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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 (6Li, 6Li∗[T=1, Tz = 0, 0+, 3.56 MeV]) reaction at 100
MeV/u as a probe for isolating the isovector spin-transfer response in the inelastic channel(∆S = 1, ∆T = 1,
∆Tz = 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 6Li ejectile in a magnetic spectrometer and selecting events in which the 3.56-MeV
γ ray from the decay of the 6Li∗[3.56 MeV] state is detected, the isovector spin-transfer selectivity is obtained.
High-purity germanium clover detectors served to detect the γ rays. Doppler reconstruction was used to determine
the γ energy in the rest frame of 6Li. From the 6Li and 3.56-MeV γ momentum vectors the excitation energy of
the residual nucleus was determined.

Results: In the study of the 12C(6Li, 6Li∗[3.56 MeV]) reaction, the isovector spin-transfer excitation-energy
spectrum in the inelastic channel was successfully measured. The strong Gamow-Teller state in 12C at 15.1 MeV
was observed. Comparisons with the analog 12C(6Li,6He) reaction validate the method of extracting the Gamow-
Teller strength. In measurements of the 24Mg,93Nb(6Li, 6Li∗[3.56 MeV]) reactions, the 3.56-MeV γ peak could
not be isolated from the strong background in the γ spectrum from decay of isoscalar excitations. It is argued
that by using a γ-ray tracking array instead of a clover array, it is feasible to extend the mass range over which
the (6Li, 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 (6Li, 6Li∗[3.56MeV]) 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 γ-ray array with better tracking capability.

I. INTRODUCTION23

Inelastic neutrino-nucleus scattering (INNS) plays an24

important role during core-collapse supernovae (CCSNe)25

as it provides a dissipative mechanism by which neutri-26

nos deposit their energy in nuclear matter during the27

a Corresponding author: zegers@nscl.msu.edu

explosion [1–11]. Therefore, to accurately simulate and28

gain understanding of the details of the late evolution29

and explosion of massive stars, it is important to have30

good estimates for the INNS cross section [12–16]. Fur-31

thermore, CCSNe produce a strong neutrino signal in the32

tens-of-MeV range, which can be detected via the prod-33

ucts of charged-current (CC) and neutral-current (NC)34

weak interactions with nuclei in various detector media.35

However, measurements needed to determine neutrino36

detector efficiency do not exist for most nuclei, and are37
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highly uncertain where available due to their small cross38

sections [17].39

One method for studying neutrino-nucleus reactions is40

direct measurement of neutrino spallation at reactor [18]41

and synchrotron [19, 20] facilities. Only a few measure-42

ments have been performed so far, including the neutrino43

irradiation of 12C [19, 21]. An alternative approach is via44

indirect measurements that involve inelastic scattering of45

other probes, such as (p, p′) [22–25] and (e, e′) [26, 27].46

Such measurements are much easier, and have been used47

to infer neutral-current neutrino inelastic scattering cross48

sections in the past [4]. This inference is possible because49

the cross sections for INNS depend on the same nuclear50

matrix elements as those that determine the cross sec-51

tions for the inelastic scattering of hadronic probes. The52

dominant component of the INNS cross section at astro-53

physical energies depends on the isovector spin-transfer54

part of the magnetic dipole transition strength (M1στ ).55

The INNS cross section for a transition from an initial56

(i) to a final (f) state is given by [28] by:57

σi,f (Eν) =
GF

2

π
(Eν −∆Efi)

2B(M1στ )fi, (1)

where GF is the Fermi constant, and Eν and ∆Efi are58

the energy of the incident neutrino and the difference59

between final and initial nuclear energies, respectively.60

B(M1στ )fi is the reduced M1στ transition strength in61

the inelastic channel (∆S = 1, ∆T = 1, and ∆Tz = 0):62

B(M1στ )fi =
1

2Ji + 1
|〈f‖Ô(M1στ )‖i〉|

2, (2)

where Ji the spin of the initial nucleus. Ô(M1στ ) is the63

corresponding M1στ operator,64

Ô(M1στ )) =
1

2

∑

k

σ̂(k)τ̂0(k), (3)

where σ̂ = 2ŝ and τ̂ = 2t̂ are the spin and isospin op-65

erators, respectively, and the sum runs over all nucleons66

in the target. Thus, the allowed component of neutrino-67

induced nuclear excitations is isovector spin-transfer ex-68

citations, with no change in orbital angular momentum.69

Reactions mediated by hadronic inelastic scattering in-70

duce M1 transitions for which the operator is given by71

Ô(M1). The electromagnetic magnetic dipole operator72

is given by73

Ô(M1) =

√

3

4π

∑

k

[gℓ(k)ℓ̂(k) +
1

2
gs(k)σ̂(k)]µN , (4)

where ℓ̂ is the orbital angular momentum operator, and gℓ74

(gs) is the orbital (spin) gyromagnetic factor. Thus, both75

isovector and isoscalar transitions contribute, as well as76

non-spin transitions (transitions that involve only change77

in orbital angular momentum).78

The isovector (IV) component of the M1 operator can79

be rewritten as80

Ô(M1)IV =
∑

k

√

3

4π

(

gIVℓ ℓ̂(k)τ̂0(k) +
1

2
gIVs σ̂(k)τ̂0(k)

)

µN ,

(5)
with the IV gyromagnetic factors gIVα = (gnα − gpα)/281

(α = ℓ or s). The isovector spin part of the above IV82

M1 operator (Eq. (5)) is the same as that of the M1στ83

operator of (Eq. (3)) except for a constant factor. This84

is furthermore similar to the Gamow-Teller (GT) opera-85

tors mediating β decay with raising and lowering isospin86

operators. In the present case, the isospin operator is87

an isospin projection operator on the third isospin axis.88

Therefore, in the remainder of this paper we will refer89

to Gamow-Teller strength, denoted by GT0, rather than90

isovector spin M1 dipole strength.91

The above discussion indicates that the GT0 strength,92

which is needed to infer the INNS cross sections, can be93

extracted from hadronic probes such as (p, p′) only under94

certain circumstances. Specifically, because the (p, p′) re-95

action is a Jπ
i = 1/2+ → Jπ

f = 1/2+ transition and Ti =96

Tf = 1/2, it can induce isovector transitions (∆T = 1)97

as well as isoscalar transitions (∆T = 0) [29]. Therefore,98

(p, p′) can be used to extract GT0 strength only when the99

orbital and isoscalar contributions are negligible [4]. This100

is approximately realized at intermediate incident ener-101

gies (100-400 MeV), where the central spin-isospin part102

of the interaction dominates at low momentum trans-103

fer [30–32]. In addition, a measurement of the spin-104

transfer probability (SNN ) through polarization-transfer105

experiments has been used [32] to isolate excitation asso-106

ciated with the transfer of spin. Furthermore, these con-107

ditions are reasonably well met for spherically symmetric108

nuclei with weak or experimentally separable isoscalar re-109

sponses [33]. However, it would be better to have a probe110

which is capable of extracting the GT0 strength from in-111

elastic excitations, without having to be concerned about112

the orbital and isoscalar contributions. In this work, we113

investigate (6Li, 6Li∗[T = 1, Tz = 0, Jπ = 0+, 3.56MeV])114

reaction as a new reaction probe from which the isovec-115

tor spin-transfer excitations in the inelastic channel can116

be directly isolated.117

The (6Li, 6Li∗[3.56MeV]) reaction was first suggested118

for this purpose in Ref. [34]. It provides access to the119

GT0 response of nuclei in an unambiguous manner, as the120

quantum numbers of the initial and final states guarantee121

the induced transition of ∆S = 1, ∆T = 1, and ∆Tz = 0.122

A simplified level diagram of 6Li is shown in Fig. 1 [35].123

To identify reactions in which the 0+ state at an excita-124

tion energy of 3.56 MeV is excited, the 6Li particle in the125

outgoing channel must be tagged with the de-excitation126

γ ray with Eγ = 3.56MeV. Although the α threshold127

is located below the 3.56-MeV state (Qα = −1.47MeV),128

the α decay from the 3.56-MeV state is blocked, unlike129

the decay of other states in 6Li, as it is isospin forbid-130

den and violates parity invariance [36, 37]. Instead, this131

state decays directly to the ground state via γ emission.132
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Since it has Jπ = 0+, the branching ratio for decay to133

the 3+ state at 2.19MeV and the feeding from other134

higher-excited unbound states is negligible [35]. There-135

fore, the coincidence measurement of a 6Li particle with136

a 3.56-MeV γ ray provides a clean identification of the137

desired reaction by isolating the isovector spin-transfer138

excitations in the inelastic channel. Events in which the139

6Li particle is not excited in the reaction are associated140

with isoscalar excitations. The 3.56-MeV γ ray is not141

emitted in such events, although γ-rays associated with142

the isoscalar excitation in the target nucleus create back-143

ground in the γ spectra.144

The extraction of GT transition strengths (B(GT))145

from charge-exchange experiments with a variety of146

hadronic probes at beam energies in excess of about 100147

MeV/u has been well established [38–48]. The same148

method can be used for extracting the GT0 strength149

in the inelastic channel using the (6Li, 6Li∗[3.56MeV])150

reaction. In terms of the reaction mechanism, this151

reaction, with the exception of minor differences due152

to the Coulomb forces, is identical to the (6Li,6He)153

charge-exchange reaction for which the extraction of GT154

strengths has already been established [49–53].155

The extraction of GT transition strength relies on a156

proportionality between the differential cross section at157

zero momentum transfer ( dσdΩ [q = 0]) and B(GT) [38].158

The proportionality constant is referred to as the unit159

cross section (σ̂), which can be calibrated by using GT160

transitions for which the transition strength is known161

from β-decay experiments. The calibrated unit cross sec-162

tion can then be applied to all the states excited via GT163

transitions observed in the spectrum.164

In the present work, the 12C(6Li, 6Li∗[3.56 MeV]) reac-165

tion was used to test the method. Furthermore, measure-166

ments on 24Mg and 93Nb were also performed to test the167

new method for heavier target nuclei. Unfortunately, for168

the latter two cases, the 3.56-MeV de-excitation γ-ray169

peak was not resolvable and the isovector spin-transfer170

excitations could not be separated from other excitations.171

This was caused by the dominant contributions to the γ172

spectrum from the γ decay of isoscalar giant resonances173

excited in the target nucleus. Therefore, the extrac-174

tion of GT0 matrix elements by using the (6Li, 6Li∗[3.56]175

MeV) reaction presently appears only feasible for rela-176

tively light target nuclei, although by using γ-ray track-177

ing techniques the applicability of the probe could possi-178

bly be extended to higher masses.179

II. EXPERIMENT180

The (6Li, 6Li∗[3.56 MeV]) measurements were carried181

out at the Research Center For Nuclear Physics, Osaka182

University, Japan. A 100-MeV/u 6Li beam, with a mea-183

sured energy spread of ∼1.5 MeV in full width at half184

max (FWHM) was accelerated via the coupled opera-185

tion of the azimuthally varying field (AVF) and ring cy-186

clotrons. The 6Li beam was transported achromatically187

0+;0 1+;0

1+;0

0+;1

3+;0

J
π ;T (keV)

parity-forbidden

0.0

1474.3

3562.9

2186

4He + d

6
Li

γ

M
1

FIG. 1. (color online) A simplified level diagram of 6Li based
on Ref. [35]. The α decay of the Jπ = 0+, T = 1 state at
Ex = 3.56MeV is isospin and parity forbidden and this state
decays to the ground state via γ emission [36, 37].

to the reaction target. A 15.2 mg/cm2 natC target was188

oriented at 22.5◦ relative to the horizontal plane, yield-189

ing an effective thickness of 16.5 mg/cm2. The rotation190

of the target was necessary to make sure that the target191

frames would not block the line of sight between the tar-192

get and the γ detectors. The energy loss in the target was193

0.9 MeV and the energy straggling 0.5 MeV (FWHM).194

The beam intensity was measured to be ∼1 pnA. The195

target was placed in a scattering chamber, which was sur-196

rounded by the Clover Array Gamma-ray spectrometer197

at RCNP for Advanced research (CAGRA) [54], which198

consisted of 11 high-purity germanium (HPGe) clover de-199

tectors with BGO shields. The 6Li ejectiles were identi-200

fied and analyzed in the Grand Raiden spectrometer [55],201

which was placed at 0◦ relative to the beam axis.202

The Grand Raiden focal-plane detectors consisted of203

two Multi-Wire Drift Chambers (MWDCs), which were204

used for tracking each particle and determining the posi-205

tions in the dispersive and non-dispersive directions. The206

overall detection efficiency for 6Li particles was 74%. By207

combining the positions in each MWDC, the angles in208

the dispersive and non-dispersive directions were deter-209

mined. A calibration measurement by using a sieve-slit210

was used for the determination of the parameters of a211

ray-trace matrix for reconstructing scattering angles at212

the target from position and angle measurements in the213

focal plane (see, e.g., Ref. [56]). The ion-optics of the214

spectrometer was tuned to run in under-focus mode [22]215

to optimize simultaneously the angular resolutions in the216

dispersive (2.8 mrad (FWHM)) and non-dispersive (10.3217

mrad (FWHM)) planes. The momentum reconstruction218

of the 6Li particles was calibrated by measuring the elas-219

tic scattering peak from the 93Nb(6Li,6Li′) reaction at220

several magnetic rigidities.221

Three plastic scintillators (thicknesses of 3 mm, 10222

mm, and 10 mm) served to extract energy-loss signals223
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and the time of flight (ToF), measured relative to the224

radio-frequency signal of the cyclotrons. To improve the225

particle-identification capabilities, a 12-mm aluminum226

plate was placed in between the second and third scintil-227

lators. 6Li particles were stopped in this plate, whereas228

deuterons and 4He particles from the breakup of 6Li229

punched through and deposited energy in the third scin-230

tillator. Therefore, events in which 6Li breakup occurred231

could easily be removed in the offline analysis. By com-232

bining the energy-loss and ToF signals, 6Li could unam-233

biguously be identified.234

The unreacted beam was stopped in a 0◦ Faraday cup,235

which was placed ∼12m downstream of the focal plane.236

It was shielded to reduce the background for the γ-ray237

measurement at the target position. The energy of the238

unreacted beam corresponds to Ex = 0 MeV and to pre-239

vent the beam from hitting the MWDCs, the detectors240

were shifted and could cover only Ex > 10 MeV. The241

analysis of the data was carried out up to Ex = 40 MeV.242

Absolute cross sections were determined on the basis243

of calibration runs in which the beam intensity was mea-244

sured with a Faraday cup inserted before the reaction tar-245

get in between runs. The normalizations from these cali-246

bration data were then applied to the other runs. The un-247

certainty in the absolute cross sections determined with248

this procedure was estimated at 20%, which was domi-249

nated by the read-out accuracy of the Faraday cup in the250

calibration runs due to a relatively low current.251

Eight of the HPGe detectors of the CAGRA array were252

placed at a laboratory scattering angle of 90◦ (seven of253

which were operational) and four were placed at 135◦.254

Each clover detector had four crystals, two at forward255

scattering angles and two at backward scattering angles.256

The centroids of the crystals were chosen as the interac-257

tion points for the γ rays from which the laboratory an-258

gles of the emitted γ rays were determined: 84.3◦, 95.8◦,259

129.0◦, and 140.5◦. The distance between the target and260

the centroid of the germanium crystals was 20.8 cm. The261

angular range covered by a single crystal was 12◦.262

The Doppler-reconstructed γ-ray energy in the rest263

frame (c.m.) of the incident particle, Ec.m.
γ , was obtained264

from that in the laboratory frame (lab), Elab
γ , by using:265

Ec.m.
γ = γ(1− β cos θlabγ )Elab

γ , (6)

where β is the velocity of the excited 6Li particle, and θlabγ266

is the γ-ray emission angle in the laboratory frame. This267

reconstructed γ-ray energy peak is broadened (∆Ec.m.
γ )268

due to the angular range covered by the finite crystal size,269

represented by ∆θlabγ :270

(

∆Ec.m.
γ

Ec.m.
γ

)

θlab
γ

=
β sin θlabγ

1− β cos θlabγ

∆θlabγ . (7)

The contributions to ∆Ec.m.
γ from the energy resolution271

of the germanium detectors and the uncertainty in β were272

negligible. The Doppler-reconstructed γ spectrum was273

used to identify the photo peak due to the in-flight decay274

of the 3.56-MeV excited state in 6Li, with a resolution275

of ∆Ec.m.
γ = 250 keV (FWHM). In combination with276

the momentum vector of the 6Li particle reconstructed277

from the spectrometer data, the laboratory momentum278

vector of the γ rays in the Doppler-reconstructed 3.56-279

MeV photo peak was used to reconstruct the momentum280

vector of the 6Li particle prior to the decay by γ emis-281

sion. The excitation energy of the residual nucleus (e.g.282

of 12C in the 12C(6Li,6Li∗[3.56MeV]) reaction) was then283

determined in a missing-mass calculation using the mo-284

mentum vector of the 6Li particle prior to the decay by285

γ emission. The excitation-energy resolution was almost286

entirely determined by the uncertainty in the 6Li beam287

energy (1.5 MeV [FWHM]).288

The detection efficiency of CAGRA was determined289

by using calibrated sources. The energy dependence of290

the efficiency was simulated in Geant4 [57]. The to-291

tal efficiency for detecting the photo-peak γ rays asso-292

ciated with the in-flight decay of the 3.56-MeV excited293

state in 6Li was estimated at (0.44 ± 0.03)%, by taking294

into account that in the laboratory frame the emission is295

Lorentz-boosted and the γ-ray energies and yield depend296

on the emission angle.297

The data acquisitions (DAQ) systems for the spec-298

trometer and CAGRA ran independently and events were299

correlated based on time stamps distributed to each sys-300

tem. The live-time ratios for the DAQ systems were∼ 0.8301

(spectrometer) and ∼ 0.98 (CAGRA). The time differ-302

ence between correlated events in the spectrometer and303

CAGRA served to distinguish prompt from random co-304

incidences. By subtracting spectra gated on the random305

coincidence timings from spectra gated on prompt coin-306

cident timing, the true coincidence spectra were created.307

The prompt-to-random event ratio was 3.3 ± 0.3. The308

subtraction of random coincidences has been performed309

for the spectra presented in the following sections.310

III. RESULTS AND ANALYSIS311

A. The 12C(6Li, 6Li∗[3.56MeV]) measurement312

The excitation of the strongly excited 12C[15.1 MeV;313

T=1] state, the analog of the 12B and 12N ground314

states, was helpful for evaluating the data. The Doppler-315

reconstructed γ-ray energy spectrum in coincidence with316

the excitation of this state is shown in Fig. 2. The data317

between 1500 keV and 5000 keV was fitted with a com-318

bination (solid yellow line Fig. 2) of the simulated re-319

sponse from the decay by γ emission of the 3.56-MeV ex-320

cited state in 6Li and a double-exponential background321

(dashed blue line). Besides the 3.56-MeV photo peak, the322

broad bump and tail due to Compton scattering in the323

germanium detectors are clearly visible around 3 MeV.324

The four distinct peaks observed in this portion of the325

spectrum are from the at-rest γ emission from the 2.12-326

MeV excited state in 11B, populated after the decay by327

neutron emission from 12C. Because of the four distinct328
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6Li [3.56 MeV; T=1]
sideband

co
u

n
ts

 /
 4

 k
e

V

k

sim. line-shape
background

c.m.

FIG. 2. (color online) The Doppler-reconstructed γ-ray en-
ergy spectrum gated on the 12C[15.1 MeV; T=1] excitation.
The 3.56-MeV γ line from the decay of the 6Li∗[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).

x  2

E
x
[12C(6Li,6Li’)] (MeV)

12C(6Li,6Li’)
12C(6Li,6Li*[3.56 MeV])x2

E
x
[12C(6Li,6Li*[3.56 MeV)] (MeV)

q
c.m.

=0.25o

FIG. 3. (color online) Comparison of the 12C inelas-
tic scattering singles and coincidence double differential
cross-section spectra at 0.25◦ for the 12C(6Li, 6Li′) and the
12C(6Li, 6Li∗[3.56 MeV]) reactions, respectively. Note that
the latter data have been multiplied by a factor of two. See
text for details.

scattering angles of the germanium crystals, events asso-329

ciated with this decay appear at four distinct energies in330

the Doppler-reconstructed spectrum.331

By gating on the region Eγ
c.m. = 3.4 MeV - 3.8 MeV in332

the Doppler-reconstructed γ-energy spectrum (indicated333

by the red double-hatched region in Fig. 2), events asso-334

ciated with the excitation of the 3.56-MeV excited state335

in 6Li were selected. Since this region contains back-336

ground from events not associated with this excitation,337

data from a side-band between Eγ
c.m. = 3.9 MeV and338

4.3 MeV were used to subtract the contribution from the339

background under the 3.56-MeV peak. This was done340

12C
IV

x

12C( 6Li, 6Li’[3.56 MeV])

E  = 100 MeV/u

[13.1 MeV < Ex  < 17.1 MeV]

Ex = 15.1 MeV

/

[17.1 MeV < Ex < 22.1 MeV]

Ex = 19.6 MeV

/

12

10

8

6

4

2

0

7.5

5.0

2.5

(a)

(b)

(c)

(d)

(e)

.     .

c.m.

c.m.

c.m.

FIG. 4. (color online) Double differential cross sections for
the 12C(6Li, 6Li[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 the341

estimated number of events under the 3.56-MeV peak as342

determined by the fit described above.343

The procedure as described above for the 15.1-344

MeV state in 12C was subsequently performed for the345

12C excitation-energy spectrum up to 40 MeV. The346

background-subtracted 12C excitation-energy spectrum347

gated on the 3.56-MeV excited state in 6Li is shown in348

Fig. 3 integrated over center-of-mass scattering angles349

θc.m. between 0◦ and 0.5◦. The differential cross sec-350

tions were corrected for the acceptance of Grand Raiden,351

the detector live-time ratios, as well as the 3.56-MeV352

photo-peak efficiency of CAGRA and the 6Li detec-353

tion efficiency in Grand Raiden. For comparison, the354

12C(6Li, 6Li′) singles data are also shown. Note that the355

excitation energy of the latter spectrum is shifted by 3.56356

MeV relative to the former, since it is assumed that the357

(6Li, 6Li′) singles data are mostly not associated with an358

excitation of the 6Li particle. The singles data are domi-359

nated by isoscalar resonances in 12C and strongly exceeds360

the cross section for the selective isovector channel.361

The double differential cross section for the362

12C(6Li, 6Li∗[3.56MeV]) reaction as a function of363

excitation energy in 12C and for three 0.5◦-wide center-364

of-mass scattering-angle bins centered at 0.25◦, 1.75◦,365

and 2.75◦ are shown in Fig. 4(a-c). The spectra have366

contributions from a variety of excitations associated367

with different angular-momentum transfer ∆L.368

The different multipole contributions to the excitation-369
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energy spectrum were extracted via a multipole-370

decomposition analysis (MDA) [58]. In the MDA, the371

differential cross sections in each excitation-energy bin372

were fitted by a linear combination of theoretical angular373

distributions associated with different units of orbital an-374

gular momentum transfer (∆L = 0, 1, and 2 were used).375

The theoretical calculations were performed in Distorted-376

Wave Born Approximation (DWBA) by using the code377

fold/dwhi [59]. In this code, the Love-Franey effec-378

tive nucleon-nucleon interaction at 140 MeV [31] was379

double-folded over the transition densities for the 12C380

and 6Li inelastic channels. Optical-model potentials for381

the distorted-wave calculation were obtained by fitting382

elastic-scattering data for the 12C(6Li,6Li) reaction at383

100 MeV/u [60] by using the ecis [61] code. The best-fit384

parameters were -60.94 MeV, 1.3725 fm, and 0.9142 fm385

for the depth (V ), radius (rv), and diffuseness (av) of the386

real Woods-Saxon potential and -22.529 MeV, 1.610 fm,387

and 0.693 fm for the depth (W ), radius (rw), and diffuse-388

ness (aw) of the imaginary Woods-Saxon potential.389

Examples of the MDA for excitation-energy bins from390

13.1 MeV to 17.1 MeV and from 17.1 MeV to 22.1 MeV391

are shown in Figs. 4(d) and (e), respectively. For the392

former excitation-energy range, the angular distribution393

is dominated by the ∆L = 0 component associated with394

the excitation of the 15.1-MeV 1+ state in 12C. In the395

latter excitation-energy range, the differential cross sec-396

tion is well described by a combination of comparable397

∆L = 1 and ∆L = 2 contributions. The MDA was per-398

formed for excitation energies up to 40 MeV and the re-399

sults are superimposed on the double differential cross400

sections shown in Figs. 4(a-c). Even though the sta-401

tistical accuracies of the data are limited, especially at402

the highest excitation energies, the T = 1 15.1-MeV 1+403

state can clearly be identified, as well as strong dipole404

and quadrupole contributions at excitation energies up405

to ∼ 25 MeV.406

For N = Z (T = 0) nuclei such as 12C, it is rela-407

tively easy to compare the inelastic (∆Tz = 0) isovec-408

tor (∆T = 1) excitation-energy spectrum with the ana-409

log spectrum in the charge-exchange (∆Tz = ±1) chan-410

nels. The [1+; T = 1; 15.1-MeV] state is the analog of411

the ground states of 12N and 12B. Indeed, the spectra412

depicted in Figs. 4(a-c) resemble closely those observed413

in charge-exchange experiments at similar beam energies414

on 12C (for example through the (6Li,6He) reaction at415

100 AMeV [50] and the (n, p) reaction at 98 MeV [62])416

after shifting the excitation energy such that the T = 1417

15.1-MeV 1+ state is at 0 MeV. Note that for N 6= Z418

(T 6=0) nuclei, such comparisons are in general very diffi-419

cult, as final states with different isospin in the relevant420

charge-exchange channel cannot be separated.421

From the results for 12C shown in Fig. 4, it is clear that422

the (6Li,6Li∗[3.56MeV]) reaction is suitable for isolating423

the isovector-spin excitation-energy spectrum in the in-424

elastic channel which establishes this probe as the in-425

elastic analog to spin-transfer charge-exchange reactions.426

Furthermore, with comparison to the direct 12C(ν, ν′)427

neutrino measurement of Ref. [19], we see that the428

(6Li,6Li∗[3.56MeV]) reaction populates the same states429

thereby confirming the utility of this probe as an indi-430

rect technique for constraining INNS cross sections.431

B. Unit cross section432

As mentioned in the introduction, the GT transition433

strengths can be deduced from the measured differential434

cross sections at zero momentum transfer on the basis of435

the proportionality between the transition strength and436

the differential cross section at zero momentum trans-437

fer [38, 49]. The proportionality can be expressed as:438

dσ

dΩ
(0◦) = σ̂GTF (q, ω)B(GT), (8)

where σ̂GT is the unit cross section, F (q, ω) is a kinemat-439

ical factor correcting for non-zero momentum and en-440

ergy transfer, and B(GT) is the GT transition strength.441

Analogously, the corresponding relation for the present442

(6Li, 6Li∗) reaction is443

dσ(6Li,6Li∗)

dΩ
(0◦) = σ̂

(6Li,6Li∗)
GT0

F (q, ω)B(GT0), (9)

with σ̂
(6Li,6Li∗)
GT0

the unit cross section for this reaction and444

B(GT0) the ∆Tz = 0 Gamow-Teller transition strength,445

i.e. inelastic isovector spin-transfer M1 strength. The446

factor F (q, ω) is calculated in the DWBA formalism dis-447

cussed above by comparing the cross section at finite Q-448

value and 0◦ with the cross section at Q = 0 and 0◦ [38].449

From the β-decay data of 12B and 12N, the GT tran-450

sition strengths from the ground states of these nuclei451

to the 12C ground state are determined to be 0.99 and452

0.88, respectively. These transitions are both analogs of453

the transitions from the ground state to the 15.1 MeV454

state in 12C. For the determination of the unit cross sec-455

tion σ̂
(6Li,6Li∗)
GT0

, the average of these measurements was456

adopted. The Gamow-Teller strength for the transition457

to the 15.1 MeV analog state of the 12B ground state was458

also calculated via oxbash [63] using the Cohen-Kurath459

(8-16)POT interaction in the p-shell-model space [64],460

and found to be 0.921, which agrees well with the av-461

erage strength of the β-decay measurements. Utilizing462

Eq. (9), the 12C(6Li, 6Li∗[3.56MeV]) unit cross section463

was found to be 11.3± 2.7 mb/sr (this includes the sys-464

tematic uncertainty from the measurement as well as the465

difference in the GT strengths deduced from β decay in466

each channel). The unit cross section was also deter-467

mined from the DWBA calculation (11.325 mb/sr) and468

found to agree with the data. Finally, the unit cross sec-469

tion was also determined from the analog transition in470

the 12C(6Li,6He) data [50] with a value of ∼ 10 mb/sr.471

Although it was not possible to determine an error from472

the data presented in Ref. [50], this value is also in good473

agreement with our present results.474



7

5010 20 30 100 150 200 250

A

1

10

12 C

26 Mg

48 Ca

78 Ni

132 Sn 208 Pb

σ
G
T

σ(A) = 80.4 exp(-0.84A 1/3
)

12C(6Li,6He)12N(1+;gs)
12C(6Li,6Li*[3.56 MeV])12C(1+;15.1 MeV)

FIG. 5. (color online) GT unit cross section for the
(6Li, 6Li∗[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 12C(6Li, 6Li∗[3.56MeV])12C(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 12C(6Li,6He) 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 a475

function of mass number of the target nucleus [38]:476

σ̂
(6Li,6Li′)
GT0

(A) = N exp(−xA1/3), (10)

where N and x are parameters that depend on the re-477

action probe. By using the results for 12C data as de-478

scribed above and additional DWBA calculations for the479

(6Li, 6Li∗[3.56MeV]) reaction on heavier systems, the pa-480

rameters N and x were determined. The calculations for481

the heavier target nuclei (26Mg, 48Ca, 78Ni, 132Sn, and482

208Pb) were also performed in the same DWBA formal-483

ism as described above. The systematic uncertainties484

are significantly larger as optical-model potentials were485

not available from elastic scattering data of 6Li at 100486

MeV/u for these nuclei and were, therefore, taken from487

other heavy-ion data [65] or for 6Li at lower beam en-488

ergy [45]. Nevertheless, a reasonable dependence of the489

unit cross section for the (6Li, 6Li∗[3.56MeV]) reaction490

at 100 MeV/u as a function of mass number was es-491

tablished, as shown in Fig. 5, with N = 80 mb/sr and492

x = 0.84. Clearly, the unit cross section drops rapidly493

with increasing mass number, which has consequences for494

the ability to discern the 3.56-MeV peak in the Doppler-495

reconstructed γ spectrum.496

The background under the 3.56-MeV peak in the497

Doppler-reconstructed γ spectrum is due to γ decay from498

clover-crystal
tracking-detector

background

13 MeV < E x (
24Mg)  < 18 MeV

16.5 MeV < E x (
12C )  < 22.5 MeV

12C

24Mg

13.5 MeV < E x (
93Nb )  < 18.5 MeV

93Nb

(a)

(b)

(c)

c.m.

FIG. 6. (color online) Doppler-reconstructed γ-ray spectra
for the (6Li, 6Li′ + γ) reaction on 12C (a), 24Mg(b), and 93Nb
(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 γ 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 γ-ray detection of 2 mm, assuming one unit of
GT strength.

excited states in the target nucleus as well as γ emis-499

sion after particle decay of the target. As shown in500

Fig. 3, isoscalar excitations (predominantly through the501

(6Li, 6Li[g.s.]) reaction) are much more strongly excited502

than the isovector excitations. In the excitation-energy503

region of interest for the isovector excitations, isoscalar504

giant resonances strongly contribute. The γ decays from505

these giant resonances are predominantly statistical in506

nature and have energies ranging up to ∼ 8 MeV in the507

laboratory frame, producing background under the 3.56-508

MeV peak in the Doppler-reconstructed γ spectrum. The509

cross section for the excitation of the isoscalar giant reso-510

nances is rather independent of mass number [66], which511

leads to a relative increase in background with increas-512

ing mass number due to their decays by γ emission in513

the Doppler-reconstructed spectrum. This is illustrated514

in Fig. 6, in which the Doppler-reconstructed spectra for515

the targets of 12C (see also Fig. 2), 24Mg, and 93Nb tar-516

gets are shown. For each of the panels, the solid blue517
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line indicates the exponential background and the dashed518

purple line indicates the photo peak due to the decay519

from the 3.56-MeV state in 6Li. For the case of 12C, this520

peak is clearly visible and the purple line is the result521

of a fit, as discussed above. For the cases of 24Mg and522

93Nb no clear peak is observed and the purple line indi-523

cates the expected yield for one unit of GT strength from524

the target nucleus in the excitation-energy windows in-525

dicated in each panel. These windows correspond to the526

region where significant GT0 strength is expected to re-527

side. Clearly, the background is too strong to isolate the528

3.56-MeV photo peak. In addition, the background has529

significant structure due to the fact that the γ detec-530

tors were placed at four distinct angles (see above) and531

γ lines from the decay of the residual in the laboratory532

frame split up into separate peaks associated with these533

angles in the Doppler-reconstructed spectrum.534

The signal-to-noise (S/N) ratio of the 3.56-MeV peak535

could be significantly improved by using a γ-ray tracking536

detector such as GRETINA where the nominal interac-537

tion position in the HPGe crystals can be determined to538

within 2 mm [67–69], which reduces the uncertainty in539

the Doppler reconstruction. The improvement by being540

able to better reconstruct the angle of the γ ray was simu-541

lated in Geant4, assuming that the detection efficiencies542

remained equal. The results are shown by dot-dashed543

red lines in Fig. 6. Clearly, the use of γ-ray tracking544

would be very beneficial for improving the S/N ratio of545

the 3.56-MeV photo peak in the Doppler-reconstructed546

spectrum. Not only does the tracking detector improve547

the FWHM of the 3.56 MeV signal, it also smoothes the548

background as the γ-rays emitted at rest are smeared549

over a continuous angular distribution. The resulting550

spectrum would then be similar to the blue background551

and red simulated line shapes shown in Fig. 6. Thus,552

with a GRETINA-like tracking detector, experiments on553

nuclei with mass numbers of around 25 could become554

feasible. If in addition the photo-peak efficiency is in-555

creased (GRETINA achieves an efficiency of ∼ 3% for γ556

rays around 3.5 MeV, with a geometrical coverage of π557

sr [69]), additional gains could be achieved. An example558

of an experiment for which the effectiveness of using a γ-559

ray tracking array for similar purposes as in the present560

work can be found in Ref. [70].561

IV. CONCLUSIONS562

Through an experiment on a 12C target, it has been563

demonstrated that the (6Li, 6Li∗[T = 1, Tz = 0, Jπ =564

0+, 3.56MeV]) reaction at 100 MeV/u can be used to565

probe the isovector spin-transfer response in the inelas-566

tic reaction channel, by tagging the reaction with the567

3.56-MeV decay γ ray. This reaction is the neutral-568

current analog to charge-exchange spin-transfer reactions569

and can be used to indirectly infer inelastic neutrino-570

nucleus scattering cross sections. The unit cross section,571

which defines the proportionality between the Gamow-572

Teller strength and the differential cross section measured573

for GT transitions with the (6Li, 6Li∗[3.56MeV]) reac-574

tion, was extracted from the measurement of the transi-575

tion to the 1+ state at 15.1 MeV in 12C. Its value agreed576

well with a theoretical estimate in DWBA and with the577

unit cross section for the analog 12C(6Li,6He)12N(g.s.)578

reaction.579

Since the (6Li, 6Li′) reaction strongly excites isoscalar580

transitions, including the isoscalar giant resonances, the581

3.56-MeV γ peak is situated on a strong background from582

γ-rays from the statistical decay of the isoscalar excita-583

tions. Although the isovector spin-transfer cross section584

drops significantly with increasing mass number, that of585

the isoscalar resonances remains about equal, which re-586

sults in a worsening S/N ratio for the 3.56-MeV γ peak587

with increasing mass number. Consequently, it becomes588

more difficult to identify and use the 3.56-MeV γ ray for589

higher-mass nuclei. In the present work, it was not pos-590

sible to isolate the isovector spin-transfer excitations in591

the inelastic channel for 24Mg and 93Nb. It was estimated592

that if an efficient HPGe γ-ray tracking array were to be593

used, the method for extracting such excitations by using594

the (6Li, 6Li∗[T = 1, Tz = 0, Jπ = 0+, 3.56MeV]) reac-595

tion could extend to nuclei with mass number of about596

25 and possibly even higher.597
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chetti, J. W. Jänecke, and R. E. Warner, “Unique 6Li-824

nucleus optical potentials from elastic scattering of 210825

MeV 6Li ions by 28Si, 40Ca, 90Zr, and 208Pb,” Phys. Rev.826

C 39, 536 (1989).827

[66] M. N. Harakeh and A. van der Woude,Giant Resonances:828

Fundamental High-Frequency Modes of Nuclear Excita-829

tion (Oxford University Press, New York, 2001).830

[67] S. Paschalis et al., “The performance of the Gamma-Ray831

Energy Tracking In-beam Nuclear Array GRETINA,”832

Nucl. Instrum. Methods Phys. Res., Sect. A 709, 44833

(2013).834

[68] T. Lauritsen et al., “Characterization of a gamma-ray835

tracking array: A comparison of GRETINA and Gam-836

masphere using a 60Co source,” Nucl. Instrum. Methods837

Phys. Res., Sect. A 836, 46 (2016).838

[69] D. Weisshaar et al., “The performance of the γ-ray track-839

ing array GRETINA for γ-ray spectroscopy with fast840

beams of rare isotopes,” Nucl. Instrum. Methods Phys.841

Res., Sect. A 847, 187 (2017).842

[70] M. Scott et al., “Observation of the isovector giant843

monopole resonance via the 28Si(10Be, 10B∗[1.74 MeV])844

reaction at 100A MeV,” Phys. Rev. Lett. 118, 172501845

(2017).846


