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The Center for Nuclear Study (CNS), the University of Tokyo, conducts the research on nuclear physics
using CNS Radio-Isotope Beam Separator (CRIB) installed at the RIKEN AVF cyclotron. Takasaki
Advanced Radiation Research Institute, Japan Atomic Energy Research Institute (JAEA Takasaki) has an
AVF cyclotron of similar scale and supplies beams to R&D of materials science and biotechnology. They
have a common subject to increase cyclotron beam intensity at a target and improve efficiency of experiments
according to beam users’ requirements. An R&D was carried out to find the solution of the subject for
CRIB under joint research from fiscal 2008 to 2013.

Especially, the gas target of CRIB for unstable nuclear beam production should be windowless because
metallic foil is damaged by a high intensity heavy ion beam. A cyclotron beam, however, usually has a
large tail in transverse intensity distribution and does not pass the target orifice (6 mm diameter) without loss.
While, in JAEA Takasaki, a technology to form large-area uniform beam over 100 cm? is being developed
using an octupole magnetic field. The non-linear force of the field folds the tail inside, therefore a tailless
beam can be formed. The technology is expected to be a promising method for the windowless gas target.

It was examined to form a usual cyclotron beam into small and tailless distribution at the gas target in this
joint research.  As aresult, it has been found that the octupole magnetic field is effective in tail-folding and
a 10 mm diameter beam can be formed with octupole magnets added in the present beam line. It has been
also found that additional magnets need to be installed and the beam emittance should reduce in order to
achieve the objective beam size of 6 mm within the limitation of the beam line. Moreover, if the beam path
length and configuration of the magnetic lens system are freely chosen, the objective may be attained.

This report describes the results of the examination on these subjects at each stage and the conclusion.

Keywords: Octupole Magnetic Field, Tail-folding, Small-sized Beam, Emittance, Heavy Ion Beam,
Cyclotron

This work was performed as joint research between JAEA and the University of Tokyo.
*1  Center for Nuclear Study, Graduate School of Science, the University of Tokyo.
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CNS Tix, HACZEMFZEET (LLT, BAF) O AVE VA 71 by (EREMBTE ) # 715
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A NCERE LR RV —REER E— L5 BE%s (CRIB : CNS Radio-Isotope Beam Separator) !
IZBWT, 2R E— 2% W ARSI 21T > Cnvd, T2 Tk, +o7RRED 2 Ike— A
EEDHT-0IZ, 6 MeVu-N 72 X 10 epA FEED 1 IRE—L &2 X —7y Mk T5 2 L2 BIEL
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YO ETRT, A 7 a ha bl Ens e — A0 3 #UEMER A (QTC01), 2 #[UHE
MM (QDC02), 2 MU EMER A (QDC11) KON 4 HIUEMER A (QTTIAL) DOREA L X
X VERZHIESIND &L b, PER A (DMC1) TH FIZFE S 41, DM7C 12 L Y FFOVK
FIZEEND, E—ALT A F CMTC T 2.1 O#E THIIZ 0.18 rad Al X508, ABFFED
Ral—yarTRIDOERIFERINTWDS, M7 ba HANRLZ =5y hOERLE
(FO) E COWLERIIFI 15m TH D,

22 HAZ =7y hOBEE L B —AITRD B D&M

CRIB (X, RAYFLFEANCEE R p-fiERs, o8 SE (1 %13 *He('2C,'00)y) 72 K&~ 5
7=l EA AL THD 1 IRE—L % He 72 & O ZIROEBFAK2 I HZE S CTHiESE 7RI kY
HED 2 R — L E AR T DD H AL =7y b BIO 2 RE— L% R HT 58/ —
ZInBE D, ZOHAL =7y OFRNL, JUNKFEOHER L BEROSBIELZ T 58464 & 5
2 =0y FERBLTHE L TBRELRESIABMT AL =5 M 9 ThbH, #—7 v MR
BRI DHALZ =7y NEOE ST 4em T, ¥ —5 vy MRFELIMI L DG E R Z S 720
e, X—F v N E—ATA L OBEEEAYDLEMITES , R ICZBEOEBPEREZHV T
%o Z ORI, BIFO R ST TR E—AERBICT A X —47 » FEOE X 10ecm DA A
2=y NEBFE LY (Fig.22), #—7 v NEORI L HTAETRED X —F v FOEZHEN

AVF Cyclotron

PF-CO1a
FC-CO1 PF-COb PF-C02

L]
QTCO01a-c SH(V)CO01 QDC02a-b

CRIB
SH7Ala-b Target CRIB
—> In-flight
LT = B=a—=
PF-7A1 Separator
FC-7A1 1

FO

Floor2

Fig. 2.1 Schematic view of the beam line from the RIKEN AVF cyclotron to the CRIB. The part
downstream of the DMC?7 rotates by 0.18 rad this side.
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Rop— Ry FHL T (TMP) T2y | E—D
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(Db, TAZ—F v NEOH
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TT, B— LEERICHSE Db
F = o N—DONEEST 8.0x10+ » » v
Pa (6.0x10°Torr) T& %, Fig.2.2 Vacuum Pump
WARTEIICE—LARORIT ¢ Fig. 2.2 Schematic illustration of the CRIB gas target. P1
6mm, B —AHMOIEF¥—% > NF  describes a chamber filled with target gas (roughly at 6.7x103
AL HE =L I v H L ADHE  Pa), P2-P4 show the chambers for differential pumping, which
KEWRIAAT 6 mm, ¢ 8mm, ¢ keep the pressure in P5 at roughly 8.0x10*Pa. The diameter

P3

10 mm & FHIZIT<IEEIAF TS  of holes for primary or secondary beam passage, P4 entrance to
5o WNT ¥ NN—DOE—ALDAN P2 exit, is $6 mm, those of P3 and P4 exits are $8 mm and ¢10
M EMOOEBEIRN35ecm THDH,  mm, respectively.
CNS TIHSFH B3PS L7e T A
S —2"y % CRIB 21— A |ZakE S N
L. “KE—BERICEDERE |

£ |

FHE L7z, 2 2 TROHILDDIX = A
TIRE—ALERBEE RS TE LT \
ELTHEE b, JARERD , N

BROa BAESERNWi=ols, —
WE—LNHE =7y hF =z R— seam ([ g d .

\ ‘ ... | [ | v | -
B OEBPER T = v =D LT o @K\-LH‘;-U @% —
NEEESTH I EEFRT LD SN ,

EThDH, 20D, kb/hawn om0 | : | |
7R 6 mm LY /hE7p—We—2  Fig. 2.3 Beam envelope simulation result for “N®" beam from
KT D 2 L MM ESMH T  the RIKEN AVF cyclotron exit to CRIB, obtained by WinAGILE4.
A, The circles and the arrows show QT7A1 and FO, respectively.

23 PrEHTGTAORMICED £ TOMET

HAF AVF %4 7 1 b2 CRIB £ TO B — AgERIE Fig. 2.1 12739 X 912 2 Bz
TEBY, A 278 ba O ER (Floorl) 226 2 H® 90° @A EM A &> T T (Floor2) @
CRIB O & —7% > MMZENN TS, CRIB O TITRIZE/ R — & #8703 3 m D[E[#R
BOAREINTEY, 4 EUEMERA (QT7A1) &4 —F v hé (FO) LDOMOE—LF 1D
BRELOTFWERT S0, ZOMIZ4m O N 7 MEMIZZR> TS,
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ZDOE OB E—LER TIHERAC LD E—LMEOUEE CHTEDR LE B — AEEDY—
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Fig23 "ot —Lbx o N —7OFEME R TH 5, EEIKFE M, FTEAEE W T
b5, MK TROTr y 7 ZUEBEMAPCRNERAZR L TWD, fHHOHIE 4 HEIY R
WA (QT7A1) T, B —20E R (FO) IIRFITRINTND,

FO 23T 5 “NO* D rms B — AR (X 0,=2.7mm, 0,=2.6mm CTHV, TOTrTy =/ a3
OHAENEIL 6 mm TH D, ZNTIE¢6mm DHAX—4 v b AN THET DTN T, F1E
DY E—b AOZERIED T ENTERY, ZHOMRIZIE, BESHIZ LD B —
LMD EITV B HTERATH D LB R T,
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Fig. 4.1 Schematic view of the cyclotron facility of TIARA.



JAEA-Technology 2016-005

=
=]
T
I

[ IO ;

o
(=)
L

=
£
T

Scaled intensity

e
[
T

. |

80 40 0 40 80 80 -40 0 40 80 80 -40 0 40 80
Horizontal coordinate [mm] Horizontal coordinate [mm] Horizontal coordinate [mm]

Fig. 42 On-target real-space intensity distributions obtained by single-particle tracking simulations
under three different multipole focusing strengths. (a) No multipole force is applied. (b) An octupole
magnet is excited at a gradient of 600 m™. (¢) An octupole and dodecapole magnets are excited at

gradients of 700 m™ and -33000 m™, respectively.
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Fig. 4.3 Layout of the magnets and the designed beta functions
around the end of the CRIB beam line in the RIKEN AVF cyclotron
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facility. Two octupole magnets are used for tail-folding. The waist
position is slightly shifted from the target so that the phase-space
ellipse of the beam can be folded into an S-shape and thus the tail can
be shortened on the target. The effect of the beam axis rotation,
beam for another

introduced to achromatically switch the

experimental line is ignored for brevity.
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Fig. 4.4 Real-space and phase-space distributions of the beam on the target at 18 m of Fig. 4.3

obtained by single-particle tracking based on the beam optics in the figure.
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Fig. 5.1 Arrangement of the emittance monitor. From left to right between the triplet quadrupole
nearest the cyclotron QTCO1 and doublet quadrupole QDCO02, two beam profile monitors PF_COla and
PF_CO01b, the emittance monitor EMCO1 comprised of slit SL and profile monitor PF are also installed.

Table 5.1 Relation between the slit position (x,y) and observable angle of the emittance monitor.

Horizontal Direction Vertical Direction
Positional range (mm) x=-38.2~43.8 y=-15.6~66.5
Angular range (mrad) (-25.5-x)/0.309~(25.5-x)/0.309 (-25.5-y)/0.309~(25.5-y)/0.309

Horizontal angle [mrad]

20 -1§ -1 -§ Q § 10 1§ 20 I 20 -5 -0 -5 0 5 10 15
Horizontal position [mm] Vertical position [mm]

20

Fig. 5.2 Observed emittance (phase space distribution) of a 6.1 MeV/u->*Ne’* beam.
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FE25.5mm) 52 & T, AU v NOFKMEIZBIT D E—AMESAEZIET 5, AEORIEH
FHIZA Y v hOALEICERSF L. ZH% Table 5.1 12”9,

— measured
— calculated from measured emittance
x-direction PF CO1a y-direction
11\
] .1\
/" 1\
, 05T \
PF_CO01b

-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30

Fig. 5.3 Comparison of beam profiles observed by the profile monitors of PF_CO1la, b and PF_C02
(blue lines) and those calculated by transformation of the observed emittance to each profile monitor
position (red lines). The abscissa and the ordinate describe the position (mm) and the beam intensity

(arbitrary), respectively.
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Fig. 5.6 Initial beam distribution generated from the measured emittance data of a 6.1 MeV/u->*Ne’*
beam. (a) Horizontal phase-space distribution. (b) Vertical phase-space distribution. (c) Real-space

distribution.
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Fig. 5.7 Designed beam optics for the spot beam formation. The origin of the abscissa is set at the
location of the emittance monitor. The ordinates are the beta (upper) and dispersion (lower) functions.
The configuration of existing magnets is maintained without octupole magnets. The beam waist is

attained at the FO target, where the beta function is 0.4 m both in the horizontal and vertical directions.
The vertical dispersion is 4.6 m at FO, induced by the two bending magnets.

Table 5.2 Gradients and excitation currents of eight quadrupole magnets from the emittance monitor to
FO in the beam optics of Fig. 5.7. The positive value of the gradient means focusing in the horizontal

direction. The field gradient per unit excitation current of the quadrupole magnet is 0.105 T/(m- A).

Quadrupole Magnet QDC02 QDC11 QT7A1
A B a b a b c d
Gradient [m?] -7.48 9.54 -9.29 | 10.18 1.08 2.15 -8.44 591
Excitation current [A]
of the magnet for the | e\ 100 | 97 | o7 | 11 | 23 | 88 | 6
beam with magnetic
rigidity of 1.1 Tm
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Fig. 5.8 Designed beam optics for octupole focusing. The origin of the abscissa is set at the location of
the emittance monitor. The ordinates are the beta (upper) and dispersion (lower) functions. The final four
magnets (QT7A1) were relocated for a small beta function and octupole focusing: QT7Ala and b were
moved 2.6 m downward, and QT7Alc and d were moved 3.3 m downward. One octupole magnet for
horizontal folding was assumed after the second bending magnet and another for vertical folding between
QT7A1Db and c. The beam waist is attained at the FO target, at which the beta function is 0.5 m in the

horizontal and 0.7 m in the vertical directions. The vertical dispersion is 3.8 m at FO.

Table 5.3 Gradients and excitation currents of eight quadrupole magnets from the emittance monitor to

FO in the beam optics of Fig. 5.8.  The positive value of the gradient means focusing in the horizontal

direction. The field gradient per unit excitation current of the quadrupole magnet is 0.105 T/(m* A).
QDC02 QDCI11 QT7A1

A B a b a b c d

Gradient [m] -10.8 10.7 -133 9.21 6.30 -7.56 1.56 8.92

Quadrupole Magnet

Excitation current [A]

of the magnet for the
beam with magnetic 113 112 139 96 66 79 16 93

rigidity of 1.1 Tm
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Fig.5.11 Dependence of the rms beam radii at FO on the octupole strength Ko for the
octupole-1 (upstream) and the octupole-2 (downstream). The octupole-2 (octupole-1)
is turned off in the left (right) graph. It should be noted that the octupole gradient on the
order of 100 m* corresponds to the magnetic field of several tens of 10 Gauss at the
bore radius of 50 mm for the beam with a magnetic rigidity of 1.1 Tm. This gradient is

technically well attainable.
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