Journal of Physics: Conference
Series

PAPER « OPEN ACCESS You may also like

Cryogenic technoloay for CMBPoI

Long term operation of the superconducting triplet  woiriro, o sotnson and P shiron
q uadru po'es with Cryocoo'ers - Numerical study of a VM type multi-bypass

pulse tube cryocooler operating at 4K
Changzhao Pan, Tong Zhang, Jue Wang
t al.
To cite this article: K Kusaka 2020 J. Phys.: Conf. Ser. 1559 012071 e

- Vibration measurement in the KAGRA

cryostat
D Chen, L Naticchioni, A Khalaidovski et
al.

View the article online for updates and enhancements.

@ LSS DISCOVER
s = how sustainability
The vh : intersects with
Electrochemical & |

Society

Advancing solid state &
electrochemical science & technology

This content was downloaded from IP address 18.118.26.90 on 12/05/2024 at 22:46


https://doi.org/10.1088/1742-6596/1559/1/012071
https://iopscience.iop.org/article/10.1088/1742-6596/155/1/012008
https://iopscience.iop.org/article/10.1088/1757-899X/278/1/012048
https://iopscience.iop.org/article/10.1088/1757-899X/278/1/012048
https://iopscience.iop.org/article/10.1088/0264-9381/31/22/224001
https://iopscience.iop.org/article/10.1088/0264-9381/31/22/224001
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsvWOE_TcjDqky5wzl_ANvOnhqwEa-LNOtMBJZjnYIN5gxTjUx4WFitFhXTxmKYYZj9tBtu6v2WLYbLzXtY5yhU8TCWMcIyLrTAg-BDr1GPm19C0MO8-XDeamfCTJA4PdpwDz1K6TbVf7JgtVdB31B5IrP5W7hr3xJw2iajvz-173OQ2aK3KRU23zyiAYF4sW_D8xD4DPkph0hcL6RTZz-A_kJTEt5PbQDFgV_dfOHF9cbKQDpHZP91gLw5C_7lWiMF120wVa6Uff7evpVaxGHvrQHIwsGzDqs4-DEpwAzBRNZXpCGLig93IGazqrXMmf8tH6SEWQO4yiw0b2Zk3U5xayB8hVg&sig=Cg0ArKJSzB9-Y4iH9HQa&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA

14th European Conference on Applied Superconductivity (EUCAS 2019) IOP Publishing
Journal of Physics: Conference Series 1559 (2020) 012071  doi:10.1088/1742-6596/1559/1/012071

Long term operation of the superconducting triplet
quadrupoles with cryocoolers

K Kusaka
RIKEN Nishina Center, Saitama, Japan

kkusaka@riken.jp

Abstract. Superconducting triplet quadrupoles (STQs) with cryocoolers characterize the
BigRIPS in-flight separator and radioactive isotope (RI) beam delivery lines in the RIKEN
RIBF (Radioactive Isotope Beam Factory) project. The STQ magnet is a large-aperture
superferric quadrupole triplet cooled by liquid helium bath cooling method in a single cryostat.
The STQ cryostat is designed to be operated continuously with a Gifford-McMahon
(GM)/Joule-Thomson (JT) cryocooler and a GM cryocooler. We operate 22 STQ systems for
more than twelve years without warm-up the magnets. We report operational experiences, such
as degradation of cooling capacity and failures of compressors, in the long-term operation of
the STQ systems. Replacement of ageing cryocooler unit is discussed to improve the cooling
capacity.

1. Introduction

The BigRIPS in-flight fragment separator in the RIKEN Radioactive Isotope Beam Factory (RIBF)
project has been operated since 2007. The RIBF project is aimed at making significant progress in the
studies of exotic nuclei far from stability. A total of ~1,500 RI beams, including 142 new isotopes,
were produced and 184 experiments with unstable nuclei were performed from March 2007 to
December 2019. The large ion-optical acceptance of the BigRIPS separator enabled successful
productions of the RI beams and is achieved by large aperture superconducting triplet quadrupoles
(STQ) as focusing elements, since the RI beams have large angular and momentum spreads [1].

The BigRIPS is a beam line device to produce RI beams in two-stage separator scheme [1]. The
first stage, consisting of five STQs (STQ1~STQS5) and 2 room temperature dipoles, serves to produce
and separate RI beams. The second stage and RI beam delivery lines deliver tagged RI-beams to
downstream experimental setups by identifying RI-beam spices in an event-by-event mode. Since the
five STQs on the first stage of the BigRIPS are exposed to the high radiation from the production
target and the beam dumps, they are cooled by a liquid helium cryogenic plant to cope with beam heat
loads. On the other hand, all other STQs in the RIBF beam lines are operated with cryocoolers. There
are total 22 STQs, which are called as STQ6~STQ26, together with the “prototype” modelSTQ, and
each triplet is installed in the single cryostat with two cryocoolers [2].

We operate these STQ systems for more than twelve years without warming up the magnets. The
continuous operation of the cryocoolers enables us unique thermal cycle operation of the
superconducting magnets [3]. We report operational experiences in the long-term operation of these
STQ systems. Degradation of cooling capacity and mechanical failures of compressors are discussed.
Replacement of ageing cryocooler unit is also discussed based on the test results.
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2. STQ with cryocoolers
In this section we summarize the design of STQ magnet system [2]. Details of the magnet design and
specifications are described in ref. [4].

2.1. Magnet and Cryostat Design

The ion-optics design of the BigRIPS separator and the RIBF beam lines requires a quadrupole
magnet with the field gradient of 14.1 T/m and the warm beam bore radius of 120 mm. Three
different quadrupoles, named Q500, Q800 and Q1000, with the nominal effective length of 500 mm,
800 mm and 1000 mm are used to form the triplet combinations of Q500-Q800/Q1000-Q500 as a
basic focusing element of the RIBF beam lines [1].

We designed them as “energy saving” superconducting quadrupole magnets. We introduce a cold
iron yokes with the length of 440 mm, 740 mm, and 940 mm, for Q500, Q800, and Q1000 magnets.
They have identical cross section with the hyperbolic-shape poles and the radii of the pole-tip and the
yoke are 170 mm and 480 mm, respectively. Flat race-track-shape superconducting coils are orderly
wound with a thin NbTi superconducting wire and supported by the iron-yoke. The nominal currents
and stored energies of Q500, Q800, and Q1000 magnets are 142 A, 137 A, and, 125 A and 0.17 MJ,
0.19 MJ, and 0.27 MJ. The combination of Q500-Q800/Q1000-Q500 triplet are connected rigidly to
each other and installed in a single cryostat. We adopt the liquid-He bath cooling method for STQ
cryostat. Superconducting coils together with iron yokes, are cooled by liquid helium in the He vessel.
The 4 K-cold mass of the Q500-Q800/Q1000-Q500 triplet weighs 9.4t/ 10.2 t. Details of the magnet
design and specifications are described in ref. [4].

Figure 1 shows a schematic diagram of the STQ cryostat with cryocoolers. The helium vessel
contains 500 1 of liquid helium and cooled by a 4 K cryo-cooler, SHI model SG308SC, which is a
Gifford-McMahon cooler using a Joule-Thomson expansion (GM/JT cooler), with the cooling
capacity of 2.5 W at 4.3 K. The GM/JT cooler consists of two independent coolant helium circuits,
called expander- and JT-circuits. The expander circuit is a two-stage GM-cooler and serves as pre-
cooler for the JT line. The temperature of the second stage of the expander-circuit 7., is monitored
using a H, vapor gauge or a Pt-Co sensor and is usually below 14 K. JT-circuit liquefies helium gas,
that evaporates in the He vessel, with the re-condensing heat exchanger unit. The temperature of the
heat exchanger unit 77 can be tuned around 4.4 K by changing the opening of the JT-valve. The
refrigerator unit is mounted on the cryostat using Wilson seal, so that it can be dismounted even when
the He vessel is filled with liquid helium.
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On the other hand, a single-stage Gifford-McMahon (GM) cooler, SHI model UV110CLR, with the
cooling capacity of 90 W at 80 K cools the shield surrounding the He vessel and the High-Tc
superconducting (HTSC) power leads (PLs). The model UV110CLR consists of the compressor unit
U108 and the refrigeration unit V110. The refrigeration unit V110 is a gas-driven cryocooler and
suitable for cold maintenance. The cold head of the V110 unit is attached to the cooling copper plate
in the cryostat to cool the PLs by heat conduction.

2.2. System Design and Operations

The STQ with cryocoolers is characterized by a unique thermal cycle operation. Once we cool down
the magnets by transferring liquid nitrogen and liquid helium from external Dewars to the cryostat, we
operate the cryocoolers continuously and never warm up the magnets. The sufficient liquid helium
level in the He vessel kept by the GM/JT cooler and the well cooled HTSC power leads by the GM
cooler enable us to excite magnets according to the beam time schedule.

Since the cooling capacity of the GM/JT cooler is 2.5 W and the total 4 K-heat load of the cryostat
is less than 2 W, we install heaters in the He vessel. If the pressure of the He vessel exceeds 20 kPaG,
which is the cracking pressure of the safety check valve for the He vessel, the liquid helium level starts
decreasing. The pressure of the He vessel is usually kept in the range from 7 to 9 kPaG with the on/off
control of the 2 W heater.

3. Long term operation of the STQ systems

Most of the cryocoolers have been continuously operated since 2006 and the operation time of the
cryocoolers is longer than 130,000 h. The scheduled maintenance of the cryocoolers are performed
yearly. All the displacers of the GM/JT and GM coolers are replaced every 8,000 ~ 9.000 h of
operation time and the adsorbers (ADSs) in the compressor units are also replaced every 25,000 ~
30,000 h of operation time. Since we never warm up the magnet, the GM cooler maintenance is
performed in a helium atmosphere using a transparent gas bag. This “cold” maintenance method is
well established by cryocooler maintainers [3]. In the following two subsections we report how we
operate the STQ system using long-term trend of data.

3.1. PL temperature and GM cooler operation

Since the degradation of the cooling capacity of the GM cooler appears as an increase of the GM head
temperature, we show in figure 2 a long-term trend (from 2008 to July 2019) of the GM head
temperature 7p..s and that of the power lead (PL1) in the STQ10 cryostat as an example. Arrows on
the top axis indicate when the scheduled maintenances were carried out. The maintenances in which
the ADS in the compressor unit was replaced are denoted by letter “A”. The discharge (Pp) and
suction (Ps) pressures of the compressor are also plotted.

As discussed in Ref. [5], we occasionally experienced unexpected temperature rises of the GM cold
heads randomly occurred in several STQs. Two types of temperature rises are seen in Fig. 2. One is
gradual increase of the cold head temperature happened in early summer 2012. Since both the
discharge and suction pressures decreased, it is caused by tiny leakage of the coolant gas. Another
type is rapid temperature rises happened three times in the period from October 2015 to May 2017.
We were forced to perform unscheduled maintenances indicated by the arrows with letter “D” in Fig.
2. Since the difference of the discharge and suction pressure of the compressor unit was found to be
about 0.1~0.2 MPa larger than its usual value, we consider that this rapid temperature rise is caused by
a blockage of coolant gas flow in the displacer. ~We consider that the replacement of the ADS in the
compressor unit is effective to remove impurities in the coolant gas helium. Unexpected temperature
rises did not occur after the replacement of the ADS in Dec. 2017.

3.2. GM/JT cooler operation and its cooling capacity
Figure 3 shows a long-term trend of the average heater power output P in the STQ10 cryostat. The
liquid helium level in the He vessel and the temperature of the thermal shield T are also plotted using
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the Temp. and Level axis to the right. The dates of the regular maintenances are indicated as arrows
on the top axis, too. A typical helium loss during maintenance was approximately 10~20 I, if the
GM/JT cooler is maintained without being dismounted from the cryostat [3].

If the 4K heat load is constant, the average heater power output simply indicates the excess cooling
capacity of the GM/JT cooler. However, the temperature of the GM cooler head varies as shown in
figure 2, so that the 4K heat load did not stay constant depending on the temperature of the thermal
shield. If the total 4 K heat load of the cryostat becomes more than the cooling capacity of the GM/JT
cooler, the heater does not turn on at first, and the He vessel pressure begins to increase. If the He
vessel pressure exceeds the cracking pressure of a safety check valve, the liquid He level starts
decreasing. This undesirable situation happened in Aug. 2011 and the period discussed in the
subsection 3.1.

The degradation of cooling capacity of the GM/JT cooler causes the pressure increase of the He
vessel and the helium loss, even with the well-cooled thermal shield. We have experienced two kinds
of the degradation of the GM/JT cooler. One is the degradation caused by the abnormal temperature
(>15 K) of the expander head T.., which is normally below 14 K. In this case we replaced the
deteriorated GM/JT cooler with a spare GM/JT cooler. The spare GM/JT cooler were used twice for
the STQ10 cryostat from Nov. 2014 to Sept. 2015 and from June to Sept. 2017. These two periods are
indicated by the double allows with letter “S™ in Fig. 3. The cooling capacity of the deteriorated
GM/JT cooler was recovered by replacing the expander displacer. Preparation of spare cryocoolers
are essential for a long-term operation.

Another type of the degradation of cooling capacity is caused by the blockage of the JT-circuit, in
which the temperature of the JT cold head 7ir rises above 4.5 K. When this type of degradation
occurred in non-beam-time periods, we manually stopped the GM/JT compressor and restarted after
one hour warm up. This operation is indicated as the arrows with letter “R” in Fig. 3. The cooling
capacity was recovered by warming up the JT-circuit and the helium loss could be avoided in most
cases. However, as seen in Fig. 3, we have lost ~30 I of liquid helium in January 2019, since the
degradation occurred on the weekend and the manual stop and restart of the GM/JT compressor was
delayed two days. We consider that impurity accumulation in the coolant gas helium is now becoming
noticeable after the long-term continuous operation.

[+2]
o
1

-y
o

PR EPEPE e

Temperature [K]
w
o

[©ed] ainssald

304
Jan 2008 Jan 2009 Jan 2010 Jan 2011 Jan 2012 Jan 2013 Jan 2014 Jan 2015 Jan 2016 Jan 2017 Jan 2018 Jan 2019

Figure 2. A long-term trend of the GM head and the power lead (PL1) temperature of STQ10.
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Figure 3. A long-term trend of the liquid helium level, the average heater power and the shield temperature of STQ10.
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3.3. Aging Deteriorations and Hardware Failures

During the long-term operation of 22 STQ systems, we have experienced several hardware problems.
In the scheduled maintenance of the STQ18 and STQ19 systems, the JT valves of the GM/JT coolers
were broken with the total operation time of 69,190 h and 78,737 h, respectively. We repaired both
GM/JT coolers by replacing the JT valves. Beside these two failures of JT valve, the most of
hardware problems are failures of compressor units. In most cases compressors suddenly stopped and
did not re-started, so that we were forced to replace them with spare compressors. We list the
experienced failures of compressor unit in Table 1.

Table 1. List of hardware failures in compressor unit.

Failed part System Total operation time (h)
Rotary compressor for Expander-circuit STQ24 GM/IT 17,245
Pressure control valve STQ14 GM 60,084
PLC error STQ11 GM/JT 71,775
Pressure sensor (HPS) STQ16 GM/JT 70,087
STQ11 GM/AT 82,448
STQ20 GM/IT 100,023
STQ21 GM/IT 100,563
STQ23 GM 80, 603
STQ6 GM 103,855
Check valve in JT suction line STQ25 GM/JT 63,135
STQ7 GM/T 106,985

Except the GM/JT compressor for STQ24, these failures can be considered as aging deterioration of
mechanical parts. Although we repaired these compressors by replacing failed parts with new ones,
both cryocooler units, SHI model SG308SC and model UV110CLR, are now discontinued products.
Supply of their maintenance parts will stop in the near future. Furthermore, as discussed in the
previous section, impurity accumulation in the coolant gas helium is now becoming noticeable. We
thus start planning the replacement of both cryocooler units.

4. Replacement of cryocoolers

Since the STQ system is characterized by the large cold mass with small 4K heat load, it is preferable
to replace the discontinued cryocooler unit with new products without warming up the magnet. Since
the 4K cooler is mounted on the STQ cryostat with the Wilson seal, a new 4K cooler with the same
interface can be mounted without modifying the cryostat. We are developing a new re-condensing
type 4K cooler system using a 4K GM cooler, SHI model RDE-418D4, since there is no successor
product of the GM/JT cooler on the market. However, the cooling capacity of the model RDE-418D4
is 1.8W at 4.2 K, which is smaller than that of the GM/JT cooler currently used. We need to reduce
the 4K heat load of the cryostat, since

In order to reduce the 4K heat load without modifying the cryostat, lowering the thermal shield
temperature is effective. In the present system the thermal shield temperature is in the range from
45 K to 65 K and is determined by the cooling capacity of the shield cooler, SHI model UV110CLR.
If we replace the currently used compressor U108 with a larger one, the thermal shield temperature
falls down and the 4K heat load of the cryostat is reduced. We tested this scenario by replacing the
compressor unit U108 with SHI F-70L in the STQ20 and the STQ24 systems in Feb. 2019.

We tested F-70L compressor in the STQ24 system from Feb. 8 to Feb. 26 and in the STQ20 system
from Feb. 26 to Mar. 11. These two STQ systems were chosen as the typical cryostats with high and
low 4K heat load. The average heater output in the STQ24 helium vessel before replacing the
compressor was 0.5 W and that of STQ20 was 1.7 W in these periods. We show in Fig. 4 how the GM
head temperature, Treqs and the shield temperature T, of the STQ24 cryostat are changed by replacing the
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shield cooler compressors as an example. The pressure of the helium vessel P and the on/off status of
the heater output are also shown. It is clearly seen that the temperature Treqs and Ts; fall down from
63 K to 49 K and from 65 K to 46 K after the replacement. The duty of the heater output increases from
23 % to 63 % and the corresponding average heater power increases from 0.5 W to 1.3 W. Assuming
that the cooling capacity of the GM/JT cooler is constant, the reduction of the 4K heat load is
estimated to be 0.7 W. The similar but less significant change was observed in STQ20 system. The
temperature Tpeqa (Tsn) in the STQ20 cryostat changes from 49 (50) K to 45 (46) K after the replacement.
The duty of the heater output and the corresponding average heater power increase from 84 % to 92 % and
from 1.7 W to 1.8 W. Since the thermal shield was well cooled in the original STQ20 system, the
reduction of the 4K heat load is not significant in this case. These test operations encourage us a possible
replacement of new cryocoolers in the STQ system without warming up the magnet.

V110 +U108 V110 +F-70L

>

80

70

60

Temperature [K]
[Dedy] sanssaag

Heater
50 Status
(0On/Off)

o = N W s U Y N 0 Vv

e

o J UL AL JUUIUUIUUUUUUIUUUNUN LY JUUUOUUUSUUUEUEY LRI TR R TR
Feb.3 Feb.4 Feb.5 Feb.6 Feb.7 Feb.8 Feb.9 Feb.10

Figure 4. Temperature of the GM head, the shield, and PL1. The pressure of the He
vessel P and the heater status are also shown.

5. Conclusions

We have operated the 22 STQ systems for more than twelve years. We have experienced the
unexpected rise of the GM cold head temperature and the rapid increase of the He vessel pressure
many times in our long-term operation of 22 STQ systems. We consider that they are caused by
impurity in the coolant gas helium. We also summarized the mechanical failures we have experienced.
Aging degradation of the cryocooler system is becoming noticeable. A possible replacement of new
cryocoolers without warming up the magnet is discussed.
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