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Classification of nuclear direct reactions

» Nucleon reaction (at intermediate energies)

(p.p") (p.N) (N,p) « smallest distortion (cy, minimum @ ~300 MeV)
 exact treatment of single-nucleon knockon exchange (SNKE)
» well-studied effective interaction (medium effect), p-dependence
 extensively studied using polarized beams
* but low selectivity

» Light heavy-ion reaction
(®He,t), (d,%He), (d,d"), (a,,0"), (°Li,°He), (“Li,’Be), -

* high selectivity

* possible use of (tensor) polarized beams

 characteristic wave func. (not by shell model)

» C.C. with breakup channels

 sequential process ? (at lower energies)

 not extensively studied at intermediate energies,
although theoretical tools are well prepared !

» Heavy-ion reaction
12C 16Q), ....

* high selectivity

* proj.-target symmetric treatment w/ shell model
» small recoil effect

» C.C. with bound excited-states

 but complicated spectrum
A,B



(d,°He) reaction

’He = p-p in 1S,
measured by coin. detection of p-p with small relative energies
p-p FSI enhances 1S, amplitude (purity? — next slide)

v' (n,p)-type charge-exchage reaction (AT=1, AT,=+1)
with spin-transfer (AS=1; because d[1*] — 2He[0*])
v" involves only charged particles (primary beam)
— relatively high-efficienty & resolution

Suitable to extract ,-strength by do/dQ[q~0] o« F(q,w) B(GT)
and study of spin-flip dipole states by tensor-pol. obs.,
for (more) neutron-rich residuals, in particular.

At intermediate energies:
SATURNE (300 MeV/A), RIKEN (135 MeV/A), Texas A&M (64 MeV/A)
RCNP (100 MeV/A), and most extensively KVI (85 MeV/A)
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v'Data are reasonably well described
by 1-step Born approximation
v Norm. consts. are consistent
with those of (p,n) reactions

Adiabatic Coupled-Channels
Born Approx. (ACCBA)
H.Okamura, PRC 60 ('99) 064602

A(d,’He)B reaction

T= <\PppB‘V13 ‘(Pd XdA>

¥, 3-body wave func. is solved
by C.C. ['S-1D] with adiabatic approx.
Charge-exchange transition is

treated in Born approx.
SKNE by short-range aprox. (central)

Simple projectile form-factor
— advantage over other composite projs.




(d,’He) extensively used @ KVI, E;=85 MeV/A (AE~150 keV)
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- carries quantum numbers of &t
- purely sensitive to spin-longitudinal response
- direct evidence of t-enhancement at large q
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(Li,%He) E/A=100 MeV @ RCNP

B(GT)

looks like 1-step direct reaction
.+-- promising
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0.2

H.Ueno et al., PLB 465 (1999) 67
AE~400 keV, but w/ old operation of G-Raiden
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Other applications - ooy S S
of polarized lithium | 2 .5\
2*0 1.7
i o* 1 o*1 \\\ 4He+_p+n
(6Li,8Li[0*;1] y) - - - M1 excitation i SHe T=0.1
Ty i 7 c s i 30 .02
(‘Li,"Be y) (n,p) channel o 7 N
Li elastic-scatt./breakup - ° 3.56MeV T=0
- == reaction mechanism | . vo ¥
SLi

Spin structure of
cluster states, di-nucleon, ...?

p°Li] = pld) | QL) = S Q]
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5 Correlation density

S.Nakayama et al., NIM A404 (1998) 34.



RS 57Li E—LMNERERE
 MPI Heidelberg 1977~199?

Optical Pumping + Surface lonizer + Charge Exch. + Tandem

(Initially Sextupole Mag.)

°Li*: ~20pA , °Li:~0.3puA, °Li**: ~80nA p=80%  oct rumm
E. . =24 MeV

e Saturne 1990~1992
Sextupole Mag. + Surface lonizer + EBIS (5T) + Synchrotron

Dipole magnet

¢ Laser Diagnotics
SLi*: 20~35uA , (6Li%*; 7x 108 /spill p=70% / ()
pulse beam E. . =45GeV T s:§@w
magnel (medium fietd magnet

e Florida State Univ. 1991~ (active)
Optical Pumping + Surface lonizer + Charge Exch. + Tandem + LINAC
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RCNP @18 F O LAF 2 iIRETIE

Li3* is crucial for

Optical RF Pol. ECR
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Florida State Univ.

1991~

Ar + Dye Lasers (30~60 mW) + EOM

RCNP

TOPTICA DL100

Littrow-type ECLD
15 MW@671 nm x3
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1 for LIF

Feed-Forward [Piezo—Power]
— 80 GHz scan w/o mode-hop
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Total cross section: ¢ [mb]
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4He(6fi, a)°Li
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FSU, MPI-Heidelberg TEE#;

BIEBEt@AA IR

Ayy [QH(Gfi, a)a] = Ayy [GLi(cTj oz)o;}

by parity conservation

E, =11 MeV

®Li(d,a)*He

[ PRC55(1997) 1517

W
o
—

30 ub/sr
@ 100 kV

10

0 |
50 100

1501

0 200 400 600 800
Energy: E2® [keV]

1000

Veceer = +19 kV

—

Vv

V

acc.

target

' Secondary electron suppression

ta@et

Venetian-blind type collimator

0.4
0.2

ol
-0.2
0.4 |
-0.6
-0.8 | " " " . . . . .
0 20 40 60 80 100120140 160180
M.Yamaguchi et al. @Tsukuba

Neutron Generator (D+D)
http://www.thermo.com/

-80 kV

by 0.5~few kV




o T R TS A %7 (0, Ba) = 6(B;, A)F(q,w)B(GT)

[ZEALTaA R e.g. T.N. Taddeucci et al., NPA 469 (1987) 125
HE (RK) KDEEHT : 3
& Preliminary 7—%  Comparison: (°He,t) & (p,n)
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10000 [ —

IAS

1 smeared
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Good agreement up to GTGR region
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7o "(P,n) @ 300 MeV: 5 fm
-(®He,t) @ 450 MeV: 2 fm
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New °8Ni(3He,t) data: very preliminary

-

by courtesy of R.G.T. Zegers :
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Proportionality between q=0 cross section & B(GT)

7 (40, Ez) = 5(E;, A)F(4,0) B(GT)

T.N. Taddeucci et al., NPA 469 (1987) 125
Assumptions:

e Only ¢ = 0 form factor contributes.
But / = 2 components can be important,

while it is negligible in g-decay. 1 LR
absorption e i
e Only central interaction Vg (r) contributes. ISd| © itransmission
But tensor int. can be important ;
event at #=0° & ¢ =0 et R
through knock-on exchange processes. 1=} ¢ 1T .
1 >
e Eikonal approximation & b—0 17 S(O)]
eikonal .
X5 (kpir)xi(kisr) ~—=" exp(ig-r)S(b),
where b~ L/k, but L A#¢ =0 !

Systematic analyses desired - need more reliable calc. code for (°He,t)
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A,, angular distribution

1 \ [ ' |
1-\
... | LR, ~
ol i o I gy |
7.5
Azz i/
9.3 .-
-1+ }/".,.-" 7
—)
| p lac(d’zHe) 4
E;=270MeV
-2 : ' ' : '
0 1 2 3
Ocmm. [deg]

cf. In PWIA (Breit frame),
A,,~+1for 1-atg~0
D.V.Bugg, C.Wilkin, NPA 467 (1987) 575.

D&, (0°,90°,0°) = —%
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Steep A, (A,,) dist. is a general feature
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fairly independent of form-factor and distortion.



Purity of 1S, in detected p-p

No study for nucleus target.
For 1H target, impurity is few percent if E,p <1MeV according to PWIA
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1-step direct reaction ?
12C(d’2He)1zB
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monotonous L-dependence becomes clear as E; increases

Sequential processes,
(d,p)-(p,2He), (d,b)-(t,2He), etc
may be dominant at E <100 MeV/A ?



t-matrix (direct+exchange) for A=28 target w.G.Love, M.A Franey, PRC 24 (1981) 1073
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Exchange contributions |
LS : always small
TO : always large
Tt : small at low-E

large at high-E
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Non-negligible effects of exchange-tensor on D,,(0°) event at 300 MeV
T.Wakasa et al., PRC 51 (1995) R2871.
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