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Background: Inelastic neutrino-nucleus scattering is important for understanding core-collapse supernovae and
the detection of emitted neutrinos from such events in earth-based detectors. Direct measurement of the cross
sections is difficult and has only been performed on a few nuclei. It is, therefore, important to develop indirect
techniques from which the inelastic neutrino-nucleus scattering cross sections can be determined.

Purpose: This paper presents a development of the (°Li,°Li*[T=1, T, = 0, 0", 3.56 MeV]) reaction at 100
MeV /u as a probe for isolating the isovector spin-transfer response in the inelastic channel(AS = 1, AT = 1,
AT, = 0), from which the Gamow-Teller transition strengths from nuclei of relevance for inelastic neutrino-nucleus

scattering cross sections can be extracted.

Method: By measuring the Li ejectile in a magnetic spectrometer and selecting events in which the 3.56-MeV
4 ray from the decay of the ®Li*[3.56 MeV] state is detected, the isovector spin-transfer selectivity is obtained.
High-purity germanium clover detectors served to detect the v rays. Doppler reconstruction was used to determine
the  energy in the rest frame of °Li. From the %Li and 3.56-MeV + momentum vectors the excitation energy of

the residual nucleus was determined.

Results: In the study of the *C(°Li,5Li*[3.56 MeV]) reaction, the isovector spin-transfer excitation-energy
spectrum in the inelastic channel was successfully measured. The strong Gamow-Teller state in >C at 15.1 MeV
was observed. Comparisons with the analog 12C(GLL'A’He) reaction validate the method of extracting the Gamow-
Teller strength. In measurements of the **Mg,**Nb(°Li, °Li*[3.56 MeV]) reactions, the 3.56-MeV v peak could
not be isolated from the strong background in the v spectrum from decay of isoscalar excitations. It is argued
that by using a 7-ray tracking array instead of a clover array, it is feasible to extend the mass range over which
the (GLi, 6Li*) reaction can be used for extracting the isovector spin-transfer response up to mass number ~25

and perhaps higher.

Conclusions: It is demonstrated that the (°Li, °Li*[3.56 MeV]) reaction probe can be used to isolate the inelastic
isovector spin-transfer response in nuclei. Application to nuclei with mass number of about 25 or more, however,
will require a more efficient v-ray array with better tracking capability.

I. INTRODUCTION

Inelastic neutrino-nucleus scattering (INNS) plays an
important role during core-collapse supernovae (CCSNe)
as it provides a dissipative mechanism by which neutri-
nos deposit their energy in nuclear matter during the

a Corresponding author: zegers@nscl.msu.edu

28 explosion [1-11]. Therefore, to accurately simulate and
2 gain understanding of the details of the late evolution
s and explosion of massive stars, it is important to have
a good estimates for the INNS cross section [12-16]. Fur-
2 thermore, CCSNe produce a strong neutrino signal in the
33 tens-of-MeV range, which can be detected via the prod-
s ucts of charged-current (CC) and neutral-current (NC)
s weak interactions with nuclei in various detector media.
s However, measurements needed to determine neutrino
s detector efficiency do not exist for most nuclei, and are



ss highly uncertain where available due to their small cross =  The isovector (IV) component of the M1 operator can

3 sections [17]. s be rewritten as

w0  One method for studying neutrino-nucleus reactions is

a direct measurement of neutrino spallation at reactor [18] O(M1)w — [3 [ 1v 0V (K 1 v, EVin (ke

« and synchrotron [19, 20] facilities. Only a few measure- (M = % i \ (k)70 (k) + 99 o(k)7o(k) ) v,
.3 ments have been performed so far, including the neutrino (5)

irradiation of 2C [19, 21]. An alternative approach is via _ with the IV gyromagnetic factors gV = (" — g?)/2
ss indirect measurements that involve inelastic scattering of (a = £ or s). The isovector spin pa?t of theaabovg v

s other probes, such as (p,p’) [22-25] and (e, ¢’) [26, 27]. ., M1 operator (Eq. (5)) is the same as that of the M1,,
47 Such measurements are much easier, and have been used operator of (Eq. (3)) except for a constant factor. This
s to infer neutral-current neutrino inelastic scattering cross & is furthermore similar to the Gamow-Teller (GT) opera-
a9 sections in thej past [4]. This inference is possible because . (¢ mediating 8 decay with raising and lowering isospin
s the cross sections for INNS depend on the same nuclear operators. In the present case, the isospin operator is

2 rpatrix elemgnts as.those th.at determine.the CTOSS S€C- 4 an isospin projection operator on the third isospin axis.
tions for the inelastic scattering of hadronic probes. The Therefore, in the remainder of this paper we will refer

s3 dominant component of the INNS cross section at astro-  +, Gamow-Teller strength, denoted by GTy, rather than
s« physical energies depends on the isovector spin-transfer isovector spin M1 dipole strength.
55 part of the magnetic dipole transition strength (M1,7). e The above discussion indicates that the GT( strength,
ss ' The INNS cross section for a transition from an initial , which is needed to infer the INNS cross sections, can be
s (i) to a final (f) state is given by [28] by: extracted from hadronic probes such as (p, p’) only under
) os certain circumstances. Specifically, because the (p, p’) re-
S . . - -~
oi 1 (E,) = G—F(El, — AE;)2B(M1yy) 44, 1) ° action is a .JZ- = 1./2+ — .Jf =1/2% trapslltlon and T; =
™ o Ty = 1/2, it can induce isovector transitions (AT = 1)
s as well as isoscalar transitions (AT = 0) [29]. Therefore,
o (p,p’) can be used to extract GTg strength only when the
o orbital and isoscalar contributions are negligible [4]. This
w1 i approximately realized at intermediate incident ener-
02 gies (100-400 MeV), where the central spin-isospin part
103 of the interaction dominates at low momentum trans-
e fer [30-32]. In addition, a measurement of the spin-
|<f|\OA(M1m)||Z>|2, (2) 1ws transfer probability (Syx) through polarization-transfer
s experiments has been used [32] to isolate excitation asso-

) o R ) w7 ciated with the transfer of spin. Furthermore, these con-
where J; the spin of the initial nucleus. O(M1,) is the ,,; ditions are reasonably well met for spherically symmetric
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ss where G is the Fermi constant, and E, and AEy; are
the energy of the incident neutrino and the difference
e between final and initial nuclear energies, respectively.
o B(M1,:)¢; is the reduced M1,, transition strength in
the inelastic channel (AS =1, AT =1, and AT, = 0):
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s corresponding M1, operator, 100 nuclei with weak or experimentally separable isoscalar re-
] uo sponses [33]. However, it would be better to have a probe

O(M1y,)) = = Z (k)70 (k), (3) w which is capable of extracting the GTo strength from in-

24 12 elastic excitations, without having to be concerned about

u3 the orbital and isoscalar contributions. In this work, we
s where 6 = 25 and 7 = 2t are the spin and isospin op- 1 inves'tigate (°Li, OLi*[T = LT, =0,J" = Q+,3.56M6V])
erators, respectively, and the sum runs over all nucleons us reaction as a new reaction probe from which the isovec-
in the target. Thus, the allowed component of neutrino- 1s tor spin-transfer excitations in the inelastic channel can
induced nuclear excitations is isovector spin-transfer ex- 17 be directly isolated.
e citations, with no change in orbital angular momentum. us  The (°Li, °Li*[3.56 MeV]) reaction was first suggested
n  Reactions mediated by hadronic inelastic scattering in- 9 for this purpose in R.e.f. (34]. It p.r0v1des access to the
duce M1 transitions for which the operator is given by 10 GT response of nuclei in an unambiguous manner, as the

O(MT1). The electromagnetic magnetic dipole operator ™ quantum numbers of the initial and final states guarantee
is given by 12 the induced transition of AS =1, AT =1, and AT, = 0.

123 A simplified level diagram of °Li is shown in Fig. 1 [35].

. 3 . 1 12 To identify reactions in which the 0" state at an excita-

O(M1) = \/iZ[ge(k)é(k) + —gs(k)o(k)]un, (4) 1s tion energy of 3.56 MeV is excited, the 6Li particle in the
4 2 . . o

k 16 outgoing channel must be tagged with the de-excitation

A w7 7y ray with E, = 3.56 MeV. Although the a threshold

where £ is the orbital angular momentum operator, and g; s is located below the 3.56-MeV state (Q, = —1.47 MeV),

(gs) is the orbital (spin) gyromagnetic factor. Thus, both 10 the a decay from the 3.56-MeV state is blocked, unlike

isovector and isoscalar transitions contribute, as well as 10 the decay of other states in ®Li, as it is isospin forbid-

non-spin transitions (transitions that involve only change in den and violates parity invariance [36, 37]. Instead, this

in orbital angular momentum). 12 state decays directly to the ground state via v emission.
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Since it has J™ = 0%, the branching ratio for decay to
the 3% state at 2.19MeV and the feeding from other
higher-excited unbound states is negligible [35]. There-
fore, the coincidence measurement of a °Li particle with
a 3.56-MeV ~ ray provides a clean identification of the
desired reaction by isolating the isovector spin-transfer
excitations in the inelastic channel. Events in which the
6Li particle is not excited in the reaction are associated
with isoscalar excitations. The 3.56-MeV ~ ray is not
emitted in such events, although ~-rays associated with
the isoscalar excitation in the target nucleus create back-
ground in the 7 spectra.

The extraction of GT transition strengths (B(GT))
from charge-exchange experiments with a variety of
hadronic probes at beam energies in excess of about 100
MeV/u has been well established [38-48]. The same
method can be used for extracting the GT, strength
in the inelastic channel using the (°Li, %Li*[3.56 MeV])
reaction. In terms of the reaction mechanism, this
reaction, with the exception of minor differences due
to the Coulomb forces, is identical to the (°Li,%He)
charge-exchange reaction for which the extraction of GT
strengths has already been established [49-53].

The extraction of GT transition strength relies on a
proportionality between the differential cross section at
zero momentum transfer (92[¢ = 0]) and B(GT) [38].
The proportionality constant is referred to as the unit
cross section (¢), which can be calibrated by using GT
transitions for which the transition strength is known
from S-decay experiments. The calibrated unit cross sec-
tion can then be applied to all the states excited via GT
transitions observed in the spectrum.

In the present work, the 12C(6Li, 5Li*[3.56 MeV]) reac-
tion was used to test the method. Furthermore, measure-
ments on 2*Mg and ?3Nb were also performed to test the
new method for heavier target nuclei. Unfortunately, for
the latter two cases, the 3.56-MeV de-excitation y-ray
peak was not resolvable and the isovector spin-transfer
excitations could not be separated from other excitations.
This was caused by the dominant contributions to the ~
spectrum from the v decay of isoscalar giant resonances
excited in the target nucleus. Therefore, the extrac-
tion of GT¢ matrix elements by using the (°Li, °Li*[3.56]
MeV) reaction presently appears only feasible for rela-
tively light target nuclei, although by using ~-ray track-
ing techniques the applicability of the probe could possi-
bly be extended to higher masses.

II. EXPERIMENT

The (°Li, 5Li*[3.56 MeV]) measurements were carried
out at the Research Center For Nuclear Physics, Osaka
University, Japan. A 100-MeV /u °Li beam, with a mea-
sured energy spread of ~1.5 MeV in full width at half
max (FWHM) was accelerated via the coupled opera-
tion of the azimuthally varying field (AVF) and ring cy-
clotrons. The 9Li beam was transported achromatically
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FIG. 1. (color online) A simplified level diagram of ®Li based
on Ref. [35]. The « decay of the J™ = 01, T = 1 state at
FEy = 3.56 MeV is isospin and parity forbidden and this state
decays to the ground state via « emission [36, 37].

to the reaction target. A 15.2 mg/cm? "#'C target was
oriented at 22.5° relative to the horizontal plane, yield-
ing an effective thickness of 16.5 mg/cm?. The rotation
of the target was necessary to make sure that the target
frames would not block the line of sight between the tar-
get and the v detectors. The energy loss in the target was
0.9 MeV and the energy straggling 0.5 MeV (FWHM).
The beam intensity was measured to be ~1 pnA. The
target was placed in a scattering chamber, which was sur-
rounded by the Clover Array Gamma-ray spectrometer
at RCNP for Advanced research (CAGRA) [54], which
consisted of 11 high-purity germanium (HPGe) clover de-
tectors with BGO shields. The ®Li ejectiles were identi-
fied and analyzed in the Grand Raiden spectrometer [55],
which was placed at 0° relative to the beam axis.

The Grand Raiden focal-plane detectors consisted of
two Multi-Wire Drift Chambers (MWDCs), which were
used for tracking each particle and determining the posi-
tions in the dispersive and non-dispersive directions. The
overall detection efficiency for SLi particles was 74%. By
combining the positions in each MWDC, the angles in
the dispersive and non-dispersive directions were deter-
mined. A calibration measurement by using a sieve-slit
was used for the determination of the parameters of a
ray-trace matrix for reconstructing scattering angles at
the target from position and angle measurements in the
focal plane (see, e.g., Ref. [56]). The ion-optics of the
spectrometer was tuned to run in under-focus mode [22]
to optimize simultaneously the angular resolutions in the
dispersive (2.8 mrad (FWHM)) and non-dispersive (10.3
mrad (FWHM)) planes. The momentum reconstruction
of the 5Li particles was calibrated by measuring the elas-
tic scattering peak from the ?3Nb(6Li,°Li’) reaction at
several magnetic rigidities.

Three plastic scintillators (thicknesses of 3 mm, 10
mm, and 10 mm) served to extract energy-loss signals
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and the time of flight (ToF), measured relative to the
radio-frequency signal of the cyclotrons. To improve the
particle-identification capabilities, a 12-mm aluminum
plate was placed in between the second and third scintil-
lators. 8Li particles were stopped in this plate, whereas
deuterons and “He particles from the breakup of Li
punched through and deposited energy in the third scin-
tillator. Therefore, events in which ®Li breakup occurred
could easily be removed in the offline analysis. By com-
bining the energy-loss and ToF signals, °Li could unam-
biguously be identified.

The unreacted beam was stopped in a 0° Faraday cup,
which was placed ~12m downstream of the focal plane.
It was shielded to reduce the background for the vy-ray
measurement at the target position. The energy of the
unreacted beam corresponds to £, = 0 MeV and to pre-
vent the beam from hitting the MWDCs, the detectors
were shifted and could cover only E, > 10 MeV. The
analysis of the data was carried out up to £, = 40 MeV.

Absolute cross sections were determined on the basis
of calibration runs in which the beam intensity was mea-
sured with a Faraday cup inserted before the reaction tar-
get in between runs. The normalizations from these cali-
bration data were then applied to the other runs. The un-
certainty in the absolute cross sections determined with
this procedure was estimated at 20%, which was domi-
nated by the read-out accuracy of the Faraday cup in the
calibration runs due to a relatively low current.

Eight of the HPGe detectors of the CAGRA array were
placed at a laboratory scattering angle of 90° (seven of
which were operational) and four were placed at 135°.
Each clover detector had four crystals, two at forward
scattering angles and two at backward scattering angles.
The centroids of the crystals were chosen as the interac-
tion points for the + rays from which the laboratory an-
gles of the emitted ~y rays were determined: 84.3°, 95.8°,
129.0°, and 140.5°. The distance between the target and
the centroid of the germanium crystals was 20.8 cm. The
angular range covered by a single crystal was 12°.

The Doppler-reconstructed v-ray energy in the rest
frame (c.m.) of the incident particle, ES™, was obtained

from that in the laboratory frame (lab), Elyab, by using;:

(6)

where 3 is the velocity of the excited 6Li particle, and Olyab
is the ~-ray emission angle in the laboratory frame. This
reconstructed y-ray energy peak is broadened (AES™)
due to the angular range covered by the finite crystal size,
represented by Aﬁlyab:

< AES™ )
glyab

E’(;.m.
The contributions to AES™ from the energy resolution
of the germanium detectors and the uncertainty in 8 were
negligible. The Doppler-reconstructed ~ spectrum was
used to identify the photo peak due to the in-flight decay

c.m. __ lab lab
ES™ =~(1 - Bcos0°)ES,

: lab
_ _Psinb™ b
1 — Bcos@lab 7

(7)
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of the 3.56-MeV excited state in 5Li, with a resolution
of AES™ = 250 keV (FWHM). In combination with

the momentum vector of the ®Li particle reconstructed
from the spectrometer data, the laboratory momentum
vector of the v rays in the Doppler-reconstructed 3.56-
MeV photo peak was used to reconstruct the momentum
vector of the Li particle prior to the decay by v emis-
sion. The excitation energy of the residual nucleus (e.g.
of 2C in the 2C(6Li,°Li*[3.56MeV]) reaction) was then
determined in a missing-mass calculation using the mo-
mentum vector of the SLi particle prior to the decay by
~ emission. The excitation-energy resolution was almost
entirely determined by the uncertainty in the ®Li beam
energy (1.5 MeV [FWHM])).

The detection efficiency of CAGRA was determined
by using calibrated sources. The energy dependence of
the efficiency was simulated in GEANT4 [57]. The to-
tal efficiency for detecting the photo-peak v rays asso-
ciated with the in-flight decay of the 3.56-MeV excited
state in °Li was estimated at (0.44 + 0.03)%, by taking
into account that in the laboratory frame the emission is
Lorentz-boosted and the «-ray energies and yield depend
on the emission angle.

The data acquisitions (DAQ) systems for the spec-
trometer and CAGRA ran independently and events were
correlated based on time stamps distributed to each sys-
tem. The live-time ratios for the DAQ systems were ~ 0.8
(spectrometer) and ~ 0.98 (CAGRA). The time differ-
ence between correlated events in the spectrometer and
CAGRA served to distinguish prompt from random co-
incidences. By subtracting spectra gated on the random
coincidence timings from spectra gated on prompt coin-
cident timing, the true coincidence spectra were created.
The prompt-to-random event ratio was 3.3 + 0.3. The
subtraction of random coincidences has been performed
for the spectra presented in the following sections.

III. RESULTS AND ANALYSIS

A. The *C(°Li, °Li*[3.56MeV]) measurement

The excitation of the strongly excited 2C[15.1 MeV;
T=1] state, the analog of the 2B and 2N ground
states, was helpful for evaluating the data. The Doppler-
reconstructed ~y-ray energy spectrum in coincidence with
the excitation of this state is shown in Fig. 2. The data
between 1500 keV and 5000 keV was fitted with a com-
bination (solid yellow line Fig. 2) of the simulated re-
sponse from the decay by « emission of the 3.56-MeV ex-
cited state in 6Li and a double-exponential background
(dashed blue line). Besides the 3.56-MeV photo peak, the
broad bump and tail due to Compton scattering in the
germanium detectors are clearly visible around 3 MeV.
The four distinct peaks observed in this portion of the
spectrum are from the at-rest v emission from the 2.12-
MeV excited state in ''B, populated after the decay by
neutron emission from '2C. Because of the four distinct



B °Li [3.56 MeV; T=1]

800
700 - s?deb'and
sim. line-shape
3 600 % --- background
<500 N
q‘ 3
S 400 / e
b B
£ 300 Moo h
8 5 ""-I--A.A\
] 200 i /'/'l q.{]
2, BN
100 | G T
S
::&::&&::ﬁml///// L

0 ‘ ‘ / /
1000 1500 2000 2500 3000 3500 4000 4500
Ev™(keV)

FIG. 2. (color online) The Doppler-reconstructed ~-ray en-
ergy spectrum gated on the ?C[15.1 MeV; T=1] excitation.
The 3.56-MeV ~ line from the decay of the ®Li*[3.56 MeV]
excited state is observed and the signal gate (red hatched)
and sideband gate for background subtraction (blue hatched)
are indicated. The solid yellow line is a fit to the spectrum
with a simulated detector response and a double-exponential
background (blue dashed line).
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FIG. 3. (color online) Comparison of the '2C inelas-

tic scattering singles and coincidence double differential
cross-section spectra at 0.25° for the *2C(°Li, °Li’) and the
120(°L4, 5Li*[3.56 MeV]) reactions, respectively. Note that
the latter data have been multiplied by a factor of two. See
text for details.

39 scattering angles of the germanium crystals, events asso-
330 ciated with this decay appear at four distinct energies in
sn the Doppler-reconstructed spectrum.

32 By gating on the region £, = 3.4 MeV - 3.8 MeV in
s13 the Doppler-reconstructed 7y-energy spectrum (indicated
s by the red double-hatched region in Fig. 2), events asso-
335 clated with the excitation of the 3.56-MeV excited state
16 in OLi were selected. Since this region contains back-
37 ground from events not associated with this excitation,
1s data from a side-band between E),, = 3.9 MeV and

139 4.3 MeV were used to subtract the contribution from the
o background under the 3.56-MeV peak. This was done
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FIG. 4. (color online) Double differential cross sections for
the '2C(°Li, °Li[3.56 MeV]) reaction for 0.5°-wide bins at
0.5° (a), 1.75° (b), and 2.75° (c). Differential cross sections
for excitation-energy ranges 13.1-17.1 MeV (d) and 17.1-22.1
MeV (e). The results from the MDA are superimposed (for
details see text).

after scaling the number of events in the side band to the
estimated number of events under the 3.56-MeV peak as
determined by the fit described above.

The procedure as described above for the 15.1-
MeV state in 2C was subsequently performed for the
12C excitation-energy spectrum up to 40 MeV. The
background-subtracted 2C excitation-energy spectrum
gated on the 3.56-MeV excited state in ®Li is shown in
Fig. 3 integrated over center-of-mass scattering angles
0...m. between 0° and 0.5°. The differential cross sec-
tions were corrected for the acceptance of Grand Raiden,
the detector live-time ratios, as well as the 3.56-MeV
photo-peak efficiency of CAGRA and the SLi detec-
tion efficiency in Grand Raiden. For comparison, the
120(5Li, SLi’) singles data are also shown. Note that the
excitation energy of the latter spectrum is shifted by 3.56
MeV relative to the former, since it is assumed that the
(5Li, SLi") singles data are mostly not associated with an
excitation of the %Li particle. The singles data are domi-
nated by isoscalar resonances in '2C and strongly exceeds
the cross section for the selective isovector channel.

The double differential cross section for the
120(5Li, SLi*[3.56MeV]) reaction as a function of
excitation energy in 2C and for three 0.5°-wide center-
of-mass scattering-angle bins centered at 0.25°, 1.75°,
and 2.75° are shown in Fig. 4(a-c). The spectra have
contributions from a variety of excitations associated
with different angular-momentum transfer AL.

The different multipole contributions to the excitation-
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energy spectrum were extracted via a multipole-
decomposition analysis (MDA) [58]. In the MDA, the
differential cross sections in each excitation-energy bin
were fitted by a linear combination of theoretical angular
distributions associated with different units of orbital an-
gular momentum transfer (AL = 0,1, and 2 were used).
The theoretical calculations were performed in Distorted-
Wave Born Approximation (DWBA) by using the code
FOLD/DWHI [59]. In this code, the Love-Franey effec-
tive nucleon-nucleon interaction at 140 MeV [31] was
double-folded over the transition densities for the '2C
and SLi inelastic channels. Optical-model potentials for
the distorted-wave calculation were obtained by fitting
elastic-scattering data for the 2C(°Li,5Li) reaction at
100 MeV /u [60] by using the ECIS [61] code. The best-fit
parameters were -60.94 MeV, 1.3725 fm, and 0.9142 fm
for the depth (V'), radius (r,), and diffuseness (a,) of the
real Woods-Saxon potential and -22.529 MeV, 1.610 fm,
and 0.693 fm for the depth (W), radius (ry, ), and diffuse-
ness (a, ) of the imaginary Woods-Saxon potential.

Examples of the MDA for excitation-energy bins from
13.1 MeV to 17.1 MeV and from 17.1 MeV to 22.1 MeV
are shown in Figs. 4(d) and (e), respectively. For the
former excitation-energy range, the angular distribution
is dominated by the AL = 0 component associated with
the excitation of the 15.1-MeV 17 state in '2C. In the
latter excitation-energy range, the differential cross sec-
tion is well described by a combination of comparable
AL =1 and AL = 2 contributions. The MDA was per-
formed for excitation energies up to 40 MeV and the re-
sults are superimposed on the double differential cross
sections shown in Figs. 4(a-c). Even though the sta-
tistical accuracies of the data are limited, especially at
the highest excitation energies, the T = 1 15.1-MeV 1T
state can clearly be identified, as well as strong dipole
and quadrupole contributions at excitation energies up
to ~ 25 MeV.

For N = Z (T = 0) nuclei such as '2C, it is rela-
tively easy to compare the inelastic (AT, = 0) isovec-
tor (AT = 1) excitation-energy spectrum with the ana-
log spectrum in the charge-exchange (AT, = +1) chan-
nels. The [1T; T = 1; 15.1-MeV] state is the analog of
the ground states of 2N and '2B. Indeed, the spectra
depicted in Figs. 4(a-c) resemble closely those observed
in charge-exchange experiments at similar beam energies
on 2C (for example through the (°Li,®He) reaction at
100 AMeV [50] and the (n,p) reaction at 98 MeV [62])
after shifting the excitation energy such that the 7'=1
15.1-MeV 17 state is at 0 MeV. Note that for N # Z
(T' #0) nuclei, such comparisons are in general very diffi-
cult, as final states with different isospin in the relevant
charge-exchange channel cannot be separated.

From the results for 2C shown in Fig. 4, it is clear that
the (°Li,%Li*[3.56MeV]) reaction is suitable for isolating
the isovector-spin excitation-energy spectrum in the in-
elastic channel which establishes this probe as the in-
elastic analog to spin-transfer charge-exchange reactions.
Furthermore, with comparison to the direct 2C(v, ')
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neutrino measurement of Ref. [19], we see that the
(°Li,%Li*[3.56MeV]) reaction populates the same states
thereby confirming the utility of this probe as an indi-
rect technique for constraining INNS cross sections.

B. Unit cross section

As mentioned in the introduction, the GT transition
strengths can be deduced from the measured differential
cross sections at zero momentum transfer on the basis of
the proportionality between the transition strength and
the differential cross section at zero momentum trans-
fer [38, 49]. The proportionality can be expressed as:

do

1009 = 6arF(g,w)B(GT),

(8)
where gt is the unit cross section, F'(¢,w) is a kinemat-
ical factor correcting for non-zero momentum and en-
ergy transfer, and B(GT) is the GT transition strength.
Analogously, the corresponding relation for the present
(5Li, 5Li*) reaction is

do’(GLiﬂﬁLi*) ° . GLi 6Li*
—ap %)= 54r M F(q,w)B(GT,),  (9)
1~ (°Li,SLi%) . . . .
with oaT, the unit cross section for this reaction and

B(GTy) the AT, = 0 Gamow-Teller transition strength,
i.e. inelastic isovector spin-transfer M1 strength. The
factor F(q,w) is calculated in the DWBA formalism dis-
cussed above by comparing the cross section at finite Q-
value and 0° with the cross section at @ = 0 and 0° [38].

From the fB-decay data of 2B and 2N, the GT tran-
sition strengths from the ground states of these nuclei
to the '2C ground state are determined to be 0.99 and
0.88, respectively. These transitions are both analogs of
the transitions from the ground state to the 15.1 MeV
state inﬁﬁ?ﬁC._*For the determination of the unit cross sec-
tion Gp 7, the average of these measurements was
adopted. The Gamow-Teller strength for the transition
to the 15.1 MeV analog state of the 1B ground state was
also calculated via OXBASH [63] using the Cohen-Kurath
(8-16)POT interaction in the p-shell-model space [64],
and found to be 0.921, which agrees well with the av-
erage strength of the pg-decay measurements. Utilizing
Eq. (9), the 2C(°Li, SLi*[3.56MeV]) unit cross section
was found to be 11.3 + 2.7 mb/sr (this includes the sys-
tematic uncertainty from the measurement as well as the
difference in the GT strengths deduced from S decay in
each channel). The unit cross section was also deter-
mined from the DWBA calculation (11.325 mb/sr) and
found to agree with the data. Finally, the unit cross sec-
tion was also determined from the analog transition in
the 2C(°Li,%He) data [50] with a value of ~ 10 mb/sr.
Although it was not possible to determine an error from
the data presented in Ref. [50], this value is also in good
agreement with our present results.
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FIG. 5. (color online) GT wunit cross section for the

(°L4, 5Li*[3.56 MeV]) reaction at 100 MeV/u as a function
of target mass number. The red marker is the extracted unit
cross section for the '2C(°Li, SLi*[3.56MeV])'2C(15.1 MeV)
reaction from the present work. The blue marker refers to
the unit cross section from Ref. [50] for the analog transition
measured in a *>C(°Li,*He) experiment at 100 MeV /u. The
black markers refer to calculated unit cross sections in DWBA
and the blue dashed line is a fit to these unit cross sections.
For details, see text.

The GT unit cross section is expected to decrease as a
function of mass number of the target nucleus [38]:

475

471

o

OA'S%;,GL;)(A) = NeXp(—,’EAl/S), (10)
where N and x are parameters that depend on the re-
action probe. By using the results for 12C data as de-
scribed above and additional DWBA calculations for the
(5Li, SLi*[3.56MeV]) reaction on heavier systems, the pa-
rameters N and z were determined. The calculations for
the heavier target nuclei (*Mg, *Ca, "®Ni, !32Sn, and
208Ph) were also performed in the same DWBA formal-
ism as described above. The systematic uncertainties
are significantly larger as optical-model potentials were
not available from elastic scattering data of ®Li at 100
MeV /u for these nuclei and were, therefore, taken from
other heavy-ion data [65] or for °Li at lower beam en-
ergy [45]. Nevertheless, a reasonable dependence of the
unit cross section for the (°Li,%Li*[3.56MeV]) reaction
at 100 MeV/u as a function of mass number was es-
tablished, as shown in Fig. 5, with N = 80 mb/sr and
x = 0.84. Clearly, the unit cross section drops rapidly
with increasing mass number, which has consequences for
the ability to discern the 3.56-MeV peak in the Doppler-
reconstructed «y spectrum.

w7 The background under the 3.56-MeV peak in the
w8 Doppler-reconstructed v spectrum is due to v decay from

400 L L - L - L L L
H 12C — |

background — |
clover-crystal ----- |
tracking-detector ---- |

1 16.5MeV <E, (2C)

< 22.5MeV

1500

1000
500
113.5MeV<E,(®°Nb) < 18.5 MeV (@[
3250 3500 3750 4000
ES™ (MeV)
FIG. 6. (color online) Doppler-reconstructed y-ray spectra

for the (°Li, °Li’ + ) reaction on *2C (a), **Mg(b), and **Nb
(c) for the excitation-energy ranges indicated at the bottom
of each panel. In (a), the dashed purple line indicates the
fitted 3.56-MeV photo-peak and the solid blue line indicates
the fitted exponential background. The dot-dashed red line
indicates the simulated response if the + ray position could
be measured with a precision of 2 mm. In (b) and (c), the
dashed purple line indicates the simulated 3.56-MeV photo-
peak assuming one unit of GT strength. The dot-dashed red
line indicates the simulated response assuming a position res-
olution for the v-ray detection of 2 mm, assuming one unit of
GT strength.

w9 excited states in the target nucleus as well as v emis-
s sion after particle decay of the target. As shown in
su Fig. 3, isoscalar excitations (predominantly through the
s (OLi, ®Li[g.s.]) reaction) are much more strongly excited
so3 than the isovector excitations. In the excitation-energy
sos region of interest for the isovector excitations, isoscalar
sos giant resonances strongly contribute. The « decays from
sos these giant resonances are predominantly statistical in
sov nature and have energies ranging up to ~ 8 MeV in the
ss laboratory frame, producing background under the 3.56-
s0 MeV peak in the Doppler-reconstructed v spectrum. The
s10 cross section for the excitation of the isoscalar giant reso-
su nances is rather independent of mass number [66], which
si2 leads to a relative increase in background with increas-
s13 ing mass number due to their decays by ~+ emission in
sie the Doppler-reconstructed spectrum. This is illustrated
sis in Fig. 6, in which the Doppler-reconstructed spectra for
s1s the targets of 2C (see also Fig. 2), 2*Mg, and **Nb tar-
si7 gets are shown. For each of the panels, the solid blue
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line indicates the exponential background and the dashed
purple line indicates the photo peak due to the decay
from the 3.56-MeV state in 8Li. For the case of 2C, this
peak is clearly visible and the purple line is the result
of a fit, as discussed above. For the cases of 2*Mg and
9Nb no clear peak is observed and the purple line indi-
cates the expected yield for one unit of GT strength from
the target nucleus in the excitation-energy windows in-
dicated in each panel. These windows correspond to the
region where significant GTy strength is expected to re-
side. Clearly, the background is too strong to isolate the
3.56-MeV photo peak. In addition, the background has
significant structure due to the fact that the = detec-
tors were placed at four distinct angles (see above) and
v lines from the decay of the residual in the laboratory
frame split up into separate peaks associated with these
angles in the Doppler-reconstructed spectrum.

The signal-to-noise (S/N) ratio of the 3.56-MeV peak
could be significantly improved by using a y-ray tracking
detector such as GRETINA where the nominal interac-
tion position in the HPGe crystals can be determined to
within 2 mm [67-69], which reduces the uncertainty in
the Doppler reconstruction. The improvement by being
able to better reconstruct the angle of the v ray was simu-
lated in GEANT4, assuming that the detection efficiencies
remained equal. The results are shown by dot-dashed
red lines in Fig. 6. Clearly, the use of y-ray tracking
would be very beneficial for improving the S/N ratio of
the 3.56-MeV photo peak in the Doppler-reconstructed
spectrum. Not only does the tracking detector improve
the FWHM of the 3.56 MeV signal, it also smoothes the
background as the v-rays emitted at rest are smeared
over a continuous angular distribution. The resulting
spectrum would then be similar to the blue background
and red simulated line shapes shown in Fig. 6. Thus,
with a GRETINA-like tracking detector, experiments on
nuclei with mass numbers of around 25 could become
feasible. If in addition the photo-peak efficiency is in-
creased (GRETINA achieves an efficiency of ~ 3% for v
rays around 3.5 MeV, with a geometrical coverage of m
sr [69]), additional gains could be achieved. An example
of an experiment for which the effectiveness of using a -
ray tracking array for similar purposes as in the present
work can be found in Ref. [70].
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IV. CONCLUSIONS

Through an experiment on a '2C target, it has been
demonstrated that the (SLi,*Li*[T = 1,7, = 0,J~
07, 3.56 MeV]) reaction at 100 MeV/u can be used to
probe the isovector spin-transfer response in the inelas-
tic reaction channel, by tagging the reaction with the
3.56-MeV decay ~ ray. This reaction is the neutral-
current analog to charge-exchange spin-transfer reactions
and can be used to indirectly infer inelastic neutrino-
nucleus scattering cross sections. The unit cross section,
which defines the proportionality between the Gamow-
Teller strength and the differential cross section measured
for GT transitions with the (Li,Li*[3.56 MeV]) reac-
tion, was extracted from the measurement of the transi-
tion to the 17 state at 15.1 MeV in 2C. Its value agreed
well with a theoretical estimate in DWBA and with the
unit cross section for the analog 2C(°Li,%He)'2N(g.s.)
reaction.

Since the (°Li, 5Li’) reaction strongly excites isoscalar
transitions, including the isoscalar giant resonances, the
3.56-MeV ~ peak is situated on a strong background from
~-rays from the statistical decay of the isoscalar excita-
tions. Although the isovector spin-transfer cross section
drops significantly with increasing mass number, that of
the isoscalar resonances remains about equal, which re-
sults in a worsening S/N ratio for the 3.56-MeV ~ peak
with increasing mass number. Consequently, it becomes
more difficult to identify and use the 3.56-MeV ~ ray for
higher-mass nuclei. In the present work, it was not pos-
sible to isolate the isovector spin-transfer excitations in
the inelastic channel for 2#Mg and 3Nb. It was estimated
that if an efficient HPGe ~-ray tracking array were to be
used, the method for extracting such excitations by using
the (SLi,SLi*[T = 1,7, = 0,J™ = 0%,3.56 MeV]) reac-
tion could extend to nuclei with mass number of about
25 and possibly even higher.
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