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contents

« CE reactions at intermediate energies: a tool for
extracting Gamow-Teller strengths

« Two recent results of CE experiments with Rl beams
— 12Be(’Li,’Be)'?B" at 80 MeV/u
— *%Ni(p,n) reaction at 110 MeV/u (astrophysics)

« Theoretical challenges (focusing on GT strengths)
— Reaction theory: study of (°He,t) and (t,°He) data
* Beyond Gamow-Teller strengths...

General comment: RIBF/FRIB/FAIR generate Rl beams at
energies of 100’s MeV/u. Highest intensities will be achieved
near these energies. Developing/improving reaction theory
for these energies is critical...



NSCL Charge-Exchange group program
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CE reactions at intermediate energies:
extraction of Gamow-Teller strengths

= KN|J|"B(GT)=6-B(GT) |E ~100AMeVand above

* single-step direct reaction

g
Q)

] . e governed by meson-exchange potentials
K: kinematic factor 9 y gep

N: distortion factor
J: volume integral of effective interaction

B(GT): GT strength Calibrate unit cross section using

AX X transitions for which B(GT) is known from
36 ’ e ol . e B-decay — apply excitations for which
- wier - =@ B(GT)s are not known.

((;j—g(q:O))(t? =0

A
‘@

. In first order, there is no issue with

5 b /X absolute normalization of the strengths
.A o Oand the extracted strengths are model-
v z? “« independent.

Second order effects...later




Probes & Energy

From: M.A. Franey and W.G. Love, PRC 31, 488, (1985)

.’ To+1 “'E 500 - central-isovector spin-transfer
’ < central-isovector non-spin-transfer
‘ o L central-isoscalar
’ <400
y To+1 2
s / T a
! 0 £
2 , <300
Tﬂ +1 ’f,
; —
T3 200
- T, , T, =(N-Z)/2 - ool
AT, =+1 AT, =-1
(n,p) type (p,n) type

| | | | | | J
0 0 100 200 300 400 500 600 700
Beam Energy (MeV/u)

» Charge-exchange reactions are isospin- « E~100 AMeV and above

transfer reactions: AT=1 (isovector) * Distortions/rescattering minimized
» charge-exchange probes (p,n) (n,p) « Spin-flip transitions dominate over non-
(d,%He) (3He,t) (t,3He) (’Li,’Be), HICE spin-flip transitions

(n*,m°) (7, m°)...



13C(t,3He)'3B" reaction: Gamow-Teller transitions
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CE In Inverse kinematics with Rl beams

* Required
— Measure excitation energy over

‘wide’ range

— Measure C.M. scattering angle

forward kinematics

residual Observables from
,  lightresidual only

recoil

target

light ion probe

inverse kinematics
option la

« Background free

* Ensure clean single-step CE

reaction

inverse kinematics
option Ib

residual  Observables from residual decay gy . obias from

heavy residual.

Recoiled probe

serves as tag only.
|

|
I recoil

A

i,

target”

Energy resolution? Energy resolution?

Angle resolution?
Decay in flight?

(“Li,’Be) probe

|
% ion probe

heavy residual.
[ Including missing-
mass spectroscopy.

I recoil

light ion probe

Decay in flight?
Heavy nuclei?

various

inverse kinematics
option |l
residual  Observables from
recoiled probe only.
Heavy Residual

serves as tag.
I
|

I recoil

% ion probe

A

",

I target”

Recoil escape target?
Angle resolution
Energy Resolution

(p,n) probe

(d,’He)?



(“Li,"Be+y) reaction in inverse kinematics

Detected and Momentum analyzed in Spectrometer
Decay in flight — Doppler broadened y’s detected in SeGA

P

ZX+7Li>Z 1A+ 7Be’ S
/ ——i -

Decay ‘at rest’ — 430 keV y detected in SeGA . — 'Y’(}30 keV)
. SeGA (‘Li target)
Tag for charge-exchange reaction

L Be First application 34P("Li,”Be)34Si*
PRL 104, 212504 (2010)
1587 keV a+3He

S800 Spectrometer

. -Dispersion-matched mode
429 keV | 5_ Rl beam ’Li target (3-5 mg/cm?) .I P I. . .
AS=1 ~100 MeV/u -Kinematic information used
B(GT)=1.12/ Y Heavy to reconstruct spectrum
Ir 0 H _ H ~
] I3/2_ 430 keV/ Residual  -Resolution ~ 1 MeV

! in excitation energy
'AS=0,1

o Lagnas




1400

Counts

1200

1000

800

600

400

200

12B(7Li,’Be)t?Be” in inverse kinematics
R. Meharchand et al.

Raw Singles Data

After Background Subtraction
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DWBA — Most Complicated Case

12B(g.s.,1%) = ?Be (2.11 MeV,2%), "Li(g.s.,3/2%) - "Be(g.s.,3/2°)
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B(GT) Ratio

B(GT) Ratio

Structure studies

*The ratio of B(GT) for the 0* states is a sensitive probe of the p-
component of wave-function (*°B is predominantly p-shell)

 The ratio of B(GT) is very sensitive to the p-sd shell gap in 1°Be
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Wavefunction P > - - - -
vt (29) (1d) (1p) (29) (1d) (1p)
Barker (1976) 0.33 0.29 0.38 0.67 0.10 0.23
Fortune and Sherr
(2006) 0.53 0.15 0.32 0.25 0.07 0.68
Romero-Redondo et 0.13- 0.06-
al. (2008) 0.67-0.76 0.10-0.13 019 0.15-0.23 0.08 0.71-0.78
Barker (2009) 0.35 0.34 0.31 0.56 0.02 0.42
Blanchon et al.
(2010) 0.25 0.185 0.75 0.73 0.23
Dufour et al. (2010) .16 0.59
Navin et al.(2000)
Pain et al. (2006) 0.38 0.30 0.32 0.32 0.68
Kanungo et al. (2010) 0.28 0.73

0.25+ 0.60
THIS WORK 0.05 0.04




Gamow-Teller transition strengths from *°Ni/>>Co via the
%6Nj,>>Co(p,n) reaction in inverse kinematics
' M. Sasano, G. Perdikakis, R.G.T. Zegers et al.

55N in S800
| 55Nj in S800
>°Ni(p,n)
------- S =560 keV
p
soy | °Cuin S800
56Ni

Low Energy Neutron Detector Array (LENDA)
*Neutron->all necessary kinematic information
S800 spectrometer

*Only used for tagging CE reaction

Liquid Hydrogen Target (Ursinus)

In-beam Diamond detector

*Neutron-TOF reference

*PID S800

Neutron Energy (MeV)

25 30 35 40 45 50 55 60 65
C) (lab) deg.

neutron



GT strengths from °°Ni(p,n) at 110 MeV/u

*Ni(p,n)*°Cu — **Ni

O data (stat. error)
DWIA

55Co(p,n)s':’Ni(g.s.)

A data (stat. error)
DWIA
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| |
0 2 4 6 8 10 12 14 16 18 20
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Differential cross section measured
for AL=0 excitations and the

comparison with DWIA calculations.

55Co(g.s.)(p,n)*°Ni(g.s.) reaction
used to calibrate the unit cross
section
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Difference between KB3G and GXPF1A:
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d°c/dQdE (mb/(sr 1 MeV))

d'6/dQdE (mb/(sr 1 MeV))
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Reaction Theory

s

dQ

« “Assumes” factorization is possible

g=0

= KN|J|"B(GT)

= 5-B(GT)

:'0

(s50)
R

« Elkonal approximation for distortion factor

* For (p,n)/(n,p) reactions:

Distorted-Wave Impulse Approximation -DW81

Love-Franey NN interaction-1980’s

Exact treatment of exchange

Global optical potentials

o(A) (mb/sr)

Probes interior — less susceptible to surface
effects

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

A
Z+1X
(p.n) charge -

W

exchange n
reaction —_— ‘
A
=0
p.n)
o
‘
A
= Z+1X

T.N. Taddeucri et al. [ The (p, n) reaction

TTIT]

i
10F oXog

Rty
E . _ i‘%j\ {

01F  experiment

Gamow-Teller




Composite probes

» For studying stable nuclei: improved resolutions... (d,”He),
(°He,1), (t,°He)

* For studying unstable nuclei: (n,p) not
available...composite probes must be used

« Heavy-lon charge exchange: new unstable probes with
specific selectivities (spin and/or isospin selectivity)

Commonly used codes (all freely available):
« ACCBA :(d,’He) — (Okamura)
« FOLD: other composite probes
F. Petrovich, J.Cook/J. Carr, Zegers/Fracasso/Colo
« DWa8L1 [with simplified interaction], Raynal, Comfort.



Note:

We could extract much more information
from the data if we could accurately
calculate absolute cross section. This
holds for GT as well as other excitations.

forbidden (dipole) transitions
glant resonances



dipole transitions from 13C to °B via (t,°He) at 115 MeV/u

Dipole cross section chl(3He):3.25°
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* Cross sections for GT transitions are over-predicted by about 30%
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Ndo/dQdE), . (mb/sr 0.2 MeV)
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- 0,,,(He)=3.25°

—* data

=== theory
----- corrected theory

ELR]
-
at
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* Quenching factor for GT strength for A=13 ~ 0.65

*|f theoretical cross sections for dipole transitions are too high by 30% as well,
the data suggest a similar quenching for dipole transitions as for GT transitions

E ("°B) (MeV)



Basic formalism
Tpi =< x}(ks, R') | F(R) | x; (ki, R') >

F(R') = Structure part: 1p-1h one-body transition densities
M, MM : M,  Miml
Z [{ {I].;f ‘.3.;}1'} | a_,'gmg#_-g ”*J-wu*rlﬂm;gr‘:ﬂﬂ”l}l ta | cIllfg- “'-'t'..r;uf'; X
Jrigmymalsy
t 2""; ',

[ < @J'gulgr:ﬂ [T-i}':ﬁur'.q l”:j | I:f_f' | {.EI"Jl itz {T_I }{.b.rr.l.}l f":_l :}]" ]

12

Double-folding of NN interaction over projectile & target transition densities

Via(r) = Vo(r) +Ve(r)or-o2 + Vi(r)ri - 12+ Vor(r)(o1 - 02) - (71 - T2) +
Vis(r)(L-8S)+ Vis(L-8S)-(7i-7) +
Vr(r)Sia + Vi (r)Si2(71 - 12),

Love-Franey interaction —energy dependent t -matrix

tyy =V (q)+V (k,) Exchange contribution —destructive
Short-range approximation is used: known to overestimate
Cross section (Udagawa et el.)



Study of (t,3He) & (3He,t) at 115-140 MeV/u

PRL 99, 202501 (2007) / Phys. Rev. C 83, 054614 (2011)

« Significant amount of data available from studies at
RCNP (®He,t) and NSCL (t,°He)

B(GT) der /d e (07) do [dQem (g = 0) &
{mb /sr) {mb/sr) (mb/sr)

200 s EN(1t.g.5.) (.88 16.1 £0.12 19.9+1.0 226+ 1.1
3C(1/2- 25.) BN(@3/27.15.1 MeV) 0.23 £ 0.01 3.65+0.10 4.51 £0.26 9.7+ 1.1
B0 g5 BE(17.g5) 311 312422 51.2+34 6.5+ 1.1
Me(0F,g.5.) BAI17,1.06 MeV) 1.1 139+£03 14.1+£08 128+ 0.7
ENI(0t,g.5.) HCu(1t,2.5.) 0.155 1.5+ 0.01 1.5 £ 0.08 9.65 £+ (.48°
SN0 ,g.5.) “Cu(lt,g.5.) 0.073 77+ 1.0°
SN0t ,g.5.) MCu(1t,2.5) 0.123 744009
SZn(0*,2.5.) SGa(lt,g.5.) 0.073 7.0+ 0.8
HESn(0*,g.5.) HESh(1t,g.5.) 0344 1.71 £ 0.04 .62 £0.09 4.72 £0.26

1208n(0%,g.5.) 108h(1t,g.5.) 0.345 1.80 £+ 0.10 .72 £0.13 5.00 £ 0.37

do/dQ o (0F) do/dQnlg=10) & Ref.
{mb/sr) {mb/sr)

H(1/2%) 'n(1/2%) 3 2542 = 8307 this work
2Hil*) 2n(07) 13.0+ 1.3° this work
*Li(1+.g.5) “He(0".g.5.) 1.577 51 +4 : 329+26 [28], reevaluated
12C(0F,g.5.) PB(17,25) 0.99 l6.6 £ 1.2 ; . 205+1.5 this work
C(1/2 2.5 BB(3/27.g5) 0.711 13.1 £ 1.3 . : 228123 [32]
Mg(07,g.s.) Mg(17,0.08 MeV) 0.41 £0.02° 4103 53.2T 0. 128 £ 1.0 [22




unit cross section &GT

Unit cross section vs mass number

s < bl
> Fermi © 0o GT
¥ 10 ¢ ':‘F,rutﬂrz*""ﬂ‘1 .
___tensor
correction 1 ¢
10 -
Y
&Exp{'sHe,t}— 140 AMeV >, » Simple dependence on A
v 5 (tHe)- 115 AMeV HH « Composite probe: surface of nucleus
expr’ .
\ |
—  fittod, (He,t) - 140 AMeV g el
T extrapolated fit
2
1 10 10



K (MeV2fm™

1.05

140 I"u‘le"u""HKHE MeW

¢ 0.95
0.9

do
d 2

(g = 0)}

GT

*H/He+A at 140A MeV

*H/He+A at 115A MeV
%H+A at 115A MeV
‘He+A at 140A MeV

100 120

K

= KNP|J,.|’B(GT)

E:E; ky

 (wh*c?)? k;



10

d 2

® °H+A at 115A MeV
O *He+A at 140A MeV

N=exp(-0.895A'°+1)

1

15 2 25 3 3

4 4
INE

S5 5 55

[{c] - 0)} — KNP|J,,’B(GT)
GT

ND — [%(‘3 = O)]DWBA

[%(q = OJ]PWBA
Local deviations?
*Rare isotopes?

* Error is estimated at
approximately 10%



1 5
2 G=0]| =KNPJ,,*BGT)
d 2 GT

THEORY ONLY J: volume integral of NN-interaction

220
0 Free NN - Direct A~ 2
oGT.pwBA = K|/,
B G,y p,/K - Direct GT.PWBA [ o]
. . .
200 = - Exchange: short-range approximation
] e
— mo O
- "t ow Tt =V(Q)+V (k)
Z 1807 = AL A
QD
= o
= a Which value for k,?
2 160k @'jf . S C alue 10r K,
o O ® @
e O
140 ¢
O Free NN - Direct+Exchange
® G,,,/K - Direct+Exchange
120 = EE— I

: 10 10°
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J| (MeV fm®)

J| (MeV fm®)

d 2
D g=0| =KNPJ,.*BGT)
d <2 GT

(@) O (t°He)_,_ (local N)
200-@ O (He) p(|DCa| N)
" exp COMPARISON WITH EXPERIMENT
175 t
150 theory too high...
i . o & effect of exchange terms?
125 oo = (Udagawa et al.)
R T I{tlall-lé}lel{glnbal A=12)
200 O {gHet}E (global N,A>12)
M {tFHe}thm
175 'J ® {gHe’t}theory
.-I “ -
150 %‘ et -
125 Xg@ 26O
O5 55— ot
10[} P B B R B | \ |J'E:"P — for A % 120.
0O 20 40 60 80 100 120

T. Udagawa, A. Schulte, and F. Osterfeld, Nucl. Phys.
A474, 131 (1987).

E. T. Kim, D. P. Knobles, S. A. Stotts, and T. Udagawa.,
Phys. Rev. C 61, 044611 (2000).



Effect of tensor interaction

Vie(r) = Vo(r)+ Vo(r)otr - a2 + Vi (r)7m - 7
Ves(r)(L-S)+ Vis(L-S) (7l -3) + central term

Vr(r)Sia HVr-(r)Sia(71 - 72) non-central term

(G ) 7) _

2

S1a =

=4

0*—1* transition
AL=0 AS=1 AJ=1 Gamow-Teller component: formfactor 1
AL=2 AS=1 AJ=1 Quadrupole component: formfactor 2

Interference through tensor interaction: the AL=0 component
can be modified significantly without changing the angular
distributions at forward angles strongly.



Data from “°Mg(°He,t) — 4 transitions with known B-decay strengths

Relative systematic error in B(GT)

-0.5

0.5

E, (%6Al) B(GT), | do/dQ(0°)EHe,) do/dQ(0°)/B(GT),

1.06 MeV [ 1.098 |13.9+0.3 12.7+0.3

1.85MeV | 0536 |6.7+0.2 12.5+0.4

2.07MeV |0.091 |1.45+0.03 15.940.3

2.74MeV  |0.113 |1.5+0.03 13.2740.3

bolow <] ® T-0 theoretical study in DWBA
g m T in which the theoretical cross

! A T=2 . :
- v e ——— section is treated as data
: i:"'.'. A e
L I Effects hard to determine on a
R state-by-state basis: requires
Accurate structure input

Phys. Rev. C 74, 024309 (2006).
B(GT)

A problem if the transition used for calibrating the unit cross section is
strongly affected by the tensor, or if high (<10%) is required for a
particular transitions.



Beyond GT transitions

* Proportionality for non-GT excitations?

* If proportionality i1s not generally valid for
non-GT transitions, we need to be able to
calculate accurate cross sections so we
can draw conclusions on strength
exhaustion etc.

* Transitions in the continuum? (DWBA
requires bound single particle orbitals)

->Input transition densities directly



Survey of GT strengths in pf-shell
(experimental and theoretical)

1 f F—decay (n.p) (d,”He) (t,*He) (p.n)* QRPA KB3G GXPFla

8e(L7) ®Ca(27.17.27) X X X X X
BTi(0T) Se(17) X X X X
OV(6T) S0Ti(5%,6%,71) X X X
fll"{_%_} R S TE I X X X X
Fe(0h) MMn(17F) X X X X
57?\.111(%_} 55’(:‘-1‘{:“5_,%_.%_) X b X X X
FFe(0h) Mn(17) X X X X
“ENi(01) BCo(11) X X X X xP x"
¥ Co(27) HFe(27,27.37) X X X X
SONi(01) S0Co(11) X X X x” xP
S2Ni(01) “2Co(11) X X X X X
SINi(0T) 5 Co(11) X X X X
S47n(07) SCu(1t) x X X X X X

4 Using T transitions and applying isospin symmetry (see text)
b Shell- model calculations were performed in truncated model space (see text).

A.L. Cole, R.G.T. Zegers et al., to be published
(n,p) data — from TRIUMF and RCNP experiments

5 B :
(d,’He) data — from KVI experiments GXPFla: Honma et al.

(t,°He) data — from NSC_L experiment Shell-model calculations with NuShellx
(p,n) data — IUCF experiments Mostly in full fp model space

QRPA: S. Gupta/ P. Mdller
KB3G: A. Poves et al.



B(GT)

>B(GT)
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EC rate relative to EC rate (KB3G)

EC rate relative to EC rate(KB3G)

: — e O 0p @ Systematic comparison between
e T G m e experimental and theoretical weak
i O eoTs

o reaction rates in stellar evolution

» Low-resolution data is suitable for testing
Gamow-Teller strengths but not for extracting EC

rates
3 p‘lﬁ;’eﬂﬂ?gfcma » Both shell-model calculation do about equally
T=3x10°K : well: KB3G (GXPF1a) better at low (high) density.

S * QRPA calculations gives large deviations

=3 =3 =3

I ] ] ]
L =
" & g Z

Stellar Average absolute factor of
density deviation from EC rates
(g/cm?3) determined from CE experiments

W 0w oe oz

I 1:'D"r"!_,=1 0’ gf[m3

T=10x10" K
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Wish list for reaction theory

Improved/up-to-date NN interaction that can be
used in DWBA codes

Improved DWBA codes that can deal with
exchange contributions for composite probes

Theoretical optical potentials — benchmark with
few experimental data

Improved structure input for nuclel beyond pf-
shell and for non-GT interactions: important for
weak reaction rates in astrophysics, double beta
decay, giant resonances



Backup slides



Unit cross sections
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Love Franey interaction

f-matrix interaction sirengths at 140 MeV

Imag
Range SE TE 50 TO Range SE TE S0 TO
0.25 94TINE +03 S95751E +03 —2.54198E 403 7.86482E +03 0.25 L1280 E +03 9.74299E 403 2ET199E +03 468991 E +02
040  —2.92063E 403 —1.97848E +03 TRMI9E 402 —L56BEB1E 403 040 —406183E402 —3.13550E +03 —9.83301E+02 —440472E 402
140 —1.05000E +01 = .OS000E 401 3LI5000E 401 LI0000E +00 1.40
Range LSE LSO TNE TNO * Range LSE LS50 TNE TNO
023 —7.54122E 403 —3.09627E +03 JE4343E +04 1L.6580BE +03 025  —TI523BE 403 —9.73518E +02 L392T5E +04  —B.64691E 403
040 —4.64320F +02 —3.94TROE 402 b.945TTE +03  —118309E +02 0.40 L31936E +03 L41641E +02 —2.54752E +03 1.35798E 4-03
0.55 1.25503E +03 4.66086E +01 0.55 422B19E +02  —2.25213E 40
0.70 ~2.02390E +02 1407 32E +01 0.70 ~4.27937E +01 2.33058E 401
o=

t :i(tSE ~3t'" —tS°+3tTO) short-range arising from p-meson and 2% exchange
16

{ =2 ( 5 —t™ +1°° +tT°) long-range arising from n exchange (OPEP)
oT 16

t :%{_tTNE +tTNO}

T

mediates Fermi mediates Gamow-Teller

+Vis+Y (r/Rrsr)L- S Vrrr Y (r/Rry)Si2]71 - T2

Y(r/R) = e "B /(r/R) Yukawa 36



exchange terms

part of nn-interaction we have seen before
tn exchange term

The exchange term is due to antisymmetrization of the
DWBA formalism, |.e. taking into account we can
exchange particles between target and projectile

K,: momentum transfer needed to stop the projectile
nucleon

the exchange terms oppose the normal terms and lead
to reduction of the amplitude

calculation is complex and usually a short-range
pseudo potential is used instead of doing the full
calculation

this approximation tends to lead to overprediction of the
Cross section




