
PHYSICAL REVIEW C VOLUME 52, NUMBER 3

(d, He) reactions at Ed=125.2 MeV
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We have measured cross sections for (d, He) induced reactions on the p-shell nuclei Li, ' C, and ' C and

the sd-shell nucleus Mg at an energy of Ed=125.2 MeV. The measured excitation energy spectra are very
similar to those from (p, nl, (n,p), and (d, He) reactions at higher energies. The measured 0' (d, He) cross
sections show a remarkably well-defined linear relation with the Gamow-Teller strengths deduced either from

P decay or from (p, n) reactions. Our results demonstrate that the (d, He) reaction can be used as a powerful
tool to study Gamow-Teller strengths in the P+ direction at energies as low as Ed=125.2 MeV.

PACS number(s): 25.45.Kk, 25.40.Kv, 27.20.+n, 27.30.+t

Charge-exchange reactions at intermediate energies have
proven to be a powerful probe of nuclear structure and reac-
tion dynamics, particularly spin-isospin excitations [1—3].
Extensive studies have been performed on (p, n) reactions at
the IUCF, TRIUMF, and LAMPF [1,3—6]. These studies in-

dicate that the observed Gamow-Teller (GT) strengths are
consistently below the GT sum rule [7], constituting the so-
called missing GT strength. Even for well-isolated states, the
observed strengths are often more than 40% [3) below those
predicted by the most accurate shell model calculations
available [8—11], constituting the so-called quenched GT
strength. To explain these apparent missing or quenched
strengths, various mechanisms —including ground-state ran-
dom phase correlations [3,8,9,11], subnucleonic degrees of
freedom [12],or mistreating of real GT strengths as "experi-
mental background" [3,11]—have been proposed.

The (p, n) reactions only probe GT strength distributions
in the p direction, which represents decreasing T, for a
target with a neutron excess. To compare rigorously with the
GT sum rule, one also needs to measure the corresponding
GT strengths in the p+ direction. Besides complementing
the p reactions, GT strengths in p reactions play a unique
role in understanding p capture and nucleosynthesis in su-

pernova processes [13] and the size of matrix elements in
double-p decay processes [14].It is possible, in principle, to
infer GT strengths in the p+ direction from the populations
of the analogs of the states of interest in a (p, n) reaction
study. However, reactions that probe p+ GT strength directly
have several appealing features. (1) For a target with a neu-
tron excess and ground-state isospin To, p+ reactions excite
a unique isospin Tp+1. Furthermore, these final states rep-
resent the low-lying states of the final nucleus. In contrast,

p reactions on such a target excite states of isospin,
Tp 1, Tp, and Tp+ 1. The Tp+ 1 states, which are the ana-
logs of the states populated in a p+ reaction, are frequently
obscured by states of lower isospin, especially if they are
only populated weakly. (2) The isospin geometric factors
strongly favor the excitation of To+ 1 states in p+ reactions
compared to p reactions: e.g. , B(GT)/3+/B (GT)P
(To+ 1)(2To+ 1), for reactions on the same target populat-

Present address: Cyclotron Facility, Indiana University, Bloom-
ington, Indiana 47408.

ing analog final states. (3) For light and medium-mass nuclei
with small neutron excesses, the three-body breakup thresh-
olds for p+ reactions come at much higher excitation ener-

gies in the residual nucleus than those for p reactions. In-

deed, intermediate energy (n,p) reactions have been carried
out experimentally for several nuclei [15—19].However, the
data are still scarce mainly because neutron beams can only
be produced as a secondary beam, so the counting rates are
usually low. As a result, the energy resolution is often poor,
usually 1 MeV or worse. This poor resolution can sometimes
make interpretation of the data difficult [14]. Heavy-ion
charge-exchange reactions such as (' C, ' N) have also been
used in measuring p+ strengths [20,21]. For such reactions,
however, the reaction mechanisms are complicated and suc-
cessive transfer reactions could dominate at energies below
E/A = 100 MeV [20—22].

Intermediate energy (d, He) reactions can be used as an
alternative tool to measure p+ strengths. Since the deuteron
and He are the simplest complex particles, the reaction
mechanisms are expected to be much simpler than those us-

ing heavier beams such as (' C, ' N). Moreover, the one-step
reaction mechanism for (d, He) is expected to occur at sub-

stantially lower energies. Though the reaction mechanisms
are more complicated than those for (n, p) reactions,
(d, He) reactions have at least two significant advantages.
The reactions can be performed with primary beam, rather
than the secondary beam in (n, p) reactions. Thus, experi-
ments can be performed with high counting rates and im-

proved energy resolution. Meanwhile, for one-step reactions
the 1+~0+ quantum numbers in (d, He) ensure a spin-fiip
transition. Hence, the reactions can be readily used to study
the Gamow-Teller (b,S=I, AL =0, AT=1) or spin-Qip di-

pole (AS=1, AL =1, AT= 1) strength distributions. In con-
trast, (n, p) reactions need a secondary scattering to deter-
mine the spin transfer unambiguously. The (d, He) reaction,
however, has two major disadvantages. Foremost, the reac-
tion mechanism is not well understood at present. In addi-
tion, one has to detect the two correlated protons from the
'Sp state of He, which are emitted in nearly the same di-
rection, in the presence of a large proton background result-

ing from deuteron breakup reactions. This could be particu-
larly troublesome at zero degrees where deuteron breakup
cross sections are much larger than the Gamow-Teller cross
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sections of interest. Thus, special detection systems are re-
quired to study (d, He) reactions.

(d, He) reactions were first investigated at beam energies
of Fd = 55 to 99 MeV [23—26]. At forward angles, the
observed cross sections were consistent with a direct, one-
step charge-exchange mechanism. However, the measured
angular distributions were not characteristic of particular an-

gular momentum transfers. In particular, the AL=O transi-
tions were neither noticeably enhanced in magnitude nor eas-
ily identifiable by virtue of their shape. It was thus concluded
that the (d, He) reactions cannot provide useful information
concerning EL=0, AS=1, AT=1 strength distributions at
energies Ed~99 MeV. These earlier studies, however, were
performed with detector telescopes and cross sections were
only measured at angles 8) 10'. In contrast, a recent spec-
trograph study at RIKEN [27,28] shows a well-defined linear
relation of (d, He) zero-degree cross sections with known
GT strengths from p decays at Ed=260 MeV, indicating the
usefulness of (d, He) in studying GT strengths. At much
higher beam energies, 650 MeV and above, a one-step spin-
flip process was observed in the 5 resonance regime [12].
The latter, however, provides little information concerning
the strength distribution in the low lying states.

The purpose of this Rapid Communication is to demon-
strate that there exists a we11-defined proportionality between
the (d, He) zero-degree cross sections and known Gamow-
Teller strengths at energies as low as Ed=125.2 MeV. The
existence of such a relation will not only put our understand-
ing of the (d, He) reaction mechanism on a surer quantita-
tive footing; it will also provide us with a calibration and
allow us to study p+ GT strengths inaccessible to p decay,
which are important in supernova and double-beta-decay
processes.

The experiment was performed using 125.2 MeV deu-
teron beams from the Texas ASM University K500 super-
conducting cyclotron. Several self-supporting targets, includ-
ing CHq (7 mg/cm ), Li (26 mg/cm ), C (10 mg/cm ),
' C (14.8 mg/cm ), and Mg (1.95 mg/cm ), were used for
the present study. An optimized detection system, the Texas
ARM Proton Spectrometer [29], was used to detect the cor-
related protons from He decay. The proton spectrometer
includes a magnetic spectrometer with point-to-parallel op-
tics, two drift chambers, and X and F scintillator trigger
arrays. Each of the two drift chambers consists of five sense
wire layers —two x-layers, one diagonal layer, and two y
layers. To minimize multiple scattering, a gas mixture of
20% Ne and 80% C2H6 is used for the drift chambers [30].
Charged particles are traced through the two drift chambers.
Their energies and scattering angles are then determined us-
ing the results of a detailed field map of the magnet. The
solid angle for detecting an individual proton is nearly 20
msr, while the effective solid angle for detecting a He
within a fiducial region (50»3', 5$»1') is =1.5 msr.
The acceptance in 0 is Oat over the fiducial region. A beam
stop mechanism, consisting of several Faraday cups, stops
the beam inside the spectrometer magnet at small scattering
angles (8»7'), near the entrance to the magnet at interme-
diate scattering angles, and outside the magnet in the target
chamber at large scattering angles (8~15'). Two different
triggers are used to take data. A singles trigger requires at
least one hit in each of the two scintillator arrays. At large

scattering angles, it provides a virtually pure sample of indi-
vidual proton tracks that can be used to calibrate the drift
chambers. At all angles, it may be used to investigate the
sources of background protons that lead to random coinci-
dences. The He trigger requires at least one hit in one of the
two scintillator arrays, together with a nonadjacent pair of
hits in the other array. This trigger is satisfied by p-p coin-
cident events, both from actual He decays and from acci-
dental coincidences, and by random p-n and p-d coinci-
dences.

Calibration of the detection system was performed off-
line using the observed cross over angles between
'H(d, He)n and deuteron-induced reactions on the heavier
targets, notably Li and ' C, and the independence of the
measured reaction Q value on the He scattering angle,
0;„, for each target. The measured Q value depends on the
reconstructed energy and angle of the He, which, in turn,
depend on the magnetic matrix elements and detector posi-
tions. The measured Q vs 8;„relation provides a powerful
constraint on these parameters. Moreover, data from different
targets, which have different Q values and different masses,
and therefore, different recoil effects, provide checks over a
wide range of the acceptance of the proton spectrometer.
Using the above two criteria, we were able to determine the
incident beam angle to better than 0.1' and the beam energy
to better than 200 keV (which is more accurate than that
provided by the cyclotron tune parameters). The He energy
resolution for the present study was 600—700 keV full width
at half maximum (FWHM). The He angular resolution was
better than 0.4' FWHM. The p-n and p-d events were elimi-
nated off-line using cuts on the pulse height in the scintilla-
tors and multiplicities in the drift chambers, as well as cuts
on the reconstructed tracks themselves. Random p-p coinci-
dence events in which one or both of the protons originated
in the beam stop were eliminated by requiring both tracks to
point back to the target. The detailed performance of our
detection system will be described in a forthcoming publica-
tion.

As an example, Fig. 1 shows the excitation functions of
' C(d, He)' B reactions measured at 0', 5', 10', and
15', respectively, after subtracting the random coincidence
backgrounds obtained from two protons triggering in neigh-
boring beam bursts. The spectra are shown as a function of
E*, the excitation energy in ' B after correcting for the re-
action Q value. Essentially, no events are recorded at excita-
tion energies E*& 0 after subtracting the random back-
grounds, indicating the backgrounds were well understood.
(The backgrounds are typically a few counts per bin or less
for Fig. 1. We have taken data on other targets with much
higher random backgrounds, and the subtractions are equally
good. ) To ensure that the two protons are from the 'So state
of He, an off-line cut on the relative energy of He,
E„&~1 MeV, has been used. Although the data were mea-
sured at much smaller angles, where the proton background
due to deuteron breakup is high, the spectra are much cleaner
than those obtained from detector telescopes [23—26]. The
strongest peak at E*= 0 MeV, which decreases at larger
angles, indicates the dominant EL=0 transition to the 1+
ground state of ' B. The shoulder at E*=0.96 MeV reflects
the transition to the 2+ first excited state of ' B.The second
peak at E*= 4.4 MeV whose magnitude increases relative to
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TABLE I. Summary of the results.
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)
Mg(0 )

He(0+, g.s.)
"B(l',g s)
B(z,g.s.)

Na(l+, 0.47)
Na(l +,0.47)
Na(1+, 1.35)

Na(1+, 3.41 and 3.59)

2.91 1.62 ' 2.12~0.07
4.07 1.01 ' 1.25 ~ 0.06
4.01 0.77 ' 1.00~ 0.05
5.80 0.018 ' 0.08~ 0.04

0.05 0.08 0.04
0.61 " 0.84~ 0.06
0.42 0.52~ 0.05

'Deduced from the P decay logft value. The Iogft values are taken

from Ref. [31].
Deduced from (p, n) reactions, Ref. [6].
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the ground state at larger scattering angles, and the broad
third peak at E*= 7.7 MeV represent transitions to spin-
dipole and other negative-parity states seen also in (p, n),
(n, p), and (d, He) reactions at much higher energies
I2, 15,17,27]. Overall, the spectra are very similar to those
obtained at higher energies, indicating the usefulness of the
(d, He) technique at K500 cyclotron energies.

The three panels of Fig. 2 show the 0' spectra for the
other targets —Li, ' C, and Mg, respectively. The peak in
Fig. 2(a) at F*= 0 corresponds to the Gamow-Teller transi-
tion from the 1+, T=O, ground state of Li to the 0+,
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FIG. 2. Same as Fig. 1, but for deuteron-induced reactions at
0' on Li (top), ' C (middle), and Mg (bottom).

FIG. 1. The measured spectra for ' C(d, He)' B reactions at
0' (upper left), 5' (upper right), 10' (lower left) and 15' (lower
right) at Ed=125.2 MeV as a function of the excitation energy
F.* of the residual ' B.

T=1, ground state of He. The broad peak at E*» —2
MeV corresponds to 'H(d, He)n transitions due to hydro-
gen contamination in the target. The peak in Fig. 2(b) corre-
sponds to the Gamow-Teller transition from the —,', T= —,',
ground state of ' C to the ~, T=-'„ground state of ' B.
These strong transitions, which peaked at E*= 0 MeV in
Figs. 1 and 2(a) and 2(b), all have analogous transitions in

p decay [31].Their well-studied logft values, including the
corresponding Gamow-Teller strengths after correcting for
the spin geometric factors for (d, He), are listed in Table I.

Figure 2(c) shows the 0' spectrum for the
Mg(d, He) Na reaction. The overall profile is very simi-

lar to corresponding studies in (p, n) I6] and (d, He) I28]
reactions at higher energies. The two strong peaks in Fig.
2(c) correspond to transitions from the 0+, T=O ground
state of Mg to four 1+, T=1 states in Na—a weak peak
at 0.47 MeV, a strong peak at 1.35 MeV, and two peaks at
3.41 and 3.59 MeV which are not resolved in the present
study. These four states were seen in the higher energy (d,

He) study, and their analogs have been observed in the

Mg(p, n) Al reaction at excitation energies of 0.44, 1.07,
2.98, and 3.33 MeV, respectively. Their Gamow- Teller
strengths from the (p, n) study, after adjusting for the isospin
geometric factor (which is 1 in this case), are listed in Table
I. The weak transition to the 0.47 MeV state has also been
observed via p decay I 31].We note that the p-decay study
gives a smaller value for the GT strength, B(GT) = 0.018,
than that deduced from (p, n), B(GT) = 0.05.

Figure 3 shows our measured 0' (d, He) cross sections
at Ed=125.2 MeV as a function of the corresponding
Gamow- Teller strengths deduced from p-decay studies,
when available, or from (p, n) reactions. These values, as
well as the corresponding nuclear structure information, are
listed in Table I. Though the data are shown for nuclei in two
different major shells, a remarkably well-defined linear rela-
tion is observed. Similar linear relations have been observed
for (d, He) reactions at much higher energy, Ed=260 MeV
[27], and in (p, n) studies

I I]. This linear relation demon-
strates that the (d, He) reaction at K500 cyclotron energies
can also be used as a powerful tool to study Gamow-Teller
strengths, in contrast to conclusions from earlier telescope
studies at somewhat lower energies.

The solid line in Fig. 3 indicates a least-square fit of a
linear relation, o.= uB(GT), to the data. This fit yields a
slope parameter, u= 1.30~0.04 (mb/sr)/B(GT), with a y of
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FIG. 3. The measured center-of-mass (d, He) cross sections at
0' as a function of the Gamow-Teller strengths deduced either from
P-decay studies or from (p, n) reactions. The solid line is a linear fit

to the data. See the text for details.

3.8 for 5 degrees of freedom. Note that we use the B(GT)
value from the p-decay study for the transition to the 0.47
MeV state of Na. A slightly better fit would be obtained by
using the B(GT) value from (p, n) study. The error bars in

Fig. 3 include statistical errors, errors due to background

subtraction, beam integration, and estimated errors due to
ray-tracing efficiencies and detector acceptances from a
Monte Carlo code. Uncertainties due to the assumption of
5-wave breakup and the Watson-Migdal approximations [32]
are not included. Overall, there could be a 30% or more
uncertainty in the absolute normalization of the measured
cross sections at this time. The relative error, as shown in
Fig. 3, however, is much smaller. Moreover, the linear rela-
tion of the measured 0' cross sections with known Gamow-
Teller strengths shown in Fig. 3 provides an empirical cali-
bration of our detection system for our anticipated study of
heavier nuclei which have important applications in double-
beta-decay or nuclear astrophysics.

In conclusion, we have measured (d, He) cross sections
on Li, ' C, ' C, and Mg targets. The measured 0 cross
sections show a well-defined linear relation with the known
Gamow-Teller strengths deduced from p-decay and (p, n)
studies. In contrast to negative conclusions from earlier stud-
ies t23 —26] at somewhat lower energies, our results, ex-
tended to zero degrees, provide an unambiguously positive
conclusion. The results clearly demonstrate that the
(d, He) reaction can be used to measure the Gamow-Teller
strengths at energies as low as Ed=125.2 MeV.
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