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Abstract. A tokamak-type fusion experimental machine, JT-60SA, has been
constructed through an international collaboration between Japan and the
European Union. The JT-60SA utilizes a superconducting magnet system and a
helium refrigerator with an equivalent refrigeration power of 9.5 kW at 4.5 K,
providing cold helium gas to cool the magnet system. The second integrated
commissioning test for JT-60SA operations began in May 2023, and the magnet
system cooled down to operation temperature (<5 K). For plasma experiments,
the cryogenic system provided approximately 2 kg/s of supercritical helium to the
magnet system, removing static heat loads such as radiation and conduction heat
and dynamic heat loads due to AC losses in the conductors, eddy currents in the
magnet structures, and joule heating of the joints. The cryogenic system was
successfully operated, and the first plasma was achieved on 23 October 2023.

1. Introduction

Toward an early realization of fusion energy, a Broader Approach (BA) Agreement between Japan
and the European Union was established in 2007[1]. As part of this agreement, a tokamak-type
fusion experimental device, JT-60SA, was constructed in Japan as a collaboration between Fusion
for Energy and the National Institutes for Quantum Science and Technology (QST). JT-60SA uses
a superconducting magnet system involving 18 Toroidal Field (TF) coils [2], 4 Central Solenoid
(CS) modules, 6 Equilibrium Field (EF) coils, superconducting feeders, and 26 high-temperature
superconductor (HTS) current leads [3,4] surrounded by an 80-K Thermal Shield (TS). The total
cold weight is around 766 tons (TF: 396 tons, EF: 177.5 tons, CS: 100 tons, TS: 93 tons). A helium
refrigerator system with an equivalent refrigeration capacity of 9.5 kW at 4.5 K [5] cools the
magnet system, a thermal shield, HTS current leads, and refrigerates the Divertor Cryopumps
[6,7]. The helium refrigerator system has been contributed by CEA (France) as an European in-
kind contribution. The system was constructed by Air Liquide Advanced Technologies [8,9]. The
assembly of JT-60SA tokamak was completed in March 2020, and the cool-down of the magnet
system for the integrated commissioning (IC) of the entire system started in October 2020[10].
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Figure 1. JT-60SA Cryogenic system process diagram.

However, the test was interrupted in March 2021 due to an electrical short at the electrical
terminals of the EF1 coil [11]. From 2021 to 2023, repairs to terminals, electrical insulation
reinforcement, and high-voltage tests were conducted. The IC was resumed in May 2023 [12]. In
this paper, the outline of the cryogenic system and heat load profiles of the cryogenic system
during cool-down and plasma experiments are reported.

2. Cryogenic system

The cryogenic system consists of a refrigerator cold box (RCB), an auxiliary cold box (ACB), eight
units of warm compressor stations with a common oil removal system, helium gas buffer tanks,
and utility systems (Figure 1). The RCB is equipped with three turbines and a pre-cooling system
with liquid nitrogen. The warm compressor station provides pressurized helium of 0.7 kg/s at 1.4
MPaG. The RCB provides 5~6 K and 0.4 MPaG gas to be liquified in the ACB, 80 K for the TS [13],
and 50 K for the 26 units of High-Temperature Superconductor (HTS) current leads. The ACB
contains two liquid helium tanks used as a thermal damper system. The ACB supplies 2 kg/s
supercritical helium (0.5 MPa, 4.4 K) to the magnet system using two cold circulators through a
cryogenic piping system [14]. To maintain a liquid helium temperature of 4.3 K, the ACB has a cold
compressor to reduce the vapour pressure in the 7 m3 liquid helium bath. CS and EF coils are
operated with changing currents during plasma experiments to initiate and control the plasma,
inducing variable heatloads by AC losses and eddy currents in the magnet structures. To mitigate
the impact of transient heat fluctuations and ensure stable operation of compressors, turbine
expanders, and cryogenic circulators, the 7-m3 liquid helium bath is used as a thermal damper
system [8]. During a fast discharge of the magnet system, large eddy currents are induced. The
released helium gas is recovered in the quench buffer tank to avoid helium gas exhaust to the
atmosphere. A cryopump system behind the Divertor will be cooled with 3.7 K helium gas, which
passes through a heat exchanger in a 3.6 K liquid helium tank. The helium in the 3.6 K bath is
evacuated at -0.05 MPaG with a vacuum compressor system to reduce the saturated temperature.
The cryopump system is being installed for future operation. As shown in Figure 2, there are two
coolingloops. Magnet cooling Loop-1 is used for TF coils/structures, and Loop-2 is used for CS/EF
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coils [14]. The two loops are composed of many parallel flow paths. The CS and EF have different
pressure drop characteristics. Each TF coil has the same pressure drop characteristics. At nominal
operation condition, the ACB supplies supercritical helium of 46~54 g/s for one TF coil, 156 g/s
for one CS module, 56 g/s each for EF3, 5, 6, 48 g/s for each EF1 and EF2, 80 g/s for EF4, and 2
g/s for each feeder path [15].

3. Cool-down operation

3.1 Gas purification
Before starting a cool-down of the magnet system, the helium gas (total helium inventory: 2.9
tons) was purified. A dew point of less than -70 °C and a nitrogen content of less than 10 ppm in
helium gas were achieved in 25 days by the following process.
(1) Circulating helium gas through a dryer installed in the outlet of the warm compressors,
(2) Repeating vacuum pumping and refilling with pure helium gas 5 times
(3) Circulating helium through the integrated molecular sieve adsorption purifier of the RCB.

The cryogenic system was operated for 7 months, including cool-down, magnet operation,
and warm-up, and there was no trouble related to helium gas impurity.

3.2 Cool-down operation

During the cool-down operation down to 80 K, the helium was cooled with liquid nitrogen and
sent from the RCB to the magnet system through ACB and to the TS. The flow distribution through
the different coils was adjusted based on their weight ratio. After reaching 80 K, two turbine
expanders were activated. Below 10 K, the third turbine was started to reach supercritical helium
conditions. Finally, two cold circulators supply supercritical helium (4.3 K, 0.5 MPaG) to the
magnet system. Since the TF coils, EF coils, and CS are mechanically interconnected, a total of 167
thermometers, as shown in Figure 2, were used to monitor the temperature differences to avoid
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Figure 2. Flow diagram of Loop-1 and Loop-2.
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damage by thermal stress within a coil and deformations due to the thermal contraction

differences between the coils.

During the cooldown, the temperature difference was controlled based on the inlet and outlet
temperatures of the coils, a thermometer on the surface of the coils, and the coil winding
temperature calculated from the resistance measured by passing an electric current through the
coil. The temperature change during the cooldown was 2 K/hr or less. The controlled
temperature difference [16] is as follows.

o EF and TF coils: The cold helium is introduced from the innermost turn (high magnetic field
region) and exits from a pancake's outer turn (joint). Since this temperature difference is the
maximum temperature difference across the coil, the control value was set to 35 K.

e TF winding and coil structure: The winding is housed inside the TF coil structure. To avoid
thermal stress on the windings during cooling, the temperature of the structure was kept
35 Kor less above the winding.

e 18 TF coils: TF coils are connected in the circumferential direction by an Outer Intercoil
Structure (OIS) with tension bolts to support out-of-plane forces [2]. The temperature
difference between the TF coils is controlled within 10 K to avoid excessive force on the OIS
by different TF coil temperatures. The TF coil temperature is estimated from the resistance
of the TF winding.

e CS windings and CS structures [3]: The CS consists of four stacked modules. The CS is
compressed by a CS structure (tie plate) made of stainless steel at room temperature to
maintain compressive force after cooldown, and avoid separation of a module due to reaction
forces during CS energization. To prevent the tie plate from shrinking and tightening the CS
too much during the cooldown, and avoid overstressing the tie plate, the allowable
temperature of the CS structure was kept 10 K or less above the winding temperature.

e (S winding: Since the helium is introduced from the cylindrical outer surface of the CS
winding and exits from the cylindrical outer surface via the innermost part of the coil with a
high magnetic field, the outlet temperature does not represent the maximum temperature in
the coil due to heat exchange inside the coil. For this reason, the allowable temperature
difference across the CS winding was evaluated based on analysis results [23], and the
temperature difference of the helium between the inlet and outlet was set to 25 K or less.

3.3 Cool-down results

The second cool down started on 14 June 2023 [17]. The results for the magnet are shown in
Figure 3. The cool-down was interrupted at around 100 K due to a grounding fault in the cold
circulator controller. After the turbines started and the cooldown was continued, a 200 °C baking
operation of the vacuum vessel started on 11t July. The cool-down operation was completed
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Figure 3. Cool-down curves of TF coil and structure (left) and CS and EF (right).
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Figure 4. Typical example of heat load fluctuation for one day during plasma experiment[17].

when the superconducting magnet showed a transition to the superconducting state. It took 41
days. Except for the unplanned stop, the cool-down operation was smoothly completed.

4. Heat load and efficiency

4.1 Heat load variation during plasma experiment

During the plasma experiments, the TF coils were energized at a constant current (25.7 KA:
nominal expected current for operation or 23.3 kA). AC losses were generated since the CS and
EF coils were operated with varying currents to initiate the plasma current and control plasma
position and shape. Figure 4 shows typical heatload fluctuations from morning to evening during
the experiment day. The heat load is estimated from a mass flow rate and a difference between
outlet and inlet enthalpies calculated from pressure and temperature measurement data. Due to
the restriction of coil operation voltage, the maximum operation current of EF and CS was limited
to 5 kA instead of a nominal current of 20 kA [16-18]. During the current ramp-up of the TF coil,
the heat load increased due to AC losses of the TF coil and eddy currents in the case stabilizing
again at the flat top of current. In the heatload of Loop-2 (Figure 4(2)), each peak corresponds to
a plasma shot with CS and EF energization [17]. From Figure 4, the static heat load from radiation
and thermal conduction can be estimated to be 0.9 kW for Loop-1 and 1 kW for Loop-2.
Comparisons between prediction [19] and measurement of the TS and Loop-1 and 2 as
summarized in Table 1, agree very well, so the thermal insulation worked as expected.

As shown in Figure 5, the total peak heat load of Loop-1 and Loop-2 is around 1.1~1.2 kW
during the 5-kA operation of EF and CS. The cryogenic system and the 7-m? thermal damper have
been designed to allow for the acceptance of about 5 kW pulse heat load. CS and EF coil currents
will reach 20 kA during the next operation. If the current ramp-up and ramp-down are the same,
AC loss will increase to roughly ~4.4 kW (=1.1 kW x 20 kA/5 kA). The value is still below 5 kW.
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Figure 5. Typical total heat load fluctuation and averaged values of magnet system(Loop-1 and Loop-2)
during one cycle of a plasma experiment (magnified from Figure 4).
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Table 1. Prediction and measurement results of static heat load.

Static heat load Estimation, kW [19] Measured, kW

- hﬁitelr(ﬁ?ofﬁormal Nominal: 33.1 32.5~35
(radiation and conduction) (min. 28.3, max. 40.7)

4 K heat load Nominal: 1.5

(radiation and conduction) (min. 1.18, max. 2.08) 19

In the IC, the averaged pulse heat load is only 0.5 kW, therefore, the heat load fluctuation did not
have a significant impact on the operational condition of the warm compressor station and
turbines.

4.2 Efficiency of cryogenic system

Based on Figure 4, we evaluated the heat load and efficiency of the refrigerator system during the
plasma experiment (TF current: 23.3 kA, CS, EF: +/-5 kA ), and the results are summarized in
Figure 6. The total heat load of Loop-1 was 1.1 kW, which includes 0.2 kW of joule heating of the
TF coil and feeder joints.

Adiabatic efficiencies of the turbines and cold circulators are around 70%. The adiabatic
efficiency of the third-stage turbine and the cold compressor was lower than 50% because these
rotating machines had not yet been operated at nominal conditions. As for the RCB, cold was
supplied to the ACB, and 80 K helium gas at 0.38 kg/s was supplied to the 80 K shield. A total of
32.6 g/s of helium gas (44.6 K) was supplied to 26 units of the HTS current leads, which were
finally recovered by the compressors at room temperature. The actual power consumption L of
the compressor was measured at a distribution board and was 2.34 MW. The isothermal efficiency
of the compressor is the ratio of the isothermal compression work to the actual power of the
compressor. The isothermal compression efficiency 1;was calculated using equation (1).
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Figure 6. Typical cryogenic operation conditions, efficiency, and heat load during the plasma
experiment at TF current of 23.3 kA.
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Table 2. Total heat load during plasma experiment at TF coil current of 23.4 kA.

ltems 1}3232 Pin, Tin Pout Tout m Exergy f;llill‘;a;(ir;tt
Gwy MPR) () (MPa)  (K) (ke/s) (W) PR R
Thermal shield at 80K 325 145 798 | 142 963 0.377 83.7 1.27
HTS current lead 42.1 0.56 | 447 | 043 | 293 | 0.033 59.0 0.90
Cold compressor 1.0 0.11 433 | 013 | 4.83 0.408 329 0.50
Damper d1551pat10n (magnet heat 516 4.92
loads + cold circulator)
Loop1 (TF/structure) heat load 1.12  0.638 433 | 0466 48 @ 0.954 151.1 2.30
Loop2 (CS/EF) heat load 1.00 | 0.667 | 433 | 0.578  4.68 | 1.07 109.7 1.67
Loop1 cold circulator work 196 0461 435 | 0.647  4.68 0.954 42.7 0.65
Loop2 cold circulator work 1.08 | 0.571 | 433 | 0.671 448 | 1.07 19.8 0.30
TOTAL users equivalent heat load at 4.5K 7.60 kW
-1 R-in Pout
. = . -m - T . ln 1
Nis / L ( / Pi, ) (1)

Here, R: gas constant (= 2.07 k] /kgK), m: flow rate (0.723 kg/s), T: inlet temperature (280
K), Pin: inlet pressure (0.106 MPa), P, outlet pressure (1.54 MPa), L: measured compressor
power consumption(2.34 MW). The isothermal efficiency of the compressor station, including oil
removal, is estimated to be 49%.

Since the JT-60SA refrigeration system supplies different refrigerants (4 K, 50 K, and 80 K),
the input energy per 1 W of refrigeration capacity was evaluated by converting these refrigerants
into an equivalent heat load of 4.5 K. The exergy was calculated from the pressure, temperature,
and flow rate at the inlet and outlet of the cold compressor, cold circulator, coil, thermal shield,
and current lead, and converted to an equivalent refrigeration capacity of 4.5 K using the Carnot
factor [20].

e=1-{(hy—hy)—To (S1—52)} s @

To: 300 K, h;: enthalpy of exit, hz: enthalpy of inlet, S;: entropy of exit, Sz: entropy of inlet.

Table 2 summarizes the temperature, pressure, and flow rate at the inlet and outlet for each
heat load and the calculation results. The equivalent refrigeration capacity of 4.5 K is 7.6 kW. The
input electric power consists of the warm compressor station + utilities (~2.53 MW) and liquid
nitrogen consumption. The realistic energy required to liquefy nitrogen is 0.5 kWh/kg [21]. The
energy required to produce 1080 liters/hr of liquid nitrogen is 438 kW. The combined input
energy of the compressor and liquid nitrogen is 2.97 MW. Therefore, the input energy per 1 W of
refrigeration capacity at 4.5 K is 390 W. The typical input energy of a large-scale helium
refrigerator is reported to be about ~300 W/W. The efficiency of the JT-60SA refrigerator is
expected to improve when the refrigeration power approaches 9.5 kW during future operation.

5. Conclusion

The JT-60SA integrated commissioning test in 2023 was completed successfully.
e The cooldown of 28 superconducting coils was completed in 41 days under controlled
temperature differences.
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o The JT-60SA cryogenic system safely managed all heat load fluctuations.

o The measured static heat load of the cryogenic system is within expectation.

e No impurities in the helium gas nor any helium leak were observed.

e During 7 months of continuous operation, JT-60SA successfully achieved the first plasma and
a maximum plasma current of 1.2 MA [22]. The experience gained with the cooldown and
operation of the complex magnet system will help to improve future operations.
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