

The MCS has to control 17 regulation loops and to check about 60 analog sensors.  

 

Time constants of the regulation loops are quite slow (a few ten minutes can separate the reaction from the 

command). But, if a quench occurs, the helium is transferred to the inner cold volume of the satellite via the 

quench valves. In this case, the MCS has to deal with an emergency procedure.  

 

On the hardware side (Figure 4), the automation of the cryogenic part is based on a Programmable Logic 

Controller (PLC) Siemens S7-400. This PLC is dispatched on several modules depending on the localization 

of the sensors and actuators.  
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Figure 4. Hardware architecture of the MCS 

This kind of architecture reduces wiring and offers a better efficiency of the analog measurement.  

The program of the PLC is developed using Siemens S7Graph which allows the user to realize programs 

using sequential control graphic. The entire program is developed with this language to avoid problems due 

to a bad software specification. 

For the temperature measurement, we use PT100 or CernoxÊ sensors depending on the temperature range 

and the localization of the sensor. For the data acquisition of the CernoxÊ sensors, we use Lakeshore Model 

234 transmitter in rack format just before the PLC. 

The HMI level is developed using a System Control and Data Acquisition (SCADA) software called 

Cimplicity from the company General Electric. This software allows the user to easily develop an 

informatics monitoring system using client/server architecture. It communicates with industrial devices using 

a standard OPC client layer and, it provides the possibility to use .NET script either at client or at server 

level. The SCADA software allows user to create component (Figure 5). For each sensor or actuator we 

develop a generic model describing all the parameters and all the actions needed.  
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Figure 5. Screen shot of the HMI general view (prototype) 

 

5. CONCLUSIONS 

A CEA-CNRS French collaboration is developing a challenging Hybrid magnet, combining resistive and 

superconducting technologies, to produce a continuous magnetic field of 43 T in a 34 mm warm bore 

aperture.  

 

The 24 tons cold mass will be cooled down to and maintained at 1.8 K by a static superfluid helium bath at 

atmospheric pressure. Due to the magnetic stray field and the limiting existing infrastructure, the superfluid 

LHe bath will be generated in a separated cryogenic satellite. The heat transfer between the helium vessel, 

containing the superconducting coil, and the cryogenic satellite will be made via the superfluid pressurized 

helium contained in the cryogenic line. The designs of the helium vessel and the cryogenic satellite are close 

to the final ones. The cryogenic line and the eddy-current shield sustentation devices remain to be defined. 

 

The detailed studies should be finalized by the end of 2012, and the production of the different elements 

should start in mid-2013. A dedicated helium liquefier will also be purchased and installed in the LNCMI 

Hybrid experimental hall. The global assembly of the Hybrid magnet is scheduled to start in mid-2014. After 

cool down and validation tests, the delivery date of the Hybrid magnet to the usersô community is planned at 

the earliest by the end of 2015. 
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ABSTRACT 

The application of high temperature superconductors (HTS) in power engineering requires both efficient and 

reliable cooling. Several superconducting cables and fault-current limiters have been designed and installed 

by Nexans and were already thoroughly field tested. Dependent on the cooling power, temperature and 

pressure conditions, various solutions were realised and have resulted in different experiences during the 

field tests. Each system shows specific advantages and drawbacks, and in some cases improvements had 

been established even after commissioning or during the test period. The operating behaviour was not 

satisfying in all cases since high effort would be needed to ensure continuous operation and higher 

efficiency. A main reason is seen in the fact that the typical cooling demand is in a range of a few kW, 

a domain where large-series coolers are not available to date. 

1. INTRODUCTION  

HTS systems have been developed for various applications and have proven reliability in numerous test 

installations. Once tested and operational, the reliability is usually defined by the cooling system. Different 

field tests and pilot installations also for commercial applications have been realised for HTS cables and 

fault-current limiters (FCL). The cooling demand is usually between 300 W and 2 kW for FCL and between 

2 kW and 20 kW for cables. In future, longer length cables might require more powerful cooling systems. 

For Nexans HTS cables and fault-current limiters, cooling systems have been designed as open or closed 

systems. Systems using cooling from bulk liquid supply are referred to as open systems. To reach operation 

temperatures below 77 K in such systems, vacuum pumps are needed to reduce the nitrogen gas pressure 

above the liquid bath. 

2. REPRESENTATIVE SYSTEM DESIGN 

A cooling system for HTS power applications consists of different components, see figure 1. Most of the 

systems require forced flow of the coolant, performed by a circulation pump. Electrical insulation 

requirements and height differences obviate 2-phase flow systems and sub-cooled cryogens are mostly used.  

 

Figure 11: Sketch of cooling system for HTS power applications. 
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Therefore, a pressure regulation system inside the closed cooling circuit must be applied. The heat input to 

the circulation system is re-cooled in a heat exchanger. The primary side of the heat exchanger is either 

cooled by a cryocooler or from bulk liquid supply. Vacuum pumps may be applied on the liquid to reduce 

the operating temperature to below atmospheric pressure boiling point. 

3. GENERAL REQUIREMENTS  

The cooling demand of HTS systems is influenced by different factors like system size and intrinsic losses. 

In many cases, the current leads are a significant part of the overall losses, since for each current lead and kA 

of operating current about 45 to 50 W losses arise between room temperature and liquid nitrogen 

temperature. For a typical 40 MVA system at 10 kV, this is in total almost 700 W losses from the current 

leads only. There are heat losses due to radiation and conduction in the cryostats, cables and transfer lines. 

The HTS material has intrinsic heat input due to AC losses like hysteresis and eddy current losses. In case a 

cryogen circulation system is needed, this system causes friction and pressure rise losses. In total, the typical 

requirements for FCL and cable cooling systems are summarized in table 1. The cooling systems do not only 

have to enable normal operation, but also need to be safe and efficient in all operating modes like cool-down 

and warm-up as well as during any failure mode. 

Table 1: Cooling system parameters for HTS FCL and cable systems. 

Parameter FCL Cable  

Cooling power 0.5 ... 

3 

2 ... 

30 

kW 

Supply 

temperature 

65 ... 

77 

65 ... 

70  

K 

Mass flow ï 0.3 ... 

5 

kg/s 

Supply pressure 1 ... 

20 

~15 bar 

Pressure drop ï 5 ... 

10 

bar 

Load conditions 20 ... 100 % 

Ambient 

temperature 

- 40 ... +50 ÁC 

 

In the range between a few W up to 600 W a larger variety of cryocoolers using pulse tube or GM cold heads 

are available. Such cryocoolers have been produced in large series for e.g. shield cooling applications in 

clinical magnetic resonance imaging systems. Cooling devices using efficient turbo expanders are mostly 

seen in large cooling or refrigeration systems like air separation and liquefaction systems having cooling 

powers well above 100 kW at 77 K. Smaller turbo-expander coolers have only been produced for niche 

applications at relatively high cost [1] due to their high complexity. In the range between 0.5 to 10 kW only a 

few cooling systems like Stirling machines are commercially available. 

 

In FCL one intended operation condition is the limitation, where large energy amounts are deposited inside 

the FCL cryostat. This leads to an immediate pressure rise, and can either be handled by a relief valve and 

subsequent refill, or the pressure rise is accepted and the cryogen is re-cooled afterwards.  

 

In addition to the purely technical requirements there are further needs: 

 

     Å Availability: A planned up-time of 100% shall be possible. Therefore, a modular concept regarding 

reliability and maintenance operations has to be incorporated. Any control system used on the cooler 

should apply industry standard components. 

     Å Low operational cost: The operational costs are influenced by the cost for electrical power, 

maintenance, and additional needs like cryogens and other media. 
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     Å High efficiency: A high coefficient of performance (COP = heat removed / work consumed in W/W) 

reduces both the electrical power consumption and the cost for re-cooling which is usually achieved 

by chillers with water-to-air heat exchangers. 

     Å Low maintenance: Ideally maintenance should not disturb the operation of the cooling system. The 

maintenance intervals shall be large and the system design should reduce the maintenance effort. 

     Å Low investment cost: Today, the investment costs for cooling systems in the 0.5 to 4 kW range are in 

the order of 50 to 100 kú/kW and therefore are a main cost driver for HTS systems. For a broader 

application of such systems, the cost should drop to 20 kú/kW or below. 

     Å Modular design: A modular design is necessary to enable operation like it is standard in e.g. the power 

grid with (n-1)-criteria for redundancy. 

     Å Long life time: Power system operators are used to life times of 40 and more years for their assets like 

transformers. Future cooling systems will have to be designed accordingly. 

4. OPERATIONAL EXPERIEN CE 

4.1. HTS Fault Current Limiter  

References are given in [2],[3]. The first resistive FCL which was field tested in the medium voltage distri-

bution grid was developed in a funded project with the acronym Curl 10 [4], see figure 2. The cooling was 

realized using Stirling cryocoolers and the superconducting elements were operated at 65 K. Two Stirling 

coolers have been applied with some margin in the cooling power, which however did not provide full 

redundancy under all operating conditions. During the initial operation the coolers experienced nitrogen 

freezing at the heat exchanger, and the cooling power dropped dramatically. The problem was cured later on 

by temperature control and intermittent warming with heaters attached to the heat exchangers. The Stirling 

coolers provided 2Ĭ700 W @ 65 K cooling power. At 65 K the coolers have about 20%, at 77 K about 25% 

Carnot efficiency. 

 

Nexans had produced a FCL for operation in a Vattenfall thermal power plant, see figure 3. The system 

operates at 65 K using bulk nitrogen supply plus vacuum pumps. Three vacuum pumps had been installed in 

parallel for redundancy, where two pumps only are sufficient for the heat input. The rotary claw vacuum 

pumps have a nominal pumping speed of 160 m
3
/h, which reduces to 120 m

3
/h @ 200 mbar and 60 m

3
/h @ 

100 mbar inlet pressure. The claw pumps showed not to be enduring longer durations of pumping at ultimate 

pressure, when the inlet valve on the vacuum side is closed and a bypass valve needs to be installed to ensure 

mass flow to permanently cool the claws.  

 

Two FCL systems installed in UK used 1-stage GM cold heads for operation at around 70 K. The cryo-

coolers showed high reliability;  however the cooling power is dependent on the cooling water inlet 

temperature. This type of coolers is produced in large series, is considered reliable, but is limited in cooling 

power and shows a lower efficiency. The Carnot efficiency is about 12% when operating at 80 K. 

 

     

        Figure 12: Curl 10 FCL. Figure 13: Vattenfall FCL.    
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4.2. HTS Cable 

References are given in [5],[6]. After different HTS cables produced at test lengths of up to a few ten meters, 

the largest cable to date is installed in the grid of LIPA (Long Island Power Authority, New York) with an 

ampacity of 2300 A and operating at 138 kV. 

 

Figure 14 visualizes the LIPA installation on-site, showing the three phase HTS cable in the front and the 

corresponding outdoor terminations in the background. In Figure 15 the building including the cooling 

equipment is shown. 

  

Figure 14: HTS cable installation in the grid of 

LIPA. 

Figure 15: Building including the cooling 

equipment. 

Figure 16 shows a sketch of the LIPA cooling system. The primary refrigeration system is a turbo expander 

cooler with a capacity of 5.65 kW @ 65 - 72 K, delivering a mass flow of 375 g/s of LN2. With 5.1 kW cable 

cryostat / termination losses and 333 W refrigeration system losses there is a 5% margin of about 250 W.  

To ensure continuous cooling even during refrigerator failure there is a backup refrigeration system using 

bulk nitrogen supply at about 45 g/s providing a cooling power of about 6.8 kW. The system is supplied from 

a nitrogen tank with about 50 m
3
 capacity. 

 

 

Figure 16: Sketch of the LIPA cooling system. 

The system operation during about 2 years is shown in Figure 17. In October 2008 an internal transfer line 

had to be replaced. Each change of the grey dots between upper and lower end of the scale represents a 

switching from the primary cooling system to the backup system. Initially, there were temperature and 

pressure instabilities during such switching operations, which could be reduced after hardware and software 

changes. 
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Figure 17: HTS cable cooling system performance. 

Before design and installation of the HTS cable system an intensive search into relevant parameters and 

regulations relating to the cooling system had been performed. As soon as the proper cable design was 

available a more detailed investigation had been carried out. During the operating time analyses using 

Ishikawa diagrams (so-called fishbone diagrams) of the LIPA HTS cable trips out of service had been 

performed, including the typical categories like materials, methods, measurements, machinery (any 

equipment), environment (e.g. ambient conditions) and people involved. Such ñcause-and-effectò lines 

showed dependencies of diverse parameters of the cooling system and resulted in a better understanding of 

processes of the whole cooling system and cable system. Despite of any efforts with the Ishikawa diagrams, 

the operating behaviour was not fully satisfying in the first month of the operating time, where e.g. the 

backup system did not start up for a short time or an over-temperature limit of the compressor was reached 

on a hot summer day. Nevertheless, a continuous optimization of the cooling system was possible by the 

analysis and structuring of the processes. As a result, since 2009 the cable has been running for several years 

without interruption. A comparison of the performance of the HTS cable during the years 2009 and 2010 is 

shown in table 2. Aside from a slight increase of the cable cryostat losses due to minor losses of vacuum 

quality of the cryostat, the cable system was operating like in the original conditions when it was supplied to 

the customer. 

Table 2: Operating performance of the HTS cable. 

  2009 2010 

Operating condition  Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 

Load MVA  0 16 82 0 17 87 

Current A 0 75 350 0 76 368 

Operational voltage kV 138 138 138 138 138 138 

Total losses W 3672 4301 4615 3958 4464 4922 

Cable cryostat losses W/m 1.3 1.3 1.3 1.35 1.35 1.35 

5. CONCLUSIONS 

Various cooling systems have been realized for HTS FCL and cable systems. The typical cooling demand is 

in the gap between cold heads on the one hand which are not powerful enough and show low efficiency and 

expensive refrigeration systems on the other hand which are built as complex systems using turbo expanders. 

After a HTS system has shown functionality, the availability and reliability of such a system is mostly domi-

nated by the availability and reliability of the cooling system. Research and development as well as larger 

series production are needed to make cryocoolers of 0.5 to 30 kW cooling power more reliable and eco-

nomically attractive. 
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ABSTRACT 

Individual cryostats have been developed for sensor (SQUID) and HTS-bulk material cooling, in particular 

for current-transformer cooling or inductive superconducting fault-current limiters (iSFCL). Apart from 

mechanical requirements, e.g. with respect to the pressure equipment directive, and vacuum lifetime, our 

developments are based on computational fluid dynamics (CFD) simulations. Furthermore, special 

components, e.g. for fluid handling, are presented. An innovative piston pump for cryogenic media, with a 

double-acting electro-dynamic linear motor of moving-magnet type, was manufactured to work from 

ambient temperature down to 4 K with a scalable volume flow in a pressure range up to 15 bar. Successful 

test results confirm the advantageous performance. Additionally, our current developments are supported by 

CFD simulations of complete cooling systems and by measurements of thermodynamic properties such as 

thermal conductivity and thermal expansion. 

1. INTRODUCTION  

In the framework of the global energy turnaround for sustainability and related changes in distribution of 

electricity, high-temperature-superconductor (HTS) applications are one of the most promising future 

components. In recent years individual components like fault current limiters and power transmission cables 

with corresponding peripheral components have been developed. 

With reference to these components, specific HTS materials and related applications need reliable, powerful 

and affordable cooling systems like cryocoolers, cryostats, or pumps for liquid cryogens. Several 

developments require non-metallic materials or parts for minimization of eddy currents (electromagnetic 

interaction) in the final construction. 

Within a 10 kV/15 MVA inductive superconducting fault-current limiter project, which is currently being 

developed by Bruker EST, a special non-metallic ring-cryostat with a warm bore hole is required for an 

arrangement of coils and HTSL tapes [1]. 

Because fiberglass is a lightweight material with outstanding material properties, the usage of GFRP (glass-

fiber reinforced plastic) materials for example in HVDC (high voltage direct current) electric power 

transmission systems as insulators or the application in low-noise magnetic field cryostats is well proved. 

As one part of this paper, calculations of mechanical strength for special fiber reinforced plastic (FRP) 

pressure-vessel cryostats for energy deposition will be presented. Furthermore, the leakage rate after final 

pressure-test procedure is given. 

For energetically optimized filling processes of such complex systems, the amount of flash gas 

(decompression) has to be minimized. Therefore a piston pump with an electrodynamic linear motor for 

liquid cryogens should be a good candidate. Such a device has been developed and tested successfully at the 

ILK.  

2. CONCEPT CONSIDERATIONS AND NUMERICAL ANALYSYS  

2.1. Cryostats ï mechanical requirements 

Using the electrical properties of HTS material, the iSFCL system should almost instantaneously protect 

power grids against short circuits. The cooling is to be carried out in a customized LN2 cryostat. The rapid 

annihilation of the superconducting state caused by large field changes due to fault currents results in a 

massive energy deposition into the LN2 reservoir. The corresponding amount of evaporated nitrogen 

enhances the system pressure, which corresponds to an increase of boiling temperature. The dynamics of 
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such systems is governed by the energy per time deposited in the LN2, which is why designing of cryostats 

has to be done according to pressure vessel rules. In particular, the German pressure vessel association 

published a regulation conforming to the Pressure Equipment Directive 97/23/EC also called AD 2000 [2].  

Apart from the difficult dimensioning of the wall thicknesses of pressure vessels made of filament winding 

material like GRP, we favored a sealing concept based on modified PTFE (polytetrafluoroethylene) with 

openings for the screws. In the warm state a helium leakage rate smaller than 1 Ĭ 10-12 mbar/l s was 

measured. 

In contrast to standard pressure vessels without a warm bore in the middle, cryostats for iSFCL need a lead-

through for the central iron core (see r i in Fig. 1). Unlike common cryostats, the so-called ring-cryostat 

shows a much better force distribution behavior during pressure enhancement in the LN2 volume. The 

number of screws in the dimension M10 (according to AD 2000) has to be calculated for specific several bolt 

circle diameters. For optimal tightness of gasket, a smaller distance of screws has to be taken into account. 

By this, typically about 25 N/mmĮ of contact pressure per unit area on a 2 mm thick seal can be reached. 

Due to the possibility of reversible opening of the LN2 volume for mounting of HTS material and space-

saving architecture, a special fixing module for the inner screws (without flange) was created (see Fig. 1). 

Characteristic forces on a 0.5 mĮ cover configuration during quench can reach up to 15.000 kg. 

The key of success of FRP cryostat manufacturing are, on the one hand, harmonized handling of semi-

finished products, constantly well proved bonding surfaces and choosing of proper adhesives, and, on the 

other hand, the joining technology. 

 

 

Figure 18. (left) Schematic draw of an iSFCL (By courtesy of Bruker ASC). GRP cryostat warm bore in the 

middle and modules for pressure-sealable cover plate fixing (right). (ra and r i  - radius of the outer and inner 

FRP tubes, respectively) 

2.2. Cryostats ï general considerations 

For minimizing the electromagnetic interaction, we support the vacuum room of these cryostats with non-

conductive multilayer insulation (MLI) from RUAG Space GmbH. This special MLI from a separate 

research project with squared 1 cm demetallization and an emissivity factor of 0.02 is connected to the LN2 

vessel through a plurality of special FRP bolts (see Fig. 2). 

 

 

Figure 19. Non-conductive MLI mounted via bolts to the LN2 vessel 
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The measured noise spectral densities (SQUID - Superconducting QUantum Interference Device 

measurements) of 20 Layers with 10 Ĭ 10 cmĮ in size are shown in Table 6. [3]. 

Table 6. Noise spectral densities of non conductive MLI (20 Layers, 10 Ĭ 10 cmĮ) [2] 

Frequency 

[Hz] 

Noise spectral density 

[fT/ãHz] 

10 4.20 

40 2.60 

100 2.00 

500 1.70 

1000 1.64 

10000 1.57 

The considered MLI shows an extremely low noise and therefore a non-conductive behavior. 

 

Apart from the careful choice of MLI sensitive GRP cryostats need mechanical supports for the LN2 vessel, 

which are mounted in the vacuum part of the cryostat. Figure 20 shows the static temperature distribution 

calculated with computational fluid-dynamic calculations (CFD) for a special support structure made of Hgw 

2372 FRP laminate. 

 

Figure 20. Contours of static temperature [K] of a GRP support used in cryostats 

This last consideration is necessary with respect to the resulting dew-point at the outer surface of a cryostat 

wall because the condensation of air within electric power systems has to be avoided under all 

circumstances. 

 

2.3. Cryogenic liquid pump ï overall concept 

The general concept of the cryogenic liquid pump is based on a combination of two piston pumps connected 

by an electro-dynamic linear motor. This conceptual design is shown in Figure 4. A detailed description was 

given in [4]. The pump principle and its technical solution is patented technology [5]. The ñcold pumpò is 

designed to provide a volume flow of 360 l/h against a pressure head of 1.5 MPa. 
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Figure 4. Conceptual design (cross-sectional view) of the cryogenic liquid pump 

(1) and (2) ï valve units, both including inlet and outlet; (3) ï motor and pistons 

2.4. Cryogenic liquid pump ï design details 

A cryogenic electrodynamic linear motor based on the moving-magnet principle forms the driving subsystem 

of the pump. Its composition is shown in Figure 5. 

 

 
Figure 5. Design of the cryogenic electrodynamic linear motor 

(1) NdFeB permanent magnet; (2) pole cylinders; (3) driving coils; (4) hollow cylindrical magnetic yoke 

 

The stator comprises the hollow cylindrical magnetic yoke, also forming the motor housing, which contains a 

pair of driving coils. The armature consists of the central cylindrical axially-magnetized NdFeB permanent 

magnet and the pole cylinders at both sides. NdFeB has been favoured despite its spin-reorientation 

transition at 135 K, since SmCo and AlNiCo materials had been tested as less suited for this application due 

to their brittleness and their unfavourable magnetization direction in the commercially available form. 

The motor is designed to have no reluctance force which could determine a spring constant. This design 

leads to the capability of operating the motor at variable speed and frequency. 

 

The pump consists of a cylinder housing made of polycarbonate carrying the Invar (nickel-iron alloy 

FeNi36) bushing of the cylinder. The pump piston consists of an Invar carrier with a Vespel SP-22 

(registered trademark of Du Pont
 
) liner. 
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The valve consists of a brass housing containing the valve seats and valve balls. The valve balls were made 

of Vespel SP-1 (registered trademark of Du Pont
 
) in order to reduce weight and to avoid freezing at the 

valve seats. The functional sketch and the completed valve are shown in Figure 6. The valve principle and its 

technical solution is patented technology [6]. 

 

a)     b)  

 

Figure 6. a) functional sketch: (1) inlet; (2) pumping cylinder overflow; (3) outlet; (4) inlet valve ball; 

(5) inner valve overflow; (6) outlet valve ball; 

b) completed valve: (1) inlet side; (2) outlet side; (3) flange joint to polycarbonate cylinder 

housing; (4) brass housing containing the valve seats and valve balls 

3. RESULTS AND DISCUSSION 

3.1. Cryostats - tests and results 

During the pressure test of the cryostat with 200 liters LN2 within, the force on the top cover was 

approximately 15 tons (3 bar) for 40 minutes. 

After this extensive pressure test a helium leakage rate of 9 Ĭ 10-10 mbar l/s for the complete FRP cryostat 

was found. 

The virtual leak rate as a result of measurements of pressure rise can be given as 4.1 Ĭ 10-10 mbar l/s cmĮ. 

The ability of such cryostats under long term usage in power applications for example in iSFCL systems has 

to be proofed by further investigation (in progress). 

3.2. Cryogenic liquid pump ï tests and results 

Most performance tests of the pump have been arranged using liquid nitrogen due to its uncomplicated 

handling and relatively large latent heat enabling precise measurements (see Figure 7). During cooling down, 

neither does the large temperature difference harm the hardware of the pump nor its operating behaviour. 

Furthermore, tests with the pump immersed in liquid argon have been performed successfully. In the case of 

argon the Bernoulli effect might lead to evaporation and, possibly, cool down the liquid below its triple 

point, hence blocking the piston or the valves. Such phenomena, however, have not been observed. 

 For an autonomous control of the pump depending on the input voltage an electronic circuit has been tested, 

which automatically reverses the polarity of the coil. By approaching the mechanical stop, the piston causes 

an increase in the current that is evaluated by a comparator. The output signal switches the relays, which 

reverse the polarity of the coil and make the piston move into the other direction. 

 

It should be emphasized that, for given working conditions (kind of liquid and back-pressure), the optimum 

working parameters of voltage and frequency can be chosen. Hence, in a final application no control will be 

required anymore. Results for controlled voltage operation (at constant frequency) are shown in Figure 8. 

The tests have been performed under atmospheric back-pressure. For higher back-pressures, the acceleration 

force on the valve bodies will increase, thus resulting in higher volume flows. Already in the unfavourable 

case of atmospheric back-pressure, a volume flow of more than 100 l/h for liquid nitrogen has been obtained. 

Higher back-pressures will lead to increased forces acting on the inertia of the valve balls, which will 

increase the maximum operating frequency of pump. 
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Figure 7. Pump delivering liquid nitrogen 

 

 
Figure 8. Volume flow as a function of frequency obtained at varying values of driving voltage. The 

voltage is alternated by control using the current signal, measurements are performed under atmospheric 

back-pressure. The dash-dotted line is just a guidance to the eye. 
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ABSTRACT 

The superconducting (SC) current feeders system (CFS) for Steady State superconducting Tokamak (SST-1) 

consists of (+/-) ten pairs of 10,000 Ampere (A) leads, Cu-SC joints, cryo compatible SC feeders ducts 

operating at high voltage with extensive cryo as well as room temperature hydraulic network. Appropriate 

design drivers have been considered to provide the safe design of the CFS. A horizontal cryostat in 

cylindrical configuration with active liquid nitrogen (LN2) cooled 80 K shield provides ease of installation 

and maintenance of all the critical components. The required thermo-structural and thermo-hydraulic 

analyses for cryostat and SC feeders have been carried out. The planned fluid flow scheme of the CFS 

provides the better temperature margin available for SCMS operation. The required instrumentation and 

control system is being upgraded and validated through tests. The paper describes the design, analysis, flow 

scheme with instrumentation and control and engineering commissioning experience of the current feeders 

system.  

1. INTRODUCTION  

The CFS is essentially an optimized bridge between the power supply at room temperature and 

superconducting magnet system (SCMS) of the SST-1 machine at 4.5 K. The system consists of (+/-) ten 

pairs of 10,000 Ampere (A) rating helium vapour cooled conventional current leads (VCCL), forty numbers 

of Cu-SC joints, three numbers of cryo compatible SC feeders ducts, current leads assembly chamber along 

with the hydraulic network and three numbers of joint boxes operated at different current rating are required 

to charge Toroidal Field (TF) and Poloidal Field (PF) magnets separately.  Nine pairs of VCCL are required 

to energize the PF magnets at different operating currents in the range of 1 kA - 9 kA with various current 

ramp up/down as defined in the SST-1 plasma reference scenario [1] and plasma shaping requirements. One 

pair of VCCL is required to charge TF coils at 10,000 A. It is essential to have safe, stable and reliable 

design of the CFS because the whole stored magnetic energy of the SCMS during the quench is being 

dumped though the CFS path [2]. The hydraulic network of the CFS consists of liquid helium (at 1.2 bar / 4.4 

K), pressurized helium (at 4 bar / 4.5 K), LN2 (2 bar / 80 K) and room temperature helium gas hydraulic 

networks. The architecture of the CFS also includes extensive instrumentation, diagnostics, data acquisition 

and control system. 

2. DESCRIPTION OF THE CURRENT FEEDER SYSTEM  

2.1. Current Leads 

Looking at the numbers of current leads requirement, operating current range and SST-1 operation duty 

cycle, the conventional helium vapor cooled current leads (VCCLs) concept has been adopted.  Basically, the 

concept uses an optimally designed metallic heat exchanger from the room temperature down to 4.5 K. The 

heat exchanger design is simple with rod in thin tubes. Indigenously, we designed the current leads rated for 

10,000A and the first (+/-) pair was in-house manufactured in 2006 [3] and then upgraded in 2009 [4] with 

stringent follow-ups of QA/QC at each stages of manufacturing. The developed VCCL had been tested at 

operating conditions in a specially designed cryostat. The purpose was after successful performance test 

demonstration; the series production of next nine pairs should be done with follow-ups of similar QA/QC 

procedures. The test results of the first pair of such current leads have been reported in [4]. Afterwards, all 

other current leads were developed by maintaining stringent QA/QC. Figure 1(a) shows the VCCL 

developed at IPR. A typical 3 kA/s ramp rate results of the VCCL is shown in Figure 1 (b).  
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Figure 1(a) Series production of VCCLs      Figure 1(b) Typical test result with 3kA/s ramp rate 

2.2. Current Leads Assembly Chamber (CLAC) 

As stated earlier, all the SC magnets will also be charged in their representative start-up scenarios. This 

necessitates a dedicated CLAC equipped with suitable in-out cryogenic network, liquid helium baths for the 

current leads and isolators for maintaining electrical isolations between the source helium lines connected to 

the plant and gas return lines. The CLAC in horizontal configuration with one open able dish end has been 

installed  at 10 m away from the SST-1 machine. The CLAC has vacuum of 10
-6
 mbar, 80 K thermal shield 

cooled by liquid nitrogen (LN2). A FE analysis for this chamber was carried out under different load case 

scenarios. Figure 3 and 4 show the typical load case and Von-Mises stress distribution of the chamber 

respectively. A Figure 5 shows the CLAC during the manufacturing.  Figure 6 shows the cool down and 

temperature profile of the 80 K shields of chamber. 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3 Typical Load Case of CLAC               Figure 4 Von Mises stress distribution (Max. 41 MPa) 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 CLAC photo during manufacturing     Figure 6 Temperature distribution of LN2 shield in CLAC 
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2.3. Superconducting Feeders for TF and PF magnets 

The NbTi/Cu based cable-in-conduit-conductor (CICC) is used as SC feeders. They are connected at the 

bottom of the current leads with sub-divided joints configurations and terminated inside the joint boxes.  In 

order to avoid the transient electro-magnetic effects of the PF feeders on the TF feeders, three different ducts 

have been planned. One duct is dedicated for the TF feeders whereas other two are for the PF  feeders. The 

bus ducts design and layout have been chosen as per the leads configuration of the TF and PF coils inside the 

SCMS. The SC feeders are supported with low thermal conductivity spacers made of G-10 CR to minimize 

heat load and electromagnetic forces. The required electrical isolation (~ 60 GOhm at 2kV) in bus bar is 

achieved by wrapping Kapton and E-glass fibre tapes with epoxy resin. The outer vacuum duct and 80 K 

shield have been designed and fabricated in segments to suit the assembly requirement and flexibility in 

maintenance. Figures 7 and 8 show the model of hydraulic network within the CLAC and actual assembly 

respectively, 

 

 

Figure 7 Model including hydraulic network                          Figure 8 Insight of actual assembly in CLAC 

2.4. Copper -Superconducting Joints  

Total forty numbers of Cu-SC joints are   required 

to   interface VCCL and SC feeders with SST-1. In 

CLAC, sub divided joint had been adopted, 

whereas twenty shake hand type Cu-SC joints are 

installed in all the three joint boxes. Special design 

of ceramic based vacuum barrier offers vacuum 

and electrical isolation of 60 G-ohm to the SST-1 

cryostat and the CLAC. Figure 9 shows the typical 

vacuum barrier installed at TF feeders ducts. 

Figure 9 Vacuum barrier installed at the TF duct 

3. DIFFERENT HYDRAULICS NETWORKS AND FLOW DISTRIBUTION  

Three different cryogens are used to maintain the CFS at operating conditions. All the SC feeders 

are cooled with pressurised helium whereas LHe is used to cool all the VCCLs. The 80 K thermal 

shield is cooled by LN2. Vapor return line for each pair of VCCL and LHe header has one flow 

control valve and one Venturi meter. An optimised flow distribution network for pressurised helium 

has been installed for the CFS. Coolant exit from all the PF magnets at SST-1 is fed to their 

respective feeders thus makes the flow direction from SCMS to VCCL. The flow direction for TF 

feeders is from the bottom of current lead inside the CLAC towards the SCMS. Pressurised helium 

exit from individual VCCL is collected in common header via electrical isolators which provides 

electrical break in between VCCL and collecting header. Similarly, LHe from a common header is 

fed to individual VCCL via electrical isolators.  Detailed flexibility analyses for the loops and inter-

connecting feed lines have been carried out using ANSYS [5]. 
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4. INSTRUMENTATIONS AND DIAGNOSTICS  

To control and monitor the different parameters of the CFS a PLC and SCADA based system is 

implemented. The CFS is equipped with large number of calibrated instruments at different 

strategic locations to monitor the behaviour of the current leads and SC feeders. The details of these 

sensors and diagnostics are as follows as mentioned in Table 1. 

Table 1 Sensors and Diagnostics details used in the CLAC 

Sr. No.  Type of measurements Instrumentation Make Nos. of sensors 

1 Temperature at 4.5 K TVO  62 

2 Temperature at 80 K PT-100 04 

3 Temperature at 300 K PT-100 20 

4 Pressure at 4.5 K Piezo-resistive type 02 

5 Liquid Level at 4.2 K  SC filament type 21 

6 Flow meter (at room 

temperature) 

Venturi Type 11 

7 Flow meter (at 4K)  Venturi Type 2 

8 Voltage Taps Isolated Transmitter type 60 

 

All temperature sensors were connected with indigenously developed cryogenic grade temperature 

transmitter modules [6]. This module provides input isolation of 2.5 kV and output isolation of 1.5 kV. The 

output of transmitter is linear 4-20 mA for temperature range of 4 K to 325 K, which is fed to analog input of 

the PLC. Thermal anchoring of sensor wire was provided on LN2 tube to minimize the error due to heat 

conduction through lead wire to sensor element.  

5. QUALITY ASSURANCE AND QUALITY CONTROL  

A stringent and well established quali ty assurance plan was established during the development of 

the CFS as per ASME section V. As a part of QAP, starting from raw material inspection (chemical, 

mechanical test etc.), stage wise helium leak test, thermal shocks test, high voltage breakdown test, 

flow test and the testing of the final assembly at different stages were carried out during the 

installation of CFS. A special attention was given on the safety aspects. 

6. CONCLUSION  

The SST-1 CFS, along with the in-house developed (+/-) ten pairs of 10 kA rated conventional current leads 

have been designed, manufactured, tested and finally installed with extensive hydraulic network and 

diagnostics. The performance test results on the VCCLs are found to be satisfactory. The expeirmental 

results of different components, tested separately were found to be consistent with the design and analyses. 

The pre-commissioning test results of the of the integrated CFS have shown the safe, stable and relaible 

design as a whole. 
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ABSTRACT 

Slush Nitrogen (SN2), mixture of liquid nitrogen (LN2) and solid nitrogen particles with the characteristic 

temperature of 63.1 K allows more heat load and larger temperature rise in HTS cable system than LN2. We 

have confirmed the advantages of SN2 by calculation, showing that SN2 effectively suppress temperature 

rise in HTS cable. To examine these favourable properties of SN2 at laboratory level we have developed an 

SN2 generator and set up a small scale SN2 cooling system, with which we succeeded in flowing the 

refrigerant at about 63 K. We are going to measure the density of SN2 (the amount of flowing solid nitrogen) 

and quantitatively study the refrigeration characteristics of SN2. In this paper, we discuss our SN2 cooling 

system and the calculational and experimental results for refrigeration characteristics. 

1. INTRODUCTION  

For HTS cables, sub-cooled liquid nitrogen (LN2) below 77 K is usually used in consideration of critical 

current and dielectric performances of the HTS cables. Many different types of LN2 refrigeration systems for 

HTS cables have been studied, in most of which LN2 is circulated through cable using pumps and constantly 

sub-cooled by refrigerators to be kept from vaporization (1). In these cases, however, the flow rate, pressure 

and temperature of nitrogen need to be controlled to meet the requirements of HTS cables such as cooling 

power, while maintaining the sub-cooled state of LN2 between melting and saturating curves. Although 

lowering the temperature of refrigerant has some merits for HTS cables such as the improvement in the 

current transmission and the extension of the distance between cooling stations, there is a limit to lowering 

the temperature of LN2 due to its solidification which should be avoided for continuous circulation. Slush 

nitrogen (SN2), mixture of LN2 and particles of solid nitrogen, remains at 63.1 K that is the solidifying 

temperature of nitrogen until solid nitrogen is consumed by latent heat of fusion. Thus by using SN2 as 

refrigerant, the inlet of the HTS cable system can be cooled at lower temperature than by using conventional 

sub-cooed liquid nitrogen, which makes it possible to lengthen the HTS cable by allowing more temperature 

increase in the system. 

To handle the difficulty with LN2, a refrigeration system for the HTS cable making use of SN2 has been 

studied as a Japanese national project since 2000. In that project, the refrigeration characteristics of SN2 for 

HTS cables travelling a long distance was studied, and the flow characteristics and heat transfer 

characteristics of SN2 were also reported {(2,3)} . In those works, however, the measurements were taken 

only for a few minutes. In this study, the refrigeration characteristics of flowing SN2 and LN2 are measured 

for over ten minutes using a circulation system as well as a linear one-way flow system. In sections 2 and 3, 

the results obtained using both flow systems are discussed, comparing the refrigeration characteristics of 

flowing SN2 and LN2, and our circulation system is described in detail in section 4. We then summarize our 

work in section5. 

2. RELATION BETWEEN THE TRAVELLING DISTANCE AND TEMPERATURE  

OF REFRIGERANTS 

We calculated the relation between the travelling distance and the temperature and pressure of refrigerants 

(Figure 1). In these calculations the flow rate was set to 40 L/min (1), and the total loss per cable length and 

the ice packing factor were assumed 2.85 W/m and 20 % respectively. As the inlet temperature of LN2 66 K, 

the lowest possible temperature for the actual facility (1) was used, while 63.1 K was used for SN2. The 

density and specific heat of SN2 were calculated from the ice packing factor, and the viscosity of SN2 was 

evaluated by the Mori-Ototake equation. Throughout the calculations, the temperature of SN2 was assumed 
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to remain constant as long as solid particles existed in the fluid. The values of the constants used in the 

calculations are summarized in Table 1. 

It is found that the SN2 cooling system has improved the performance of the HTS cable, as the temperature 

of SN2 remains about 4.9 K lower than that of LN2 until 5 km from the cooling station. It is also observed 

that the distance at which the temperature reaches 75 K is longer for SN2, which indicates that the distance 

between cooling stations can be extended by using SN2. The pressure at the cable inlet, or the pressure at the 

pump outlet is shown to be larger for SN2 than for LN2, and so is the pressure drop due to the viscosity of 

SN2. It should however be noted that the pressure drop can be reduced by increasing cable diameter and/or 

decreasing flow rate. 

To simulate an SN2 station, we have set up a small scale SN2 cooling system and investigated the effect of 

the latent heat of fusion on cooling as well as the movement of SN2 in cable. 

Table 1. Values of parameters used in the calculations 

AC loss  0.3 W  

dielectric loss  0.5 W  

Flow rate  40 L/min  

Fluid volume per meter 2.18 L/m 

Heat loss 2 W 

Hydraulic diameter 10 m 

Pressure at the cable outlet 0.3 MPa 

Pressure drop  100 Pa/m 

Specific heat of SN2 2018 J/kg K 

 
Figure 1. Temperature/pressure of refrigerant versus travelling distance (calculations) 

3. ONE-WAY  FLOW SYSTEM 

To study the effect of latent heat of melting SN2 we made an SN2 flow system consisting of an LN2 tank, an 

SN2 generator and a 4 meter long transfer tube and a pump (Figure 2). Since it is important to constantly 

provide solid nitrogen particles to SN2 cooling system, we have designed a generator to continuously 

produce solid nitrogen particles using Auger method. In our experiment the generation rate of solid nitrogen 

particles was set to 5 g/s with the average particle diameter 119 ɛm (4) The inner diameter of the transfer 

tube is 14 mm, and four heaters are set on the tube at one meter intervals as shown in Figure 2. To measure 

the temperatures of refrigerants five thermometers are set in the middle of the transfer tube at one meter 

intervals (Figures 2 and 3). To prevent the thermometers from contacting the tube wall support rings are 

fitted in the tube as shown in Figure 3. 
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In this one-way flow system LN2 flows from the LN2 tank to the generator, in which LN2 mixes with solid 

nitrogen particles and then flows into the transfer tube. The solid nitrogen particles then flow into the transfer 

tube specially designed to measure the fluid temperature to study the effect of latent heat of melting SN2. 

In the case of SN2 cooling, the pressure in the LN2 tank decreases, as the temperature of LN2 is kept below 

64 K. We therefore increased the pressure in the tank to 11 kPaG by injecting helium gas into it and forced 

LN2 and thus SN2 to flow into the transfer tube. We then measured the flow rate immediately after the fluid 

flowed out of the transfer tube. 

 

Figure 2. A diagram of one-way flow system 

 

Figure 3. A schematic of the transfer tube 

Figure 4 shows the temperatures measured at several places of transfer tube. In these measurements, the flow 

rate and ice packing factor were 4 L/min and 2.8 % respectively, and the total heater power was varied from 

0 to 110 W. We first flowed the fluid through the system more than 30 minutes and then started 

measurement after the fluid temperature was stabilized. 

In this work, we did not measure the relative amount of solid nitrogen. Instead, we inferred the presence of 

SN2 from the temperature distribution along the transfer tube. As shown in Figure 4, the temperature of 

refrigerant for a heat load of 50 W remains near 63 K up to 1m from the inlet of transfer tube, from which we 

conclude that SN2 has flowed 1m along the tube. 
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Figure 4. Temperature of SN2 versus travelling distance (one-way flow system)) 

4. CIRCULATION SYSTEM FOR SLUSH NITROGEN 

The structure of the circulation system is shown in Figures 5 and 6. This equipment includes a pre-cooling 

cryostat (PCC) with an LN2 pump and a GM-refrigerator, a transfer tube and a mass flow meter as well as 

the SN2 generator used in the one-way flow system. The specifications of the circulation system are 

summarized in Table 2. In this circulation system, LN2 is sent by the pump to the heat exchanger of 

refrigerator the temperature of which is kept between 63.1 and 64 K. Subsequently LN2 goes into the 

generator where it mixes with solid nitrogen particles and then flows into the transfer tube. Unlike the one-

way flow system, the inlet for the generator is located near the top of the generator in an attempt to improve 

the mixing of LN2 with solid nitrogen particles (Figure 5). 

Before measuring the fluid temperature, we ran the circulation system for 6 hours, continuously generating 

and circulating SN2 until the fluid temperature became stable. Figure 7 shows the temperatures of SN2 

measured at one meter intervals along the transfer tube. In this measurement the flow rate is 4.0 L/min, and 

the total heater power is 0 W. As shown in Figure 7, we succeeded in flowing the refrigerant through the 

circulation system at about 63 K, although SN2 (solid particles) did not flow well from the generator to the 

transfer tube. We guess that the poor transfer of SN2 may be related to the way LN2 enters the SN2 

generator. As stated above, we let LN2 enter the generator from above to facilitate the mixing of LN2 and 

solid nitrogen particles. It however seems as though LN2 was slightly warmed up in the upper part of the 

generator which is a little away from the cold head, resulting in the reduction of SN2. 

 

Figure 5. A schematic of the circulation system 
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Figure 7. Temperature of SN2 versus travelling distance (circulation system) 

5. SUMMARY  

We have introduced a new refrigerant SN2 and calculated its refrigeration characteristics, evaluating its 

merit. We have developed an SN2 generator and set up a small scale SN2 cooling system. In our one-way 

flow tests, SN2 was confirmed to flow 1 m along the tube with a heat load of 50 W. We have also succeeded 

in flowing SN2 through our circulation system more than 6 hours, keeping the fluid temperature around 63 

K. As a next step, we are going to measure the density of SN2 so that we can quantitatively study the 

refrigeration characteristics of SN2. 
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Table 2. Specifications of the circulation system 
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ABSTRACT 

A special dilution refrigerator with pulse-tube pre-cooling has been designed, constructed and tested with the 

purpose of cooling (terahertz) radiation sensors or cryogenic electronics to very low temperatures. The whole 

setup features tilt independence, angles of up to 45Á from its upright position are possible without significant 

loss of cooling power due to specially designed key components as for example the mixing chamber. Two 

independent but thermally coupled 
3
He circulations permit a high level of temperature stability. The 

experimental optimisation includes for example an improved design of the radiation shields. Furthermore, 

different types of heat switches have been investigated in order to find the best refrigerator performance. 

This work has been supported by the German Federal Ministry of Economics and Technology (contract 

numbers ZIM KF2067102AB8, ZIM KF2067112PR9, and EN MF 110057). 

1. INTRODUCTION  

During past years, cryogenic-free pre-cooling for applications at very low temperatures has become more 

and more available. Besides sorption cooling and, for single-shot applications, adiabatic demagnetisation, 
3
He-

4
He dilution refrigerators are the most employed cooling technologies for the temperature range below 

1 K. For a stable and low-noise operation of radiation sensors however, additional features are required 

often. 

 

For example, a tiltable dilution refrigerator is very advantageous for many astronomic applications. The 

installation of such a device is intended at the University of Trento [1]. In principle, dilution refrigerators 

may operate even gravity-free but such developments are open-cycled or they feature significant 

complexity [2]. The current development is characterised by a tilt independence of the complete system with 

angles of up to 45Á from its upright position, no need of external pumps, and a continuous and stable 

operation. 

 

Some details of this dilution refrigerator will be presented in this paper. Additionally, systematic 

investigations of gas-gap and superconducting heat switches have been performed in order to gain reliable 

performance characteristics over a wide range of temperature. 

2. DETAILS OF DESIGN  

The two-stage pulse-tube pre-cooler for the dilution refrigerator has been developed by TransMIT Giessen, 

especially adapted to the demands described in this paper including high tilt independence. Its base 

temperature is about 2 K. 

 

For operating the complete system, an electronic control has been developed by Supracon and IPHT Jena. 

Thus, a very user-friendly design could be realised. 

 

The design of the dilution refrigerator is based on a development at IAP Berlin, which is marked by two 

independent but thermally coupled 
3
He cycles. This provides the possibility to regenerate the sorption pump 

of one of the cycles without significant heat flux into the 
3
He-

4
He cycle. Additionally, a 

4
He cycle has been 

included due to required thermal stability. All components have been dimensioned based on thermal and 

fluidic calculations. Figure 1 shows a part of the construction drawings. 
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Figure 1. Drawing of the 

3
He and 

4
He cycles of the dilution refrigerator. The sorption pumps are not 

shown. 

 

The design of the radiation shields has a very subtle influence on the performance of the cooling system. 

Besides the required mechanical stability, the cool-down time and, in particular, the minimisation of heat 

losses have to be considered. Best results have been achieved using a standard copper shield with multi-layer 

insulation (MLI) at the first stage of the pulse-tube refrigerator whereas, at its second stage, a copper-free 

MLI shield with a supporting structure made of fibre-reinforced plastics is fixed. 

 

The design of the mixing chamber [3] enables tilted operation of the dilution refrigerator with angles of up to 

45Á from its upright position. The challenge of charging and discharging into/from the correct phase might 

also be solved by a bottle-shaped chamber. Such design however, would suffer from a reduced area of the 

phase boundary resulting in a decreasing cooling power. The configuration shown in figure 2 with a special 

arrangement of capillaries as filling material avoids such disadvantages. Furthermore, a usual outside shape 

of the chamber can be realised. 

 

                  
Figure 2. Mixing chamber for tilted operation as drawing (left part) and during manufacturing (right part). 

Due to further investigations on the prototype cooler, an indium seal is used. 
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3. EXPERIMENTS  

For precise investigations of the complete cooling system, a special apparatus is available which provides the 

possibilities of tilting and rotating (see figure 3). An active damping (air legs) strongly reduces the influence 

of external mechanical noise. 

 
Figure 3. Apparatus for tilting and rotating the cooling system with puse-tube cooler (1; TransMIT 

Giessen), outer radiation shield (2), vacuum flask (3), feeder plate (4) and air legs (5). 

 

Despite of minimised mechanical vibrations of the pulse-tube cooler as developed by TransMIT Giessen, 

further mechanical decoupling from the mixing chamber is necessary. An optimised combination of rigid 

connections with capillaries supported by mounting elements results in significantly reduced noise at the 

mixing chamber (see figure 4). Noteworthy, the operating frequency of the pre-cooler of 1.4 Hz is clearly to 

be seen at its second stage (bottom) but can not be resolved at the mixing chamber. 

 

 
Figure 4. Time-resolved acceleration values measured at different positions: (from top to bottom) 

neighbourhood signal for comparison, mixing chamber (radial direction), mixing chamber (axial 

direction), pulse-tube cooler (second stage, axial). In good approximation, the values are 

proportional to the measured voltage (right scale, please note the varying voltage ranges). 

 

The main principle of the thermally coupled helium cycles has been confirmed, also using a modified design 

for 
4
He. Typical values for the regeneration of the sorption pumps are a heating power of 3 W, a heating time 

of 15 minutes, and a cycle time of 5 h. A stable operation of these cycles has shown to be realised. Further 

investigations are progressing. 
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Superconducting and gas-gap heat switches are the only configurations which are known to work reliably at 

very low temperatures. For superconducting heat switches, materials with relatively low critical field have to 

be chosen. Thus, pure elements like lead, niobium or indium are considered. Figure 5 shows a set-up used for 

tests on different kinds of superconducting heat switches. 

 

 
 

Figure 5. Set-up for investigations on superconducting heat switches. 

 

A set-up for investigations on gas-gap heat switches is shown in figure 6. Most important parameter for the 

operation characteristics is the amount of filled helium. As a reference value, a helium pressure of about 

100 mbar at room temperature can be given. The variation of the resulting performance with different 

designs of the heat switch or with the base temperature is relatively weak. Larger helium pressures provide 

minor improved thermal coupling but demand significantly longer cool-down. 

 

 
Figure 6. Set-up for investigations on gas-gap heat switches. 

4. CONCLUSIONS 

The currently developed dilution refrigerator is characterised by a tilt independence of the complete system 

with tilting angles of up to 45Á, no need of external pumps, and a continuous and stable operation. One of its 

key components is the mixing chamber with a special arrangement of capillaries as filling material. The main 

principle of the thermally coupled helium cycles has been confirmed, further investigations are progressing. 

Systematic investigations on superconducting an on gas-gap heat switches also provide a basis for the further 

development of cooling systems for very low temperatures. 
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ABSTRACT 

The antimatter experiment AEGIS is being constructed at CERN. Its scientific goal is to measure the 

gravitational interaction between antimatter and ordinary matter. Therefore neutral antihydrogen is subjected 

to the earthôs gravitational field. In order to perform precise measurements, the antihydrogen needs to be 

produced at very low temperatures. This is achieved by cooling the combining antiprotons to temperatures of 

about 100 mK. 

The antiprotons are trapped and cooled in a Penning trap. The required electrical fields are generated by a 

series of electrodes, which are charged independently with peak voltages of up to 1 kV. The electrodes are 

formed by thin gold layers sputtered onto polished sapphire. Sapphire provides reliable electrical insulation 

and very high thermal conductivity. The bottom of the sapphire is gold sputtered too and is pressed against 

the mixing chamber of a dilution refrigerator. An indium foil sandwiched between the sapphire and the 

mixing chamber is used to reduce the thermal boundary resistance. 

1. INTRODUCTION  

Still there is a question mark in the standard model of particle physics concerning the gravitational force. In 

order to study its nature AEGIS (Antimatter Experiment: Gravitation, Interferometry, Spectroscopy) is 

currently under construction. It is located at CERNôs (European Organization for Nuclear Research) 

Antiproton Decelerator. The primary scientific goal of AEGIS is the direct, high precision measurement of 

the Earthôs local gravitational acceleration on antihydrogen [1]. The antihydrogen is formed by antiprotons 

and positroniums. In order to perform precise measurements the antihydrogen needs to be produced at very 

low temperatures, which is achieved by cooling first the antiprotons to temperatures of about 100 mK [2]. 

 

The antihydrogen is created in a Penning trap, which is also used to trap and to cool the antiprotons during 

about 120 s. The Penning trap consists of several high voltage electrodes charged with time-dependent 

voltages of up to 1 kV. The trap is thermalized at the mixing chamber, the coldest part of a 
3
He-

4
He dilution 

refrigerator. In this temperature range only a dilution refrigerator is capable to provide the required 

continuous cooling power. 

2. INVESTIGAT IONS REGARDING THE THERMAL LINK  

Since the electrodes of the Penning trap are charged independently, they need to be individually electrically 

insulated. However, the electrical insulation implies at this low temperature generally a poor thermal contact, 

depending on the thermal conductivity of the bulk materials and on the usually dominant thermal boundary 

resistances. The boundary resistance significantly increases towards low temperatures depending on the 

available heat carriers, being either phonons or electrons [3]. 

 

Different designs of the thermal link between the electrodes and the cold source have been investigated in a 

previous work [4]. The designs differ in the dominant heat carriers. The so called Rod design uses electrons 

and phonons whereas the Sandwich design uses phonons only for transferring the heat. Due to the 

advantageous electrical insulation a Sandwich design is chosen to be applied in AEGIS. 

 

The Sandwich design consists of an electrically insulating material, which thermally connects the electrodes 

with the mixing chamber. A sapphire (mono-crystalline Al2O3) is used as dielectric. It provides only very 

little lattice imperfections, on which phonons are scattered. The phonon mean free path in a pure sapphire is 

considered to be rather large. It can be estimated to about 1 mm at the related temperatures using the 
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equation for the lattice thermal conductivity [5]. A similar value was measured with propagating heat pulses 

at 2 K [6]. Lowest thermal resistances in the bulk material can thus be achieved. 

 

Sapphire shows another beneficial property for the presented application, which is its thermal diffusivity. 

The thermal diffusivity is a measure of the propagation speed, with which a temperature disturbance at one 

point in a bulk material travels to another point. It is therefore a vital material property for transferring 

dynamic heat loads. The thermal diffusivity is calculated by dividing the thermal conductivity of the bulk 

material by its volumetric heat capacity. Using the thermal conductivity [7, 8] and the specific heat [9] the 

thermal diffusivity of a typical sapphire in the relevant temperature range can be calculated to 2 m
2
/s. This 

value is even slightly higher compared to very pure copper or aluminium [10]. 

 

As already discussed the phonons are little scattered in the bulk of the sapphire, but they are strongly 

scattered and reflected at its surface, which causes a very high thermal boundary resistance. This resistance, 

also known as Kapitza Resistance [11] strongly depends on the temperature, the phonon velocity and the 

acoustic impedance. The thermal boundary resistance is described by the acoustic mismatch theory [12]. 

However, the acoustic mismatch theory considers a perfect mechanical connection of the materials involved. 

To get the solid material as perfectly as possible connected to the sapphire is the real challenge. 

 

When connecting two solids the actual contact area is often extremely small because of microscopic 

irregularities or the roughness in the larger scale. For pressed metal-metal joints contact areas of only 10
-6
 of 

the nominal area have been observed [13]. If the pressure for such contacts is increased, the touching 

material peaks undergo plastic deformation and larger contact surfaces develop until the pressure is just 

below the yield strength of the material. 

 

It can be found in literature that the thermal boundary resistance of metal-sapphire pressure joints can be 

reduced by placing a thin foil of indium as intermediate layer [14]. Indium is still pliable at low temperatures 

and creeps at fairly low pressures. However, it could be proved by several researchers [10, 15] that a further 

reduction of the thermal boundary resistance can be achieved by vapour depositing the sapphire surface with 

the metal. Measurements with a test setup depicted in Figure 1 show thermal boundary resistances, for a 

sandwich made of an indium vapour deposited and optically polished sapphire, agreeing very well at low 

temperatures with the acoustic mismatch theory [4]. 

 
Figure 1: Sandwich design with the position of the heater (H) and the temperature sensors [4]. The 

temperatures of the heated (TH) and the cold side (TC) of the sandwich as well as of the helium in the mixing 

chamber (TMC) were measured. 
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3. THE AEGISô THERMAL LINK DESIGN  

The Penning trap of AEGIS is a stack consisting of 10 cylindrical electrodes, of which 5 are split into 4 

sectors. All sectors and electrodes must be electrically insulated and cooled. The heat load can be split into 

time constant heat loads, mainly thermal radiation and thermal conduction via cables, as well as time 

depending heat loads due to the pulsed creation of antimatter. The latter is mainly caused by the annihilation 

of the positroniums in the electrode material. 

 

The deposited heat increases with the thickness of the electrodes, which shall thus be as thin as possible. 

Therefore the electrodes are made of only some micrometre thin gold layers sputtered onto the polished 

sapphire substrate. All the gold layers are sputtered in one process, in which the insulating gaps are masked. 

The gold sputtered electrodes have further advantages, e.g. 

- the low thermal bulk resistance, 

- the short way the heat carriers have to over bridge between the warm and cold surface of the 

electrode providing short thermal time constants, 

- only one thermal boundary resistance to the sapphire, 

- a small volume to be charged, which reduces charging times and Joule heating and 

- a low electrical resistance. 

 

                    
 

 

 

Figure 2: Electrode of the Penning trap with 4 electrically insulated sectors. Two sectors are shown in light 

grey, the other two in dark grey and the blank sapphire substrate in white. 

 

The sapphire surface in contact with the mixing chamber lid is gold sputtered too. A thin indium foil is used 

to improve the thermal contact between the sapphire block and the mixing chamber lid made of copper. The 

square blocks of sapphire with the sputtered electrodes and the round beam hole are pressed directly onto the 

top plate of the mixing chamber using copper bolts. The differential thermal dilatation will increase the 

pressing force when cooling down. 

4. CONCLUSIONS 

High voltage electrodes of a Penning trap need to be cooled down to about 100 mK. Thermal measurements 

regarding the thermal link between the electrodes and the mixing chamber of a dilution refrigerator are 

performed. They show an excellent compliance of the thermal boundary resistance with the theoretical 

values of the acoustic mismatch theory when using a metal deposition, e.g. vapour deposition or sputtering 

onto polished sapphire and a ductile sandwiched layer like indium foil. With this information the thermal 

link for AEGIS is designed. The design consists of a sapphire block on which the electrode is directly gold 

sputtered. The sapphire block in turn having a gold sputtered surface is pressed against the mixing chamber 

lid made of copper. A thin indium foil is sandwiched in between in order to improve the surface in contact. 

 

Currently measurements are performed in order to verify the thermal performance of the AEGISô thermal 

link design.  
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ABSTRACT 

A 3-dimensional numerical study is reported here for the investigation of the performance of a co-axial 

single stage acoustic Stirling cryocooler.  The cryocooler is driven by a cyclically moving piston with helium 

as the working fluid.  The buffer tube section is concentric with the annular regenerator.  The porous media 

heat-exchangers at each end of the buffer tube act as flow straightners and prevent mixing of the flow.  The 

regenerator and the heat-exchangers are modeled as óporous media heat exchangersô and a non-equilibrium 

heat transfer model (between solid and gas) is applied in these regions.  The management of flow patterns 

from the regenerator sections to the buffer tube is of significant importance in the performance of the 

proposed co-axial cryocoolers.  Three types of flow distribution systems in the cold head region are studied 

via detailed simulations of the 3-D flow and temperature fields.  The first system consists of slots that evenly 

distribute the turning gas flowing from the regenerator to the buffer tube region.  In the second system the 

slots are replaced by an open cold head region.  Finally, in the third system the open cold head is filled with 

copper mesh screen.  The three systems are compared for cryocooler performance. 

1. INTRODUCTION  

The acoustic stirling cryocooler is a developing technology that emerged largely in the early 1980's 

with a series of innovations in the broader field of thermoacoustics.  In contrast with other 

cryocoolers (e.g. Stirling cryocooler and Gifford-McMahon cooler) this type of cryocooler can be 

made without moving parts in the low temperature part of the device, making the cooler suitable for 

a wide variety of applications (industrial applications such as semiconductor fabrication and in 

military applications such as for the cooling of infrared sensors) [1].  Acoustic stirling cryocoolers 

will be particularly useful in space-based telescopes where it is not possible to replenish the liquid 

cryogens as they are depleted.  With the added benefits of extended lifetimes and low vibrations at 

the cold head, these cryocoolers have found their niche application where stable operation is 

desired.  It has also been suggested that acoustic stirling cryocoolers (refered to as pulse tube 

cryocoolers (PTRs) can be used to liquefy oxygen on Mars [2].   

Acoustic stirling cryocoolers come in three basic configurations [1, 3].  These configurations are the 

In-line, the U-tube and the Co-axial type.  The co-axial type is the most compact of the 

configurations and offers the best geometry for direct contact with the cold region (due to the 

presence of a cold head).  Recently, there has been a push to build PTRs that work efficiently at 

higher frequencies [4, 5].  The use of high frequency oscillations allows the system to be 

comparatively small in size- for applications in the space industry or high temperature 

superconductivity (HTS) where localized medium ï low power (1 ï 10 W) cooling systems with 

extremely fast cool-down times are required. 

A 3-dimensional numerical study is reported here for the investigation of the performance of a co-

axial single stage acoustic Stirling cryocooler.  Three types of flow distribution systems (from 

regenerator to the buffer tube) in the cold head region are studied.  The first system consists of slots 

that evenly distribute the turning gas flowing from the regenerator to the buffer tube region.  In the 

second system the slots are replaced by an open cold head region.  Finally, in the third system the 

open cold head is filled with a porous media substance. 
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2. PROBLEM GEOMETRY  

Figure 1 below shows a 2-D slice of the 3-D geometry studied (i.e. a co-axial cryocooler).  The components 

of the co-axial cryocooler include a compression chamber with a moving piston, an aftercooler (component 

B), an annular regenerator with coarse stainless steel mesh (component D), a second set of regenerator mesh 

(fine stainless steel mesh, component E), a buffer tube (component J) with a flow straightner at each end 

(components I and K), a hot heat-exchanger (component L), a diffuser cone to connect warm heat-exchanger 

to the inertance tube, an inertance tube and a compliance volume.  The aftercooler and hot heat-exchanger 

were simulated as porous media zones with properties (porosity and permeability) of a shell and tube heat-

exchanger and the flow straightners (porous media) had properties of diffusion bonded phosphor bronze 

mesh. 

 

 

Figure 21.  Schematic of co-axial type acoustic stirling cryocooler simulated 

In this study three different cold head configurations were studied (Table 1- cases simulated).  In case 1, the 

cold head comprised of a set of slots (0.4
o
 each or 0.6 mm thick) at the end of the regenerator (component G, 

see figure 2a), in case 2, the cold head is a void region (component G, see figure 2b) and in case 3, the void 

cold head is packed with wire mesh (component G, see figure 2b).  The porous media properties for this 

region are the same as those for components C and F. 

Table 1. List of cases studied 

Case No. Cold Head Geometry (G) Simulation domain 

1 0.6 mm thick slot Gas (Helium) 

2 Void zone Gas (Helium) 

3 Wire mesh Porous media (Copper) 

 

 

 

Figure 22.  Schematic of different cold head configurations studied (a) slot and (b) void or porous 
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3. MATHEMATICAL MODEL  

3.1. Governing Equations: 

The flow and heat transfer simulation model incorporates the fluid dynamic equations of conservation of 

mass (continuity equation), momentum (Navier-Stokes equation) and energy in the fluid domain.  The 

various heat exchangers, flow straightners and the regenerator are modelled as porous media with the 

relevant solid properties (Table 2).  The mass, momentum and energy conservation equations for the porous 

media (solid) regions are solved simultaneously with the gas phase equations for the cryocooler.  Further 

details of the governing equations are given in Antao and Farouk [6, 7]. 

3.2. Porous Media Conditions: 

3.2.1. In the porous media regions, the three heat exchangers (components B, C, F and L in figure 1) 

have properties of copper with density 8950 kg/m
3
, constant specific heat 380 J/kg-K and 

temperature dependent thermal conductivity. The regenerator (components D and E) has 

properties of 316 stainless steel, with density 7810 kg/m
3
, constant specific heat 460 J/kg-K 

and temperature dependent thermal conductivity.  The flow straightners óFSô (components I, K 

and M) have properties of phosphor bronze, with density 8800 kg/m
3
, constant specific heat 

360 J/kg-K and temperature dependent thermal conductivity.  Table 2 below lists the porous 

media parameters used in the governing equations of the porous media. 

Table 2. Porous Media parameters used in the simulation 

Component Name 
Porous Media 

Material  

Porosity 

óŮô 

Permeability (m
2
) 

óəô 

Drag Factor 

óCFô 

B Aftercooler HX Copper 0.13 4.5Ĭ10
-10

 0.2 

C, F Copper Regenerator Copper 0.774 4.08Ĭ10
-08

 0.187 

D Regenerator Top Stainless Steel 0.719 9.7Ĭ10
-11

 0.242 

E Regenerator Bottom Stainless Steel 0.717 5.92Ĭ10
-11

 0.236 

I Cold FS Phosphor-Bronze 0.702 5.8Ĭ10
-10

 0.278 

K, M Warm FS Phosphor-Bronze 0.702 4.9Ĭ10
-11

 0.278 

L Warm HX Copper 0.13 4.5Ĭ10
-10

 0.2 

 

3.3. Initial and Boundary  Conditions: 

3.3.1. Initial Conditions 

3.3.2. The initial pressure in the system is set to 2.8 MPa for all the cases.  Two temperature initial 

conditions were simulated to study the system.  For the first temperature initial condition, a 

constant temperature of 300 K was assumed in all the components to simulate the cooldown 

characteristics of the cryocooler.  In order to predict the systemôs performance near quasi-

equilibrium, a second initial condition was prescribed that represents an expected quasi-steady 

temperature distribution (cold head at 77 K, the aftercooler and warm heat-exchangers at 300 K 

and a linear gradient across the regenerator and buffer tube regions). 

3.3.3. Boundary Conditions 

3.3.4. The walls of the aftercooler heat-exchanger and the warm heat-exchanger were maintained at 

300 K and the other components were maintained adiabatic.  The piston is modelled as a 

reciprocating wall having an oscillatory velocity.  The velocity of the piston is defined by the 

function, u = A0ɤCos (ɤt), where A0 is the maximum displacement of the piston (1.8 cm) and 

ɤ is the angular frequency (ɤ = 2ˊf) and f is the frequency of operation.  For the current 

simulations (all cases), the frequency is set at 50 Hz. 
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3.4. Numerical Scheme: 

The numerical scheme for solving the governing equations is based on the finite volume approach.  The 

continuity, momentum and energy equations are solved for the fluid as well as the porous media using a 2
nd

 

order upwind scheme.  The motion of the piston is captured by a moving grid scheme near the piston wall 

(the Transfinite Interpolation scheme [8]).   

A 2
nd

 order Crank-Nicholson scheme (with a blending factor of 0.7) is used for the time derivatives in the 

continuity, momentum and energy equations.  The time-step size was determined by allowing 50 time-

steps/cycle, which was sufficient to accurately simulate the problem (ȹt = 4 Ĭ 10
-4
).  An overall convergence 

criterion was set for all the variables at 10
-4
 in the iterative implicit numerical solver.   

A 2.4
o
 pie slice of the problem geometry was simulated to save on computation time.  A hybrid (structured-

unstructured) grid system is used in the simulations.  Structured grid (non-uniform orthogonal mesh) was 

used in most of the components except the cold head (components G and H) and the diffuser cones 

(components N and O) near the inertance tube.  A total of 55000 - 62000 grid points were used in the 

simulations (depending on the geometry, i.e. cases 1, 2 or 3).  The governing equations and the boundary 

conditions were solved using CFD-ACE+ [8]. 

4. RESULTS AND DISCUSSION 

In the following section, results for spatio-temporal evolution of the flow and temperature fields in the co-

axial acoustic stirling cryocooler (figure 1) are presented and the effects of the cold head geometry on the 

performance of the system are discussed. 

4.1. Temporal temperature and pressure evolution 

 

 

Figure 23.  Transient variation of the gas temperature at the exit of the cold flow straightner (component I) 

for the three cases studied (a) cooldown from room temperature (300 K cold head) and (b) cooldown from 

near quasi-steady state temperature initial condition (77 K cold head) 
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Figure 24.  Transient variation of the pressure at the entrance of the buffer tube (component J) for the three 

cases studied (a) early time and (b) 1.0 second of simulation time near quasi-steady state 

Figure 3a shows the cooldown curves of the gas temperature at the exit of the cold flow straightner and inlet 

to the buffer tube section (i.e. x = 2.59 cm, y = 4.5 cm, z = 0.095 cm) for the cases studied using the room 

temperature initial condition.  The corresponding temporal evolution of the gas temperature from the near 

quasi-steady state initial condition is shown in figure 3b.  The cyclic temperature profiles are not sinusoidal 

in nature and the non-sinusoidal behaviour is due to secondary streaming flow (the pressure exhibits 

sinusoidal behaviour at the same location).  The slot geometry (figure 2a) simulated in case 1 performs the 

best due (quasi-steady cycle-average temperature is about 58 ï 60 K) to the high pressure amplitudes.  

Comparing the temporal pressure profiles at the same location (figure 4a and 4b) shows that the pressure 

amplitude in case 1 is the highest (~ 0.16 MPa).  The pressure amplitude in case 3 is the lowest and this can 

be explained by the increased pressure drop in the porous cold head region (case 1 and 2 have void cold head 

regions).  The lowest performance of the three cases is case 2 due to the increased void space in the cold 

head which leads to adiabatic heating of the oscillating gas in that region.  The addition of slots provides the 

benefit of decreasing the void space in the cold head without compromising the pressure amplitude (addition 

of mesh or porous media will increase the pressure drop as seen in case 3). 
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4.2. Spatio-temporal transport processes 

 

Figure 25.  Gas temperature contours in the cold head region of the cryocooler (components A ï P) for case 1 

simulated using the near quasi-steady state initial condition at (a) 1.0 sec and (b) 4.0 sec 

In figure 5a and 5b, the instantaneous temperature contours in the cold head (components A ï P) are plotted 

for a 2-D slice of the geometry (ɗ = 1.2
o
) simulated in case 1 at 1.0 sec and 4.0 sec of simulation time 

respectively.  The temperature fields clearly show a two-dimensional structure in the regenerator and the 

buffer tube.  A comparison of the two figures shows a distinct variation in the temperature fields in the 

bottom regenerator (component E).  This variation is possibly due to the flow fields in the slot (component 

G) and the void cold head region (component H).  A plot of the instantaneous velocity vectors for the same 

2-D slice of the geometry (figure 6) shows velocity vectors with large magnitudes and large vortical 

structures in these components.  Additionally, large velocity magnitudes are visible in the compression 

chamber, the aftercooler, the warm heat exchanger and the diffuser cone, with non-uniform flow in the latter 

two components.  However, the flow in the buffer tube is fairly uniform (except near the walls) and laminar 

due to the flow straightners at its ends. 

 

 

Figure 26.  Velocity vectors in the cold head region of the cryocooler (components A ï P) for case 1 

simulated using the near quasi-steady state initial condition at (a) 1.0 sec and (2) 4.0 sec 
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5. CONCLUSIONS 

A 3-dimensional numerical study is reported here for the investigation of the performance of a co-axial 

(buffer tube section is concentric with an annular regenerator) acoustic Stirling cryocooler.  The porous 

media heat-exchangers at each end of the buffer tube act as flow straightners and prevent mixing of the flow.  

Three types of flow distribution systems in the cold head region are studied via detailed simulations of the 3-

D flow and temperature fields.  The first system consists of slots, in the second system the slots are replaced 

by an open cold head region and in the third system the open cold head is filled with a porous media 

substance (copper mesh screen).  The simulations predict the best performance for the first case studied (i.e., 

slots) where the cooldown from room temperature and the quasi-steady state temperature attained is the 

lowest.  The reduced performance for case 2 is due to the addition of void space which leads to high 

temperature oscillations in the region.  When the open cold head was filled with porous media (wire mesh) to 

reduce the void space, the performance improved, however the addition of porous media added to the 

pressure drop in that region and ultimately reduced the pressure amplitude in the buffer tube.  It can be 

concluded that the addition of slots provides the benefit of decreasing the void space in the cold head without 

compromising the pressure drop in that region. 
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ABSTRACT 

A numerical study is reported here for the investigation of the effects of the inertance tube length and 

diameter on the performance of a single stage inertance pulse tube refrigerator (IPTR).  A detailed time-

dependent axisymmetric computational fluid dynamic (CFD) model of an IPTR is used to predict its 

performance.  In the CFD model, the continuity, momentum and energy equations are solved for both the 

refrigerant gas (helium) and the porous media regions (the regenerator and the three heat-exchangers).  The 

resultant flow fields (pressure, velocity and temperature) are used to study the phase relationships between 

the pressure and the mass flow in the regenerator, pulse tube and inertance tube regions and the performance 

of the system.  The effects of the length and diameter of the inertance tube on these phase relationships and 

the effect of the inertance on the system performance are also investigated.  The predictions compare well 

with previously published theory and results.  The CFD model offers an accurate and economical alternative 

to design of efficient pulse tube refrigeration systems. 

1. INTRODUCTION  

The Pulse Tube Refrigerator (PTR) is a type of regenerative thermoacoustic gas-cycle refrigerator that runs 

on gases like helium, argon, nitrogen or air.  The PTR runs on the reverse Stirling cycle and is capable of 

achieving cryogenic temperatures.  The small number of moving parts required to build a PTR makes it a 

simple and hence potentially reliable cryocooler.  Being a regenerative cryocooler, it operates with 

oscillating pressures and mass flows in the cold head. 

In the pulse tube cryocooler, the displacer piston (as found  in the Stirling and GM regenerative systems) is 

eliminated [1].  This displacer piston is replaced by a hollow tube (called the pulse tube).  The proper phase 

shift (the function of the displacer piston in a Stirling or GM cryocooler) in a PTR is maintained by using an 

orifice, a double-inlet pulse tube or an inertance tube.  The inertance tube can be used instead of an orifice or 

in addition to one.  Marquardt and Radebaugh reported the highest efficiency for the pulse tube refrigerator 

when using a combination of the orifice and the inertance tube [2]. 

In this study we investigate the effects of the inertance tube length and diameter on the performance of an 

IPTR.  A detailed time-dependent axisymmetric CFD model of an IPTR is used to predict its performance.  

In the CFD model, the continuity, momentum and energy equations are solved for the refrigerant gas 

(helium) and the regenerator and three heat-exchangers which are modelled as porous media.  The effects of 

the length and diameter of the inertance tube on the phase relationships (between the pressure and velocity) 

and the effect of the inertance on the system performance are investigated. 

2. PROBLEM GEOMETRY  

Figure 1 below shows the geometry studied (i.e. an inline IPTR system).  Only half the geometry shown in 

figure 1 was simulated (the axisymmetric assumption) due to the cylindrical nature of an actual system and 

to save on computation time.  The IPTR simulated has the same components and dimensions (see Table 1) as 

the experimental system studied by Antao and Farouk [3] (no orifice valve is used in the current study).  

These include a compression chamber with a moving piston, a transfer tube, an aftercooler (the first red 

hatched region), a regenerator (blue cross-hatched region), a pulse tube with a heat exchanger at each end 

(the other two red hatched regions), a diffuser cone to connect hot heat-exchanger to the inertance tube, an 

inertance tube and a compliance volume. 
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Figure 27.  Schematic of IPTR simulated 

Table 1. Dimensions of the IPTR system simulated and time invariant thermal boundary conditions 

No. Component Radius (cm) Length (cm) 

Boundary 

condition along the 

outer wall 

A Compression Chamber 3.0 1.1 Adiabatic 

B Transfer Tube 0.85 4.0 hc = 20 W/m
2
-K  

C Aftercooler 0.85 3.0 Tw = 293 K 

D Regenerator 0.85 6.0 Adiabatic 

E Cold Heat-Exchanger 0.47 5.0 Adiabatic 

F Pulse Tube 0.47 23.0 Adiabatic 

G Hot Heat-Exchanger 0.47 3.0 Tw = 293 K 

H Diffuser Cone 
r1 = 0.193 

r2 = r IT
a
 

0.4 Adiabatic 

I Inertance Tube -
a
 -

 a
 Adiabatic 

J Compliance Volume 2.6 14.9 Adiabatic 
a
 See Table 2 

 

Table 2. Cases of the various conditions (length and diameter of the inertance tube) simulated 

Case 

No. 
Length 

(cm) 
Radius ór ITô 

(cm) 
Inertance óMô 

(Pa-s
2
/m

3
) 

1 150.00 0.1930 442227.62 

2 93.50 0.1524 442090.21 

3 217.60 0.2324 442360.18 

4 46.75 0.1524 221045.11 

5 187.00 0.1524 884180.42 

 

Tale 2 lists the various inertance tube geometries studied.  The value of inertance óMô is given by the formula 

[4]: 

 

( )
0

2 2
2

IT
IT

lm
M

rr

r

pp
= =  (8) 

where, r IT is the radius of the inertance tube, m is the mass of the gas in the inertance tube, ɟ0 is the mean 

density and l is the length of the inertance tube. The purpose of the study is to identify the best operating 

conditions of the IPTR and to investigate the role of the inertance tube in achieving the optimum operating 

conditions.  Five cases are studied in this paper.  The first case represents the dimensions of an experimental 

PTR system studied [3].  Cases 1, 2 and 3 are for similar values of inertance, but different combinations of 
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length and diameter.  The values of inertance tube radius are chosen based on commercially available copper 

tubing.  The final two cases (i.e., cases 4 and 5) are for the same radius of the inertance tube as case 2; 

however the lengths have been changed from case 2 in order to study the effects of changing the value of 

inertance on the performance of the system- half the value of inertance in case 2 (case 4) and double the 

value of inertance used in case 2 (case 5). 

3. MATHEMATICAL MODEL  

3.1. Governing Equations: 

The flow and heat transfer simulation model incorporates the fluid dynamic equations of conservation of 

mass (continuity equation), momentum (Navier-Stokes equation) and energy in the fluid domain.  The 

various heat exchangers and the regenerator are modelled as porous media with the relevant solid properties 

of the regenerator and the heat exchanger materials (Stainless Steel and Copper respectively).  The mass, 

momentum and energy conservation equations for the porous media (solid) regions are solved 

simultaneously with the gas phase equations for the OPTR.  Further details of the governing equations are 

given in Antao and Farouk [5, 6]. 

3.2. Porous Media Conditions: 

In the porous media regions, the three heat exchangers (components C, E and G in figure 1) have properties 

of copper with density 8950 kg/m
3
, constant specific heat 380 J/kg-K and a thermal conductivity of 470 

W/m-K.  The regenerator (component D in figure 1) has properties of 316 stainless steel, with density 7810 

kg/m
3
, constant specific heat 460 J/kg-K and a thermal conductivity of 10 W/m-K. 

Table 3 lists the porous media parameters used in the governing equations of the porous media.  The values 

for porosity, permeability and drag factor are the same as those used in a previous study [3]. 

Table 3. Porous Media parameters used in the simulation 

Component Material  Porosity Permeability (m
2
) Drag Factor 

Heat-Exchangers Copper 0.774 4.08 Ĭ 10
-8
 0.2 

Regenerator Stainless Steel 0.72 9.70 Ĭ 10
-11

 0.3 

 

3.3. Initial and Boundary Conditions:  

3.3.1. Initial Conditions 

The initial pressure in the system is set to 2.2 MPa for all the cases.  In order to predict the systemôs 

performance near quasi-equilibrium, the computational model was run with a prescribed initial condition that 

represents an expected quasi-steady temperature distribution (cold heat-exchanger at 100 K, the aftercooler 

and warm heat-exchangers at 300 K and a linear gradient across the regenerator and pulse tube).  With this 

initial condition, the simulations were run for until a quasi-stead state was achieved.   

3.3.2. Boundary Conditions 

Table 1 (given earlier) specifies the heat transfer boundary conditions used at the surface boundaries of the 

various components.  The piston is modelled as a reciprocating wall having an oscillatory velocity.  The 

velocity of the piston is defined by the function, u = A0ɤCos (ɤt), where A0 is the maximum displacement of 

the piston (1.75 mm) and ɤ is the angular frequency (ɤ = 2ˊf) and f is the frequency of operation.  For the 

current simulations (all cases), the frequency is set at 65 Hz.  This value of frequency was chosen based on 

an study performed by the authors where the effect of the frequency on the performance of the system was 

tested experimentally [3]. 

3.4. Numerical Scheme: 

The numerical scheme for solving the governing equations is based on the finite volume approach.  The 

continuity, momentum and energy equations are solved for the fluid as well as the porous media using a 2
nd

 

order upwind scheme.  The motion of the piston is captured by a moving grid scheme near the piston wall in 

the compression space (component óAô in figure 1) and the re-meshing scheme used is the Transfinite 

Interpolation scheme [7].   
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A 2
nd

 order Crank-Nicholson scheme (with a blending factor of 0.7) is used for the time derivatives in the 

continuity, momentum and energy equations.  The time-step size was determined by allowing 80 time-

steps/cycle, which was sufficient to accurately simulate the problem (ȹt = 1.923077 Ĭ 10
-4
).  An overall 

convergence criterion was set for all the variables at 10
-4
 in the iterative implicit numerical solver.  Mass and 

energy conservation were verified in the simulations. 

A hybrid (structured-unstructured) grid system is used to discretize the computational domains.  A total of 

4000 ï 4600 grid points were used in the simulations.  The number of grid points chosen was dependent on 

the length of the inertance tube.  The governing equations and the boundary conditions were solved using 

CFD-ACE+ [7]. 

4. RESULTS AND DISCUSSION 

In the following sub-sections, results for temporal evolution of the flow and temperature fields in the IPTR 

(figure 1) are presented and the effects of the inertance tubeôs geometric parameters on the performance of 

the system are discussed. 

4.1. Transient processes in the IPTR 

The transient behaviour of an IPTR is very important to its operation.  Figure 2a shows this temporal 

variation of the gas temperature at the exit of the cold heat exchanger and inlet to the pulse tube section (i.e. 

x = 19.1 cm, r = 0.4699 cm) for the cases studied.  The banded profiles are cyclic variation of the gas 

temperature in the system.  The cyclic temperature profiles are not sinusoidal in nature (figure 2b) and the 

amplitude of temperature oscillation varies between 2 K and 5 K.  The amplitudes of oscillation are 

dependent on the pressure amplitude at that location (ideal gas assumption) and non-sinusoidal oscillations 

are due to secondary streaming flow (since the pressure exhibits sinusoidal behaviour).  For a constant value 

of inertance (changing the length and diameter of the inertance tube), the change in performance of the IPTR 

was fairly small (~ 2 ï 4 K difference between cases 1, 2 and 3).  When the value of the inertance was varied 

(keeping the diameter of the inertance tube constant and changing the length), a larger variation in the 

performance of the IPTR was observed.  The IPTR with the inertance tube used in case 5 (M = 884180.42 

Pa-s
2
/m

3
) demonstrates the best performance with the quasi-steady state temperature ~ 42 K.   

 

 

 

Figure 28.  Temporal evolution of the gas temperature at the exit of the cold heat-exchanger from the initial 

condition (100 K) 

The inertance tube helps maintain the proper phase relationships in an IPTR system.  The main phase 

relationship in a PTR is the phase angle difference between the pressure and the flow rate (or velocity) in the 

regenerator and at the entrance of the inertance tube.  For a constant inlet acoustic power (constant piston 

amplitude), the efficiency of the regenerator is maximised when the pressure and velocity (or mass flow rate) 

are in phase at the center of the regenerator [8].  In figure 3, the axial velocity and pressure are plotted for 
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three cycles near quasi-steady state at the center of the regenerator (figure 3a) and at the inlet of the inertance 

tube (figure 3b) for case 5 (best performance).  In figure 3a, the phase difference between the pressure and 

the velocity at the center of the regenerator is fairly small (~ 5
o
 ï 6

o
) with the velocity leading the pressure.  

At the inlet to the inertance tube, the phase difference is ~ 81
o
 with the pressure leading the velocity.  In the 

following sub-section, we discuss the effect of the variation in the phase angle on the performance of the 

system. 

 

 

Figure 29.  Temporal evolution of the pressure and velocity near quasi-steady state for case 5 at (a) center of 

the regenerator and (b) entrance to the inertance tube 

4.2. Variation of the phase angle between pressure and velocity 

In the previous sub-section, changing the value of inertance (varying the length of the inertance tube and 

keeping the diameter constant) was shown to affect the performance of the cryocooler.  In figure 4a, the 

quasi-steady state (at 30 seconds) gas temperature at the exit of the cold heat-exchanger is plotted as a 

function of the inertance.  As the inertance is increased, the temperature in the system decreases.  This 

improvement in the performance is possible due to the increase in the pressure amplitude in the system (note: 

the piston amplitude is not changed) from 0.14 MPa to 0.21 MPa (see figure 4b). 

 

 

Figure 30.  (a) Quasi-steady gas temperature and pressure amplitude in the center of the regenerator and (b) 

phase angle between pressure and velocity at different locations as a function of the Inertance óMô 

The phase angle difference between the pressure and the velocity in the regenerator and at the entrance to the 

inertance tube is important to the performance of a pulse tube cryocooler.  For a given input acoustic power 

(PV power, i.e. for a constant piston amplitude), the pressure and velocity (or mass flow rate) at the center of 
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the regenerator must be in phase [1].  This reduces the magnitude of the velocity in the regenerator and hence 

reduces the losses that occur in the regenerator (which are dependent on the velocity/mass flow rate) [1].  In 

figure 4b, the phase angle difference between the pressure and the velocity is plotted as a function of the 

inertance.  As seen in figure 4a, an increase in the inertance increased the pressure amplitude and hence 

improved the performance.  However, at the highest value of inertance investigated here, the phase angle 

difference is at a minimum and this consequently reduces the losses in the regenerator.  In keeping with 

previously published theory [1], the magnitude of the velocity decreases in the regenerator when the phase 

difference decreases.  For case 5 (phase angle ű = -6
o
), the magnitude of the velocity in the regenerator 

center is 3.52 m/s compared to case 2 where the magnitude of the velocity is 4.92 m/s (ű = 18
o
).   

5. CONCLUSIONS 

The numerical study reported here investigates the effects of the length and diameter of the inertance tube on 

the performance of an IPTR.  In the CFD model, the continuity, momentum and energy equations are solved 

for both the refrigerant gas (helium) and the porous media regions (the regenerator and the three heat-

exchangers).  The effects of different diameter of the inertance tubes and different values of inertance on the 

performance of the system are investigated.  The value of inertance is maintained constant by changing both 

the diameter and the length of the inertance tube (the inertance is proportional to the ratio of the two).  

Maintaining this value constant does not significantly affect the performance of the system (2 ï 5 K 

difference in the three cases studied).  When the value of inertance is changed (keeping the diameter constant 

and varying the length of the inertance tube), larger variations in the performance are observed (~ 50 K).  In 

the current study, increasing the inertance increased the pressure amplitude in the regenerator and hence an 

improvement in the performance was observed.  However, it is important to note that at the highest value of 

inertance studied (M = 884180.42 Pa-s
2
/m

3
), the phase angle difference between the pressure and the velocity 

at the center of the regenerator was minimum.  This is another possible reason for the improvement in the 

performance observed.  By minimising this phase difference, the velocity magnitude in the regenerator was 

decreased and hence the regenerator losses were decreased (losses are dependent on the velocity).  Further 

investigation is required to find the inertance value (and the corresponding phase difference at the entrance to 

the inertance tube) at which the phase difference between pressure and velocity at the center of the 

regenerator is close to zero (optimum performance), however the present results compare well with 

established theory. 
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ABSTRACT 

A new type of high-power pulse tube cryocooler (3C-PTC), composed of three connected single PTCs with a 

prospected cooling capacity of 1 kW at 80 K has been developed and is currently under investigation. With 

this arrangement the orifice or inertance tube at the warm end of the pulse tube of common PTC is replaced 

by an expansion piston. This principle enables a coefficient of performance (COP) which is comparable to 

that of Stirling cryocoolers. Furthermore, this arrangement allows the exact adjustment of the phase shift 

between pressure wave and volume flow. In the 3C-PTC the expansion piston of the previous cycle supports 

the compression piston of the following cycle, being combined to form a single moving part driven by a 

high-force synchronous oscillating motor. So a crank shaft can be avoided what ensures low vibration and 

low-noise operation. The 3C-PTC is suitable to supply cooling power for high-power applications like high-

temperature superconducting fault-current limiters, motors and generators. The target COP of about 12% is 

significantly higher than that of commercial systems. The 3C-PTC is already manufactured and first 

experimental results will be presented. 

This work has been supported by the German Federal Ministry of Economics and Technology (contract no. 

EN MF 090051) 

1. INTRODUCTION  

The market of high-temperature superconducting (HTS) power applications is growing intensively. The first 

prototypes of HTS-cables, motors and fault current limiters are already running, all requiring a cooling 

capacity between 50 W up to some kW between 65 and 80 K. Some detailed information is summarized in 

Table 7 [Gouge]. Most of these devices are designated to guarantee our energy supply in the near future. 

Reliability, low or free maintenance and low costs are therefore the main prerequisites for a cryocooler for 

such systems which are not available on the market at present. The intention of the authors was to develop an 

energy-efficient cryocooler with high cooling capacity which meets these demands of the HTS applications. 

 

Table 7: Typical or anticipated heat loads at Top for HTS components [Gouge] 

HTS Component BSCOO Heat Load, Top YBCO Heat load, Top 

Cable (per phase) 3-5 kW/km at 65-80K 3-5 kW/km at 65-80 K 

Transformer (5-100 MVA) 50-100ôs W at 25-45 or 65-80 K 50-100ôs W at 60-80 K 

Motors  (750-7500 kW) 50-200 W at 25-40 K 50-200 W at 50-65 K 

Generators (10-500+ MWe) 100-500 W at 25-40 K 100-500 W at 50-40 K 

FCLs 30 W at 30 K, 750 W at 80 K ~ kW at 50-80 K 

SMES, magnetic separation, MRI, etc. 10ôs of watts at 20-30 K 10-100 W at 50-65 K 
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2. CRYOCOOLER CONCEPT  

2.1. Phase Shifter Concept 

One of the main drawbacks of ordinary pulse tube coolers is the exergy loss due to irreversible 

thermodynamic processes in the passive phase shifter, like inertance tube or orifice. The expansion piston 

with its active-reservoir of the 3C-PTC obviates this exergy loss. The heat gained (e.g. the cooling capacity) 

at the cold heat exchanger, is generated by volume work and transferred via the pulse tube as in any pulse 

tube cooler. As distinguished from ordinary pulse tubes a high percentage of heat at the warm end of the 

pulse tube is transferred to the expander for the transformation into mechanical work. The hot heat exchanger 

at the end of the pulse tube is therefore obsolete. It should be noted that also other pulse developments offer 

solutions to avoid these drawbacks. Examples are for instance the development of Matsubara [Matsubara] 

with active buffers at the hot end of the pulse tube, the four valve pulse tube refrigerator of Th¿rk and Kaiser 

[Th¿rk], or a pulse tube cooler with a phase shifter of Kaiser [Kaiser] et al. presented at the ICEC 23 in July 

2010. 

2.2. How it works 

The working principle of the 3C-PTC is based on the development of an active reservoir pulse tube cooler 

(AR-PTC) which is shown in Figure 31. 

 

 

Figure 31: Activ-Reservoir-Pulse-Tube-Cooler (1 drive, 2 thermal head, 1.1 compression piston, 1.2 

expansion piston, 1.3 expansion space, 2.1 regenerator, 2.2 cold finger, 2.3 pulse tube, 3.1/3.2 pressure lines) 

The working principle can be described in four phases.  

First, in the compression phase the working gas is moved via hot heat exchanger, regenerator and cold heat 

exchanger to the pulse tube by the ascending compression piston. Compression heat is removed in the hot 

heat exchanger mainly; a lower part is absorbed in the regenerator so that the gas enters the cold heat 

exchanger with almost the same temperature. Due to the adiabatic pressure rise, the temperature increases at 

the warm end of the pulse tube. 

In a second phase, by further ascending compression piston and descending expansion piston the superheated 

gas is transferred to the expansion space isobaric. The temperature rise of the first phase is removed in the 

expansion pipe partly.  

In the following expansion phase the pressure is relieved by further descending pistons. In this way the gas 

cools down. The temperature rise at the warm end of the pulse tube is removed completely. At the cold end 

of the pulse tube and in the cold heat exchanger the gas is already sub-cooled. The gained mechanical work 

supports the compression piston. 

In the last phase with a descending compression piston and an ascending expansion piston, the sub-cooled 

gas it transferred via cold heat exchanger, regenerator and hot heat exchanger to the compression space 

isobaric. Heat is removed in the cold heat exchanger and the regenerator is re-cooled. From this point the 

cycle starts again. 
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The AR-PTC is able to deliver a cooling capacity of 12 W at 80 K. The design, mainly the crank shaft, leads 

to some drawbacks like frictions losses, high vibrations and noise emissions, which will be avoid in the novel 

3-cycle arrangement. 

2.3. 3-cycle arrangement 

The arrangement is shown in Figure 32. In the case of the 3C-PTC this mechanical work is directly used to 

support the compression. Consequently the compression piston of the previous cycle is combined with the 

expansions piston of the following cycle to a single oscillating compressor-expander unit. The driving force 

is generated by linear motors powered by a 3-phase frequency converter; hence the phase shifting is exact 

120 degree. The three cold parts are composed of a hot heat exchanger, a regenerator, a cold heat exchanger 

and pulse tube in series.  

 

 
1-3 ï index of cycle E ï expansion space M ï linear motor S ï compression space 

C ï cold heat exchanger H ï hot heat exchanger P ï pulse tube R ï regenerator 

Figure 32: Arrangement of the three cycles 

 

A fixed phase shift between volume flow and pressure wave of 120Á is inherent by this arrangement which 

also leads to a low-noise and low-vibration operation. A patent for this arrangement is already published 

[EP]. 

3. CALCULATION  

3.1. Calculation of the thermodynamic cycle 

The 3C-PTC was designed and modelled by the use of the commercial software package SAGE (Gedeon 

Assoc.). The calculation was performed with the parameters shown in Table 1. 

 

Table 8: Parameters 3C-PTC 

Parameter Value 

cold head temperature 80 K 

cooling capacity 1000 W 

input power 8.5 kW 

re-cooling temperature 323 K 

operating frequency 25 Hz 

working gas Helium 

average pressure 25 bar 

 

Figure 33 shows the calculated performance chart of the 3C-PTC. At the nominal cold-head temperature of 

80 K the coefficient of performance (COP) is 12%, which is 33% of the Carnot efficiency. However, even at 

a cold head temperature of 65 K the cooling power is 650 W.  
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3.2. Calculation of the linear motors 

For the dimensioning and calculation of the linear motors a spreadsheet tool was developed. The calculated 

data of the motor performance is shown in Table 9. 

 

Table 9: Parameter Linear Motor 

Parameter Value 

magnetic induction 294 mT 

DC resistance 2.6 ɋ 

force coefficient 180 N/A 

mechanical power 8.5 kW 

efficiency  82% 

 

 
Figure 33: Calculated Performance Chart 3C-PTC 

4. CONSTRUCTION DETAILS  

4.1. Drive 

The pressure wave generators are equipped with linear motors of the moving-magnet type. Sealing and 

guiding are realized with piston rings made of PTFE-carbon (see Figure 34 a), with the advantage that no 

lubricant is needed. Oil deposits in the regenerator matrix which is made of finest metal wire mesh (mesh 

#320) are therefore avoided.  

4.2. Heat exchangers 

Hot and cold heat exchangers are slot heat exchanger of the same design with different slot lengths. Wire 

erosion was used to manufacture the slots which are 0.45 mm high, leading to large areas for the heat transfer 

by small flow cross section. Figure 34b) shows one of the three hot heat exchangers with the water jacket. 

The hot heat exchangers are 180 mm long with a diameter of about 100 mm. The cold heat exchangers are 

70 mm long; in the experimental model an electrical heater is attached to each cold heat exchanger to 

simulate a heat load. 
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a)  b)  

Figure 34: Construction details, a) piston with piston rings, b) hot heat exchanger 

5. FIRST EXPERIMENTAL RESULTS  

The assembling of the 3C-PTC was completed in springtime 2012. A 3-phase grid simulator is used for the 

fine adjustment of frequency, current and voltage to evaluate the best performance of the linear motors and 

the overall efficiency. Later a commercial 3-phase frequency converter is sufficient to operate the 3C-PTC. 

The first measurements were related to the testing of the sealing and guiding of the pistons to achieve an 

optimum between friction and leakage, resulting in a maximum pressure wave. In a next step performance 

tests will be carried out to determine the minimal cold head temperature and to record a performance chart of 

the whole system. 

6. CONCLUSION 

The intention was to design a self-sustaining cryocooler which is not only suitable for HTS-applications in 

matters of cooling capacity at a certain cold head temperature, but also meets the demands regarding low-

maintenance, energy efficient and costs. The 3C-PTC was designed under the aspect to minimize the 

material and manufacturing costs in accordance with a compact design. As shown in Figure 35 the required 

footprint is less than 1 mĮ with a height smaller than 1 m.  
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Figure 35: 3C-PTC 
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ABSTRACT 

There is a growing potential for possible areas of application for mixed refrigerant cycles (MRC), i.e. in bio-

freezing, in cryo-medicine, in ht-superconductivity or for the liquefaction of gases. The attractiveness of 

MRCs lies in the possibility to employ commercially available standard refrigerant components also for 

cryogenic applications. The key to an efficient MRC design is the correct choice of the mixtureôs 

composition. Generally, wide-boiling mixtures are applied with some exhibiting strong non-ideal-behaviour 

like liquid-liquid-separation (VLLE). This requires exact knowledge of the phase behaviour of the applied 

refrigerants in the temperature range of interest. In case of a prerequisite of non-flammability currently the 

only choice to reach temperatures down to 100 K or below is the combination of fully and partially 

fluorinated HC with Argon, Nitrogen and/or Neon. 

At ITTK, a test rig has been built to perform phase equilibrium measurements of binary mixtures in a 

temperature range from ambient to 100 K and pressures from near 0 to 35 bars. Two measurement principles 

were applied: A static equilibrium cell to measure boiling points and a cell with vapour circulation (dynamic 

method) allowing sampling of both, liquid and vapour phase. Thus, the complete set of phase equilibrium 

data (p-T-x-y-data) is obtained. The setup modifications are described and experimental data as well as 

models for adequate description of the phase equilibrium data are presented. 

Key words: Low temperature phase equilibria, VLE, VLLE, MRC, refrigerant mixtures 

1. INTRODUCTION  

A steadily rising demand for refrigeration availability in the temperature range of 100 to 200 K can be 

satisfied efficiently by employing mixed refrigerant cycles (MRC). Constructed like an ordinary Joule ï

 Thomson ï Cycle, it is operated with a refrigerant mixture usually composed of up to 5 components. For the 

prerequisite of non-flammability possible refrigerant candidates include HFCs, FCs as well as Argon and 

Nitrogen. Due to the use of the mixtureôs heat of vaporization in the internal heat exchanger, the working 

pressures can be kept low and standard off ï the ï shelf components can be employed. By choice of a 

suitable mixture composition, the temperature glide of the evaporating refrigerant fluid can be extended from 

near ambient to the low target temperature (i.e. 100 K). As there are no moving parts at the cold end a MRC 

is also suitable for vibration ï sensitive application in electronics cooling as well as for ht ï

 superconductivity. By application of non-flammable refrigerant components, the fields of cryo ï surgery and 

cryo ï conservation of biological samples are also accessible. Once the refrigerant mixture displays a liquid ï

 liquid ï equilibrium at low temperatures, part of the evaporation takes place at near constant p,T which also 

permits the efficient (re-) liquefaction of pure gases on a small scale. 

The key to an efficient use of this technology is the determination of the correct refrigerant mixtureôs 

composition. While mixture phase behaviour in most cases can be described adequately by use of 

thermodynamic models (EOS, G
E
-approach) these models require experimental binary phase equilibrium 

information in the temperature range of interest to adjust the modelôs parameter. By looking at the open 

literature, reliable data for the envisaged non ï flammable mixtures is scarce. 

Therefore, the aim of this project is to provide experimental vapour ï liquid ï equilibrium ï data (VLE) of 

binary mixtures of potential refrigerant candidates. A general setup equipped with 2 different cells was 

constructed. For near ï boiling mixtures at low pressures a boiling point cell was constructed. It permits the 

measurement of boiling point data (p-T-x-data) for binary mixtures. In order to accomplish low temperatures 

in MRCs, however, some mixtureôs components must be wide boiling. Thus a second cell was constructed 

for measuring data of mixtures containing Argon and Nitrogen. This cell features a vapour circulation and 

permits the simultaneous determination of p-T-x-y-data. 
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2. EXPERIMENTAL SETUP  

2.1. The Gas Cryostat 

The main component of the setup to achieve the low temperatures is the gas cryostat (Figure 36). It denotes a 

volume, insulated against ambient by a double - walled vacuum shell and insulation material. The gas 

cryostat is filled with GN2 as heat transferring agent. The centre area provides the space for an equilibrium 

cell which is suspended from a top flange. The equilibrium cell is surrounded by a vertical cylinder, referred 

to as the ñguiding vaneò. Together with the ventilator at the bottom it forces the GN2 on a toroidal track. On 

its way, the GN2 passes a copper heat exchanger inside which liquid nitrogen (LN2) evaporates. Hence, heat 

is withdrawn from the system and cooling provided. On its way along the outer side of the guiding cylinder, 

the flux of GN2 passes an electric heater to fine ï tune the temperature. The GN2 then is sucked in by the 

bottom ventilator and pushed upwards in the centre part along the equilibrium cell. For the vapour circulation 

cell, the gas cryostat is equipped with observation windows on opposite sites. On one side, a light source is 

located. It illuminates the cell, enabling observations of the refrigerant mixtures physical phase condition 

inside the cell. 

 

 

Figure 36: Schematic of the gas cryostat 

With this setup, temperatures of about 90 K are experimentally accessible. At this level, the temperature can 

be kept constant to a value better than Ñ50mK inside the both equilibrium cells, see Figure 37(a) and (b). For 

higher temperatures, the fluctuation decrease significantly to about Ñ15mK (@ 173 K). 

  

Figure 37: Course of temperatures in the boiling point cell (a) and the vapour circulation cell (b) 

2.2. The Boiling Point Cell 

For close boiling binary mixtures at pressures below 5 bars, the boiling point cell was built to measure 

boiling point data (p-T-x-data). The measurement principle demands for the cell to be almost completely 

liquid full. If the remaining vapour volume is negligible and if the equilibrium pressures are moderate, the 

liquid composition does not differ noticeably from the total composition which was gravimetrically filled in. 

Thus, the liquid equilibrium composition is determined from the total composition and the equilibrium is not 

disturbed by sampling. 

A flow scheme is given in Figure 38(a). The equilibrium cell is placed inside the gas cryostat in the 

designated space. Once the cell is evacuated and cooled to low temperature, filling can take place. After 

evacuating and flushing the piping several times, refrigerant from a reservoir bottle is first condensed into a 
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weighing bottle, placed on a high precision balance (Mettler Toledo Comparator PR2003). A capillary 

connection ensures gravimetric separation of the bottleôs weight from the piping. By differential weight 

measurement, the cell is then filled from the weighing bottle with the first component. Next, conducting a 

pure substance vapour pressure measurement ensures the purity of the refrigerant used. The pressure 

measurement is performed alike for pure substances and mixtures using the following steps. On the 

ñsecondaryò side of the dead weight gauge, pressurized nitrogen is used to establish a slightly higher 

pressure than in the equilibrium cell. To achieve this, the ñprimaryò equilibrium cell side and the 

ñsecondaryò pressure side are connected by a high sensitivity differential pressure transducer (Rosemount 

3051CD) with a range of 0..36 mbar. Once the differential pressure transducer senses the slight overpressure 

on the ñsecondaryò nitrogen side, the exact value of the ñsecondaryò sideôs pressure is determined with the 

dead weight gauge (Pressurements T3500) and a barometric pressure transducer (Hg-Barometer). During 

these measurements, the cellôs temperature is continuously monitored by a Pt100 sensor. The obtained set of 

simultaneously taken p ï T ï data is then compared to the Refprop database [1] taken as the standard. 

Deviations of the pure substance vapour pressure were below 1% compared to the reference data (purity of 

substances at least 3.0 grade). By changing the first component upon every other binary mixtureô 

composition, the purity of both components could be monitored during the course of the experiments. 

Once the purity was assured, the second component was condensed into the cell after thoroughly flushing the 

refrigerant supply side from the first component. With experimental skill, the challenge was met to fill the 

cell almost completely liquid full such that the remaining vapour volume did not alter the liquid composition 

from the total composition within an admissible value set as 1 mol%. 

Due to the low temperatures, complete mixing takes a long period of time. To accelerate this process, a 

driver on the outside moved a magnetically coupled agitator vertically on the inside of the cell. During this 

process at constant temperature, the pressure signal was monitored. Usually after 8..10 h no change was 

detected anymore and thus, complete mixing and thus equilibrium was assumed and a pressure measurement 

of the mixture conducted as described above. 

The range of application for this setup reaches from ambient to about 90 K as lowest temperature and from 

almost 0 to 35 bars, limited in pressure only by the dead weight gauge in use. The single values of the p ï

 T ï x ï dataset could be determined with the following precision: for pressures above 184 mbar the relative 

deviation was less than 1 %, in temperature it was less than Ñ50 mK for the entire range and in composition 

it was chosen such that the relative deviation ranged below 1 mol% (i.e. mixture composition between 10 

and 90 mol%).  

 

 
 

 

Figure 38: Scheme of the boiling point cell (a) and scheme of the vapour circulation cell (b) 

2.3. The Vapour Circulation Cell 

As the MRC process is based mainly on the use of wide ï boiling multi ï component refrigerant mixtures, 

there was the necessity to determine phase equilibria of wide ï boiling binary mixtures such as partially 

fluorinated ethanes mixed with Argon or Nitrogen. From different cell types reported in literature [2], the 
























































































































































































































































































































































































































































































































































































































































































































