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学び考える内容

1. ILCのクライオジェニクス（低温工学）

2. ILC-TDR（技術設計報告書）でのクライオ
ジェニクス

- CERN-LHCのヘリウム冷却システム

- 日本候補地（山岳地帯）での検討

3. 2Kヘリウム冷却システム

- STF棟のヘリウム冷却システム

4.今後の課題

2
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お断り

★ ここでの議論は主線型加速器のヘリウム
冷却システムのみ

★ 他に衝突点に検出器やダンピングリング
の超伝導加速空洞および超伝導電磁石
用のヘリウム冷却システムがある

★ 衝突点のヘリウム冷却システムは素核研
低温グループが担当(?)

- ILC全ての冷却システムを１つのグル
ープが担当すべきとの意見あり

3
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  =	
  9.25	
  K



ニ
       
〇
     
一

四

年

七

月

一

日

(火)

日直

仲

井空洞の表面抵抗の周波数および温度依存5
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超伝導加速空洞の運転温度

★ 空洞からの発熱量（空洞損失,高周波損

失）は表面抵抗に比例

★ 表面抵抗はBCS抵抗と残留抵抗の和

★ BCS抵抗は空洞の運転温度に依存

★ 共振周波数が高くなるほど運転温度を低

くする必要あり

- 1.3GHz超伝導空洞→2K以下での運転
6
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Helium Tank

HOMDamper

2K Superfluid Helium Supply Pipe
Tuner Motor
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Gas Return Pipe

(GRP)

2K Superfluid Helium Supply Pipe
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(Helium Vessel Not Shown)
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Chapter 3. Main Linac and SCRF Technology

Figure 3.13
Interface definition of
the input coupler.
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a BPM) located at the centre of the cryomodule (Type B). The cavities and quadrupole package are
integrated into the cryomodules along with their supporting structures, thermal shields and insulation,
and all of the associated cryogenic piping required for the coolant flow distribution along a cryogenic
unit without the need for additional external cryogenic distribution lines.

All the 14,742 1.3 GHz cavities in the ILC main linacs are grouped into 1,701 cryomodules (1,134
Type A, and 567 Type B). Another 152 cryomodules are located in the e+ and e≠ sources and RTML
bunch compressors. Most of these are either the standard Type A or Type B cryomodules, although
the sources contain a few with special configurations of cavities and quadrupoles.

Figure 3.14. Longitudinal View of a Type IV Cryomodule (Type B), with eight cavities and a central quadrupole.

3.4.2 Cryomodule technical description

Figure 3.14 shows a longitudinal sectioned view of the Type-IV cryomodule (Type B). The design is a
modification of the type developed and used in the TESLA Test Facility (TTF) at DESY, with three
separate vacuum envelopes (beam vacuum, isolation vacuum and power-coupler vacuum) [27]. The
cavity spacing within the cryomodule is (6 ≠ 1/4)⁄

0

= 1.327 m.
Copper-coated flanged bellows are located between beamline components to allow di�erential

thermal contractions. Fundamental-mode couplers (described in Section 3.3.1) provide the RF power
to the cavities, and are connected to ports on the vacuum vessel on one side and to the cavity coupler
ports on the opposite side. RF cables bring the signals from the field pickup and the HOM antennas
(See Section 3.3.3) to the LLRF control system outside the cryomodule for the control of the cavity
field amplitude and phase and to extract HOM power from the 2 K level. Manually operated valves

42 ILC Technical Design Report: Volume 3, Part II
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井ILCクライオモジュールの冷却系11

TECHNICALSYSTEMS

Cryo-string (12 cryomodules, ~154 m)

Two-phase Header

Cryomodule Slope
H

Line F
(80 K, 1.8 MPa)

(40 K, 2 MPa)

(8 K, 0.5 MPa)

(5 K, 0.55 MPa)

(2.2 K, 0.12 MPa)

Coupler & Adsorber
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FIGURE3.8-2. Coolingschemeof a cryo-string

The Þrst phaseseparator is usedto stabilize the saturated liquid produced during the Þnal
expansion. The secondphase separator in used to recover the excessof liquid, which is
vaporized by a heater. At the interconnection of eachcryomodule, the two-phaseheader is
connectedto the pumping return line.

The division of the Main Linac into cryogenicunits is driven by various plant size limits
and a practical size for the low pressurereturn pipe. A cryogenicplant of 25 kW equivalent
4.5 K capacity is a practical limit due to industrial production for heat exchangersizes
and over-the-roadshipping sizerestrictions. Cryomodule piping pressuredrops also start to
becomerather large with more than 2.5 km distances. Practical plant size and gas return
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3.4. Cryomodule design including quadrupoles

required by the clean-room assembly terminate the beam pipe at both module ends. The valves are
fitted with simple RF shields.

The decision to place the quadrupole package in the middle of the cryomodule (as in the Type
IV design) allows the definition of a standard interconnection interface for all main-linac cryomodules,
irrespective of their sub-type, simplifying the tunnel assembly procedures for module connections.

3.4.2.1 The cryomodule cross section

Figure 3.15 shows a cross section of the Type IV ILC Cryomodule derived from the TTF-III design [13,
28]. The largest component of the transverse cross section is the 300 mm-diameter helium-gas return
pipe (GRP) which acts as the structural backbone for supporting the string of beamline elements and
allows recovery of the mass flow of He vapours at a negligible pressure drop along the cryo-strings, to
preserve temperature stability.

Figure 3.15
Representative cry-
omodule cross section

The GRP is supported from the top by three composite posts with small thermal conduction
from the room-temperature environment. The posts are connected to adjustable suspension brackets
resting on large flanges placed on the upper part of the vacuum vessel. This suspension scheme
allows the correct alignment of the axis of the cavities and quadrupole magnets independently of the
flange position, without requiring expensive precision machining of these vacuum-vessel components.
The centre post is fixed to the vacuum vessel, while the two remaining posts are laterally adjustable
and can slide on the flanges to allow the GRP longitudinal contraction/expansion with respect to
the vacuum vessel during thermal cycling. Each post consists of a fibreglass pipe terminated by two
shrink-fit stainless-steel flanges. Two additional shrink-fit aluminium flanges are provided to allow
intermediate heat flow intercept connections to the 5–8 K and 40–80 K thermal shields; the exact
location of these flanges has been optimised to minimise heat leakage [29].

Accelerator: Baseline Design ILC Technical Design Report: Volume 3, Part II 43
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3.1. Overview of the ILC Main Linacs

Figure 3.1
Schematic of the Local
Power Distribution
System (LPDS) which
delivers RF power to
13 accelerating cavities
in the main linacs;
(a) and (b) show the
KCS and DKS options
respectively.

equipment located in surface facilities where the klystron power is combined (up to 300 MW) and
transferred through overmoded circular waveguides to the linac tunnel below. The tunnel, which
is about 5 m in diameter, mainly contains the cryomodules and waveguides with some electronics
(e.g. quadrupole-magnet power supplies, LLRF monitoring and control electronics) that is housed in
radiation-shielded, 2 m-wide racks under the cryomodules.

The tunnels are assumed to be deep underground (≥100 m) and connected to the surface through
vertical shafts (flat topography) or sloped access routes (mountainous topography). The number,
location and size of these shafts or access-ways is determined by the maximum length of a cryogenic
unit (and maximum available size of a cryoplant, see below), and, in the case of KCS, the maximum
distance over which the RF power can be realistically transported via the large overmoded circular
waveguide (Section 3.9.3).

The cryogenic segmentation of the main linacs is organised as:
• an ML unit which consists of three cryomodules in a Type A – Type B – Type A arrangement

(26 cavities and 1 quadrupole package);

• a cryo string, which consists of 4 ML units (long string with 12 cryomodules) or 3 ML units
(short string with 9 cryomodules), followed by a 2.5 m cold-box;

• A cryo unit comprising of between 10 to 16 cryo strings, with the final cold-box being replaced
by an 2.5 m service box.

Figure 3.2
Basic cryogenic seg-
mentation in the main
linacs. Note that the
length of the cryo units
varies depending on
the number of strings.
(All lengths given in
metres.)
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Figure 3.2 shows an example configuration for a single cryo unit based on 13 long cryo strings.
The maximum length for a cryo unit is approximately 2.5 km, and is set by consideration of the largest

Accelerator: Baseline Design ILC Technical Design Report: Volume 3, Part II 25
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井ILCヘリウム冷却システムの配置

Small 2 K and 4.5 K cryoplants
Large 2 K cryoplants
Helium compressor stations
Cryogenic distribution boxes
1.3 GHz cryomodule strings
Other SRF (damping ring and crab cavities)
Superconducting magnets (wigglers, undulators, final focus)

Positron LinacElectron Linac

KCS Cryogenic Plant Arrangement

DKS Cryogenic Plant Arrangement

Final focus
5 GeV booster

Detector cryogenics
Undulators

RTMLMain linac

Damping ring wigglers and RF

Warm helium piping from
central compressor station
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主線形加速器の熱負荷と冷却システムの大きさ

15

Chapter 3. Main Linac and SCRF Technology

Figure 3.25
Cooling scheme of a
cryo-string.
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2.5 km distances. Practical plant size and gas-return header pressure drop limits are reached with
189 modules in a 21 short-string cryogenic unit, 2.5 km long.

3.5.2 Heat loads and cryogenic-plant power

Table 3.11 shows the predicted heat loads and resulting cryogenic plant sizes for main-linac cryo-units
comprised of 13 long cryo-strings for the KCS layout (a total of 156 cryomodules) and for 21 short
cryo-strings for the DKS layout (a total of 189 cryomodules). The resulting cryogenic plant capacities
are equivalent to 15.4 kW at 4.5 K for the KCS layout and 19.0 kW at 4.5 K for the DKS (mountainous)
layout. Both sizes are well within the range of typical large helium cryogenic plant capacities.

Table 3.11. Main-linac heat loads and cryogenic plant size [34]. Where there is a site dependence, the values for
the flat / mountain topographies are quoted respectively. (The primary di�erence is in the choice the number of
cryo-plants, specifically 6 and 5 plants for flat and mountainous topographies respectively.)

40–80 K 5–8 K 2 K

Predicted module static heat load (W/module) 75.04 10.82 1.32
Predicted module dynamic heat load (W/module) 58.80 5.05 9.79
Number of cryomodules per cryogenic unit 156 / 189 156 / 189 156 / 189
Non-module heat load per cryo unit (kW) 0.7 / 1.1 0.14 / 0.22 0.14 / 0.22
Total predicted heat per cryogenic unit (kW) 21.58 / 26.40 2.61 / 3.22 1.87 / 2.32
E�ciency (fraction Carnot) 0.28 0.24 0.22
E�ciency in Watts/Watt (W/W) 16.45 197.94 702.98
Overall net cryogenic capacity multiplier 1.54 1.54 1.54
Heat load per cryogenic unit including multiplier (kW) 33.23 / 40.65 4.03 / 4.96 2.88 / 3.57
Installed power (kW) 547/669 797/981 2028 / 2511
Installed 4.5 K equiv (kW) 2.50 / 3.05 3.64 / 4.48 9.26 / 11.47
Percent of total power at each level 0.16 0.24 0.60

Total operating power for one cryo unit based on predicted heat (MW) 2.63 / 3.24
Total installed power for one cryo unit (MW) 3.37 / 4.16
Total installed 4.5 K equivalent power for one cryo unit (kW) 15.40 / 19.01

The table lists an “overall net cryogenic capacity multiplier”, which is a multiplier of the estimated
heat loads. This factor accounts for cryogenic plant overcapacity required for control, o�-design
operation, seasonal temperature variations (which a�ect compressor operation), and uncertainty in
static and dynamic heat loads at the various temperature levels. Note also that cryogenic plant
e�ciency is assumed to be 28 % at the 40 to 80 K level and 24 % at the 5 to 8 K temperature
level. The e�ciency at 2 K is only 20%, however, due to the additional ine�ciencies associated with
producing refrigeration below 4.2 K. All of these e�ciencies are in accordance with recent industrial
conceptual design estimates.

Table 3.12 summarises the required capacities of the cryogenic plants for the di�erent area

54 ILC Technical Design Report: Volume 3, Part II
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ヘリウム液化冷凍機の構成

16
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1.ヘリウムガスを圧縮機で圧縮(~1.7 MPa)

2.高圧ヘリウムガスを熱交換・断熱膨張

3. 4.5Kの液体ヘリウムを生成

4.液体ヘリウムを熱交換・断熱膨張

5. 2K超流動ヘリウムを生成

6. 2K超流動ヘリウムを超伝導加速空洞へ供給
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Cryogenic plants Cryogenic plants 

1.8 K refrigeration units
(2.4 kW @ 1.8 K)

4.5 K refrigerators
(18 kW @ 4.5 K)
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Component Dimensions Quan.ty Specifica.on

4K	
  Helium	
  Liquefiers/
Refrigerators 20	
  m	
  x	
  8	
  m 8 18	
  kW	
  @	
  4.5	
  K

Main	
  Compressors 15	
  m	
  x	
  12	
  m 8 1500	
  g/s

2K	
  Superfluid	
  Helium	
  
Refrigerators 10	
  m	
  x	
  8	
  m 8 2.4	
  kW	
  @	
  1.8	
  K

Recovery	
  Compressors 6	
  m	
  x	
  6	
  m n/a None	
  at	
  LHC

Liquid	
  Helium	
  Storage	
  
Tanks Φ3.5	
  m	
  x	
  21	
  m 6 110000	
  L

Helium	
  Gas	
  Storage	
  Tanks 30	
  m	
  x	
  16	
  m 58 250	
  m3

Liquid	
  Nitrogen	
  Storage	
  
Tanks 10	
  m	
  x	
  5	
  m 13 50000	
  L

Cooling	
  Towers 40	
  m	
  x	
  22.5	
  m 8 SF1

LHCヘリウム冷却システムの機器一覧
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ヘリウム液化冷凍機の製造

★ 全世界で2社しか製造していない

- Air Liquide（フランス）

- Linde Kryotechnik（ドイツ/スイス）

★ CERN-LHCの8台の冷凍機は上記2社が4

台つづ受注・製造

★ 世界的には25kW@4.5Kまでの製造実績

がある
20
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主線形加速器の液体ヘリウム使用量

21

Helium
(liquid liters Tevatron LHC

Volumes modules equivalent) Equiv. Equiv.

One module 1 346

String (flat) 12 4153 0.07
String (mountainous) 9 3115 0.05

Cryogenic unit (flat) 156 54 000 0.9 0.054
Cryogenic unit (mountainous) 189 65 400 1.1 0.065

ILC Main Linacs 1825 632 000 10.5 0.63
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ヘリウム貯蔵の検討

22

液体ヘリウム必要貯蔵量 ~ 650,000 L

1. ガスで貯蔵
     標準的なガス貯蔵タンク 100 m3   (直径 3 m x 長さ 15 m)
       液体ヘリウム 1 L → ヘリウムガス 0.7 Nm3

       100 m3 x 18 (圧力比) = 1800 Nm3 → ~ 2,600 L/基
       ~ 100 m3/基 x 250 基

2. 液体で貯蔵
     液体ヘリウム容器  ~ 50,000 L  (直径 2.5 m x 長さ 10 m) 
       ~ 50,000 L/台 x 13 台 または ~ 65,000 L/台 x 10 台

     蒸発による液体損失量:
       50,000 L x 0.5 %/日 = 250 L/日 → ~ 10.4 L/時間
       65,000 L x 0.5 %/日 = 325 L/日 → ~ 13.5 L/時間

       「子守り」として小型ヘリウム液化機を使用する

Modified	
  from	
  K.	
  Hosoyama,	
  InternaIonal	
  Workshop	
  on	
  Linear	
  Colliders	
  2010	
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井ILCヘリウム冷却システムフロー図23

To Cryomodules

Liquid helium lines

Helium gas lines

Liquid nitrogen lines

Water lines

Cooling

Towers

Liquefied

Nitrogen

Storage Tank

Helium

Purifier

MP Helium

Gas Storage

Tanks

HP

Pure Helium

Gas Cylinders

Cryogen

Distribution Box

Liquefied

Helium

Storage Tank

4.5K & 2K

Warm

Compressors

4.5K & 2K

Refrigerator

Cold Box

On	
  Surface
In	
  Tunnel

(Cryogenic	
  Cavern)



ニ
       
〇
     
一

四

年

七

月

一

日

(火)

日直

仲

井ヘリウム冷却システム配置（山岳地帯斜坑）24
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井ヘリウム冷却システム配置例（山岳地帯立坑）25

Helium
Compressors

Cooling
Towers

Liquid Nitrogen
Storage Tank

On Surface
Liquid Helium
Storage Tank

In Tunnel
(Cryogenic Cavern)

4.5K & 2K
Refrigerators

10
0
m

Main Linac
Tunnel

Cryomodules



ニ
       
〇
     
一

四

年

七

月

一

日

(火)

日直

仲

井

ILCヘリウム冷却システムの機器一覧

26

Component Place Dimensions Quan.ty Specifica.on

4.5K	
  &	
  2K	
  Helium	
  
Refrigerators Cavern 10 19	
  kW	
  @	
  4.5	
  K

2.3	
  kW	
  @	
  2	
  K

Distribu.on	
  Boxes Cavern

Warm	
  Compressors Surface

Cooling	
  Towers Surface

Liquid	
  Helium
Storage	
  Tanks Surface 10 65000	
  L

Baby-­‐SiZer	
  Refrigerators Surface 10 20	
  L/h

Helium	
  Purifiers Surface

Helium	
  Gas
Storage	
  Tanks Surface 10 250	
  m3

Liquid	
  Nitrogen
Storage	
  Tanks Surface 50000	
  L
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井ILCのCryogenic Cavernの大きさ27

11.4. Asian region (Mountain topography)
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11.4.2.3 Access to Underground Areas

Inclined tunnels provide access to the underground facilities. There are 10 access tunnels; six for
the main linacs, two for both ends of ILC, and two for the central region. A great advantage of
access tunnels over vertical shafts is that vehicles can be used to transport people and equipment.
A disadvantage is the long distances involved which a�ect the size of cooling/ventilation pipes and
pumps; an alternative option is to use small-bore vertical shafts, which can be excavated by a boring
machine.

The eight access tunnels at PM-13, -12, -10, -8, +8, +10, +12, +13 along the main linac and
an access tunnel for the damping ring, have a vaulted section with an inner width of 8 m and height
of 7.5 m (Fig. 11.9 left). The tunnel width is wide enough that two large trucks can pass each other
and leave a human escape zone, and the height is su�cient to accommodate large pipes for cooling
water and air ventilation. The IR Hall access tunnel (Fig. 11.9 right) is larger to allow transport
of the detector solenoids from the detector assembly building on the surface. Its width is 11.0 m
and its height is 11.0 m. A damping ring access tunnel is also constructed. Assuming the lengths of
access tunnel, which will be known after a real site and the tunnel routes are fixed, to be 1 km in

Accelerator: Baseline Design ILC Technical Design Report: Volume 3, Part II 185
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Chapter 3. Main Linac and SCRF Technology

The main-linac layout is schematically shown in Fig. 3.38. The cryogenic cooling for each linac
(and RTML bunch compressors, see Section 3.5) is provided by a total of five large cryoplants space
approximately SI5km apart. The cryogenic plants are located underground and are accessible through
long horizontal shafts as shown in Fig. 3.39. The cryogenic segmentation is constructed entirely from
‘short cryostrings’ (9 cryomodules or 2 ML units), as opposed to the more economical long strings
(12 cryomodules). This is to accommodate a single design for the local power-distribution system
(LPDS, see below). While use of short strings adds cold boxes and a small length increase to the
linacs, this is o�set by the benefits of having a single LPDS system (both in terms of manufacture
and easier installation).

Figure 3.39
3D rendering of a cryo
cavern and horizon-
tal access way. For
more details see Sec-
tion 11.4.2.

$FFHVV�WXQQHO

&U\RJHQLFV�SODQW
(OHFWULFDO�VXEVWDWLRQ
&RROLQJ�ZDWHU

$FFHOHUDWRU�WXQQHO

The so-called ‘Kamoboko’ tunnel cross section is shown in Fig. 3.40. As noted above, this layout
provides housing for the klystrons, modulators, electronics and related support infrastructure which
is shielded from the radiation environment of the linac. The central-wall shielding is su�cient to
permit personnel access to the service area during operations. RF power is brought in waveguides
from the klystrons to the linac corridor through penetrations in the wall, which include a jog to
prevent line-of-sight radiation. The shape of the tunnel is particularly suited for construction in the
mountainous geology found in Japan (for more details see Section 11.4).

Figure 3.40
Cross section of the
main-linac tunnel cross
section for the moun-
tainous topography
site-dependent design.

70 ILC Technical Design Report: Volume 3, Part II

Cited	
  from	
  ILC-­‐TDR



ニ
       
〇
     
一

四

年

七

月

一

日

(火)

日直

仲

井ヘリウムの相図（状態図）29
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井J-T弁入口温度と液生成率30
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Cited from
S. W. Van Sciver, “Helium Cryogenics,”
Plenum Press, 1986
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井超流動ヘリウムの連続生成の原理31
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井STF棟ヘリウム冷却システムの概念32
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井STF棟クライオモジュール下流端部の構造34
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井STF棟ヘリウム冷却システムのフロー図35
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井STF棟ヘリウム冷却システムの概要36
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井液体ヘリウムの減圧方法37
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井ヘリウム圧縮機の使用範囲38

The main advantage of the “mixed” cycle resides in its turndown capability. With sub-
atmospheric compressors having volumetric characteristics, the pressure at the outlet of the cold 
compressors decreases linearly with the flow-rate, i.e. if the temperature and rotational speed do not 
change, the reduced flow-rate m* stays constant, thus keeping the working point fixed in the operating 
field. Such a cycle can then handle a large dynamic range, e.g. 3 for the LHC, without any additional 
electrical heating. Moreover, the total pressure ratio of the cold compressor train is lowered and the 
speed of some machines can then be reduced, thus decreasing the total compression power and 
operating cost.  

Another operational advantage concerns the possibility of maintaining the load in cold standby 
with the cold compressors freewheeling and all compression performed, though at much reduced flow, 
by the warm machines. This mode allows repair or exchange of a cold-compressor cartridge without 
helium emptying of the system. In addition, the load adaptation provided by the warm volumetric 
machines proves very useful during transient modes like cool-down and pump-down, in which the 
cold compressors operate far from their design conditions. 

The only drawback of this cycle concerns the risk of air inleaks due to the presence of sub-
atmospheric circuits in air. Helium guards are recommended to prevent pollution of the process 
helium [93]. 

3.5 Application range of low-pressure helium compression techniques 

The practical ranges of application of the different techniques appear in Figure 19, setting a de facto 
limit for warm compression above 20'000 m3.h-1, or typically 300 W at 1.8 K. The diagram also 
illustrates the large span of refrigeration power and diversity of projects using superfluid helium. 
Investment and operating costs of large superfluid helium refrigeration systems can be assessed from 
basic thermodynamics and practical scaling laws derived from recent experience [94], thus providing 
input for technical-economical optimisation of such systems. 
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Fig. 19 Range of application of low-pressure helium compression techniques. 

4. CONCLUSION 

Operating superconducting devices at 1.8 K, using superfluid helium as a technical coolant, has now 
become state-of-the-art. The specific aspects of superfluid helium technology addressed in this article 
can be combined with standard cryogenic practice to design, build and operate complete industrial-
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井低温圧縮機の構造39
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KEKでの状況

★ STF棟とERL開発棟での2Kヘリウム冷却シ

ステムの設置と運転

- 真空ポンプを採用した2K冷却システム

- 低温圧縮機は使用していない

★ 冷却能力の増強と高効率化・最適化

★ 低温圧縮機の検討

41
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ILCヘリウム冷却システムの現状

★ おおまかな技術仕様のみ検討済み

★ 詳細な設計はまだ行われていない

★ クライオモジュールの冷却方法はほぼ決定

★ 低温圧縮機の製造・運転実績はある

★ 担当者は現時点で取り敢えず世界で3名

(CERN,FNAL,KEK)

★ 施設の設計のために、ヘリウム冷却システム

の構成機器の大きさと配置を検討中
42
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今後の課題

★ ILCクライオジェニクスでの課題

- 詳細設計・仕様（フロー図,機器一覧）
が未定

★ KEKでの課題

- 既存ヘリウム液化冷凍機の老朽化

- 大型2Kヘリウム冷却システムの実績なし

- 職員の高齢化・少数化

- 既存進行中のプロジェクトとの共存
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まとめ

1. ILCの技術設計報告書(TDR)に沿ったヘリウ
ム冷却システムの検討が始まった

2. TDRには詳細な設計までは記載されていない
ため、CERNのLHCのヘリウム冷却システムを参
考にする

3. KEKでは2Kヘリウム冷却システムを構築し、運
転経験を蓄積している

4. ILCでは低温圧縮機を採用する予定であるた
め、低温圧縮機の検討が必要

5. 人と予算の不足は他のグループと共通
44


