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A high energy-resolution11Bs3He,td11C experiment was performed at 0° and an intermediate incident
energy of 140 MeV/nucleon for the study of precise Gamow-Teller(GT) transition strengths. Two doublet
states at<4.5 and<8.4 MeV were clearly resolved with a resolution of 45 keV. The strengths are compared
with a calculation using anab initio no-core shell model, which became available for theA=11 system
recently. It was found that a calculation including a three-nucleon interaction better reproduces the observed
GT transition strengths.
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It has become possible to understand the structure of light
nuclei from a very basic point of view by various schemes of
ab initio calculations, e.g., Refs.[1–4]. In particular,ab ini-
tio no-core shell-model(NCSM) calculations starting from
very light nuclei have become possible up top-shell nuclei.
Recently, Navrátil and Ormand extended the calculations to
include a realistic three-nucleon interaction(TNI) [1]. It was
suggested that the TNI can affect various structural proper-
ties, such as excitation energies and quadrupole as well as
magnetic moments of the ground states(g.s.). It was also
shown that the TNI has a relatively large effect on Gamow-
Teller (GT) sDL=0,DJp=1+d transition strengths. In particu-
lar, a large effect was predicted for the GT transition
strengths in theA=11 mirror nuclei11B and11C [1].

The most direct information on the GT transition strength
BsGTd is obtained fromb-decay studies, but the accessible
range of excitation energysExd is limited by the smallQ
value for theA=11 systemsQEC=1.98 MeVd. In theb-decay
study of 11C, theBsGTd value can be obtained only for the
g.s. to g.s. transition. Charge-exchange reactions, like the
sp,nd reaction, can access analogous GT transitions without
the Q-value limitation. In particular, those performed at
angles around 0° and intermediate energiessEp.100 MeVd
were shown to be good probes of GT transition strengths
owing to the relatively simple proportionality between the
cross sections at 0° and theBsGTd values[5],

dsCE

dV
s0 ° d . KNstuJsts0du2BsGTd s1d

=ŝGTs0 ° dBsGTd, s2d

whereJsts0d is the volume integral of the effective interac-
tion Vst at momentum transferq=0, K is a kinematic factor,
Nst is a distortion factor, andŝGTs0°d is a unit cross section
for the GT transition at 0°.

The 11Bsp,nd11C reactions were performed at various in-
cident energies betweenEp=160 and 795 MeV with resolu-
tions of<700 keV, and several GT states were studied[6,7].
An improved resolution of about 300 keV was reported in a
11Bs3He,td11C reaction at an incident energy of
150 MeV/nucleon[8]. We found, however, a better resolu-
tion was required to make a quantitative comparison with the
states predicted by the NCSM calculation.

Recently, precise beam matching techniques were applied
to the s3He,td reaction at 0° and at intermediate incident
energies[9]. A very good energy resolutionDE of ,50 keV
was realized. Therefore, it was expected that doublet states
unresolved in earlier measurements could be clearly resolved
in a new 11Bs3He,td measurement. The validity of the ap-
proximate proportionality[Eq. (1)] in s3He,td reactions has
been demonstrated for states with “L=0” nature and for val-
ues ofBsGTdù0.04 by studying analogous GT transitions in
the A=27 mirror nuclei,27Al and 27Si [10], and theA=26
nuclei, 26Mg, 26Al, and 26Si [11].

The 11Bs3He,td11C experiment was performed at the high
energy-resolution facility of RCNP, consisting of the “WS
course”[12] and the Grand Raiden spectrometer[13] using a
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140 MeV/nucleon3He beam from theK=400 Ring Cyclo-
tron [14]. A self-supporting foil of boron oxidesB2O3d with
a very thin carbon backing was used as a target. The thick-
ness of the foil was<1.5 mg/cm2. The natural abundances
of 10B and11B are 19.9% and 80.1%, respectively. The out-
going tritons were momentum analyzed within the full ac-
ceptance of the spectrometer placed at 0° and detected with a
focal-plane detector system allowing for particle identifica-
tion and track reconstruction in horizontal and vertical direc-
tions [15]. Good angle resolution of,8 mrad[full width at
half-maximum(FWHM)] was achieved by applying thean-
gular dispersion matchingtechnique[16] and the “overfocus
mode” of the spectrometer[17]. The acceptance of the spec-
trometer was subdivided in scattering-angle regions in the
analysis using the track information.

An energy resolution of 45 keV(FWHM), which is better
by more than a factor of 3 than the energy spread of the
beam, was realized by applyingdispersion matchingand fo-
cus matchingtechniques[16]. For fast and efficient beam
tuning, the “faint beam method”[18,19] was applied. Owing
to the high energy-resolution, well separated states were ob-
served up toEx=8.4 MeV in the “0° spectrum”[Fig. 1(a)]
showing events for scattering anglesQø0.5°. By consulting
Ref. [20], all of these prominent states could be identified as
11C states withJp values of either 1/2−, 3/2−, or 5/2−. No
broadening of peak widths was observed for these states due
to the high proton and neutron separation energies of
8.69 MeV and 13.12 MeV, respectively, in11C.

In the earliersp,nd experiments[7], one broad peak was
observed at 4.5 MeV. This peak was resolved into two sharp
states at 4.319 and 4.804 MeV with nearly equal strengths. A
previously unresolved peak at 8.4 MeV was also resolved
into 8.105 and 8.420 MeV states in agreement with Ref.
[20]. It was found that there was almost no strength in the
transition to theJp=3/2−, 8.105 MeV state, although the
transition from the11B g.s. withJp=3/2− is allowed by the
Jp selection rule. Several positive-parity states are known
below Ex=9 MeV [20], but none of them is seen in this “0°
spectrum.”

The excitation energies andJp values of11C states given
in Fig. 1(a) and Table I are taken from Ref.[20]. The yields
of the five major states were compared in the spectra with
angle cutsQ=0°−0.5°, 0.5°−1.0°, and 1.0°−1.5°. All of
these states showed 0° peaked angular distributions, suggest-
ing theL=0 nature. For all states below 8.5 MeV, the given
errors of excitation energies are smaller than 2 keV[20]. The
energies are in agreement within an error of 5 keV with our
results. For details of our energy calibration, see Ref.[21].

The broad peak atEx<7 MeV was assigned as the
5.22 MeV state in10C with a probableJp value of 2+ on the
basis of theQ-value differences1.67 MeVd of the s3He,td
reactions on10B and11B nuclei. This state corresponds to the
largest peak in the10Bsp,nd10C spectrum at 0°[22]. In ad-
dition, the excitation of theJp=2+, 3.35 MeV state is re-

FIG. 1. (Color online) Spectra of the11Bs3He,td11C reaction of
(a) the range up to the excitation energy of 16 MeV for scattering
anglesQø0.5°, and(b) expanded 6–10 MeV region. Excitation
energies(in MeV) andJp values are indicated.

TABLE I. The Jp=1/2−, 3/2−, and 5/2− states in11C and theirBsGTd strengths. The results from
charge-exchange reactions and NCSM calculations with and without a TNI are compared.

Experiment NCSM

BsGTd With TNI Without TNI

Ex sMeVd 2Jp sp,nda s3He,td Ex sMeVd BsGTd Ex sMeVd BsGTd

0.0 3− 0.345(8)b 0.345(8)b 0.0 0.315 0.0 0.765

2.000 1− 0.399(32) 0.440(22) 0.525 0.591 −0.197 0.909

4.319 5− h j 0.961(60)c h j 0.526(27) 3.584 0.517 2.656 0.353

4.804 3− 0.525(27) 3.852 0.741 2.498 0.531

8.105 3− h j 0.444(10)d h j 0.005(2)e

8.420 5− 0.461(23) 8.943 0.625 7.978 0.197

aFrom Ref.[7].
bBsGTd value fromb-decay measurement[20].
cUnresolved doublet,Ex=4.32+4.80 MeV, approximately equal strength.
dUnresolved doublet,Ex=8.10+8.42 MeV, most strength in the 8.42-MeV transition.
eThe proportionality between the cross section at 0° andBsGTd [see Eq.(2)] may not hold for this weak
transition.
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ported in the10Bsp,nd reaction. With the help of kinematic
calculations, this state was identified as a sharp but weak
state on the right side of the 4.804 MeV state of11C. It was
also found that the continuous yields above 10 MeV excita-
tion energies originates from the10B isotope. The
11Bsp,nd11C experiment shows two broad bump structures at
Ex=12.5 and 15 MeV[7]. These structures, however, were
overlapping with the continuous yield originating from the
10B isotope.

In order to identify the states coming from carbon iso-
topes12C and13C (natural abundance 98.9% and 1.1%, re-
spectively) and oxygen isotopes16O and18O (natural abun-
dance 99.8% and 0.2%, respectively), a spectrum from a thin
film of polyvinylalcohol (PVA) sfC2H4Ognd was measured
under the same condition as for the boron target. By a com-
parison of these spectra, the small peak at<15.4 MeV was
identified as the g.s. of12N sJp=1+d originating from the
reaction on12C in the carbon backing of the target. The g.s.
and the 3.50 MeV states of13N are expected just on the right
side of the g.s. of11C and atEx<3.6 MeV, respectively, but
no evidence of any peak was observed. The g.s. and the
0.42 MeV states of16F originating from16O were observed
at <13.4 and 13.9 MeV, respectively. It was also found that
the small peak on the left side of the g.s. of11C was the g.s.
of 18F sJp=1+d.

In order to deriveBsGTd values from Eq.(2), a standard
BsGTd value, preferably from ab-decay measurement, is
needed. The only availableb-decay measurement is for the
g.s. to g.s. transition in thisA=11 mirror system[20]. The
transition, however, contains both GT and Fermi compo-
nents, because the transition can be caused by bothst andt
operators. In order to extract the cross section for the GT
component, we used the fact that the ratio of GT and Fermi
unit cross sections denoted asR2 [5] and defined by

R2 =
ŝGTs0 ° d
ŝFs0 ° d

=
sGTs0 ° d
BsGTd

/
sFs0 ° d

BsFd
s3d

is only weakly dependent on the mass numberA and can be
deduced to be 5.1(7) for theA=11 nuclei by an interpolation
from separately determinedR2 values of 4.7(7), 5.8(5),
6.6(4), and 10.5(5) for A=7, 18, 26, and 58 nuclei
[11,23,24], respectively. In deriving these values,BsFd=N
−Z was assumed. The unit GT intensity for the 0° spectrum
was calculated by using thisR2 value, theBsGTd value of
0.345(8) from the b-decay measurement[20], and BsFd=1
for the g.s. to g.s. transition. Here we use a unit system that
gives a value ofBsGTd=3 for theb decay of the free neu-
tron. TheBsGTd values for other excited states were calcu-
lated from their peak intensities, corrected for excitation en-
ergy using the results of distorted-wave Born approximation
(DWBA) calculations and assuming the proportionality of
Eq. (2) (for details, see Ref.[21]). The correction was small
and only about 2% at 8.4 MeV. The deducedBsGTd values
are listed in column 4 of Table I.

The BsGTd values fromsp,nd experiments[7] are given
in column 3 of Table I. These values agree within errors with
the (3H,td values, but the totalBsGTd value of 2.15 summed

up to Ex=8.4 MeV was smaller by about 7% than the(3H,td
value of 2.30.

The BsGTd values determined here are plotted in Fig.
2(a). The results from the NCSM calculations[1] are shown
in Figs. 2(b) and 2(c) for the results with and without the
TNI, respectively, and tabulated in Table I. In these calcula-
tions, the Argonne V8’ nucleon-nucleon potential[25] and
the Tucson-Melbourne TM’(99) TNI [26] were used. It is
seen that the inclusion of the TNI significantly improves the
agreement with the experimental results. The excitation en-
ergies as well as the strengths of five strongly excited states
are reasonably reproduced. On the other hand, in the calcu-
lation without the TNI, the strengths are more or less shifted
to the lower-lying states, and in addition the order of the g.s.
and the first excited state is reversed. This suggests that it is
essential to include the TNI in NCSM calculations. The total
BsGTd value of 2.79 in the NCSM calculation with the TNI
was larger than the experimental value of 2.30, but they dif-
fer by only 20%.

The effective interaction by Cohen-Kurath(CK) [27] is
well accepted for the study ofp-shell nuclei. TheBsGTd
distribution was studied in Ref.[7] using the CK interaction
and the result is shown in Fig. 2(d). The agreement between
the calculated and experimental excitation energies is excel-
lent, and the relative strengths of four states below 6 MeV

FIG. 2. (Color online) Experimental and shell-modelBsGTd dis-
tributions. TheJp values of states are indicated. TheBsGTd distri-
butions are shown(a) for the present11Bs3He,td11C experiment,(b)
for a NCSM calculation by Navrátil and Ormand including the TNI
[1], (c) for a NCSM calculation without a TNI[1], and (d) for a
shell-model calculation obtained by using the Cohen-Kurath inter-
action (from Ref. [7]). Note the change in size of the panels.
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are in good agreement. However, the strengths of these states
are about 60% larger than the experimental values. On the
other hand, theBsGTd value of the 8.1 MeV state, corre-
sponding to the state at 8.420 MeV in the experiment, is
about 30% smaller. As a result, the total calculated strength
is about 40% larger than the experimental one. An improved
shell-model interaction forp-shell nuclei has been proposed
recently[28].

Compared to the otherJp allowed states(1/2−, 3/2−,
5/2− states) listed in Table I, theBsGTd value of theJp

=3/2−, 8.105 MeV state is surprisingly weak, as seen from
Fig. 1(b). The strength is only about 1% of the others. Simi-
larly, no indication is seen for the 9.650,Jp=s3/2−d state and
the 9.780,Jp=s5/2−d state[20], although we should mention
that our sensitivity for these states with the widths of about
200 keV[20] is not as high as for a sharp state, because the
peak heights of these states are suppressed in our high-
resolution measurement. One might consider that the strong
reductions are due to an unknown selection rule. It is inter-
esting to note that no appreciable GT transition strength to
these weakly excited states is shown in any of the three shell-
model calculations. This suggests a completely different
structure for these states compared to the strongly excited
other states.

In summary, we performed a high-resolution
11Bs3He,td11C experiment at 0° and an intermediate incident
energy of 140 MeV/nucleon for studying GT transitions.
With a resolution of 45 keV, the two doublet states at<4.5
and <8.4 MeV were clearly resolved. Furthermore, the

BsGTd values were deduced for five major transitions. As a
result, the one-to-one correspondence of GT transition
strengths could be studied between the experiment and the-
oretical calculations. A comparison with calculations using
the ab initio no-core shell model, which became recently
available for theA=11 system, showed that the observed GT
transition strengths were significantly better reproduced by
including a realistic three-nucleon interaction. The total sum
of theBsGTd values was also reproduced with a difference of
only 20% without introducing any quenching factor. Surpris-
ingly weak transition strengths to theJp allowed states at
8.105, 9.650, and 9.780 MeV were observed and need fur-
ther study.
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