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Sensitivity improvement of Beam Current Meter with a High-Tc Current Sensor and
SQUID
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SQUID (Superconducting Quantum Interference Device) SQUID
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We have succeeded in the practical use of a high sensitive beam current meter to
measure the DC current of heavy-ion beams non-destructively at high resolution. This current meter uses a
high critical temperature SHTC) superconducting quantum interference device (SQUID) which is a ver
sensitive magnetometer used to detect magnetic fields produced by a brain or a heart. Unlike at other
existing facilities, a low vibration, pulse-tube refrigerator cools the HTc fabrications including the
SQUID in such a way that the size of the system is reduced and the running costs are lowered greatly.

SQUID



B X C—19,. F—19, Z—19 (tm)

1. MR LY D &

1977 4£, KA ® PTB WFZEFTA, R T
#W o T HAAEE & F W #HE - SQUID
(Superconducting Quantum Interference Device)
Z - B — LB EHSQUID B — A& ED
R L., FEIES N I =BT 0OE
WERE Lz, Z0%, 7 =V I [ENHFERT
WZBWTIIR %, GSI WFEAT ClidiEA 4
CERET D702, SQUID B — A& D
BTN TEZ, L2rL, ZhbidaeT
REBCEAREZHER L TWA 2D, EEOH
BIRE L, EmilE e LTRIE~NY U A%
BEHL TS, A~ 7 A, —HIZH 10
L VHE S, B LCEFIHT 256815, B
EEOAANPMELRD, £ THAIL,
SQUID % & Lo A8 2, i IE R %
L7z SQUID b — A&z DBA%E{T-> T
X7, BEEAERAVCCHATLZ LITLY,
Frv=vZaAbiarsryth—nER
RBRFL72D . R0 17 THICHE N5 Z
LINTE, SHIT, EHEOKRE S GERD
W23 MR | RETE D ANR—AN
FR STV D INESR OBRBE T, K& ZeH 5
ZAFE LT D, mEE RE % V- SQUID
E—AEREO T FZ A T TIZIERICH
BT 2D Z EDRHER SN TWD A, fiREEIX
500 nA Th v, KIEERE SQUID B — A
JEtD 3 nA &9 SFRREIZ AT ML B
L ORI E LTS TV,

2. WROBE®

AWFED BigiX, A A E— L0 DC &
Wid . FEMEE CERE ICHIET D B — A ET
R TH L THD, DC B —LDENR
HEIZ X, #E3K DCCT (DC current transformer)
DERINTEED, v~ 37427 a7 Ry
BT BN TIANTGE ) A4 XD, 1pA LL
TOEWSMFETCHIET D Z L IXNETH
o7, BB OIMEEIZIB O TIL, 1pA
D FEFATFRRE DS VI B L RIED 2208
HA A IEEG OBGA T E— LB AN
eIz, SHICEWIIFEEZ AT HE—ALE
WMt ENTE 72, 22T, ML
ORIEICFIHAEN D SQUID % v —ALEiat
\ZJH L7 SQUID B — LB 2T S,
nA A —X — OBy ERE THIE N FTHE & 72
S2TW5AH, LML, Z#HD SQUID B —2A
I AT BT, SQUID % & iR {mitific
BRIRBGEAEZ AN TV D TDIKE~Y 7
DX BHHAPMET, RE L TEEDOHR
BoIka<, BEEREST =0 7 ax bvE
icdhsd eV MBERND - T-, ABFZETI,
BRESICERBEEREHND Z STk
DZNGRESREZMRLES ETHHLOT
HD, EIEBCERIEREEREHL, &5
W2, EIREEERIIHEEIC L > TmHIS R
TWAhT=s, EEITa R NIy, T
= 7 ax MbREICEKT 5, BEIZ5E/R L
7a s 2 A FICBWTCERSRELY S5
WCEREALT D22 ERAMTEOBHITH S,

XULT . BiR#E{sE % HTS (High Temperature
Superconducting) . {E{BEBEE % LTS (Low
Temperature Superconducting) & 9%,

3. WDk

Rk 2 3L, (1) @MBEBE~Y T 2T 4 >
7 a7, (2) HTS &tk o —oBi%, ©+ %
AT -T2, BB a2 7128\ T, HTS
SQUID DORIZADLE TERE L. iR
BRGSO B\ Wa 7 A BE L -, HTS
SQUID & &EBERO~ 2T v 7 aT %
MAGDOERLE T, FTRRoOMeEiHi %217 -
720 (1) A B — A A O T2 RE OJIE
(2) FFT Z /= DC TN AC @D / A ZHE,
HTS ittt —iZ oW Tid, 7V v VEHD
TNV EEY . ERREE RO L LIZBs
HEHEOWEZIT, FEEDS 401072 S
TWDHZ & AR LTz, k2 4 FEIZB W
T, LROEBEMEO~ITXT 4 v 7 aT %
B HE 7= HTS SQUID, HTS &Eiit ¥
—%, 7u N ATEEET DS EICE D
FRinFr, T L U TR LT, SERkiRIE, B
HEE— LER A AW COREZJE L, s
ROREIEIRDFEAT HINTBESG D | WG
R OWE BT > T2, BRI BER LA AFZEPT
DOIEEERFEXNIZA A h—L L, EA A
E— A% HWTEHli 217> T\ 5,

4. WF7EEE

(1)

@O SQUID bB— AEIFORE L ET S
72012, HTS Bt o — TR &SN D ity
L HTSSQUID DA vy haA Dl v
Vo7 2% BT5FEEEL L, 20O HTS
mi e o —OFIE, R EERRETH
0. BHFEORY-% Z ORI T, £D
722, (a) HTS Eiftk > Y — OREGFRAER
aA kT 52 LIk 0 RET DR E
585D, (b) HTS SQUID DA > 7w kA Wiz
FEMEO AT AT H I LI 0 EOR
BEDDL, WD ZODFEEBR LT, Z
@ HTS &t v —%EBl§ 572012, HTS
M OB ZHT-ICBE L, ZOBRfmLE
BEOREIZL Y, ERITONTEZFRIZK
DBAAEE L ITEY, o7, B
(BN 2 BAT T 5 HENTE, PERTPICEE S
HIBEZ DT HENAREE 7o o 7o, £, WAT
LT MgO OEMKRT A FE—Z(B5Wx50D
x 5 H (mm)) kIZ HTS # % B AkERk L, A
TR BEACETT. X BRI K DA S o fifpT
AToT2, X BAAESAATIC LV Bi2223 fHOD
TR SRR AL, BRVIEE L 105 K. ERAE
PEIE 3250 Alem2 &0 D HERS NG ST,
ABARE 2 A JLEROD NC FEfEIZ K AR5 T.
PSR TR &7 MgO D~
T A MEDENIZ IV | BERIFIZ HTS #4233
B 5, LW RCKRORES Z TR L, HTS
M OBABERRICB T2 ) v D BN LT,
©@ SQUID t— AEjiiatOMREIX. SQUID
DI e ) A XD, T2 H SN HTikE



b, DD, BIRERIZ X D5
EIRIEMEIRIZ X D BERGER O R E AR TR D L
oA 70y iR Y —V RiEEERL.,
SQUID B —AEfaHIEMATHZ L2k,
a7 MREBBE, @By —L RN
6%5&2?A%%%Ltoz®@ =)L
Ry 2T AOFEO -0, AIREFREE M
(Y mﬁ/~1v~&~anA%mwT
Wt E e To7-, S HIT, 3 ®hERERR
Lo =KUY he—F =R RE
BYRE S A T ITRRFNRT L, 3 %P0 X,Y,Z Hil~
VIRV A X F OISR
ZIBE TR ZRESE, B8 LR
BAEEVHT., 7774 7Gxy o7 —
VAT AEEAN LT, EORE, SRR
A4 ZDON., bW 50Hz O AC Bi% 13
F 1/1010 £ TY— L RBA[RETH D, L9
HEREREN™GE BN,

2

@O SQUID bB—A&Eifistr'm b & A 7% fif
L., ERRICFE LRI, FiicfEL
HTS FE itz >3 — HTS SQUID % AIUE %,
ATV RERY—V R, /A XXyt
T—%A A ML LTz, ML TIEEDORK
Tt BYLFAFSERT O IRC (Intermediate Ring
Cyclotron)D B — XA T U AR — K7 A IZ
Bk« RiEX1T->7-, 22T, SQUID B — A
BRI PN ER AT HIC LY. AR
BEDWE L EBRY — A2 Wiy U 7
L—ya U afTolc, ZORERMREZ, K 1
M 2izENEIRT, K1 TR, EEk
FaT7T ORMEIZEH8MEOBENEZRLTW
%, ZOWREICANTHWE, e —A
B O B HAE L [R] L“Cz%f)o Z 2T, BB
a7 A L-GEIE. &EE ToREER
%ﬁ@ﬁ<&wﬁ\54V@3%&§éhf
WHHENRD, aT B LA, 500 %
DT T AT, 1uA®@m’ﬁL124
mVO%ﬂﬁﬁV%B%vtw ., IRC DE—L4 |
FUAR—ITA LN A VA= 1LTE
SQUID B — A ERatOEFELY X 3ITRT,

1000

® "“\
100 . 858-0's LYY o © oot LS
O
* EBEMEIT
* BEMEIVR

—_-
o

SQUID Output Voltage (mV)

%}

0.1 1 10 10° 10° 10* 10°
Frequency (Hz)

X1 SQUID b — XEFRE O B M Bk,

10000

Ry 7%

—o—x500
——x200
—o—x100
Al
—o—x20
100 p f NER -

L

SQUID Output Voltage (mV)

10 100 10° 10* 10° 10°
Beam Current (nA)

M2 ERY—AEHNERr ) T L—
a > OPNEREF,

@) &XM)E LEFFFOT — 2 YL & il
D= DIZ, BV AT LERE LT, /
4’1‘%%’ /JZ?*—@74’~ KXy 774 /
0% RS-232C #/rLCav b —F—(TF
EL, BKt— T@mtt3%@Ac&
DC Bigix, =2 bu—o—k o7+ u sz
ENRHENENTWAEDT, AID 2 /N—H—
ZALCHEIMI L TW5A,SQUID =2 b —F
—HOTFua7HAbL FHU A/D I N—
H—lll-oTHEL, E—AFBRICHEFE LT
W5, ZhbDT —XINE L HIEIC I
National instruments f+® PXI =2 b —F —
(PXI-8106, 2.16 GHz dual core) &, D/A R — K
(PXI-6281, 16 ch, 18 bit, 500 kS/s)%& FHVN T
5, B, Ins—HEo T e s T I U7,
[@4t LabVIEW % LT %,

(3)
O BEYUYNL. LT —2UE L ElIfEs
AT L% IRCHIZEKE L7z, LarL, BE—A
#RITUAR—FLIEHAHE, PXI 2 b
—F =N T —kLiEE, EIEREICR -
TLEIRE, MBHBEENEEL K,
smnD:/bmw9~E PEESEEREZ ABE S
CICRET HLENHHT=0, IRC EH

)4 XXt 5—H
ANV LIV VT =T

PIVAF1-TAER

A ZX¥vIt7=H
et Y—

K3 E—AL KTV AR—FIA A —
JL L7z SQUID B — LBt D EH,



f & I0pA -l nm

ooy bt SN it

3 Moty ) bonmmin 0 HA
£ 0s o £100s
X4 *Ca b — 2 DOHIERE R
WZFE L. mmvx%A@éf\@E&~fw

RS D FIC . IRC EAMBE LT,
@ RI ©—4777 hU—RIBF)IZHIT D
E%ﬁ/%mmtﬁ%&£%®WEQMDH

LEWRFFOT 0 7 Z I v 7 &2AIT L TIT
VY, EBRCHIIE & du7s P80, 7%Zn, “Ca B —
LOBIWZE T T&ETz, —fHlE LT, KM4iZ
BCa B — LDOWEREEZTRT, Att 1T A
v MZEVE—LEZEDEIE-ETHD,
a2 fL A A L PROKENBR TN D
:@ﬁ\%kH~AﬁmmimuAT%@
THROT7 7 75—y 7L DHEREED
BS—HLTWA, ZOHETIZ, =2 b
— 7 — DR EEFEIL DC~20 kHz TH Y |
7 7o 2000 YT E R LT
MEREFRRLTND,

@ RIBF OFEBRBIEE > TLK, M5/ A
AREFZ LD SQUID A > 7w haA ik
FORMR ST > 70 hEE D SQUID D/ A X
DRZITHEZ . DUVICHER DA » B 7 hE
Z ViR Tz, SQUID NIl 2 HiF Th b e —
4 —% T SQUID DiEE % FH &8, —
ERAEREE HEEREBICRTFICLY,
T o U R A RN HEE R AT, B
— LR D7, IRC BNIZAD Z LN T
=P, EmEce—¥—r@EfEsE s T s T
LEERR L, 30 Pl — % —% AT 5%
WL, oy LR EREL, AKX
WIS D FENTE T,

4) 5% b S DI Z D, INEEEOEE
HZ, Xy NU—27 %l L CTHRIFE=4—T
XOREEEZ T TETH D, FRTRHR
BE B — ZERH N 2, EHHIE & B
figbir 2 G D 5,

£7-. HLWHFRO HTS SQUID B — A8
it BE L7-0 T, ZOERIUET =T
EBE, BIRED TP FETH D,

5. EIpFEIGm LA
(BFFEREH . Do
(=S

oy A M ONEHERT TR (2

CdERSRm ) (Bt 6 1)

@D T. Watanabe, N. Fukunishi, M. Kase, S.
Inamori, K. Kon, “PRACTICAL
APPLICATION OF HIGH-TC SQUID
BEAM CURRENT MONITOR”, Proc. of
the 11th Annual Meeting of Particle
Accelerator Society of Japan, i, 2014,
292-295,
http://www.pasj.jp/web_publish/pasj2014/pr
oceedings/PDF/MOOM/MOOM 1 1.pdf

@ T. Watanabe, N. Fukunishi, M. Kase, O.
Kamigaito, S. Inamori, K. Kon,

“Improvements of a Beam Current Monitor
by using a High Tc Current Sensor and
SQUID at the RIBF”, Journal of Physics:
Conf. Series 507, 042047, #&&cfy, 2014,
DOI: 10.1088/1742-6596/507/4/042047

® T. Watanabe, N. Fukunishi, M. Kase, O.
Kamigaito, S. Inamori, K. Kon,
“Reinforcement of Magnetic Shield for
High-Tc SQUID Beam Current Monitor”,
Proc. of the 10th Annual Meeting of Particle
Accelerator Society of Japan, ZrwclE, 2013,
1094-1097,
http://www.pasj.jp/web_publish/pasj10/proc
eedings/PDF/SUP0/SUP077.pdf

@ T. Watanabe, N. Fukunishi, M. Kase, O.
Kamigaito, S. Inamori, K. Kon, “Sensitivity
improvement of beam current monitor with a
High-Tc Current Sensor and SQUID”, Proc.
of the 9th Annual Meeting of Particle
Accelerator Society of Japan, Zr#clE, 2012,
608-611,
http://www.pasj.jp/web_publish/pasj9/procee
dings/PDF/WEPS/WEPS082.pdf

® T. Watanabe, N. Fukunishi, M. Kase, O.
Kamigaito, S. Inamori, K. Kon, “Beam
Current Monitor with a High-Tc Current
Sensor and SQUID at the RIBF”, Journal of
Superconductivity and Novel Magnetism
Incorporating Novel Magnetism, Vol. 25-8,
& W A, 2012, DOI:
10.1007/s10948-012-1943-0

©® T. Watanabe, N. Fukunishi, O. Kamigaito, M.
Kase, Y. Sasaki, “Improvement of Beam
Current Monitor with High Tc Current
Sensor and SQUID at the RIBF”, ZF&i4E,
2011, Proceedings of IPAC2011, 1260-1262,
https://accelconf.web.cern.ch/accelconf/IPA
C2011/papers/tupc105.pdf

(FawR) G i)
O Eﬁ,a“@ﬁRmF BT 5 RS
i SQUID b — AEiE= 5? DEME”.
HK%@%@%N@E&kAJmﬁﬁs
A 21 H, BREEKY GEHES - #r1E X)



@ T. Watanabe, “Development of beam current
monitor with High-Tc SQUID at RIBF”,
Institute of Modern Physics Colloquium (A
FEs#%TE) |, 2015/03/11, Lanzhou (China)

© P& B, “HTe-SQUID E'— A" |
HTA A etk At (A
B, 201548 H 11 H. HHA A8
skt OB - i)

@ PEE BR. “HTc-SQUID b — AEHiE=
Z—OFER”, F 11 B H ARG

2. 2015 4E 8 A 11 H, HATUbS
B (EARR - FAT)

® T. Watanabe, “Development of beam
current monitor with High-Tc SQUID at
RIBF”, Forschungszentrum Jilich GmbH
PGI-5 Colloquium (Fiff3#15#) , 2013/09/24,
Juelich (Germany)

©® T. Watanabe, “Improvements of Beam
Current Monitor with High Tc Current
Sensor and SQUID at RIBF”, 11 European
Conference on Applied Superconductivity
EUCAS2013, 2013/09/18, Genova (Italy)

@ Pk FR. “HTc-SQUID b — AT =
B —IZBIT DRy —V ROBIL”, %
10 [\ HANLE R FRFR, 2013 4E8 1 4
H. 4dEKRY (R - 4 Em)

® e R, “EiEEEE SQUID & AV
v —AEEE T/ T RXT O — L%
R CHIET 27, 5 12 BIERRT 7
7w i e R - Sl GRS |
20134 1 A 30 H KR E v 794 F (R
B+ JIIRX)

© T. Watanabe, “Beam Current Monitor with a
High-Tc Current Sensor and SQUID at the
RIBF”, International Conference on
Superconductivity and Magnetism ICSM21,
2012/05/03, Istanbul (Turkey)

O ¥Ea R, ‘mRBEEERECY—L&
SQUID # W/l bE—AERE=Z—D
EUREEAR” 5 9 Bl B AR PR
2012428 H 4 B, KFRRZ CRBRF - 2
Hr )

@ T. Watanabe, “Improvement of Beam
Current Monitor with High Tc Current
Sensor and SQUID at the RIBF”, second
International Particle Accelerator Conference,
IPAC’11, 2011/09/06, San Sebastian (Spain)

(K= GE )

(PESEIA PEHE)
othRIRTL (Rt 1 1)

TR R B A OO BRI 0 2
FEHIE R R, R B
MR« TRk

FHYE - AR

%5 FFRE 2013-009448
HEEAEH B 2013481 A 22

EWs DRI« HhE

offFIRIL Gt 1P

A PR
LR
MR
T -

FiSNE
HFEEAH -
AR HE
E NS DH

(Z Dfth)
A ot D

RSt % — SRR — 2
http://www.riken.jp/research/labs/rnc/accel/beam
_dyn_diagn/

6. WFIEE
(OFFZEIREHE

. 3R (WATANABE, Tamaki)
MNTAT B N LA R ZE AT

R IE Rz o & — « BTG
Fge 8% 5 30342877

QW gE

(DFgEt E

fEPE  #% (FUKUNISHIL Nobuhisa)
MNTAT B N AR SE AT
RIm#EE e & — -
FgeE &5« 00523656

RIEEES



