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1. INTRODUCTION 
 

The program named rare isotope science project (RISP) 
to develop the heavy ion accelerator facility as one of the 
new innovative and challenging tools for basic and applied 
sciences was initiated by the Institute for Basic Science 
(IBS). The conceptual design of the facility has completed 
[1] and the schematic layout of the heavy ion accelerator 
complex is shown in Fig. 1 [2]. The Korea Basic Science 
Institute (KBSI), as a research partner, has been involving 
this program to develop a cryostat for the quadrupole 
triplet magnet in the in-flight fragmentation (IF) separator. 
The main cryostat should be designed to hold the heavy 
cold mass including iron yoke using an efficient cooling 
method. 

Two types of the cryogenic system are considered for 
the IF separator quadrupole magnets. One is the dewar 
type which requires periodic liquid helium transfer from an 
external storage to operate the magnets for a long time. The 
other is the cryocooler type which is an attractive way for 
cooling of superconducting magnets because no refilling 
of cryogenic liquid is required. However, several ancillary 
requirements such as background field, space restriction 
due to the beam line and mechanical structure need 
technical attentions. The purpose of the work is the 
development of cryogenic cooling system for the 
superconducting quadrupole magnet including feasibility 
study of our design for the IF separator. 

 

The liquid helium plant and external storage are not 
ready in the IBS site, therefore the cryocooler type is 
considered to be fabricated for performance test including 
field mapping without relying on liquid helium supply. In 
this paper, the status of the development of cryocooler type 
cryostat for quadrupole triplet magnet is presented. The 
design of the main cryostat is carried out based upon the 
associated analysis and the concept of the cryocooler type 
cooling system is described. The binary current lead is 
optimized to reduce heat leakage and the design of support 
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Abstract   
 

The cryostat is designed for the superconducting quadrupole magnets to be used in a  heavy-ion accelerator facility. The main 
accelerator is superconducting linac, which can accelerate a 238U beam to 200 MeV/u (Mega electron voltage per nucleon). The 
cryostat for the magnet employs an innovative design primarily driven by the requirement of the compactness, user-friendliness and 
reliability. Also, several ancillary requirements such as background field, space restriction due to the beam line and cryostat 
structure need technical attentions. The development of the cryostat for three quadrupole magnets in the in-flight fragmentation 
separator is presented in the paper. The concept of cryogenic design is reported and the amount of cryogenic load is estimated by a 
relevant analysis. The structure of the cryostat to endure the heavy iron yoke including three quadrupole magnets is presented. In 
addition, the design as well as the performance test of the support link for the cold mass is described.  
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Fig. 1. Schematic layout of heavy ion accelerator facility 
from [2]. (ECR-IS: Electron Cyclotron Resonance-Ion 
Sources, RFQ: Radio Frequency Quadrupole, MEBT: 
Medium Energy Beam Transport, SCL: Superconducting 
Linear accelerator, CB: Charge Breeder) 
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to endure the heavy cold mass including iron yoke is 
discussed. In addition, the performance test of the support 
link is presented.   
 
 

2. LTS QUADRUPOLE MAGNET DESIGN 
 

2.1. LTS Quadrupole Magnet 
The in-flight fragment separator is designed to have a 

momentum acceptance of ± 3% and an angular acceptance 
of ± 50 mrad with a maximum magnetic rigidity of 9.6 Tm. 
The LTS quadrupole magnet consists of two shorter 
magnets (LQ1) and one longer center magnet (LQ2). The 
required field gradient and half aperture of quadrupole 
magnet are 15 T/m and 12 cm, respectively. Main 
parameters of LTS quadrupole magnet are listed in Table I.  

 
2.2. Quadrupole Magnet Design 

The pole shape of quadrupole magnet together with coil 
position is adjusted to reduce the higher harmonics of 
magnetic field in the operation range up to 15 T/m. Fig. 2 
shows a quadrant cross section of LTS magnet. The LTS 
quadrupole coil is designed as a racetrack type having a 
pentagonal cross section for large operation current margin. 
The maximum operating current is about 160 A, and the 
ratio of operating current to the critical current of wire is 

about 35%. The pole ends are chamfered to reduce the 
higher harmonics in the low field gradient region. 
 
 

3. QUADRUPOLE MAGNET CRYOSTAT 
 

3.1. Cryogenic Load 
Fig. 3 shows the conceptual view of cryocooler type 

cryostat including the cold iron yoke and the main 
parameters of the cooling system are summarized in Table 
II. In a cryostat, superconducting coils are located in the 
middle of the iron yoke and suspended by gravitational and 
transversal supports. The liquid helium vessel is designed 
to be suspended from the outer vacuum vessel with axial 
suspension system. The suspension type is employed for 
gravitational support, having an intercept connected to the 
thermal shield. Two stage cryocoolers are located at the 
top of the cryostat to cool the thermal shield as well as 
helium vessel. In the cryostat, cryogenic cooling 
requirements are continuously generated primarily by 
three different physical mechanism: thermal conduction, 
thermal radiation and heat through current lead, and the 
related equations are referred to [3, 4]. 

The thermal conduction is mainly occurred through the 
support and helium port. The thermal radiation is 
proportional to the external surface area and the difference 
of the fourth-powers of temperature. The heat through 
current lead is the function of the operating current and 
temperatures at both ends. In a current lead, the conduction 
heat transfer as well as Ohmic heat generation is taken into 
account for load calculation. 

The estimated cryogenic load of the system is 
summarized in Table III. The cooling loads at each stage 
depend on the temperature of the first stage, as shown in 
Fig. 4 and Fig. 5. The dotted line in the figures is the total 
cooling power of the cryocooler, depending on the number 
of the cooler. Total load is the summation of each load: 
support conduction, thermal radiation, current lead, and 
helium port conduction. The thermal shield between 
vacuum and helium vessel is thermally connected onto the 
first stage cold head of the cryocoolers. Therefore, 
temperature gradient along the shield is inevitable and the 

TABLE I 
MAIN PARAMETERS OF LTS QUADRUPOLE MAGNETS.  
Parameters LQ1 (2) 

Pole tip radius 180 mm 
Effective length ~550 (~900) mm 

Yoke length 450 (800) mm 
Yoke outer diameter 1000 mm 

Pole end chamber Width: 200 mm, Angle: 60° 
Field gradient 15 T/m 
Pole tip field 2.7 T 

Operation current ~ 160 A 
Coil cross section ~2100 mm

2
 

Bmax on coil ~ 4.1 T 
Stored energy 310 (480) kJ 

 

 

 
 

Fig. 2. Quadrant cross section of LTS quadrupole magnet 
(unit: mm). 
  

 

 
 
Fig. 3. Conceptual view of quadrupole magnet cryostat 
integrated with cryocoolers (unit: mm).). 
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highest temperature of the shield is approximately 70 K. 
When the temperature of first stage is 70 K, the cooling 
loads are 91.6 and 2.32 W at first and second stage, 
respectively. The cooling capacity at first stage of 
cryocooler depends on the temperature of the first stage. 
When two cryocoolers are employed the total cooling 
power of cryocoolers is 120 W at 65 K. It is worthwhile to 
note here that the total heat load at each stage matched the 
refrigeration capacity of two Gifford-McMahon (GM) 
cryocoolers (RDK-415D [5]) with sufficient margin as 
indicated dotted-line in Fig. 4 and Fig. 5. 

 
3.2. Cryostat and Cryocooler Assembly 

The cryostat for the superconducting quadrupole magnet 
is composed of a liquid helium vessel, enclosing the liquid 
helium to be stored. The thermal shield made of copper 
plate between outer vacuum vessel and liquid helium 
vessel is thermally connected onto the first stage of the 
cryocoolers, as shown in Fig. 3. The uniform temperature 
along the shield contributes to promote cooling efficiency 
[6]. Therefore, the outer vessel contains high vacuum and 

several layers of aluminized multilayer insulation is 
accommodated in an annular space around the curved 
shield. The temperature distribution was calculated, 
showing that the highest temperature in the thermal shield 
is 70 K when the material and thickness of shield are 
copper and 5 mm, respectively. 

The current lead is one of the key components in the 
LTS quadrupole magnet system since the heat leakage 
through the leads is a major factor in the heat budget, as 
shown in Table III. The current lead is designed for 
optimal thermal heat load performance when carrying 
operational current with a margin. The current lead was 
composed of a copper lead and HTS lead. The joint 
between the copper and HTS lead as well as the HTS lead 
and superconducting coil are directly cooled by the first 
and second stage cold head of cryocoolers, respectively. 
Since the joint of the copper and HTS lead is cooled by the 
first stage of cryocoolers, the possible thermal intercept 
temperature range could be 30-80 K, depending upon the 
capacity of the cryocooler. 

The minimum heat load per unit current (Q/I) of copper 

TABLE II 
MAIN PARAMETERS OF COOLING SYSTEM. 

 Description Unit 
Vacuum vessel   

Material Stainless steel 316 - 
Outer diameter 1400 mm 
Length 3000 mm 
Thickness 12-15 mm 
Warm bore diameter 260 mm 

Thermal shield   
Material Copper - 
Outer diameter 1150 mm 
Length 2800 mm 
Thickness 5 mm 
Cooling Conduction cooling - 

Helium vessel   
Material Stainless steel 316 - 
Outer diameter 1050 mm 
Length 2600 mm 
Thickness 12 mm 

Cryocooler   
Model RDK-415D [5] - 
Number of cooler 2 set 

 
TABLE III 

CRYOGENIC LOAD OF CRYOSTAT (FIRST STAGE: 70 K, UNIT: W)  
Parameters Parameters Value 

First Stage Support conduction 12.9 
(70 K) Thermal radiation 5.64 

 Current lead 71.59 
 Helium port conduction 1.37 
 Residual gas conduction 0.14 
 Total 91.6 

Second Stage Support conduction 0.56 
(4.2 K) Thermal radiation 0.08 

 Current lead 1.03 
 Helium port conduction 0.65 
 Residual gas conduction 0.0005 
 Total 2.32 

 

 
 

Fig. 4. First stage cryogenic load as a function of first 
stage temperature (2 unit means two cryocoolers). 
  

 
 

Fig. 5. Second stage cryogenic load as a function of first 
stage temperature. When two cryocoolers are employed 
approximately 0.7 W of cooling margin is available (first 
stage temperature: 70 K). 
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is lower than those of other alloys [7-9] and it is 
approximately constant for temperature 30-80 K. The 
optimal lead parameter is strongly dependent on the 
thermal properties of material. The minimum heat load per 
unit current of phosphorus deoxidized copper is 0.043 
W/A when the optimal lead parameter (L/A: Length/Area) 
[10] is 12.65 mm-1. For the HTS lead, the CryoSaver 
current lead from HTS-110 (model CS025030) [11] is 
selected in the LTS quadrupole magnet system. 

 
3.3. Support Link 

The superconducting coil and iron yoke is completely 
immersed in liquid helium in the liquid helium vessel. The 
helium vessel (8.6 tons) containing superconducting coil 
and iron yoke is designed to be suspended from the outer 
vacuum vessel with vertical suspension and transversal 
support links on each side, as shown in Fig. 6. The 
suspension rod and strap type is employed for gravitational 
and lateral supports, taking into account the thermal 
contraction and the shortest load path for structure integrity.  
The length of the transversal support can be adjusted from 
the outside of the vacuum vessel to align the 
superconducting coils with respect to the beam line. 

The support links have a heat intercept point, resulting 
from the thermodynamic optimization of required cooling 

power. It is connected to the thermal shield with several 
flexible copper braids. The prototype of strap support links 
are made using Zylon [12] fiber for performance test. We 
did test several times and found out that the breaking point 
was near the link as shown in Fig. 7. It was observed that 
the tensile strength was varied with respect to the number 
of turn, and a support link with 120 turns of Zylon fiber 
endured more than 10 tons. Based upon the test result, the 
support link with Zylon fiber will be applied to the cryostat 
for quadrupole magnets. 

  
 

4. CONCLUSION  
 
The design of the cryocooler type cryostat for 

quadrupole triplet magnet in the in-flight fragmentation 
separator has been presented. The required refrigeration 
power of cryocooler was determined, resulting from the 
cryogenic loads estimated by a relevant analysis. The 
current lead, composed of resistive and HTS lead, was 
optimized in order to minimize thermal heat load during 
magnet charging. The strap type support links were 
employed to suspend heavy cold mass and tensile strength 
test showed that they could support cold mass including 
iron yoke. A necessary modification will be incorporated 
into the final design of cryostat, which will be tested before 
installation into a heavy ion accelerator facility.  
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Fig. 6. Vertical cut view of quadruple magnet cryostat. 

   
 
Fig. 7. Apparatus for tensile test of support link and 
picture of support link after tensile test. 
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