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Abstract

For the purpose of attaining low temperature beam circulating in a storage ring, laser cooling has been largely paid
attention because of its strong cooling force, which, however, has such a severe limitation as can mainly cool down only
the longitudinal temperature. We have experimentally demonstrated the capability of reducing the horizontal
temperature by combination of longitudinal laser cooling and “Synchro-Betatron Resonance Coupling (SBRC)” , the
cooling time of which, however, was found too long to realize low enough beam temperature due to heating because of
intra-beam scattering (IBS). We have developed such a scheme as to reduce the beam intensity in order to suppress the
IBS effect with the use of a scraper which eliminates the beam particle locating at the outskirt of the **Mg* ion beam
distribution.

BAmEgE L —YF—mAoBRLICET R —2 X7 L— T

Broadband

1. [XL®IC

Drifttube

R AL OA A &R - wAlY 27 S-LSR T
W TS AR ISR O/ R | & vy S e/ VRN
s DT 6D D EZ AT D BT D AR DOWI7ET —~ 12
Mz T, A4 A2 E—LOME N _EOMIRIEROB A
6 TMeV [5F B —LADEF B — AmHA, 40keV D
Mg A A E— LD L=V EIERITLTCE
[1], BFE—AWAEAIZELD TMeV BT E—L4D 1
WL — LA —HX Y U TRICE &t x ., K mET
DIRFL R L —HF—HEN L D Mg 1M A E— LD
String ERkE BIE L C& 70, BEICHES M) & K- H5 W)
DYy u-X—% koIS (Synchro-
Betatron Resonance Coupling: SBRC) (Z2X V., /K¥J5
OB L —F —mHEPEB L T\ D Z & & FER
BIICSEEE L TV A [3]28, 10°~10" O b — L3R E TO
IO OERTIEL, ©— ARHHEAAE (Intra-Beam
Scattering:IBS) DA A K D & —T 4 T OEHRITHT
B o CHIERS 6L = L C String State (22272 O
IEREECH D Z EVHB L=, BT mArAEZE M
DFEDHDOE—LEH AT L— U 752 L1280
B — ABREE A KB L C, IBS i &2 v KEJ7 1A
L—HF—mHORE X > TE e, ZOREEIZE
LCHiE L7z,

2. S-LSRIZRRITE L —H—H5H]

S-LSR TiIA A D 40kV OFEERET
Mg* A A Z N L CHR Y HL7=#%., B —Al@mikR
D 25 FERAERAGEAY v ML EHEOE L
JvariEiTol%, 1R L7-& 5T S-LSR
AR 2TV, BE— A LRFMICHHET IHRE
* noda@kyticr.kuicr.kyoto-u.ac.jp

RF Cavity

40keV #*Mg*
Beam

PMT
— H. Scraper 2
H. Scraper 1

Laser _
for cooling Electrostatic
Pickup
im

M1 :SLSR DL —VF—HBHEIT AT L KR —2IA
27 L= — DR E X

280nm O L —HF —3EF T E— AT H RO
L= —mHZITV, @A E S 7 m
e CREEEKEHF R OR—% o CREE S
HE X541 GE (1)BH)

v, —Vv, =M (integer) (1)

LIRS ROMBER L —F—mH S B
LCWns, M2@»b kit (1) Xxi-+
SBRC DRI TAINFF D CCD A A —IH A X
w/ANERD . ZOFRMETHEF MO B — LAEE) & O
B ZE 4 EIE 23 K S5 [ 2> B OED i AT & 0 K
EERS>TWLZERRTEND, (ZOFERD
BaE. L—Y—H A X0HENAFrE—LH AR

-72 -



12

141

4 08

4 0.6

4 04

CCD Image Size (16) [mm]

Momentum Spread (16) (x10)

4 02

Momentum Spread by PAT —=—
C(;D Tmage Siz‘.e —v—

0

0.06 0.12

Synchrotron Tune

(a)

‘ " RF=12V (v=0.038) —+
14 - RF =26V (v=0.060) —=—1 |
RF =29V (vg=0.068) —e—

!
0.04 0.08 0.1

12

E oL . IIII££E${ .
G I T .
_go,sf:...:.-'._ iiiiiiii§§E %
30.67 ...---.‘.-!iiii

8

FEEPER
04 B

02

I I I I
0 5 10 15 20 25 30 35
Time after injection [s]

(b)

B 2. mEEORES MEEBNEILA D &K T M)
CCODA A=V H A XDV v barFa—iK
M@ AOHEx D7 a brrFa—ros
D CCD A A — %A XDOFEEZAL(b)

XU H/NPNEVWDT, CCD DA A=W A XFE—
LY A XEFE—TEARWVWA, L= —DFhE A
T E—LADOPLNTEBRELTEETHLDT,
CCD A A =T %A ANF/NE R DEMEN Mg A A
VE— LAY A ROFNFEE TS, ) v
m-N— & b AR FUL TR, R KT A
L—H—HEHOEN IBS L —FT 47D
NRIFT BB AKEF R E =LA AR D5 D
WD LT DN, SBRC DILIELAEN B o L7255
T IBS Ik D E— LA X% & O RIE,
WMENTWE, v 7o bnrFa—r it
HES FRODs 20 B 35 T 974U 72 S5 (vs=0.060) T I [ #E A K
EHmL—F—HBHARN e —T 4 TR LS H
WE— AP A IR LR WREBAEL TN D
(4 2 (b))s Z DHEEEL 10° ~ 10" D & — LFREE (%)
LTitbiviz, 29 L7 IBS I2kdbe—F7 407
R ZIE L, WmEEE SO LR E A~ 1T
HTET,

3.BEMEARL—Y—4AROMFERIED
ONHEHEME—LRY L—E VY
kO EBRFER S 108 205 107 RED B — A

—= 35 keV' ] (C)
E il Mev
2107351 Gev
2
. 3
é 10
=
E 10
107
w 1w 1w o w ot w?
Coulomb coupling constant T,
K 3. t—7 427 L— ko Coulomb Coupling

Constant #&K77ME (Ref. [5] L 0 &) .

BREEICKT LTI IBS Ok —F 4 VIR N KX L,
X 3R LzEoe—T 4 V7RO ILETIER
CEVBZT, E—AICHERZEZLTA N v
TWRREAFBLT D L0 Fx OREANIZIEN b
RN ERHB LT, ZoRRERIRT D729, K
SEHFENCBENT K 1 IR LA L—s3—1 % H
WT S-LSR I AH2 D — A% Closed Orbit @ H[»
MO RX L DICE->THIV L L, &K
DOE—ALBEOKBEZKD, HMEASNDHE—LOD
IBS Ol #K Y, L—F—mEOELDOEE %
B L7,

ZOT 7 —FITRWTIEE— LR E ORI
W, E— LB OBRD SIN OB TR T R X K

KOBMEL 25, EBEAIZ L - 712X E—A

F1 :SLSROLV—F—mERDTEE T A —H

i &

SRR

B R S

R

7 S 4

A A UFE(ERLF )
[l ) 95 2

I3k v o] R e 95
WL %
140 ) e

Natural Width of *Mg*
W= v ¥ A (H,V)
N—F harFa—r
vesmabtarFa—yv
L—Y R

L —+—Detuning

22.557m

3.59m

1.86 m

1.05 m

6

ZMg* (40 keV)
25.1668 kHz
2.51558 MHz

1 x 10’
7x10*

2t X 42.7 MHz
(6.8x, 2.4m) mm-mrad
(2.068, 1.105)
0.0376~0.1299
279.3 nm=+10°®
200 MHz (fixed)

-73 -



(dBm Laser 3mW N=53e4 Horizontal

data 1
fix)

sigma =-0.313
0.8

0.6 |

04

Particle Distribution [arb.]

02k

1] 1 L L
2 -1.5 -1 -0.5 1]

Distance from beam center [mm)

X 4. ©—NEFLDO A7 L——7{# D Closed
Orbit Center 72> 5 O FEBEK A7 (E — & 58
5x10%, L —H#—,U —3mW TOH|E (6]
%)o

SRIE 2 2 MR EEREI L 724 [ O Y LTIV T,

BERFANSNTX724H CCD B AFICLD Mg A
Z v D BRI & D2 EER] T4y 7 SIN
ERFERL T E 2o 12720, G HB IR DAL
BIFAHAKE, BEFOOE—LH A ZORIEITE 1
D H Scraper 2 2 MV Scraper Z K2 W T{T o 7=,
F1LIZINHOERIZHAH L7z S-LSR L —H—iH)
ROEFTNT A —FEFHGFE LT,

R e — 2% A4 XOWPET, FTe—2%4
ZOPNE AT 9 K EXNTEE S DAY L—r3—%
FaICE—AHLUEICESIT. E—ARERIZRKDbR
HAEZBIE L, Zh% Closed Orbit Center & % %
%o DOWTZONMENS DAL SE, BALE
TOE—LOEFFERZWEL, ZhEH 4 IR
X 512 Gaussian Fit 47\, B —A4¥ 4 X (lo) %
RKO1Z[6], Z 9 Lo mE L UOUKFET7 1m ORI ERE R %
5RO 6ICRKRARLTZ, (B—AhH A XOHE
AT A ELICHE L TR, AFRSR R
X —% v g WEPS016 [6] 2 B S 7=\, )

INLOT—ZMNH KRN, BEMGHEHIC
1x10° DL EDO b — A ICE L TIZ IBS Ik b b —
T4 VTR B — AR OB RIS DA%
FRIToExD ERTENG, 2, Yo o/urbiry

L] Laser On(nus=0.072 6/26)

T ® ___.-0' A
£ Le1” I e
3 *Te I
Y- R S P A I RN TS S I R P
2 R B S, .
g A
g .
FE £ -0 L
S. =1 Y emmee=
5 e
o | Ya -
T
g n
§ os

1.00E+04 1.00E+05 1.00E+06

Particle Number

X 5 TEHEAFME—LY A XDORZ L —' 72X 5
B B S AR A1

Fa—rDOR—F harFa—rLpIE, g
&k D=L A4 XDFEX, SBRC 2 X 5 MHEARE
FHH L —F—mHOPRLEZZ NN, Z0OE—
LPRE O TIX, ZORFEIT IBS (X85
L—YP—IHHSE (L—%—O0ff & L —H%—0n Tv,
28 0.038 OIFEEDFE) I L TEETVSRANS
<. FhBREHEMRE ML —Y —HmHE2EBR LT
E—ARX RN T EFRBATLHZOIZIE, LD WVoF
IO —LBREOKRBEET DI ENRFALNI -
7=,
FIGBRARIZEBRERNOHEZT TO L Z AT AN
S-LSR @ *Mg'A A > B — 2Tkt L CER L2 b
RV E— 2R EIX, 10° B0 B — A5 E DKk T.
E— ADOHEITH I, K, BEOKFAICK LT
Fex~20 K, ~40 K, ~50 K TH 5 Lfi L T\ 5%,
LH% L0 O — ATRE OBLAKE O\ & X
V. SIN & L THEZR DKL — AR EEHEE TO
MR T L — Y —mHE2Z(TL, Vo7 HhEE
A9 5 E—Ah A U 7 ORI HRER L 720,

4T T T T T

T T
Laser ON v =0.072 +—m '
. Laser ON v =0.038 +
35 Laser OFF v =0072 +—e—
— if
H
é 2.5
= .
2 2
z .
3 usf [ 1
E * | * F
2 ! T i 1
g 1 % i
= 05 g ! :
T 1 .
il Lo
0.5 - - -
gt 2ae® sart pag® 20 510 1x10°

Particle Number

K6 KFEFHEE—2F A XDAT L— L7
12 L B IR AR A

Bt

AWFFE L SCE R 248 D et/ N INE 2R D 72 6D D B
FeffiB R 2, mHRFE 7 0 — 3L COE 7'r 7T A
g & BIRAED S SIS ) OB
B TiThbinT,

SE X

[1] A. Noda, Nucl. Instrum. Meth. A532, 150 (2004).

[2] T. Shirai et al., Phys. Rev. Lett. 98, 204801 (2007).

[3] M. Nakao, et al., Proc. of IPAC’10, Kyoto, Japan, 855
(2010) and M. Nakao et al., submitted to Phys. Rev. ST-AB.

[4] H. Okamoto, A. M. Sessler and D. Mahl, Phys. Rev.
Lett. 72, 3977 (1994).

[5] Y. Yuri, H. Okamoto and H. Sugimoto, JPSJ, 78,
124501 (2009)

[6] H. Souda et al., WEPS016 A% 7 1y —F ¢
7R

- 74 -





