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Az4 Systems and T=3/2 3NF

« Binding energy for Az4

— Two nucleon force only
 Significant under-binding

— With UIX three nucleon force

» Close to experimental values

« Still under-binding

* |sospin-dependent
three nucleon force

— lllinois three-nucleon forces (IL2/4)
« To describe neutron-rich system

— Repulsive in T=1/2
— Attractive in T=3/2

Experimental information on

Tn
A=3&T=3/2 systems are important  (&;----- J\
=1/2 /2

S.C.Pieper et al. PRC 64(2001)014001.
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T=3/2 Three Nucleon Forces and Resonances

 Recent Faddeev calculations for T=3/2 4. temmdan, w.élockle, and H.kamada

three nucleon system (3n) PRC 66, 054001 (2002).
— Only two-nucleon forces are considered

. J©=3/2- -12.13 -i37.96

. Ji=3/2" -10.30 -i33.20

.« Ji=1/2- -20.38 -i45.27

.« Ji=1/2* -14.29 -i48.34

— “"NO” three nucleon resonances

« Existence of T=3/2 three nucleon resonances
= Existence of T=3/2 three nucleon forces

* Information on T=3/2 three nucleon resonances
(Position and width)
= |Information on T=3/2 three nucleon forces



Previous Study of 3p Resonances

and 2p correlation effects

* Production of 3p (T=3/2)
— 3He(p,n)3p at 48.8 MeV
« Comparison with 4-body phase space: . ‘

calc. would be inappropriate
— 2-protons in 3He form 'S state

« Strongly correlated
« Act as 1-body ?He

C

-

v
N
Excess from 4-body phase space
=2p correlation effects
(NOT 3p resonance) y

*He —
2@ . P
-> PP
u""'l""l""l""l""l"".
| g=20° 3P resonance
10F

d®s/d0dw (mbsr~! Mev?)

L &

() & 10 15 8 2 %
Energy transfer o (MeV)

L.E.Williams et al.,PRL 23(1969)1181.
M.Palarczyk et al. ,PRC 58(1998)645.
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Coordinate System and
Polarization Observables

« Coordinate system

N’ // kXK’
— Longitudinal (k-direction) N’ XL’ //SV,\I/VL’//’"
— Normal (to reaction plane) N/ kXE’
— Sideways S/NXL e
« At O degrees ‘ :' o
_ L= n L/k Vi
- N=N=8=¢ e

— Only L and N are meaningful
« Spin-flip probability S; and polarization transfer observables D,

+N A +N
L — Normal spin-non-flip prob. :8,.=0 | v S;,=—-1-D;)

NN

+N
$ ) — i Normal spin-flip prob. ¢ aS=l v S.; depends
-

on reaction
o tL +L Lonsitudinal spi . b S =9
P> —> ==P+» Longitudinal spin-non-flip prob. : S, = v S, v =Sy =0.5

P> —> < rom symmet
-ps» —> <«P—  Longitudinal spin-flip prob. : 8 =1 fi A% ry 5



NN Scattering and Polarization Observables

* NN t-matrix (scattering amplitude)

— Franey-Love notation . :
Central  Spin-orbit

tw(Esq)=AP;+ B'P, +C(0,+0,) n
+E'S;,(9)+ F'S,(p)

Tensor
— Kerman-McManus-Thaler notation

tww(Esq)= A+ Bo, no, n+C(0,+3G,)n

S, (1) =36 05, ii— G, G,

+E51°652°6+F5'1°1’\75'2°IA’
. Crodss section and polarization observables
9 E,q)=Tr(t't)=2A+ B* +2C* + E* + F?)

dS Tr(t*0,-n tG, - n) S -
D, (E,q)=D.(E,q)= Tr(c'7) Ul’i(_j’l’j=i8ijk0'k+(5ij
A*+B*+2C*-E* - F*? {isjak}={n9p9q}
T A+ B 42CT+ E* + F?




Power of Polarization Observables

~ Filter to Spin-Parity, ,, . ... ;.."5 500146
« Resonance has definite spin-parity 2C(p,n) N at 296 MeV and 0°
— J7 sensitive probe is useful to identify resonance , 4 _.
— Polarization observables are powerful
« Sensitive to spin-parity
« Example for 0*— J* (AS=1) transition
— PWIA with central only
D, =2 (28 =S, =5 (1=2Dy + Dyy)

gy
=)

1
DT = SLL = E(I_DLL)

Cross section (mb sr-! MeV'l)

1* 0.33 0.67 0.50 =TT T T T

0- 1.00 0.00 00 Y or il

NNCRT bet +++ |

1- 0.00 1.00 0.00 oot 4T aatetey 4 ate g

2- 0.40 0.60 0.66 00— — = o 10
QES 0.20 0.70 0.29 Excitation energy of *N (MeV)

Significantly different

[ ) ;




Experiment
RCNP Ring Cyclotron Facility

Polarized proton beam
*T,=346 MeV

., 60 mm BLP2
M| Cooled Gas

-l

Cooled Gas Target (*He

~11mg/cm?
(T~25K, P~2.5atm)

2000000009

SOL1 & SOL2



Neutron Detector/Polarimeter NPOL3

T.W., Y.Hagihara et al., NIM A 547(2005)5689.

Veto/CPD .... Veto/Identify protons

HD .... Neutron scatterer (analyzer)

Catcher .... Detect recoil protons
Left/Right asymmetry

— Neutron polarization

*H(p,n)

@® Present data-
O LAMPF data
— Fitting

-0.2

-04r

D (0°)

-0.6

~0.8 ] 1 ] ] ]
200 300 400 500 600 700

Incident energy T, (MeV)

M. W. McNaughton et al., Phys. Rev. C 45 (1992) 2564. J
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Results

Background Subtraction
* High S/N compared with Indiana data

— Thanks to relatively thin Alamid window

« B.G. including narrow peaks and broad bump (SDR)

— Successfully subtracted without adjusting relative normalization
— Demonstrating reliability of our data

30000

1] I I
13p rest mass (E,=0)
25000 - 512C(p,'n,)12N(g.s.)

20000 |-

SHe(p,n) at 200 MeV at Indiana

15000 -

o
-

Yield (a.u.)

LA
o
Il

10000 [~

5000 [~

e
L

normalized yields
M
O

0 0

0 20 40 60 —20 —-10 O© o 20 30 40 50 60
Energy transfer w,, (MeV) E, (MeV)

Our data Indiana data
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Results

Polarization Observables
« Comparison with QES o ot
— Free NN values (w/o medium effects)

 Blue curve
— Phase-shift solution FAQ7

o
[y
o

)

Dyy I (mb/sr/MeV
o
&
I

« Cyan band 0.00
— Modern NN potential —0.2
(AV18, CD-Bonn, Nij93, Paris) :g:':
— Significant deviations in D;, and D, /D; 08— : I : :

ozl | @ h
[ q:}_gi: ‘ ¢00L00' :
« D,/D; for resonance I S S U S
- QES(B.G.) D /D;=0.4 § g:‘ " $000 .40 ]
— Exp.(B.G. + Res.)D,/D; > 0.5 s 4
Resonance D, /D,> 0.5 Yo 10w w0

Energy transfer w,, (MeV)
11

= Determination of J©




DWIA calculations with dw81

Spin-Parity of Resonance

— Optical potential
« Global potential for *He

- N

* Reasonably reproduce our A, data

N t-matrix

 Franey and Love at 325 MeV
— Transition matrix element

» (G-matrix effective interaction for A=3
— Hosaka et al., NPA 444, 76 (1985).

. 0s-Op-1s0d-0f1p with OXBASH

Final J* | Dy(0°) Dyy(0°) DJ(0°) Dy(0%)
1/2+ -0.19 —(0.58 0.20 0.79
1/2~ —0.11 +0.18 0.35 0.41
3/2+ -0.15 —-0.65 0.16 0.83
3/2° +0.16 -0.33 0.09 0.67

L) 1 1 ] 1 L) L) ]

1.0 .

. 4

[ ]

[ ]

3 . 4

05 .

]

[ ]

L L] Y

[ & ° ]
< 00

! N

[ ]

]

]

o

°He(p.p)
v} T, =346 MeV
1 1 [ 1 1
0 10 20 30 40 50 60 70 80
Ocm. (deg)
1.0
®
08 -1
Exp.
& 06 5
Q
\ -
~
A o4f
®
0.2 @]
@
0.0 1
g 1/2* 1/2~ 3/2* 3/2"

Resonance J™=1/2"
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Energy and Width of Resonances

« Assumption

— “Incoherent” sum of Res 1/2) and QES T
Resonance E
eXp(OO) — 0,1/2 (00)+0,QES (OO) 'i‘h
exp (OO)Dexp (00) é
_0,1/2 (OO)D]IV/]\Z; (00)+0.QES(00)DQES(00) :
T (09)DP (0°) 3
— 0,1/2_ (OO)D;I/LZ_ (OO)+0,QES (OO)D?IFS (OO)
— Bright-Wigner function (with Phase-space)
1/2° o A F/z Qq
o (0°)=— >
7 (w-m,)" +(T/2)
Data Fit range Central Ex FWHM | &
(MeV) (MeV) | (MeV) E,
This | <30Mev | 1641|1041 |1143
work
Williams et al. (I ) 9+1 10.5+1

0.16T

e
[y
o

0.

Q

LML
-0

0 10

50
Energy transfer w,, (MeV)
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Summary

First measurement of complete polarization transfer D,
measurements for 3He(p,n) at 0°

— Clean measurement with high S/N (~06)

— Highly precise and reliable data

Signature of T=3/2 resonance in D, and D /D
— Spin-parity 1/2

— Energy E, =10+ 1 MeV

— Width I'=11 %3 MeV

Future perspective
— Detailed theoretical investigations are highly required

14
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Three Nucleon Forces

C)’He
« Three Nucleon Systems '

————

— lIsospin T=1/2, 3/2
— T=1/2 system
* SHe, °H, d+p
— T=3/2 system
« 3p,3n (No bound state)
 T=1/2 system
— Scalar observables
» Binding energy
» Cross section
can be reproduced

by introducing three nucleon forces oo eabs0 014001,

-----

(=]
T

L 3H ‘He 0
| — 1/2* —_ 2 i

Energy (MeV)
&
|

|
-
o
1

How about A24 and T=3/2 three nucleon forces




Previous Study of 3p Resonances

L.E. Williams et al. ,PRL 23(1969)1181.

1.8

* Production of 3p (T=3/2)
— 3He(p,n)3p at 48.8 MeV

« At 6=60°(Backward angles)

— Exp. Data
= 4-body phase-space calc.

(n+3p)
< 3-body phase-space calc.
« At 0=20°(Forward angles)
— Exp. Data

> 4-body phase-space calc.

.g-.-

_8

—

d®0/d0dw (mbsr~! Mev?)
o
o
S
5
8
B
8

)
)
I

16 20 25 0 . ] 40 45

Excess from 4-body phase space Energy transfer o (MeV)

= Contribution from 3p resonance



SHe(p,n)3p at Intermediate Energies

G.F.Bertsch and O.Scolten PRC 25(1982)804.

* Physical B.G. at intermediate energies
— Quasi-elastic scattering (QES)

* NN scattering in nuclei

0.

— 3p resonance would be built on top of QES

n

_—7

[

Fermi-Gas model for QES

Effective neutron number (<N)

NN cross section

Momentum transfer

2
d'o N do S( v E)
OES cross section = IV ] - q,
dQdE aQ |, 7
‘ am Energy transfer
i 2mE (2gk|> 2mE +q*)
Response function S (q, E ) = < 3m 1, 2 ,
> —(—q —mE) /q (2gk ;| < 2mE +¢*)
(Imaginary part of Lindhard function) gk \2
Fermi momentum 5 s 2 s
((q [2-mE)" > kq )

\

18



Fermi Gas Response Function

« 3He in Fermi Gas model
— In momentum space: *He = 4nk:>3/3 (Fermi sphere)

— Neutron momentum k < kg (Fermi momentum) — ‘ne. "
* (p,n) scattering on neutron in 3He & 9 - -> Q.
@@ 0
— Target density in k~k+dk = 4rk2dk s,

— Energy E and momentum q transfer to neutron (n;p)

— Proton momentum k’=k’(q ,E) > k¢
(Outside of Fermi sphere for Pauli exclusion)

1 k* k' Numerical solution
S(qa E)=— <k ‘ k>5( + E - ) (Imaginary part of
N | 2m N 2m N Lindhard function)
Energy conservation
With condition of~|:' K < ke
e k' > k¢ 19



Comparison with Fermi-Gas Model
SHe(p,n) at 346 MeV (RCNP-E300)

k. ~=190MeV/c SHe(e,e’) =k =210MeV/c 0=0.17fm =k, =270MeV/c
M:- iso' ] v ] v ] v M:- ll.3°' ] M ) M ) M M:- 1l.3°' ) v ) M ) &
08 (Y] osl
'L 0.0 'L 0.0} 'L 0.0}
0 04 o 04 © 04 16° -
H L ol -
E oo} g oo} ,E 00} ———]——
E 04l 19° g o4 g oA 19° 1
08 o8 - (Y1 4
'g 0.0 i | "g o,o. — L 'g o,o. —f———
Eu:zz" 3“.‘23” ’ §°‘.‘22° ’
3o0s 3 oaf 3 Ao -
%, oof ——t— % oof ————] o« oof
04f 27°—Exp. - 04f 27°—Exp. - 04[ 27°—Exp. -
osk —kp=190MeV/c osk —kp=210MeV/c osk —kp=270MeV/c
0.0 | ‘Z “. | I -M o.o. | I -m
] 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Energy transfer w,, (MeV) Energy transfer w,, (MeV) Energy transfer w,, (MeV)
Si T QES Difficult to deduce resonance ]
information
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Significantly different

Power of Polarization Observables

Filter to Spin-Parit.yJ.Phys.Soc.Jpn

Resonance has definite spin-parity
12
— J" sensitive probe is useful to identify resonang\éx

— Polarization observables are powerful
« Sensitive to spin-parity

Example for 0*— J™ (AS=1) transition

— PWIA with central only

1 1
DL = E(ZSNN _SLL) = Z(I_ZDNN +DLL)

1
DT = SLL = E(I_DLL)

0.33
1.00
0.00
0.40
0.20

0.67
0.00
1.00
0.60
0.70

0.50

0.00
0.66
0.29

M.Dozono et al.,
.77(2008)014201

p,n)’N at 296 MeV and 0°

1«3* LR | IR |

*Hipn) 1 7
. 346 MeV :

[ 1 .

|
(=]
(o

Chass sectidy, (thifsd dMeMeV)!

lo
(=)
V%

o
PP

|
-

Dy/Dy

P === —re——

N —
“g% 4 05 @ 7 10g g5 40%0

Ex&RETHh téﬁﬁfﬁ'

o1 NMEIEV)
21
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- 3KTFR = o
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T=3203X N DFREIETH, s
RIBREN R0, RBET 4T

3SHe(p,n)3p R Ity
1Z/ i 3He. RID : (p,n) « FIRRE : 3p(T=3/2)
RAO—-%-FEEm X

EiEEtH (oY)
3p DEIBIKEDHEEZRAL T, KIBEENT=32D
MERTDEEZRRD,

D2 NDHDFE: LIFIKE
=>HISRELFR = MENDHR

T /2%

[ 2EhDH

| EER(E

i 3H AVm UIX Exp.
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EI/\] — “He(p,n)3p (T=3/2) T,=350 MeV

PRI RV — RICHEENER, EFMEHEL(QES)NE

(X£IBIRRE)+QES == QESOEdMNEE
JT)LS-HRER
(BFNMEEMNSTIIILESEETEFEO . R FRIBE/ERZTER)
HIBIKRE EENEFTH/
= ARAECEFHEBIT K) TITILI-HRIEEELLE

n/'
n @\A
& —>
wr-nruamEr 00, @@
2 EEE .
orsemm 47 eff("_") sa.B
dQdE "\ dQ |,
( 3m
2mE (2gk | > 2mE +q*)

dqk;

2

3m 1
- — 2_ E / 2 2 kF 2 E+ 2
(Lindhard B8 %k & &5) 4qk;[@ (zq m ) q] (24k | < 2mE +¢*)
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1)L - HAREE

SHe(p,n) at 350 MeV

-----
- ~,
. .~

[ — k,=210MeV/c
— ky=195MeV/c

0 10 20 30 40
Energy transfer w,,, (MeV)

60

- EEER

k=210 MeV/c From Indiana’s SHe(p,n) data

Ny=1.0 From ?H(p,n) data

.g"“'-"l""|""|""|""
— — o -
Nb 0.4 2L
'30'2.— =
00..|....|_._é.l....l....
B AN L R N I
04F 2'7° — Exp. -
0.2-_ — Calc. _
o.o.n_l_l_l_l_n_l_l_nﬁ
0 20 40 60 80

Energy transfer w, (MeV)l

13°TA—B— EEFEMTAIFEDRLEL

5 ENYERS

k,MDEWNT, QESOAREHEIAKEL
l‘iﬁmﬁ@ﬂmﬁiﬁf(m
HISIKRE DR (X R 2

0°lCHWNT, RIBEAEXTROIREERZENMT 5 & T,

T=3/2D 3 X% FZDILIEIRRE

AN B,
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QES — “H(p,n) D,

* 2H(p,n) HISKRED

W Tfzsb. QESD
o

BF BFHEOEET K osptie

H. Sakai et al., Nucl. Phys. A 631 (1998) 757c.

=
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Q

0.0F

0.0F
—0.5 pr+he
~0.5F
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-5 0 5 10 15 0 20 40 60 80 100
Wiap (MeV) Wiap (MeV)



d?0,,/d0dw (mb/sr/MeV)
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A TE 5 R

« SWS/NTHITE ICBLIh
* Renormalize’s U (E7 Lt &live ratiotb D &) T\
INy 020> RD5|EE(He = cell-empty) I B,

SHe(p,n) at 200 MeV at Indiana

40

g S
o

Havor foil

normalized yields

W(2.8%), Mo(2%), Mn(1.6%)

—20 -10 O 1 20 30 40 50 60
E, (MeV)

Indiana data

Co(42.5%), Cr(13%), Ni(13%), Fe(18.1%),
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‘HeDRT v I)LZERL
THep.p)DEIAZTHIH,
=41 . He(p,p) D EERES
BEMNS3HeADFERTY
Vad % AT

108

Oom (mb/sr)
T =

10-1
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/3
EI\J — 3He(p,n)3p (T=3/2) -t RIEE

e At 50 MeV

T D2KNDHDEHE :resonance $ 1] : t :

=resonanceM &l = 3RHRITDOHE 2 00 Mt 20°
Pauli b'°°k'"g SRR bng:: féjgt 7. 12 5 2 o

/ V QIA 21715&1‘55"’:?5 M, E" (Mev) \

- (Resonance®b.g.) 0 3%&%‘5

16 18 20 22 24 26 28 30 32 34 36 38 40
Neutron Energy (MeV)

3He

ff T ssLEE R :
------- Atlndiana 500 yey arse
Pauli blocking | Resonance £ \
- 5 08 2{R A HZEME
L. E. WVilliams et al % 3= ke £
at RHEL SR ] © o i
M. Palarczyk et al L %
at Indiana ZALSOR D) ? :E 3RGIHZEE .
0.0 - ; 1 ' \ \ o
SRR R — B e |
% Resonance ........................... go‘zgfr 4
L. E. Williams et al., Phys. Rev. Lett. 23 (1969) 20. onEiitese =

M. Palarczyk et al., Phys. Rev. C 58 (1998) 645.
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« BEDEER  II5 MDD 2/4KHMIMHZEME resonance X
3{A{RIHHZER  resonance o
EE5NQESOEEE UTIEENITDOI SR,

HEIEOADEEFTIE. QESORBELYIZKY
resonanceMBEDATEMEKX,

) KYFFMIFIRANBE

RIBEAE X TCEOHIEERERZEBINT 52 & T,
T=3/20D 3 %FRDOHEBIRREICET 2R =T S,
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{RineER Al =

E—LRIEBE FBBTR(D,) | RHEOAE B

!/ o
P =p;D;(0) beam s AEURE -1
hEFRBE  FEBTE 0 L EREE +1
(i=L,N,S) N (0°TlEDyn=Dgg)

BACBEE | D (0)——[1 D,,(0)]

WRACLBITR | D, (0 )_—[1 2D, (0°)+D,, (0 )]

4" | D, (0°) D,(0°) [D,,(0°) D, (0)
0 1 0 -1 +1
o 1- 0 1 0 -1
& ITTH R E o5 A5
(PWIAIZ& 28 (2 | 2/5 3/5
(AS=1)) QES 0.2 0.7 -0.17 -0.45

QES®MD,, D, : Free NN#%%LWE%EF"C;'I',%_I

SEER . SHe(p,n)3p (T=3/2) MrmE#E (0°) . D.(0°) ZHITE
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et sl
NPOLERIE — snmesmseszns

BB EEE RIES

5 (4

D, (0)|= (P €L)

Dy (0°)=\A, . J/(py - El)

o AWE@*T ERELIETFAE

*H(p,n)

s “ Our data
00000000 Q
Energy transfer w,; (Lzaev)
D LL (0 ) + 2D NN (O ) =-1 b Incide;::. energy T:oo(MeV) N
Ay = =2 -25Y 2 0.131£0.005 H(p,n) D IRIBH 1T &

D ZRUNFICRODH_ENTED,

BEDT—RE—H>FLMEEE 39
M. W. McNaughton et al., Phys. Rev. C 45 (1992) 2564.



REY - N F 1 BT BB
— DWIASTRE OB — -
HERTV v i
— ‘Helc T BEHRT YV vl (Clarketal) 5/ N e
_ SHeRSMEEELE 5 £ 2 Swem
NN t-matrix R
— Franey and Love at 325 MeV DWIAIZ &5 F AIfE
BEITIER o '
- RIEBFTE (oxbash) § °"’5;' I I 5 I
« s-p-sd ET/LZEE Q' osof 22 ek 2l il
+ Wildenthal(sd)+Millener(other) Int. | s ° R
-|J=5/2(2he )FT T% /2 (/2 6/2r B/ G2
EER(E & STEED LB (D, /Dy > 0.5)
J* = (1/ 2)_ Eﬁtﬂ}% M. A. Franey and W. G. Love, Phys. Rev. C 31 (1985) 488.

D. Halderson el al., Phys. Rev. C 39 (1989) 336.
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= e

1=

(RIS

e |nitial 1/2% .

[1LL

Final 1/2-

= A4JT=0" (Ai=1 ) “°°§ ”ﬂ“ ¢¢¢¢¢¢'¢ e V) RN
- 3
AS=1 o g}ieg_":%zauev
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Significantly different °

Power of Polarization Observables
Filter to Spin-Parity

« Resonance has definite spin-parity

— Spin-parity sensitive probe (filter) is useful

to identify resonances
— Polarization observables are powerful
« Sensitive to spin-parity

* Insensitive to other effects (distortion etc.)
Example for 0*— J* (AS=1) transition

— PWIA with central only
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