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Superconducting Analyser for MUIti particles
from RAdio Isotope Beams  with 7 Tm of bending power

SAMURAI(7)

¢ designed/built primarily for kinematically complete experiments at RIKEN RIBF

(invariant mass spectroscopy)

e Time line
¢ Construction period :  FY2008 ~ FY2011
¢ SAMURAI magnet :  ~Jun-2011
¢ Commissioning run : Mar-2012

¢ 3 physics experiments : May-2012

Invariant mass spectroscopy
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Physics Interest

¢ Coulomb breakup reaction : excitation via virtual photon (“y”)

e (y,n)-type, neutron-rich nuclei

elight-mass region : non-resonant excitation, single-particle orbit, "“r "
halo neutron correlation 9B+Pb(y) — "B+2n

sheavy-mass region : collective excitation, Pygmy dipole resonance (PDR)
neutron skin Giant dipole resonance (GDR)

76Ni+Pb(y) — *Ni+n, 7¥Ni+2n
* (y,p)-type, proton-rich nuclei
e inverse reaction of (p,y) for astrophysics 05 As+Pb(y) — “Ge+p (?)
¢ Nucleon-removal / knockout reactions :
unbound ground state beyond the drip line 2Ne+C — 200 — 2*0+2n

e Direct reactions : (p,p’), (p,n), (p,pN) ... decay tagging with missing-mass method

GTR, ... 4,)<~) 64Ge(p,n)
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Experimental requirements

e Acceptance for projectile-rapidity nucleon
e angle : O < £6 (11)°
e momentum :  Ap/p < £13 (24) %
for Ere1=3 (10) MeV @250MeV/A

i.e. large angular/momentum acceptance for p or n

® Resolution for Miny

¢ Resolution for PID(f)

o rigidity(f)

rigidity(f) velocity(N) angle(N)
P
(or~250psec ox~5cm @10m )
* often limited by target thickness
@R ~2.2GeV/c

Magnet Design Principles

* Large field integral

¢ Small fringe field

e Large opening
for neutrons

e Flexibility

* good rigidity analysis, AR/R~10-3,
e charged-particle sweeper

% BLunax=7.1 Tm (Bmax= 3.1 T)

e target detectors : B <30G

% enough Iron
% Field cramp

* Ou(n)~£10°, OBv(n)~£5°

% Large pole gap (80cm)

Y% Shape of return yoke & vacuum chamber
e for various experiments

% Rotatable base : -5° ~ +95°

. - % Hole in the return yoke : 400 x 400 mm?
o velocity(f) or e energy(f)
@p~06 @ E ~30 GeV
Superconducting Magnet ~ HISS @LBL Magnetic Field
4K cryocooler: H-type superconducting magnet O Design principle : high magnetic field & low fringe field

s\ pole : diameter : 2 m o hi 570 ¢
cryoco;ﬂe;for\. gap : 0.8(0.88) m . ucslz ?H(I:g iron (~ )
power fea .Field: 31T add field cramp

LHe vessel/ EEX 1€ 71T
cryocoolers for ) SLlm Central field

thermal shields M.M.Force : 1.9 MAT/coil
/ 3411 turns x S60A
vacuum

chamber stored energy : 33MJ
coil : 180 x 160 mm?
coil

(with cryostat; not shown)

current density: 66 A/mm? (NiTi/Cu)

weight: 600 (567+8x2+14) ton
company - Toshiba
Cryocooler (x14)

@4.2, 20, 80K

on Rotating Base :
-5° ~+95°

Fringing field (central axis)

Magnetic Field
at center
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Magnetic Field - 2
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O Magnetic field at target / target detectors
Central field : 0 ~30 kG

Fringe field : -0.1 kG ~ +0.1 kG

o -100
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=10 _300

%9400  -300 -200 -100
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B~-20+10 G @Target position +Im

iron shield necessary
around Nal(T1) y detectors [DALI2]

Vacuum Chamber & Exit Window

Poster : Shimizu Y.

« Charged particles /

¢ opening : 2940mm(H) x 400mm(V)
* 0.3mm' Kevlar (~16mg/cm?)
+ 75um' Mylar
Neutrons
¢ opening : 2400mm(H) x 800mm(V)

* 3mm' SUS
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SAMURAI @RIKEN RIBF (RI Beam Factory)
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Experimental configuration

(v, n) : neutron-rich side

90
30deg ‘ 90deg

pol. d

30deg

(v, p) : proton-rich side

EOS

Odeg

@ ); (1), (p:pN)

45deg
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Experimental Setup @Mar/May-2012

(Y,n) type setup

RI beam ‘
~250 MeV/A \ /

0 Sm

NEBULA

Setup : upstream

. .
.

BPC @F5 .

SF13A,B

ED ' BD_C]
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BDC2 / neutron
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Poster on DALI2 by S. Takeuchi

Setup : downstream
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Detectors Position, Ionization, Scintillation detector
Name Effective Area | configuration |#Readout ch Data gas
BPC 240 x 150 2x 128 T(2) i-C4Hio 50 torr
BDCl1 80 x 80 4X4Y 128 T(2) i-C4Hi0 50 torr
BDC2 80 x 80 4X 4Y 128 T(2) i-C4Hio 50 torr
FDC1 3109 6X 4U 4V 448 T(7) i-C4Hio 50 torr
FDC2 2200 x 800 6X 4U 4V 1568 T(25) He+50%C2Hs latm
ICB 140 x 140 10X 10 A(l) P10, latm
ICF 750 x 400 12X 48 A(2) P10, latm
HODF 1600 x 1200 16 32/32 T(1) /A1) 10mm!
HODP 1600 x 1200 16 32/32 | T()/AQ) 10mmt
SF13 A/B 120 x 120 2 4/4 T/A 0.5mm'
SBV 100 x 100 1 2/2 T/A 10mm!
NEBULA [ 3600 x 1800 120 (N)+24(V) 288/288 |[T(10)/A(10) 120mmt
DALI2 13 rings 140 T/A 4o<g§i$i1 “




Beam Proportional Chamber (BPC)

* Momentum tagging

@F5 momentum dispersive focul plane

Type :
Effective area :
Configuration :
Anodes :

Gas :
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4mm-spacing MWPC
240mm(H) x 150mm(V)
XX

128ch= 2 x 64ch/plane
i-CsHio @50torr

in F5 vacuum chamber

Efficiency [%]

BPC - 2 : Response for Z=2~8

0 Pressure= 50 torr, Ep=250 MeV/A, Vin=-0.4V

7=6

7=2

HV [V]

D~33mm/%

1560
1540
1520 : §
o ’ 1 e
1480 1j f .
1460 .
1440
1200 12040 12000 T

1D=24N=43450
Xf5*R

1460 F /
1440 7
12020 12040 12060

ID=29,N=64
AVX Xf5*R

D(F5)~ 29.4 mm/%
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Beam Drift Chamber (BDC1, BDC2) BDC - 2 : response for Z= 1~8
* Beam Phase Space measurement o Pressure= 100 torr, Ey=~200 MeV/A, Vin=-0.8V
Drift distance :  2.5mm
Gap : 2.5mm _ * Detection efficiency
Effective area: 80fnrr'1 x'SOme g_ 7=6 7=1 stable plateau, e~100%
Configuration: xx'yy'xx'yy' (8 planes) o * Position resolution ox
Anode : 128ch / chamber R
Gas : i-C4H10 @25-100 torr S B 30(_) pm — < 200pm
connected to beam pipe Z % * Tracking efficiency
120 A~ €>99.5%
e ﬁ1 * AE information
e 16 planes averaged
‘ X y ;HfH‘ r 7=8 moderate Z resolution
o B fi;'\ e ﬂ g 7=6 ] 778
B et i) = . ,
o D 1 A T»H:H @«[ G S1E . § 7=3 . :
1 | I &
By b i i 5 - 3
o _1© ) © o 1000 |
S — ; ]
i =T
@ HV [V] g g
AE(BDC12)
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Forward Drift Chamber 1 (FDC1)

* Fragment Phase Space after target

Drift distance : Smm

Gap :

Smm

FDCI1 - 2 : response for Z=1~8

o Pressure= 50 torr, Ep=200 MeV/u, Vin=-04V

* Detection efficiency

stable plateau, e~100%

Effective area:  310mme [620mm(H) x 340(V)] = _ =1 . .
Anofcje: 448 = 14 x 32ch/plane | = Z=6 * Position resolution oy
Configuration: xx’uu’vv’xx’uu’vv’xx’(14 planes) = —
Gas: i-C4H1o , P< 100 torr -8 309 pm —> <200pm (z=6)
connected to upstream/downstream vacuum 2 % * Tracking efficiency
é é €>99.5%
] * AE information
T e kZT ) 14 planes averaged
K ‘ ] 7-8 moderate Z resolution
- oi o =6 2 7=8
B EI e TP g 7
R T e s T e = - s 3
& ] 2
o o e o d ) = 10 F
e % ] i 2 7=3 7
TR | = f
e (IS ./ Pl o =1 1
2 HICNSE L 18 1
HV [V] "AE(FDC1)
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Forward Drift Chamber 2 (FDC?2) FDC2 - 3 : response for Z=3~8
* Momentum reconstruction : after Samurai magnet 0 Ey= 200 MeV/u, Vih=-0.8V, Gas= He+50%C2Hs
o ’ ’ * Detection efficiency
Drift distance : 10mm (hexagonal)
Configuration : xx’uw’vv’xx’uu’vv’xx’(14 planes) g P— stable plateau, e~100%
Effective area : 2.2m(H) x 0.8m(V) x 0.8m(D) = . 7=6 * Position resolution Ox
Anode : 1568 ch (112 x 14) & o 00 100
Gas : He+50%C2Hs (or 60%CH4) @1atm R o o ot Y Hm = ~100um
L/Lr: 0.9x 103 .*g % * Tracking efficiency
A €>99.5%
* AE information
7=8 14 planes average
moderate Z resolution
S 7=6 7=6  7=8
@ ,,,,, o
5 7=3
E
o
HV [V] e
AE(FDC2)
23
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FDC2 - 4 : response for high Z (8 ~36) @HIMAC

* gas : He+60%CH4

3500

<9 HV @50%
—e—HV opt

efficiency

100

Ion Chamber for Beam (ICB)

* Multi-Layer Ion Chamber : dE/dx (beam charge)

Configuration :
Effective area:
Gas:

10 anodes+11 cathodes
140mm x 140mm x 420mm(D)
P10 @latm

better resolution than 2mm! plastic
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Bsy=3.0T: 101L1214Be R=2011 MeV/c +17%

3000 4 80 [236] B
~ optimum HV % | Preamp : Tdecay= 10 s
E 2500 ] > G‘i7govi f ~800V ] Shaper : 7= 0.25 ps, unipolar+active BLR
o z_b i cw(zﬁ?) o] ;‘3; wo L H el w(MIP)
R . [4/ AEGKD) ]
1500 |- ‘ ‘ I I ‘ © ""0— ".‘,O ] . 4:,‘{ AE(:0) 20 ‘
200 T T T T T T T T ' e
* f’-(M|P) 20 |- resolution "1
L N position resolution - B KAMIP) ©
5 G at optimum HV sy —e—mip ]
E 100 ‘o, N — % I;?l
K ‘\\ Cl(z=17) %00 ﬂfq; 9
5 ... o 2 AT
MR =
—a—232
—e—236
0 . ‘ \ . ‘ : . o Lo ! . ‘
0 5 10 15 20 Z 25 30 35 40 1500 2000 HV 2500 HV[V] 3000 3500
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ICB - 2 : response Bp scan & Rigidity reconstruction
* Z=3~8 (A/Z=2) @250MeV/u * Rate dependence
SRC
6000
i Z= 250 e +kHz
i f o ’} \\ i Rigidity
5000
i 150 i BIG RIPS  tag (BPC)
[ o0 | P . : SAMURAI
4000 - 00 K H : B .
26 H ) I Fl=+1 mm’ : : 5 .
B 0w [::} s AR/R~ +0.05% TOF(F3-F7) ) TOF(F7-F13) ) e
» : D~ 23 mm/% L~47m Rg L~3Tm <"¥Rsm
=7 000 A 0.2 MHz
2000 2500 ;“1[[
/ f\ ] fzz I * ARp/Rp ~ £0.05% (F1= £1mm)
TR TR ow L\ 16% pileus with TOF(F3-F7) & TOF(F7-F13)
/ piieug
i 50 00 150 200 250 300 350 ’0 0 100 150 zo/ 250 300 350 400 450 500 Bsm=20T: 10.ILI2I5C  R= 1347 MeV/c £21% BDC1,2 FDC1,
AE (ICB) AE (ICB) Bsu=2.5T: 12151617C  R= 1676 MeV/c +18% b
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Magnetic Field & Detector Position

Poster : H. Otsu
Detector position meas.

R T .

\,

BDC1 BDC2 target FDC1 “~e___—="

check

* Magnetic Field scaled

£(2.0T)= +0.45%
£2.5T)=+0.35%

Rigidity Resolution (& deviation)

e Rigidity Reconstruction of SAMURAI

R

BDC2 tari_;et

X, X’ matching f(3.0T)=+0.10%
FDC2
j ] s(ax) 2.0T] : e s(dp) 207 | with TOF(beam) correction
= s2sT|] g --@--s(dxp) 2.5T s ‘
Eloe . . Ecikioi [ oo’ e Resolution —@—resol_cor 2.0 " Deviation Magnetic Field scaled
s 0 q 09 o 5 —e— resol_cor 2.5T ||
§ 4 L J I L] g ®ee 86 0 o o o —e— resol_cor 3.0T 0zl f(2.0T)=+0.45%
23 cece o, &, ©e0® o 4 0y I N ilgliiiﬁi:ﬁ?ﬁg% o f2.5T)=+0.35%
; i 05 sy, © --e--resol_unc 3. . - i
, ! g N o .. . .d £(3.0T)=+0.10%
§ I =5 o 5 [ B o
deviation : AXrpc2 | deviation : Afrpc2 *ADevmtlon E who, o N § oL 20Te®  ssTed  a/301
2 ~ . ® o o ° ]
5 23T LR 25T X Sfmm %' . h LIS o 25T 30T ¢ o g [ ¥ / f
= o o . g . o(Ax)=2~6 mm ) eCe 0 ce a0 0 0o 2o « "
£ 201 i . E Lo e o * .°° Ax~=lmrad U 4 o2
s 5 A ° . 0.05 H .« 4.
g’ ° * 3 §° o . e 6(Ax’)= 1~2 mrad deviation~ +0.1%
g . . 0T § . . ® 30T - 02 [ =
£ .- AN on/Re-0.07% for .
si® o. for AR/R~ £20% o g AR/R~£20% | = <7
2 OIOOO 1200 1400 1600 1800 2000 2200 2400 ° 3|OOO 1200 1400 1600 1800 2000 2200 2400
Rigidity [MeV/c] Rigidity [MeV/c]
1000 1200 1400 RI‘g(‘S;)IOty [M::/O/Oc] 2000 2200 2400 71000 1200 1400 R;gGIOdey [M‘eﬁejc] 2000 2200 2400 * at 1east’ ]nside the phase Space tested
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NEBULA : Large Area Neutron TOF Array NEBULA - 3 : performance by R.Tanaka (TIT)
Slat(neutron) :  12em(D) x 12em(H) x 180cm(V), 30 slats/layer, 4 layers O Detection Efficiency, Energy Resolution
Slat (veto) : 190cm(H) x 32em(V) x lem(t), 12 slats/layer, 2 layers "Li(p,n)’Be(gst0.43MeV) @Ep= 200, 250 MeV
Effectlv.e area: 3.6m(H)x 1.8m(V) e Liop~ 11 m O TOF Time Zero
Total thickness : 48cm Ot 10°. Oumsts® C(CyX) @E(1*C)= 240 MeV/A
® Oy=+ =+
Efficiency : e(1n)~ 40%, e(2n)~ 12% HER TV
Proportional tube for position calibration : 50¢ x 4m, x16 * TOF - Pulse height
HHH ;
15C+ Cu— y "Li(p,n)’Be
FEFEEEEFEFEFEFFEFFFFAFFAT }
2
2
TOF (ns) TOF (ns)
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NEBULA - 4 : Time / Energy Resolution, Efficiency % tanaka (TIT)

Invariant-Mass Spectroscopy (check) - 1 : 20 by Y. Kondo (TIT)

Preliminary e 26F +C — 240 +n
%y ray from C('*C,yX) * 7Li(p,n)’Be 200MeV B < 40 mrad e beam: Ep~215MeV/u, Ig~2.5kHz
Preliminary Preliminary Preliminary * target ;2 g/em® C
2, - > eRelative energy distribution ¢ Previous data
S = 2 £=32.1(4) %
> 174 = o=340ps =2 6MeV 20F+C — 240+n Ep~ 215 MeV/u 26F+Be — 240+n Ep= 85 MeV/u
1] 0=174 ps ~ = - =2.
g g 3] Preliminary sor
: : :
3 3
> 60
5 ol Tl
§ Decay energy (MeV)
time (ns) time (ns) energy (MeV) © w0l
Vin(soft)= 6 MeVee i
.. . 0.0 3.0
Intrinsic resolution Neutron decay energy (MeV)
1 o=171
y ray . c[_ ps ) ) Evt [MeV]
200 MeV neutron : 6=263 ps, 6,/p = 0.57 % % no empty subtraction C.R Hoffman et al., PRL100, 152502 (2008)
E(*F)= 85 MeV/u, Ig=20Hz, @NSCL
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Invariant-Mass Spectroscopy (check) -2 : “Be by R. Tanaka (TIT) Detectors to come
o 14Be + Pb/C/emp — 2Be + 2n ¢ PID of heavy fragment : ~FY2012 o 3 TED
ebeam: Ep~215MeV/u, Iz~ 50 kHz ¢ Total Energy Detector (TED)
o target : ~2 g/em? Pb, C * Total Internal Reflection Cherenkov Detector (TIRC)
eRelative energy distribution (no empty subtraction) ¢ Previous data 0a~0.2 for A<100 p)
VP
Eg=215MeV/u 14Be+C — 2Be+2n Ep= 68 MeV/u
14Be+C — 12Be+2n Preliminary ~150] (a) *(y,p)-type experiment : ~FY2012
>
2 Eri=0.28+0.01MeV o Si-strip telescope : col. w Texas A&M
N
2100 e Proton Drift Chamber (PDC) : 1.7m x 0.8m
Ere=0.29£0.01MeV g
o= 0.10£0.01 MeV 5
&y 50
N § f PDC
_g SR YA A\ ¢ TPC : ~FY2013, col. w MSU
14 12 Preliminary o Tl
Be+Pb = PBe+2n ’ 00705 10716 2.0 26 5.0 Poster : T. Isobe  TPC
E rel (MeV)
T. Sugimoto, et al., ¢ High-efficiency y detectors :
Phys. Lett. B 654 (2007) 160 « budget approved, in few years
o(E,)~ 0-19\1 E,.
Fwi [MeV] at both energies
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R3B-GLAD Spectrometer @FAIR/GSI

: comparison

* Superconducting magnet (SAMURAI)
® Binax : 24T (3.1T)
e Field integral : 48Tm (7.1Tm)
e Stored energy : 24MJ  (33M))
® Imax : 3700A  (560A)
o Total weight : 50t (600t)
¢ No iron + active shielding (Iron+Field cramp)
o tilted coil (parallel)

e Fringe field @target: <200G  (<30G)
* Resolution/ acceptance

* Rigidity resolution :  0.1% (<0.1%)

¢ Ang. acceptance : +80mrad (£5°)

e H/V angle resolution : 1 mrad (1 mrad)
* Tracking Detector

¢ Diamond, Si-strip, fiber det : (gas det.)
* Beam energy

e <1.5GeV/A (<340 MeV/A)

X less kinematic focussing

X charge state problems
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Summary

* SAMURALI Spectrometer : construction finished in 4 years (FY2008-FY2011)
e system tested in commissioning run (Mar-2012) : basic properties are reported
e magnet : BL~ 7 Tm @Bmax=3T
¢ high field for rigidity analysis & sweeper
¢ low fringing field for target-area detectors
* large opening (Ou<10°, v<5°) for projectile-rapidity neutrons
e Tracking detectors :
* more or less, conventional type : 6x <200 um — or/R < 0.1%, R<2.8 GeV/c
¢ Neutron detector :
« high efficiency & cross-talk rejection for multi-neutrons
¢ Invariant-mass resolution : ~same compared with @60 MeV/u
e 3 physics runs performed in May-2012
e 9B, 22C, 260-region
 combined with high-intensity primary beam from SRC/RIBF

e gain > 1000 compared with previous facility

SAMURAI

* built primarily for kinematically complete experiments at RIKEN RIBF

(invariant mass spectroscopy)
e Time line

¢ Construction period : ~ FY2008 ~ FY2011
¢ SAMURAI magnet : ~ Mar-2011

e Commissioning run: ~ Mar-2012

¢ 3 physics experiments : May-2012
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