
Influence	  of	  neutron	   irradia/on	  on	  conduc/on	  cooling	  superconduc/ng	  magnets	  	
Y	  Yang1,	  M.	  Yoshida2,	  T.	  Ogitsu2,	  Y.	  Makida2,	  T.	  Nakamoto2,	  T.	  Okamura2,	  K.	  Sasaki2,	  M.	  Sugano2,	  	
1Kyushu	  University,	  Fukuoka	  812-‐8581,	  Japan.	  	
2KEK,	  High	  Energy	  Accelerator	  Research	  Organiza/on,	  1-‐1	  Oho,	  Tsukuba,	  Ibaraki,	  305-‐0801,	  Japan	   	
 	

	

 Temperature [K]
0 20 40 60 80 100 120 140

 T
he

rm
al

 C
on

du
ct

iv
ity

 [W
/m

/K
]

0

1000

2000

3000

4000

5000

6000 Field = 3.5 Tesla
RRR = 2000
RRR = 1000
RRR = 500
RRR = 300
RRR = 100
RRR = 50
RRR = 10

Thermal Conductivity of Aluminium
KUR2011Nov

0.00E+00

1.00E-06

2.00E-06

3.00E-06

4.00E-06

5.00E-06

6.00E-06

7.00E-06

8.00E-06

-5
00 0

50
0

10
00

15
00

20
00

25
00

30
00

35
00

Elapsed Time (min)

R
es

is
ta

nc
e 

(O
hm

)

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

T
em

pe
ra

tu
re

 [
K

]

Al-Y1
Al-Y2
Cu
AuFe
CERNOX

 Z [mm]
0 50 100 150 200 250 300

 R
ad

iu
s 

[m
m

]

170

175

180

185

190

195

 T
em

pe
ra

tu
re

 [K
]

20

20.2

20.4

20.6

20.8

21

21.2

21.4

 < 90)φTemperature Distribution of HTS (0 < 

 Z [mm]
0 50 100 150 200 250 300

 R
ad

iu
s 

[m
m

]

170

175

180

185

190

195

 T
em

pe
ra

tu
re

 [K
]

20

20.2

20.4

20.6

20.8

21

21.2

21.4

 < 180)φTemperature Distribution of HTS (90 < 

 Z [mm]
0 50 100 150 200 250 300

 R
ad

iu
s 

[m
m

]

170

175

180

185

190

195

 T
em

pe
ra

tu
re

 [K
]

20

20.2

20.4

20.6

20.8

21

21.2

21.4

 < 270)φTemperature Distribution of HTS (180 < 

 Z [mm]
0 50 100 150 200 250 300

 R
ad

iu
s 

[m
m

]

170

175

180

185

190

195

 T
em

pe
ra

tu
re

 [K
]

20

20.2

20.4

20.6

20.8

21

21.2

21.4

 < 360)φTemperature Distribution of HTS (270 < 

 HTS Length [cm]
0 5 10 15 20 25 30

 R
ad

iu
s 

[m
m

]

17

17.5

18

18.5

19

19.5

 E
ne

rg
y 

D
ep

os
iti

on
 [G

y/
se

c]

0.05

0.1

0.15

0.2

0.25

0.3

0.35

 < 90φ ≤0 

 HTS Length [cm]
0 5 10 15 20 25 30

 R
ad

iu
s 

[m
m

]

17

17.5

18

18.5

19

19.5

 E
ne

rg
y 

D
ep

os
iti

on
 [G

y/
se

c]

0.05

0.1

0.15

0.2

0.25

0.3

0.35

 < 180φ ≤90 

 HTS Length [cm]
0 5 10 15 20 25 30

 R
ad

iu
s 

[m
m

]

17

17.5

18

18.5

19

19.5

 E
ne

rg
y 

D
ep

os
iti

on
 [G

y/
se

c]

0.05

0.1

0.15

0.2

0.25

0.3

0.35

 < 270φ ≤180 

 HTS Length [cm]
0 5 10 15 20 25 30

 R
ad

iu
s 

[m
m

]

17

17.5

18

18.5

19

19.5

 E
ne

rg
y 

D
ep

os
iti

on
 [G

y/
se

c]

0.05

0.1

0.15

0.2

0.25

0.3

0.35

 < 360φ ≤270 

Abstract.	  The	  conduc/on	  cooling	  superconduc/ng	  magnets	  are	  now	  widely	  used	  in	  various	  applica/on	  because	  of	  their	  minimum	  usage	  of	  helium.	  In	  the	  accelerator	  science	  field,	  they	  are	  also	  widely	  used	  for	  par/cle	  
detector	  solenoids	  because	  they	  can	  minimize	  the	  materials	  needed	  for	  the	  magnet	  such	  that	  they	  can	  be	  more	  transparent	  against	  irradiated	  par/cles.	  For	  the	  same	  reason	  they	  are	  now	  used	  at	  irradia/on	  
environments	  because	  they	  can	  reduce	  the	  heat	  load	  due	  to	  the	  irradia/on.	  However,	  the	  hadronic	  irradia/on,	  such	  as	  neutron	  irradia/on,	  can	  degrade	  thermal	  conduc/vity	  of	  pure	  aluminum	  that	  are	  used	  as	  
thermal	  conductor.	  This	  leads	  to	  a	  pure	  cooling	  condi/on	  of	  the	  magnets.	  In	  Japan,	  there	  are	  two	  conduc/on	  cooling	  superconduc/ng	  magnets	  used	  as	  muon	  produc/on	  solenoid;	  one	  is	  already	  built	  and	  under	  
opera/on,	  the	  other	  is	  now	  under	  construc/on.	  The	  paper	  briefly	  introduces	  the	  influence	  of	  the	  neutron	  irradia/on	  on	  those	  magnets.	  And	  then	  it	  discusses	  the	  possibili/es	  of	  HTS	  based	  conduc/on	  cooling	  magnets	  
under	  high	  irradia/on	  environments.	  	

HTS	  Coil	

LTS	  based	  muon	  produc/on	  solenoids	  are	  designed	  with	  a	  large	  aperture	  that	  can	  accommodate	  a	  thick	  irradia/on	  
shield	  inside	  of	  the	  bore.	  They	  are	  needed	  to	  reduce	  the	  irradia/on	  as	  well	  as	  the	  heat	  input	  to	  the	  SC	  coils.	  	

HTS	  based	  compact	  muon	  
produc/on	  solenoid	  	

The	  HTS	  coil,	  of	  which	  overall	  length	  is	  about	  340	  mm,	  are	  made	  from	  34	  double	  pancake	  coil	  with	  an	  inner	  diameter	  of	  340	  mm.	  Each	  pancake	  coil	  is	  wound	  from	  ReBCO	  coated	  conductor	  of	  which	  
size	  is	  0.1	  mm	  thick	  and	  4	  mm	  wide	  with	  25	  μm	  polyimide	  insula/on	  wrapped	  around	  the	  conductor.	  The	  number	  of	  turns	  of	  the	  coil	  is	  166	  turns	  resul/ng	  to	  about	  25	  mm	  thick	  coil.	  In	  between	  each	  
double	  pancake	  a	  1.9	  mm	  pure	  aluminium	  thermal	  conductor,	  which	  are	  thermally	  link	  to	  a	  aluminium	  shell	  of	  10	  mm,	  is	  installed.	  An	  opera/on	  current	  of	  the	  coil	  is	  105	  A	  resul/ng	  to	  a	  central	  field	  
of	  about	  3	  T.	  The	  maximum	  field	  parallel	  to	  the	  conductor	  surface	  is	  about	  3.5	  T	  and	  that	  ver/cal	  to	  the	  conductor	  surface	  is	  about	  2.5	  T.	  A	  cri/cal	  temperature	  of	  the	  coil	  is	  es/mated	  to	  a	  
temperature	  higher	  than	  50	  K.	  The	  outer	  shell	  of	  the	  coil	  is	  directly	  cooled	  to	  20	  K	  by	  a	  cryocooler,	  which	  provides	  about	  a	  refrigera/on	  power	  of	  10	  W	  at	  20	  K.	  	
The	  muon	  produc/on	  target	  is	  made	  from	  carbon	  and	  is	  300	  mm	  long	  and	  40	  mm	  diameter.	  In	  between	  target	  and	  the	  HTS	  coil	  a	  tungsten	  radia/on	  shield	  with	  a	  outer	  diameter	  of	  250	  mm	  and	  a	  
maximum	  thickness	  of	  50	  mm	  is	  installed. 	

To	  es/mate	  the	  irradia/on	  effects,	  assuming	  the	  produc/on	  target	  is	  hit	  by	  8	  GeV	  3	  kW	  proton	  beam,	  energy	  deposi/on	  and	  displacement	  
per	  atom	  (DPA)	  are	  calculated	  by	  using	  Monte	  Carlo	  code,	  PHITS,	  without	  magne/c	  field.	  DPA	  is	  a	  coefficient	  that	  indicates	  the	  
displacement	  degrada/on	  of	  material	  by	  irradia/on	  of	  par/cles	  (neutron,	  proton,	  etc.).	  All	  following	  results	  are	  simulated	  with	  
JAM_INCL4.6	  hadronic	  cascade	  model,	  and	  nuclear	  library	  (JENDL	  4.0)	  is	  included	  for	  the	  neutron	  interac/on	  under	  20	  MeV.	  Furthermore,	  
the	  cut	  off	  energy	  of	  all	  par/cles	  are	  setup	  below	  0.1	  MeV.	  	  
For	  the	  PHITs	  simula/on	  coil	  is	  considered	  as	  25	  mm	  thick	  340	  mm	  diameter	  copper	  ring.	  The	  coil	  is	  express	  as	  three	  99	  mm	  long	  ring	  and	  
one	  39	  mm	  ring.	  In	  between	  each	  ring	  as	  well	  as	  the	  both	  ends,	  2	  mm	  thick	  aluminium	  is	  afached	  to	  simulate	  the	  DPA	  of	  the	  aluminium.	  
The	  simula/on	  is	  made	  assuming	  the	  proton	  beam	  higng	  the	  target	  centre.	  	

Longitudinally	  the	  model	  is	  divided	  in	  each	  double	  pancake	  coil	  that	  are	  thermally	  connected	  to	  the	  1.9	  mm	  
aluminium	  thermal	  conductor	  through	  the	  25μm	  polyimide	  insula/on.	  The	  pancake	  coil	  is	  divided	  into	  6	  cells	  
radially	  and	  thermal	  conduc/vity	  equivalent	  the	  thickness	  ra/o	  of	  6:4:5	  for	  stainless,	  copper,	  and	  polyimide	  is	  
used.	  For	  the	  longitudinal	  and	  angular	  thermal	  conduc/vity	  the	  stainless	  steel	  thermal	  conduc/vity	  is	  used.	  For	  
the	  faster	  computa/on	  all	  the	  conduc/vity	  is	  fixed	  for	  18	  K	  value.	  For	  the	  thermal	  conductor	  aluminium,	  taking	  
into	  account	  the	  irradia/on	  degrada/on	  discussed	  above,	  the	  RRR	  of	  50	  is	  used	  for	  the	  thermal	  computa/on.	  	

Many	  of	  the	  conduc/on	  cooling	  magnets	  u/lize	  very	  high	  purity	  aluminum	  with	  RRR	  befer	  than	  2000	  as	  
thermal	  conductors.	  Thermal	  conduc/vity	  of	  pure	  aluminum	  with	  various	  RRR	  is	  plofed	  as	  a	  func/on	  of	  
temperature	  (above	  lej).	  LTS	  magnets	  should	  be	  cooled	  to	  around	  4	  K	  because	  their	  cri/cal	  temperatures	  are	  
around	  6	  K.	  	  On	  the	  other	  hand,	  thermal	  conduc/vity	  of	  the	  aluminum	  is	  reduced	  signify	  compare	  to	  its	  peak	  
values	  around	  20	  K.	  These	  facts	  require	  a	  good	  RRR	  on	  thermal	  conductor	  aluminum.	  It	  is	  known,	  that	  
irradia/on	  of	  hadron	  such	  as	  neutron	  introduces	  a	  degrada/on	  of	  electrical	  conduc/vity.	  An	  electrical	  
resis/vity	  measurement	  with	  a	  irradia/on	  of	  reactor	  base	  fast	  neutron	  of	  1.4×1011	  neutron/m2/sec	  at	  a	  
temperature	  around	  15	  K	  is	  shown	  (above	  right).	  The	  plot	  clearly	  shows	  a	  increase	  of	  the	  electrical	  resistance	  
and	  the	  value	  is	  about	  0.03	  nΩ�m	  for	  1020	  n/m2	  neutron	  irradia/on.	  The	  effect	  may	  introduce	  a	  serious	  
consequence.	  For	  instance	  for	  the	  COMET	  muon	  produc/on	  solenoid,	  ajer	  280	  days	  of	  opera/on	  some	  part	  of	  
the	  pure	  aluminum	  thermal	  conductor	  can	  be	  degraded	  to	  RRR	  of	  40	  resul/ng	  a	  insufficient	  cooling	  condi/on.	  
Fortunately,	  in	  case	  of	  aluminum	  the	  electrical	  conductance,	  as	  well	  as	  thermal	  conductance	  will	  be	  recovered	  
100	  %	  ajer	  room	  temperature	  thermal	  cycle.	  For	  the	  COMET	  muon	  produc/on	  solenoid	  the	  magnet	  is	  
designed	  to	  withstand	  the	  degrada/on	  upto	  RRR	  of	  about	  200	  and	  planed	  to	  be	  thermal	  cycled	  by	  every	  30	  
days.	  The	  COMET	  cryogenics	  are	  designed	  such	  that	  thermal	  cycle	  maybe	  done	  within	  20	  days.	  	

Discussion	
The	  results	  reported	  in	  Chapter	  4	  indicate	  that	  HTS	  based	  muon	  produc/on	  solenoid	  has	  great	  advantage	  on	  thermal	  performance.	  For	  the	  normal	  opera/on	  condi/on	  even	  
though	  the	  RRR	  of	  the	  thermal	  conductor	  aluminum	  is	  as	  bad	  as	  40.	  This	  is	  mostly	  due	  to	  the	  fact	  that	  thermal	  conductance	  at	  20	  K	  is	  much	  higher	  than	  that	  of	  at	  4	  K.	  For	  
the	  accidental	  beam	  it	  was	  confirmed	  that	  temperature	  rise	  of	  the	  coil	  is	  only	  about	  0.8	  K	  because	  of	  higher	  specific	  heat	  at	  20	  K.	  Combining	  the	  very	  large	  temperature	  
margin	  of	  the	  HTS	  coil,	  above	  results	  indicate	  that	  the	  coil	  has	  very	  lifle	  risk	  of	  a	  quench	  or	  a	  thermal	  runaway.	  The	  design	  parameter	  of	  the	  coil	  may	  be	  op/mized,	  for	  
example	  higher	  opera/on	  current	  for	  shorter	  conductor	  length	  (i.e.	  less	  expensive).	  On	  the	  other	  hand	  one	  should	  consider	  more	  severe	  accidental	  beam	  such	  at	  beam	  
directly	  hit	  irradia/on	  shield	  should	  be	  considered	  depending	  the	  beam	  opera/on	  condi/on.	  Since	  a	  quench	  protec/on	  of	  the	  HTS	  coil	  maybe	  very	  difficult	  especially	  with	  
higher	  current	  density,	  the	  op/miza/on	  should	  be	  made	  deliberately.	  	
The	  other	  op/miza/on	  may	  be	  made	  for	  the	  irradia/on	  shield	  that	  is	  currently	  50	  mm	  thick	  tungsten.	  Thinner	  tungsten	  or	  use	  of	  copper	  instead	  of	  tungsten	  may	  be	  
considered.	  These	  considera/on	  maybe	  allowable	  in	  terms	  of	  the	  thermal	  design.	  However,	  even	  with	  the	  current	  design	  accumulated	  irradia/on	  doze	  ajer	  5000	  hour	  
opera/on	  corresponds	  to	  10	  MGy.	  The	  number	  is	  already	  marginal	  for	  many	  of	  the	  organic	  materials.	  If	  only	  radia/on	  hard	  organic	  materials,	  such	  as	  polyimide	  or	  cyanate	  
ester,	  are	  used	  it	  may	  withstand	  up	  to	  50	  MGy.	  The	  margin	  is	  not	  large	  in	  any	  case,	  and	  it	  indicates	  that	  for	  HTS	  based	  coil	  with	  high	  opera/on	  temperature	  organic	  material	  
degrada/on	  is	  more	  severe	  than	  the	  thermal	  design.	  One	  should	  consider	  the	  structure	  without	  organic	  materials,	  such	  as	  mineral	  insula/on	  scheme.	  Since	  the	  coil	  can	  be	  
used	  for	  DC	  opera/on,	  non-‐insula/on	  designs	  maybe	  the	  other	  choice.	  	  
	  
Conclusion	
An	  HTS	  based	  conduc/on	  cooling	  compact	  muon	  produc/on	  solenoid	  with	  3T	  central	  field	  and	  20	  K	  opera/on	  temperature	  was	  designed	  and	  evaluated	  for	  the	  influence	  of	  
neutron	  irradia/on	  as	  well	  as	  other	  irradia/ons.	  The	  evalua/on	  indicated	  that	  the	  thermal	  design	  is	  very	  robust	  for	  20	  K	  design	  because	  of	  higher	  thermal	  conduc/vity	  of	  
thermal	  conductor	  aluminum	  as	  well	  as	  higher	  specific	  heat	  of	  coil	  materials.	  Degrada/on	  of	  organic	  materials	  used	  as	  insulator	  may	  be	  the	  biggest	  issue	  and	  non-‐organic	  
material	  structure	  should	  be	  considered	  for	  such	  magnets.	  	  
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Magnetic field data from file HTS.AM
Problem title line 1: HTS magnet
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Magnetic field data from file HTS.AM
Problem title line 1: HTS magnet
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Main	  Parameters	  of	  the	  HTS	  based	  muon	  
produc/on	  solenoid	


