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Accelerators, which have developed together with
the frontiers of physics, have become familiar to many
people. Because they use a combination of sciences and
technologies, they incorporate many new ideas and
materials. Among their components, magnetic materi-
als such as magnetic RF cores and permanent magnets
are widely used. This paper describes some of the
applications of such magnetic materials.
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Fig. 1 Growth of the maximum energy attained
in various charged-particle accelerators (Living-
ston Chart).
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Fig. 2 Dose distribution of various radiations.
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Fig. 83 The linear accelerator by Sloan and Law-
rence. Charged particles (in black) are acceler-
ated in every other gap. After a half period (in
gray), they propagate to the next gap, while the
electric field reverses.

Fig. 4 Cyclotron.
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Fig. 5 Revival of FFAG at KEK.
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Fig. 6 Environment around the accelerating
electrodes.
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Fig. 7 Untuned cavity: the @ value is reduced
by large external coupling, parallel resistance, or
lossy magnetic material.
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Fig. 8 Multifeed method: (a) RF power is fed to
each magnetic core; (b) equlvalent circuit.

Fig. 9 Ferrite loaded untuned cavity. The top
cover is removed to show the eight ferrite cores.
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Fig. 10 Equivalent circuit for an accelerating
cavity (parallel resistance).
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Fig. 11 uQf values of magnetic alloy cores
together with those of ferrite cores. Ferrites 1
and 2 show typical behaviors. Ferrite 3 has a
high @ value that drops above 100 Gauss, which
is known as the high loss effect. MA-small cores
and MA-large cores are made of magnetic alloys
with diameters of 7 cm and 50 cm, respectively.
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Fig. 12 Characteristics of MA cutcores. The
cuts have almost no effect on u@Qf values. The
gap between the cores changes the @ value.
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Fig. 13 Large cutcore (¢670 mm) made of mag-
netic alloy.

Fig. 14 High loss effect observed in a high-Q-
value ferrite core. The generated RF voltage
(200 V/div) drops within 20 ms. Time base: 5
ms/div.
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Fig. 15 Large ferrite core (1250 mm X760 mm).
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wave (left) and a barrier bucket (right)
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Fig. 17 Cross-sectional view of a combined-
function magnet (defocus part) together with the
flux lines. Only the upper half is shown.
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Fig. 18 Magnetic resistance in a pole changes
with the location and the excitation level. Be-
cause the high-flux-density (narrower gap) region
tends to saturate earlier than the other side
(shown in the upper pole), the magnetic field
distribution is distorted. If such a saturation
appears in proportion to the magnetic resistance
in the gap (shown in the lower pole), the field
distribution can be kept for a wide excitation
range.
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Fig. 19 Deviation of the magnetic field distri-
bution from the designed value calculated by a
static 2D code: (a) without slots; (b) with slots.
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Fig. 20 Combined-function triplet magnet: cross-
sectional view from the horizontal and longi-
tudinal cut planes. The flux-density-equalizing
slots are located in the pole. The corners at the
entrance and exit have steps to reduce their
saturation.

Fig. 21 Fabricated model of the combined-func-
tion triplet magnet.

5. Xk AW A

IESRIC B 1T A ARARA IRV 137 & LBL (Lawrence
Berkeley National Laboratory, # ) 7 » V=7 K%¥) O
Klaus Halbach EBA2E XIS E2OLHABHE b
BEALE - F. 2OBEE U LRHATHANLE
B SR AMADEA L SFHEN TV 5. Halbach i3
AN ROFHEARAMAD LLBEFRDOKE X5 1.05
L ZEKOHBHRIGEW C & IKER L CREEA, PRI
TG, SNBREAS SICRBEHDEREY A 75—, TV Ya
Lv— g — 15 E D, BUEHE & BISS A RITRICERIEL

7c19~19 4% i< Halbach #5343 i 72 REC (Rare Earth.

Cobalt) magnet 3ARIBEFR TR A EHE Lic L THA
Lt ftomEx2EE LB OEEBET 35D TH - 1o,
Fig. 23 IC{RRAIEADHA ORI ZRT. B{tAmRD[E
ERE 2RI TNIEEBRAICIED NEicThid 2N
BEALIED, EEROBROZBHAE D B3I LNATE
5. £LC, HALICEET 2Rb D ICEFKICEET 5
EHEPEAYA IS —, TvYal—¥—hHERIN 3,
TYyIab—9—ilBLTRBEERD BHBEDT, C
TN,

A=V Fv 7 R1EKAME %6 - - B KO 1 Hal-
bachBIL REL VST, #%a—7 2HIEDLEIEET
Fig. 24 D&k 51T, FHBKAMALE R—VEANEIT
Blah3, TIT, HEOPRAGKAMEAT, TOLT
ZRBEATOVEODHHIRTHE. COLEEZDF v+ » T T
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M1 SM2 to Beam Transport Line

Fig. 22 Combined-function proton synchrotron.
The energy is 240 MeV at Bo=1.28 T.

=y

Fig. 23 Halbach’s dipole REC magnet.

Beam axis

Permanent magnet

A
)
W%%&Q\

i)
N

i
&7

2

Region for generated field

Fig. 24 Conventional magnetic circuit for perma-
nent magnets.

ORRFERE DR PN I HBHEEEREE d, ADRES % In &
T5L&,
B=Bln/(@+Im) 4

L3, HKTH B &A1\, Halbach BIT5EDH)

TdbbhdkHic, LLEZAUESHLETY— WV FLEL
THREBOHESEBONAICHZ LI EFHLVDMBK
EREHT, EOBMFIAL L I, ARicxd 5%
BIZ o B EWHFELD B,

REC magnet DK IZBEER L 2B I HREEERYE
EHEHHBLEVSEATEIANKL D TH - e DHIIFFFE L
TEHFE$ 5 2 &3 H » 72, Halbach O B3 A & VIE,
BEE, Z L CHHEFV-—F LB EDHEENS M-
t-h, XSIKT Vv Yal—F—RAKAMADOREREICEN
EEFW. FOREBERIE L CERALOHH, &Ko
ARERE->T, JEHIGZEOTM4 77 $ERL /. Hal
bach O L 7 GELD B E W E THHEBKENSDT
HBHDOTICBNT S,

B=B:1n (r\/r2) (5)

BAHGHA#BSFESE Vol 26, No. 3, 2002

NI | -El ectronic Library Service



The Magnetics Society of Japan

+ ’ ®&—1— Permanent magnet
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Fig. 256 Permanent axi-symmetric magnet.

fron yoke

a) Permanent magnet

Beam axis

Beam axis

E 2
Z [cm)

Fig. 26 Variable permanent magnet symmetric
lens. Two magnet ring configurations and the
corresponding field distributions: (a) maximum
strength 3.5 T? cm; (b) minimum strength 1.9 T2
cm.

B=2B, (1—7,/r2) (6)

(6) RIMEEIHA TOZEROMREE, (6) NIIPUHBHA
TOMANEARBD TCOMREFOALURNTH S, T ZITB,
BRKAMODEBURFBE THS. ChoDRTEL N
L6 RIF RECHEOHGOAEEKEX THITV
K S THRBYADOMEE IEML, UG T I REHER
BEED2MEICNHBIENSISDTHSE. DRy —Y v 7Rl
BRIRD L S ICERBATZ 3. (5) RDHE WERTF A /KFEHEic
XL CERAD ETiefricEAmEcEL &, ZDFEETO
2BRANDESEr 2 THB, Lrdic, EHabhsdrH
NIOQDNEEBTHOREIOKRBZPILEET N3 EHEIZ
DT, r#NElADLSDESIr D, K
BHd s E8KkEHE b Ebbh 3, 4ABDES:
Bk C B F 2L HEICEL &, ZDOEETIE 2 BRI HS
Fr VNI ABRSDBRIERELD, TOF5R
Lish FLT, rENEAILOREIRr2E43
DOTHEENT 3 L DIREHSH 3.

FEEODREHS 1 1980 (R, (5) ROFEMH IR RIE
T, ) RD7 77 9 -2 T A{MEPSEVOEE G
iz, 4E, SREBFILES CRASFREMESOER
B EOBBAERIREVE L, BRLI ENHETRE
NTWVWIDT, T D Halbach BPURRE A % (HE D U
AE—EBELTHL LA, WEDOERATI656T &
B:=1187T @ 39% HOBE 2GS EHBTELN.
D& ERARADHENEIL 16 TH - 71:05, T OHEEK%
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Fig. 27 Example of a mirror magnet for an ECR
ion source.

ZRICANICERRNCLEMHEIZLIST Th-t. blidk
IR AJECIZ 250 T/m THEFOHFILHTH - 7«

—H, YL/ A4 FaANVTRESE S LD BEAEO]
ROFEETE 2 (Fig. 25)18-22, Th3MUBHAN & &E
W, EHPME AR S FIKERAITA AWK L v XRE B,
CNDESIEMALTZ 21 DICHAXFIRICEH L BE
DHREBEN % Fig. 26 IcRd. HELAEHIIBIOEX
HREIDOESMEICRIEE|T 20T, oFTIIE 18 ED
BN D 5. 50 keV DFFF b — 4icxd L TIdESER
B 12cm » 5 225cm ixfGd 5. 7, ECRA 4 ViR
D753 X2DEALAHDITSIGHETE, Fig. 27 i< OEH
ZRT.

D& D UHAOWMEREE 12 Halbach DD £ 5 i B,
ZWCOTHBRABRIENTESLDEWVS EEIRZBIDHIPR
BH5 ThIBEAMEBORKSRETH 5. BAAREKX
E LTV SO BRI OBA I3 L TASRA
BZ, ChPRBEPIRES5A3DICE)RLSTNT
< %. Fig. 23 DA TFOHADOENAEFE CHRESKER L
TWREIAMLLRTENELDIT, DD TIIENME
M B-HMBROEIRBICA->TWEDTtH4 TEW]
FEMTRV LT 2 alkE 0 H 5. Eid Fig. 25~27 D
Plidchzif- TRESE AR L BEHICEELENE &>
BEDH TR L T, YHIBOREE2FIEVEIITLT
W3, IR OSBBLMAEKS DA EEZIIGE, WL
SHREEE LI THEIRBIASBEVEIIKTE S
DT, WREEDOLRIZN132, LrlLahks, B8
{bEhic B 35V RSSO NEOMAX 75 & DR A MR
GOEHICBET IMERRYMI SV, EZEThIF
ShBDDRIENPVETH 3.

—7%, Fig. 23 0 LoBAaORAEMEICEBY 5 & B-
HER EOBES & L TRE—RBORIS DK = 12 58I
IKWBIEDbhs COFEERTRIIZOS%LAAREG S
BEIICIRES. £ TERa - OHHBE Halbach
ATH3 (Fig. 2829, COARTRAAKBED—HLAEST
EBXBZ 5. EROBKEREBRLIDIEDHDOF v
TIEWER M TLEH LA TH S, Ba2iamn
IE B ETHIIEBMOMILE b OREBICL 5. £ DMFIRK
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Fig. 29 4.45T permanent magnet and its mag-
netic flux density.

fbDKREX13d D 3NIHMTH 2T LRBOKAHEM
NEOMAX X vigw. ¥+ v FiEFETCRERITEEMLT
Wahs, ABITERERESEAMLTVREY,. JofEfILT
WHEWRSTREEREEAED AEHEAEL T, AR
OAMEHCERIBOh 28|65 BDsE5BEE2 b
o, OB bR RAE L T EHERETH 5P,

&SI LTEEA S BKABMATH D 1308 5B EE
WADREER®D 445 T &\ 5 @EEERK L (Fig. 29). C
Z Tt EEE 0% BRI Halbach S LIZMCIEK 40 EE T
BEILEESFB L TV ADBHEMRSEXE I b S
TARXAEBEZICLTOREELZL, BEMELZSGPOLT
F5 &S HERIEDICRFMEORRICGHEET LD
T, SHAE»SEEERD TV S,

TR DI PN H TR HET H TR OEEH I
KELILF 2 EMTE S, BRUBREVKARG % FZIC
TEhE Y7ot ovo/NBYLSEREICIE . BB SR
WAOTH G (Magnet in Magnet: MiM) E W5 a3 v &7
% 3ER L T2001 4 7 A Snowmass 2001 iITBWT
VLHC (Very Large Hadron Collider) &\ 5 B £ 240
km OBEE2 7 % v MLEBOWREE S 2 5:a< £F
AEREEH L.

T h B LKARA T 1.5 T BO/PNIDOKAKA
25 Ih% 2T OBEEERLOF v+ » 7OHIHE
AT BDTH 5. KARAOLBHER 1 A HEOE
hE&bEBTE Y, SRBEEEL3~4 7 X 7051
#FTxE BRACBCESKAISOBMEILE T
foT 2T BEICMZ 2 & KIEE I X MEIRNPFIETSH
BEEBRRED 7 + R —RLTWVS (ZOILESE %
NAF POy, HEVMEERIERG & ST,
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Fig. 30 Saturated iron core magnets and elec-
tromagnets are placed alternatively where the
coils are wound together.

Fig. 31 Saturated iron core magnet installed in
the gap of an electromagnet.

T, BEEBAORDY KBEHAGLHAEbEL
MiM &Z2 50 3. 20> 0f|% Fig. 30 & Fig. 31
12k d. Fig. 30 3 £ — & OETHENC BIFIgk Lk ARG
LEHAAREIERE L i@ I 1 Vv TEW
bDOThH5. NIIBUARISOKARAICHT 258 %
BB 15D S/ NRUL AR - e b D TE - LRI DTS
fAE LT I0°RMEE NS, FFNE LK ARA T DR
FEEAE 3T &L, BA%E £18T IKikR> THEMER
BEOEHELX 25 (E—LD0 X VEF—HT4E) <&
y, BERKEHHEEET 256 T 25 AATWVS. Fig.
31 HE— L DEAAHEIOENTERADF + v 7HICH
RIS K ABMGEBALL D TH B, Z OEFFEEEMIC
BEDOIATOEFNVHAOREERIEERSETLTY
5.

KABED S H>—DoDRE L L L TRITOMARS
DITRNVE—%ED7 = IEBZHFA (Fermilab,
Fermi National Accelerator Laboratory) TH& 3 km
D 8GeV REEFERY ¥ 717 = 54 b ZDFHVKAR
GOERS N BE, - o2ERBERPTHLILICE
TEHRENSHSS. TOMADHEE I KG DL XNV THID
DbD LV L HhE OV, KARGOLO®S I 3EE
Nk DA -—F—DIEDEMH B, FLT, KAW
LHOEERELIMERTHELINIHE,LSIBIBEE
W, DSNA TR a DT 2RI —LRIDLDIBESD
X POEFERHORELY RIFRRLT, 7514 PROKA
WOIC L > T—HEM, TEWE 10 BEZTERLL.
20015, Yaz—7TOMTI7T (BT7RI=7%v 577
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soV—EEBELHR) T7+R9—DRROREDRXSAF
T Klaus Halbach ICEB L EBHOTEMBXLHTL
t:. RBBFEBY ¥ 7 BEEROBIDKAMA TS - 1245,
C ONESE B A Halbach D#fLEZIF T WD - 12,

6. ¥ & &

TIFEMD, HB5VRBNLEMBSLZICELLHST,
==X, BRIV T IBEROLETCEHOINTVEILINUNHE
M, TAFTEEDBOEBI LB TEEIELE2H™/ZLL
V. COMVWNESESYE, ILESYE moFoBE
LOE->DFIRBLTHRNEEVTH 5.

#OH ABETEHRZCYD BV WSS
RNV F - ILEBHERBORGZTLER, K HEERIOH»
SEE VLY.

XX 13
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