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Neutrino-nucleus reaction

Charged Current νN reaction 
=> Charge Exchange Reaction
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Charge Exchange Reaction

350

 

t3 . A . Needham ~ t a l . / Ana l og i sooec tor g i an t r rsonances

t rans i t i on l eaves the res i dua l nuc l eus w i th i sosp i n To -1 , T~ or T> , where T~ = To
and T , = To + 1 . The To -1 exc i t a t i on requ i res charge exchange so tha t the 3-
componen t T3 = To o f the t arge t i s a l so changed to To -1 . On l y for N = Z (To = 0)
nuc l e i are a l l i sovec tor t rans i t i ons pure T> . In N = Z nuc l e i the i sosca l ar mode
can be exc i t ed i n such reac t i ons as (p , p ' ) and (e , e ' ) v i a the i sosca l ar par t o f the
i n t erac t i on and , i ndeed , those t end to be the s t ronges t t rans i t i ons . However , i n the
(n , . p) reac t i on where we mus t have dT3 =dT=+1 , on l y the ana l ogs o f s t a t es i n
the t arge t W i th T> are exc i t ed . O f course , when To = 0 as for the t arge t s s tud i ed
i n the presen t work , the (p , n) reac t i on shares th i s se l ec t i v i t y , bu t when To ~ 0 , the
(p , n) reac t i on w i l l a l so f eed the o ther s t a t es . These poss i b i l i t i es are shown schema t i -

ca l l y i n f i g . l . The quan t i t i es C are the C l ebsch-Gordan coe f f i c i en t s for the coup l i ng
o f the i sosp i ns ; o ther th i ngs be i ng equa l , the var i ous cross sec t i ons are propor t i ona l
to C2 . The re l a t i ve i sosca l ar and i sovec tor i n t erac t i on s t reng ths appropr i a t e for
Iow- to-med i um energ i es (~ f ew t ens o f MeV) have been d i scussed by Ber t rand t )

and Sa t ch l er 2) .
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F i g . 1 . I sovec tor exc i t a t i ons and cor respond i ng i sosp i n vec tor coup l i ng coe f f i c i en t s . The t arge t nuc l eus
has i sosp i n To = } (1V -Z) . Here C i s the i eosp i n C l ebsch-Gordan coe f f i c i en t and a l l o ther be i ng equa l

the t rans i t i on s t reng th i s propor t i ona l to CZ .

An add i t i ona l f ea ture f avor i ng the (n , p) reac t i on as a too l to s tudy T> s t a t es
ar i ses f rom the energe t i cs . Due ma i n l y to Cou l omb and symme t ry energy d i f f eren-
ces , the ana l ogs o f the s t a t es seen a t l ow exc i t a t i on i n the res i dua l nuc l e i f rom (n , p)
are genera l l y a t much h i gher exc i t a t i on i n the t arge t nuc l eus . Thus they are d i f f i cu l t
to see w i th (p , p ' ) reac t i ons because o f the background o f i sosca l ar exc i t a t i ons wh i ch
usua l l y are much s t ronger . When To ~ 0 , the (p , n) reac t i on su f f ers a s i m i l ar d i sad-
van t age because i t a l so exc i t es the many T~ and (when To m 1) To-1 s t a t es wh i ch
are ava i l ab l e .

G.A. Needham et. al, NPA385(1982)349

(p,n) (n,p)n-rich
p-rich (p,n)(n,p)
N=Z (n,p)/(p,n)

In N=Z nuclei,
B(GT+) ~ B(GT-)?

cf. Sasano-san



Electron Capture Rate of Iron-group Nuclei

• Life time and scale of Supernova explosion

• Nucleosynthesis in Supernova explosion

• B(GT+) strengths above the electron capture 
threshold in Iron-group and heavier (56Ni, 64Ge etc.) 
nuclei are needed

• Gamow Teller (GT) transition

• ΔΤ=1, ΔS=1, ΔL=0

The ⌫p-process: basic idea

Protonrich matter is
ejected under the
influence of neutrino
reactions
Nuclei form at distance
where a substantial
antineutrino flux is
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Antineutrinos help to bridge long waiting points via (n,p) reactions
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C. Fröhlich, G. Martinez-Pinedo, et al., PRL 96 (2006) 142502
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Measurement of B(GT+) strengths

• β+ decay / Electron Capture

• below Qβ/EC

• gives the absolute value of B(GT+) 
from logft value

• (n,p) type charge exchange (CX) 
reactions

• bound and unbound excited states

• gives a relative strength distribution

• needs “unit cross section”
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(n,p) type CE reactions
• normal kinematics

• (n,p), (d,2He), (t,3He)

• inverse kinematics

• (n,p), (d,2He), (t,3He), (7Li,7Beγ)

• n/t targets are difficult 

• Extraction of GT strength

• ΔT = 1, ΔS = 1 are tagged by reaction selectivity

• ΔL is extract or decomposed by using angular 
distribution of differential cross section

Angular distribution
56Fe + d (elastic) @250MeV/u



(7Li,7Beγ)
• Invariant mass and/or gamma 

spectroscopy

• Inv. mass for unbound states

• Gamma for bound states

• GT Transition is tagged by 0.43 
MeV gamma ray

• Needs good S/N for gamma 
detection

• Angular resolution of 0.1 deg in 
lab. frame is required

• Resolution of excitation energy 
depends on mainly angular 
resolution
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(d,2He)
• Missing mass spectroscopy in 

inverse kinematics

• Momentum of 2He is 
reconstructed by invariant 
mass

• Bound and unbound states are 
measurable at the same time

• GT Transition is tagged by 1S0 
proton pair (called 2He)

• δEx depends on angular and 
energy resolution

• S/N becomes better due to 
vertex measurement

2H

1S0

GT
2p

3S1

nesses of 1.5 mg/cm2 and 4.3 mg/cm2, respectively, were
used as targets. Reference measurements were taken with a
12C target !98.9%". The two outgoing protons were momen-
tum analyzed by the BBS and detected in coincidence with
the ESN detector. The ESN detector is a focal-plane detec-
tion system consisting of two vertical drift chambers and a
set of four multiwire proportional chambers as an additional
tracking detector. Reference #21$ describes in detail how
(d ,2He) experiments with the BBS-ESN setup are being per-
formed and analyzed.
The excitation energy spectrum, which was measured

with the 1.5 mg/cm2 target covering scattering angles %c .m .
&2°, was used to determine the peak positions with high
precision. The fitting of the peaks was done manually sup-
ported by a '2 minimizing algorithm of the program FIT #22$.
For this particular target an energy resolution (E of 110 keV
full width at half maximum !FWHM" was obtained for all
peaks. Excitation energies up to the neutron separation en-
ergy of about 6.4 MeV were considered. The analysis was
repeated with the excitation energy spectrum from the
4.3 mg/cm2 target. Because of the high statistics acquired
with the thick target, the scattering angle could now be con-
fined to %c .m .&1°. The corresponding excitation energy
spectrum is shown in Fig. 1. (E was about 125 keV
!FWHM".
For the (n ,p) and (p ,n) elementary charge-exchange re-

actions at intermediate energies the measured cross section is
connected to the GT strength #7,8$:

d)!q!0 "

d*
!! +

,-2
" 2 k fki NDJ).

2 B!GT". !1"

Here, J). denotes the volume integral of the spin-dependent
isovector central part of the effective nucleon-nucleon inter-

action at q!0 and can be obtained from Refs. #14,23$. The
distortion factor ND is usually determined by calculating the
ratio between the distorted-wave and plane-wave cross sec-
tions. The proportionality of cross sections at q!0 and
B(GT) for composite probes over a wide mass range is, e.g.,
shown in Ref. #9$. For the (d ,2He) reaction an additional
factor must be included, because here the cross section de-
pends on the range of integration over the 2He internal en-
ergy #18$, which is taken between 0 and 1 MeV.
The cross section d)(q!0)/d* is obtained by extrapo-

lating the measured cross section to q!0 using a DWBA
!distorted-wave Born approximation" model calculation:

d)!q!0 "

d*
!

)calc!q!0 "

)calc!% ,q "

d)exp!% ,q "

d*
. !2"

The DWBA calculations for the present analysis were car-
ried out with the code ACCBA #24$. The one-body transition
densities were calculated in the formalism of normal modes
assuming collective wave functions. These are regarded as
superpositions of /-particle–,-hole states. Optical model
parameters from d"58Ni at 170 MeV #25$ were used for the
entrance channel, and for the exit channel a global optical
potential for p"51V was extrapolated to 82 MeV #26$. The
range of scattering angles and excitation energies considered
here corresponds to momentum transfers q up to 0.14 fm#1.
For the extrapolation to q!0 in Eq. !2", the calculations
yield a factor that varies between 1.11 at Ex!0 MeV and
1.49 at Ex!6.3 MeV.
Although charge-exchange reactions near %!0° selec-

tively proceed via GT transitions, there are usually small
contributions from higher multipoles #see, e.g., the ground
state !g.s." transition in Fig. 1$. To identify transitions with
(L01, we employed the following procedure: The peak

FIG. 1. Excitation energy spectrum for 51V(d ,2He)51Ti. The spectrum has been corrected for the acceptance of the spectrometer as
detailed in Ref. #21$. The data were taken at a spectrometer setting of 0° covering a center of mass !c.m." angular range between 0° and 1°.
The energy resolution is 125 keV !FWHM". Sp and Sn denote the proton and neutron separation energies, respectively.

RAPID COMMUNICATIONS

C. BÄUMER et al. PHYSICAL REVIEW C 68, 031303!R" !2003"

031303-2

C. Bäumel et al. (2003)
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2p system

Migdal-Watson formulation
T. Onishi, D-thesis
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ε < 0-2 MeV 1S0 is dominant

relative energy distribution



Kinematics in inverse kinematics

2H(56Ni,56Co)2He

most recoils emitted 
around 80-90 deg. 
(sideway)

δθ~14 mrad for dEx 
=1MeV @Elab = 1 MeV

δEx~0.5 MeV

angular resolution is 
important

multiple scattering
 (deg.)He2

labθ
78 80 82 84 86 88 90 92 94

 (M
eV

)
H

e
2 la

b
E

0

1

2

3

4

5

6

7

8

9

10

He @250MeV/u2Co)56Ni,56H(2Kinematics 

 = 5 MeVxE
 = 6 MeVxE
 = 10 MeVxE

E l
ab

2H
e

θlab2He

forward angle in CM



Range of low energy recoiled particles

Kinetic Energy (MeV)
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Ranges in Deuterium Gas

We need to use gas target and vertex detector



Configuration of CNS Active Target
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Requirement from kinematics

δθlab ~ 1-2deg
δTlab ~ 10%θCM > 1deg 

=> range > 15mm 
(TKE > 0.3MeV)
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Test exp. at HIIMAC

PLTPC beam 
dump

NaI

NaI

56Fe
250MeV/u 
300kpps

60x2-31x31x70 mm3 NaI
Td>2MeV

Tp>1.6MeV

1-10x10x25cm3 cage
Td~0.3-0.8MeV
Tp~0.3-0.6MeV

dE>10keV/10mm
Td < 16MeV
Tp<8MeV

µHodoscope
30x2(XY)-1x1x30mm3 PL

Timing
Position reference

340

beam viewer beam viewer

Deuterium gas with 3 GEMs

@PH2
Jan. 2012

limited by stability of 
GEM



Setup photo

56Fe
250MeV/u

テキスト

NaI

preamp+buffer

µHodoscope

mylar 100µm

Al 100µm



Typical Event
• 100kPa D2

• 20-21kV at top plate of field cage

• 3 GEMs

• recoiled event found

• total 30-hr data

• data size is not so large since 
lower-intensity beam is used than 
expected

3U 2550
3D 2000
2U 1700
2D 1150
1U 850
1D 300



Summary

• B(GT+) measurement w/ (n,p) type reaction 

• (d,2He) by measuring two protons which 
have small relative energy

• Active Target is under development

• designed so as to detect low (>300 keV) 
protons

• test experiment w/ pure D2 target was 
done


