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Abstract— AC loss in high temperature superconductor coils 

have been frequently studied, however, mostly for AC power ap-

plications at 77 K, rather than specifically for high current but low 
frequency AC superconducting magnet at 20-40 K. Due to their 
easy operation and Helium shortage, more HTS magnet systems 

employ conduction-cooling with cryocoolers. The HTS magnets are 
known for high stability and likely tolerate high AC loss, but it is 
unclear what is the maximum AC frequency assuming that cry-

ocooler has limited capability (a few hundred Watts) for the 20-40 
K temperature range. This paper will specifically study AC loss in 
a simple HTS dipole but with three conductor/cable options using 

simulations, (1) 12 mm wide tape, (2) two parallel 6 mm wide tapes, 
and (3) 6/2 (six 2 mm strands) Roebel cables. It has been found that 
the magnet at 5 Hz generates 200 – 400 W AC loss at 20 K or 40 K, 

potentially be cooled by two single stage cryocoolers. The 6/2 Roe-
bel cable based magnet may allow higher frequency (6-8 Hz) due to 
its transposition and narrower conductor width.  

  
Index Terms— AC Loss, Conduction Cooling, HTS Cable, HTS 

Magnet, Roebel Cable. 

I.  INTRODUCTION 

reat progress has been made in REBCO tapes (where RE 

stands for Rare-Earth, B is for Barium, C is for Copper 

and O is for Oxygen) in both high critical current Ic ow-

ing to new flux pinning doping and long-length production 

due to process improvement. Nearly a dozen of REBCO man-

ufactures worldwide are producing high quality REBCO con-

ductors. With more conductor available, more HTS magnet 

prototypes have been successfully demonstrated for high field 

applications. HTS magnet has been known for high thermal 

and electrical stability, and a few low frequency or fast-

ramping rate HTS magnets have been developed [1]–[3]. An-
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other type of AC magnet application is the horizontal or verti-

cal scanning for proton cancer therapy [4]. Such scanning 

magnets are currently made of Cu cable with water-cooling 

and operate in a frequency range of 1-25 Hz. It will not only 

consume high electrical power but also require complex of 

chilly water system. Given that the frequency is not very high 

and HTS has large thermal margin, it seems promising to de-

sign such scanning magnet with REBCO conductors.  

Possible operation of HTS magnet at higher temperature (for 

instance 20 K – 40 K) other than 4.2 K [5], allows higher heat 

capacity and even Cu thermal conductivity. Moreover, due to 

easy operation and Helium shortage [6], conduction-cooling 

with cryocoolers becomes a more effective method for HTS 

magnets [7]–[11]. However, using cryocoolers is limited by its 

own capacity and its related infrastructure cost. Usually, a HTS 

magnet may be equipped with cryocoolers. Based on Cry-

omech’s cryocoolers specifications [12], a single cryocooler has 

maximum cooling power of 100 W at 20 K, and 270 W at 40K 

as shown in Fig. 1. In addition to thermal loads include current 

leads, the radiation loss, suspension links and ramp loss [13]. 

The AC superconducting magnet will have not only general 

thermal loads including current leads, radiation loss and ramp-

up and down hysteresis loss, but also outstanding AC loss due 

to AC operation currents[14]. It’s important to estimate the total 

loss so that it may be cooled a limited number of cryocooler.  

G 
 

Fig. 1. Cooling power capacity of various CryoMech cryocoolers. For ex-
ample, a single cryocooler has maximum cooling power of 100 W at 20 K and 
270 W at 40 K. 
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There have been numerous publications on AC loss simula-

tions and experiments in HTS coils [15]–[23]. However, ma-

jority of AC loss data stay at a temperature range between 77 K 

– 65 K and lower currents (<100 A) though with higher fre-

quency of 100 – 10k Hz. Less studies have been conducted for 

HTS low frequency AC magnets at 20 K – 40 K temperatures 

with high currents (300 - 400 A) and at low frequency 1 – 25 

Hz [24]–[27].  

Moreover, various methods have been studied to reduce AC 

loss in HTS coils by replacing a tape with a stack of narrower 

tapes[28] or Roebel cables [29]–[33], tuning turn-to-turn spac-

ing, grading Ic for the center winding and end windings, and 

adding flux diverter at the coil ends [34], [35]. H formulation 

based FEM method has been used in the AC loss computation 

[36]–[43]. Here, a simple dipole HTS magnet system for a 0.5 

T scanning magnet with approximately 1.5 T peak field, has 

been designed using three different conductor/cable options. 

Their AC loss will be calculated to study the AC loss depend-

ence of conduction selection. Their AC loss will be further 

evaluated against allowable cooling power provided by avail-

able cryocoolers. Given the operation current Iop stays the 

same, Ic of conductor/cable will decrease with temperature in-

creasing from 20 K to 40 K. As a result, ratio of Iop/Ic will in-

crease, so their AC loss will increase. But the question is if the 

increase in cooling power will balance the AC loss increase. 

II. A SIMPLE HTS DIPOLE  

A simple HTS dipole which has 6 sets of racetracks (3 in 

the upper and 3 in the lower) is being modeled for AC loss 

computation with the three conductor/cable options, as shown 

in Fig. 2. The model is not to scale, but its average current 

density intends to follow the cos(ϴ) pattern, to achieve 0.1% 

field homogeneity with an aperture size of 10 cm. Fig.1 shows 

¼ of the magnet cross section. The three coils are named coil-

1, coil-2, and coil-3 from the median plane to the top. Their 

specifications are listed in Table I, which have turn #, coil 

cross-sections (vertical height and horizontal width), and in-

ner-lower corner locations.  

 

 
TABLE I 

HTS DIPOLE MAGNETIC SPECIFICATIONS 
 

 
Coil-# 
  

Turns# 
Coil Height 
in Y(mm) 

 
Coil Thickness 
in X (mm) 

 
Inner corner loca-
tion (X,Y) in mm 

Coil-1 84 12  8.4 (-80.0, 12.4) 
Coil-2 67 12  6.7 (-68.0, 44.0) 
Coil-3 47 12  4.7 (-44.1,68.0) 

 
TABLE II 

AC LOSS OF THE HTS DIPOLE AT 20 K FOR THREE CASES OF CONDUC-

TOR/CABLE CASES 

 

Conductor/cable selection  
Single 12 

mm 
Two parallel 6 

mm 
Roebel cable 

6/2 

Iop (A) 335 335 337 
Coil Bmax (T) 1.5 1.5 ~1.5 

Conductor/cable Ic(1.5 T 
and 20K) 

3000 3000 3000 

¼ AC loss (J/m/cycle) 8.1 8.33 6.33 

Total AC loss (J/m/cycle) 32.4 33.32 25.32 

 

 

AC loss of such a dipole system made of three conduc-

tions/cables will be calculated and compared. They are (1) 12 

mm wide tape, (2) two parallel 6 mm tape, and (3) equivalent 

6/2 Roebel cable. Transposition pitch of the Roebel cable is 90 

mm. The dipole center field is required at 0.5 T by the 6 coils, 

so the required operation current is 335 A for a single 12 mm 

wide conductor, and about 335 A for the two parallel 6 mm 

tapes, and 337 A for the equivalent Roebel cable 6/2. Namely, 

the Roebel cable has six 2 mm strands in total. The details of 

simulation method can be found form reference [34]. Conduc-

tor Ic(B, T) is based on SuperPower conductor specs [44] and 

employs fitting function as mentioned in [34]. The 12 mm tape 

 
 
Fig. 3. Three conductor and cable options, 12 mm wide, two parallel 6 mm, 
and 6/2 Roebel cable. The dashed rectangle indicates the minimum cell size 
which has similar transport currents at around 336 A. The 12 mm and 6 mm 
width have identical radial build, while the Roebel based one will have 1.5 
times thicker radial build.  
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¼ Model

Coil-1

Coil-2

Coil-3

 
 
Fig. 2. A ¼ model of the HTS dipole, with 3 coils on the upper. Applied cur-
rent is about 400 A, max field is about 1.5 T in the coil winding pack. It has 
12 mm wide tapes, and coil-1, 2 and 3 have turns number of 84, 67 and 47. 
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has about 3000 A at 1.5 T and 20 K, and about 1500 A at 1.5 

T and 40 K. The relevant specifications have been summa-

rized in Table II. If the magnet scanning frequency is 1 Hz, the 

HTS coil winding pack will experience 3 T/s field changing 

rate. If 10 Hz, it will be 30 T/s.  

III. RESULTS AND ANALYSIS 

 

 

The magnet wound with the 12 mm single tape will result in 

single pancake coils; that wound with the two parallel 6 mm 

will result in double pancake coils; that wound with the 6/2 

will be equivalent to a stack of two double-pancake coils. Be-

cause the 6/2 Roebel cable has three layers of transposed 2 

mm strands, and its single cable thickness is 0.3 mm, so that 

the total coil radial thickness is 1.5 times of the other two cas-

es. 

 

 

 

 

 
Fig. 4. The perpendicular field of the ¼ dipole cross-section including the 

three coils (1-3). From top to bottom, they are made of three conductor cases. 
(a): 12 mm wide conductor, (b): two parallel 6 mm wide conductor, (c) Roe-

bel cable 6/2. 

 

 
 

 
 

 
 

Fig. 5. The induced current density J/Jc in the coil-3 cross-section for the 
three conductor cases. (a): 12 mm wide conductor, (b): two parallel 6 mm 

wide conductor, (c) Roebel cable 6/2. Dark and light color currents are in op-
posite directions. and the applied frequency is 25 Hz. 

 

(a) 

(b) 

(c) 

(b) 

(a) 

(c) 
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Table III lists details of the simulation and the simulation 

result. The ¼ AC loss values in the magnets wound with the 

single 12 mm tape, two 6 mm parallel tapes, and the Roebel 

6/2 cable, are 8.1 J/m/cycle, 8.33 J/m/cycle and 6.33 

J/m/cycle, respectively. For the whole HTS dipole system, the 

AC loss number will be 4 times of the numbers shown in the 

above. There is almost no difference in the AC loss values in 

the magnets wound with the single 12 mm and two parallel 6 

mm conductors. However, the result shows 25% AC loss re-

duction by employing the 6/2 Roebel cable. 

Fig. 4 displays the perpendicular magnetic component of 

the magnetic field (B┴) and magnetic streamlines around the 

magnets made of the three conductor/cable. The magnets 

wound with the 12 mm wide tapes and two parallel 6 mm 

tapes have almost the same the B┴ distributions and magnetic 

streamlines around the magnets. This can explain the very 

similar AC loss values for the first two cases shown in Table 

II because the AC loss in the magnets is governed by B┴ com-

ponents of the coils. In addition, the maximum B┴ values for 

the two cases are very similar (1.32 T and 1.3 T), which also 

indirectly supports the similar AC loss result mentioned 

above. The magnet wound with the 6/2 Roebel cable has less 

B┴ values around the coils and the maximum B┴ value (1.01 

T) compared to the two cases. This explains the low AC loss 

values of the magnet compared with the other two magnets. 

Fig. 5 shows the J/Jc distributions of coil-3 in the magnets 

and the applied frequency is 25 Hz. The coil-3 was chosen on 

the base of the strongest magnetic field it experiences due to 

the superposition of the magnetic fields generated from the 

coil-1 and coil-2. The region where |J/Jc| > 1 represents mag-

netic field penetration and AC loss is generated in the pene-

trated region. When wound with the 12 mm wide tape, as 

shown in Fig. 5(a), field penetration mainly occurs in the up-

per part of coil-3. However, when wound with the two parallel 

6 mm tapes and 6/2 Roebel cable, there is visible shielding 

currents inside the upper pancake coil(s) of coil-3. In the Roe-

bel case, the upper pancake coil is equivalent to two pancake 

coils or a double pancake coil. The opposite current directions 

(dark vs light color in the figure) in the coils indicates the loss 

mechanism in the upper pancake coils is magnetization loss. 

Because magnetization loss is proportional to the conductor 

width and hence the AC loss value in the upper pancake coil 

wound with the 6/2 Roebel cable is lower than that wound 

with the two parallel 6 mm tapes. In the lower pancake coils of 

the two cases, there is nearly no shielding current for both cas-

es. However, between them, there is more field penetration in 

the case of using the two parallel 6 mm tapes. Similar tenden-

cy is obtained in coil-1 and coil-2 and this explains why the 

magnet wound with the Roebel cable gives the smallest AC 

loss than the other two options.   

 

 
TABLE III 

FREQUENCY DEPENDENCE OF TOTAL AC LOSS (J) OF THE HTS DIPOLE AT 20 

K FOR THREE CASES OF CONDUCTOR/CABLE CASES.  

 

Frequency (Hz)  Single 12 mm Two parallel 6 mm Roebel cable 6/2 

{J} (J) (J) 

1 32.4 33.32 25.32 

2 64.8 66.64 50.64 

4 129.6 133.28 101.28 

6 194.4 199.92 151.92 

8 259.2 266.56 202.56 

10 324 333.2 253.2 

 

Given that the HTS magnet operates in the frequency range 

of 1 – 10 Hz and the AC loss per cycle is constant, the total 

AC losses is proportional to the frequency. Table II shows de-

pendence of total AC losses (J) values on frequencies from 1 

to 10 Hz. It is worth noting there is slightly non-linear AC loss 

dependence on frequency due to E-J power law. As mentioned 

in the introduction, the maximum conduction cooling capacity 

of one of the best cooling CryoMech cryocoolers is 100 W at 

20 K. With that, the magnets wound with the single 12 mm 

and the two parallel 6 mm can only operate at max 2 Hz, and 

the magnet wound with the Roebel 6/2 can still function at 6 

Hz. With two cryocoolers, the total cooling power becomes 

200 W. In this case, the first two cases can run up to 6 Hz, 

while the Roebel cable case can be operated at 8 Hz.   

Since the single cryocooler cooling power increases from 

100 W at 20 K to 270 W at 40 K, one may consider elevate the 

HTS magnet temperature from 20 K to 40 K. Table IV and V 

will list the detail numbers at 40 K.  

 
TABLE IV 

AC LOSS OF THE HTS DIPOLE AT 40 K FOR THREE CASES OF CONDUC-

TOR/CABLE CASES 

 

Conductor/cable selection  
Single 12 

mm 

Two parallel 6 

mm 

Roebel cable 

6/2 

Iop (A) 335 335 337 

Coil Bmax (T) 1.5 1.5 ~1.5 

Conductor/cable Ic(1.5 T 

and 40K) 

1500 1500 1500 

¼ AC loss (J/m/cycle) 19.94 19.96 14.76 

Total AC loss (J/m/cycle) 79.76 79.84 59.04 

 
TABLE V 

FREQUENCY DEPENDENCE OF AC LOSS OF THE HTS DIPOLE AT 40 K FOR 

THREE CASES OF CONDUCTOR/CABLE CASES 

 

Frequency (Hz)  
Single 12 mm 

(W) 

Two parallel 6 mm 

(W) 

Roebel cable 6/2 

(W) 

1 79.76 79.84 59.04 

2 159.52 159.68 118.08 

4 319.04 319.36 236.16 

6 478.56 479.04 354.24 

8 638.08 638.72 472.32 

10 797.6 798.4 590.4 

 

In this comparison between 20 K and 40 K, the HTS mag-

net has the same 0.5 T center field, which means that the mag-

net operation current Iop stay the same. But the Ic(1.5 T) de-

creases as temperature increases from 3000 A at 20 K to 
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~1500 A at 40 K. Accordingly, the ratio Iop/Ic(1.5 T) has 

changed from ~11% to ~ 22%.  

Higher Iop/Ic ration will result in higher AC loss per former 

studies. The higher AC loss at 40 K is about 2.5 times, 2.4 

time, and 2.3 times than that of them at 20 K, for the three 

cases of conductor respectively.  

Based on Table V, if with two cryocooler, max cooling 

power is 540 W, so that the single 12 mm or double 6 mm 

based magnets may operate at 6 Hz where it has about 478 W, 

but the Roebel based magnet may operate at 8 Hz where it has 

about 472 W. Beyond the threshold frequencies, the AC loss is 

too large to be cooled.  

IV. CONCLUSION 

A simple 0.5 T HTS magnet system which intends to oper-

ate in the frequency range of 1 Hz to 10 Hz have been studied 

with 2D FEM model based on H-Formulation. Three conduc-

tor/cable options, (1) single 12mm, (2) parallel 6 mm and (3) 

the Roebel 6/2 are considered in the coil winding. Their AC 

loss has been evaluated against available cooling power.  

The magnet wound with the single 12 mm has similar AC 

loss to that wound with the two 6 mm in parallel. At 20K, the 

Roebel cable - based magnet will have 25% reduction in its 

AC loss. Given that the large AC can be removed by the avail-

able cryocoolers, the HTS magnet made of the first two cases 

allow to operate at only 4 Hz, while the Roebel based magnet 

may operate at 6 Hz, where the AC loss can be cooled by the 

available cryocoolers.   

With the same operating current Iop = 335 A, which is 11% 

of Ic at 1.5 T and 20 K and 22% of Ic at 1.5 T and 40 K, the 

magnet may tolerate higher frequency up to 8 Hz at 40 K for 

the Roebel cable case. The increased cooling power can cover 

the increased AC loss while temperature changed from 20 K 

to 40 K. Note that the Iop / Ic ratio is kept low, this conclusion 

is just a reference and might not apply to other HTS magnet. 

Detailed computation is needed for a specific HTS magnet in-

cluding conductor, operating current or temperature margin.  
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