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A high energy-resolution'B(®He )*’C experiment was performed at 0° and an intermediate incident
energy of 140 MeV/nucleon for the study of precise Gamow-Tgl&F) 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 amb initio no-core shell model, which became available for #kell 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 doce, ., )
nuclei from a very basic point of view by various schemes of a0 (0°) = KNy.[J,-0)[*B(GT) (1)

ab initio calculations, e.g., Ref$1-4]. In particular,ab ini-

tio no-core shell-mode{NCSM) calculations starting from -

very light nuclei have become possible uppshell nuclei. =061(0°)B(GT), (@)
Recently, Navratil and Ormand extended the calculations tqyhereJ_(0) is the volume integral of the effective interac-
include a realistic three-nucleon interactidI) [1]. ltwas o V. at momentum transfer=0, K is a kinematic factor,
suggested that the TNI can affect various structural Propely__is a distortion factor, and«(0°) is a unit cross section
ties, such as excitation energies and quadrupole as well 33, the GT transition at 0°.

magnetic moments of the ground statgss). It was also The 11B(p,n)!!C reactions were performed at various in-
shown that the TNI has a relatively large effect on Gamow’cident energies betwed®,=160 and 795 MeV with resolu-
Teller (GT) (AL=0,AJ"=1") transition strengths. In particu- tions of =700 keV, and several GT states were stud@d].

lar, a large effect was predictgﬂ for trl1e GT transition o, improved resolution of about 300 keV was reported in a
strengths in theA=11 mirror nuclei*!B and!'C [1]. 1B(3He t)I)C reaction at an incident energy of

The most d.irect information on the GT transition strer)gth150 MeV/nucleon8]. We found, however, a better resolu-
B(GT) is Obt"’?'”e_d from,B-decay stl_Jd!es, but the accessmletion was required t[o]make a quantitative comparison with the
range of excitation energyE,) is limited by the smallQ ¢ 1ag predicted by the NCSM calculation.
value for theA=11 system(Qgc=1.98 Me\/)._ln the g-decay Recently, precise beam matching techniques were applied
study of *'C, theB(GT) value can be obtained only for the 15 the (®He t) reaction at 0° and at intermediate incident
gs. to gs. transition. Charge-exchange reactiqns, Iik_e th@nergies[9]. A very good energy resolutioAE of <50 keV
(p,n) reaction, can access analogous GT transitions withoUyas realized. Therefore, it was expected that doublet states
the Q-value limitation. In particular, those performed at ynresolved in earlier measurements could be clearly resolved
angles around 0° and intermediate energigs>100 MeV) iy a newB(®He,t) measurement. The validity of the ap-
were shown to be good probes of GT transition strengthgroximate proportionalitfEq. (1)] in (3He.t) reactions has
owing to t_he relatively simple proportionality between the yeen demonstrated for states with=0” nature and for val-
cross sections at 0° and ti¢GT) values[s], ues ofB(GT) =0.04 by studying analogous GT transitions in

the A=27 mirror nuclei,?’Al and ?’Si [10], and theA=26
nuclei, ?®Mg, 2°Al, and °Si [11].

*Email address: fujita@rcnp.osaka-u.ac.jp The ™B(®*He t)'C experiment was performed at the high
"Email address: brentano@ikp.uni-koeln.de energy-resolution facility of RCNP, consisting of the “WS
*Permanent address: NIPNE, Bucharest, Romania. course”[12] and the Grand Raiden spectromdtE3] using a
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, 3500 @ ' ' S e An energy resolution of 45 ke(FWHM), which is better
Ea000] W & 9y ¥y BCHenH*''C[ by more than a factor of 3 than the energy spread of the
8 — g 3| g g | E =140 MeVinucleon [ beam, was realized by applyirfispersion matchingndfo-
3 o << s | @ cus matchingtechniques[16]. For fast and efficient beam
20001 2 2 P22 20 § - tuning, the “faint beam method’18,19 was applied. Owing
1500+ - £ L to the high energy-resolution, well separated states were ob-
- g o g @ L serve_d up toE,=8.4 MeV i_n the “0° spectrum’Fig. ey
o il B 2 showing events for scattering angl®s<0.5°. By consulting
500 < /9 = ¢ S Ref.[20], all of these prominent states could be identified as
ol 5 . W SRSV, W ¢ states with)™ values of either 1/2, 3/27, or 5/2°. No
o 4 8 E2n11C (MeV) broadening of peak widths was observed for these states due
100 . . . . . X . to the high proton and neutron separation energies of
g JOR S Ecexpanded | 8,69 MeV and 13.12 MeV, respectively, i'C
3 g 3 g Wed el In the earlier(p,n) experimentg7], one broad peak was
07 o /&£ < observed at 4.5 MeV. This peak was resolved into two sharp
254 % = - states at 4.319 and 4.804 MeV with nearly equal strengths. A
0 trstsll . . ; . i E Y previously unresolved peak at 8.4 MeV was also resolved
6 6.5 7 7.5 8 8.5 g 95 10 into 8.105 and 8.420 MeV states in agreement with Ref.

_in"'C (MeV)

[20]. It was found that there was almost no strength in the
transition to theJ™=3/2, 8.105 MeV state, although the
transition from the''B g.s. withJ™=3/2" is allowed by the

J7™ selection rule. Several positive-parity states are known
below E,=9 MeV [20], but none of them is seen in this “0°
spectrum.”

140 MeV/nucleomr’He beam from the&k =400 Ring Cyclo- The excitation energies antf values of*’C states given
tron [14]. A self-supporting foil of boron oxid¢B,0z) with  in Fig. 1(a) and Table | are taken from RgR0]. The yields

a very thin carbon backing was used as a target. The thickef the five major states were compared in the spectra with
ness of the foil was=1.5 mg/cnd. The natural abundances angle cuts®=0°-0.5°, 0.5°-1.0°, and 1.0°-1.5°. All of
of 1B and!!B are 19.9% and 80.1%, respectively. The out-these states showed 0° peaked angular distributions, suggest-
going tritons were momentum analyzed within the full ac-ing theL=0 nature. For all states below 8.5 MeV, the given
ceptance of the spectrometer placed at 0° and detected withesrors of excitation energies are smaller than 2 k2§. The
focal-plane detector system allowing for particle identifica-energies are in agreement within an error of 5 keV with our
tion and track reconstruction in horizontal and vertical direc-results. For details of our energy calibration, see Rf].

tions [15]. Good angle resolution o£8 mrad[full width at The broad peak aE,~7 MeV was assigned as the
half-maximum(FWHM)] was achieved by applying then- 5.22 MeV state in%C with a probable)™ value of 2 on the
gular dispersion matchingechnique[16] and the “overfocus  basis of theQ-value difference(1.67 MeV) of the (*He t)
mode” of the spectrometél7]. The acceptance of the spec- reactions ort’8 and*'B nuclei. This state corresponds to the
trometer was subdivided in scattering-angle regions in théargest peak in thé’B(p,n)'%C spectrum at 022]. In ad-
analysis using the track information. dition, the excitation of theJ™=2*, 3.35 MeV state is re-

FIG. 1. (Color onling Spectra of thé'B(°He ,t)*'C reaction of
(a) the range up to the excitation energy of 16 MeV for scattering
angles® <0.5°, and(b) expanded 6—10 MeV region. Excitation
energiegin MeV) andJ™ values are indicated.

TABLE I. The J"=1/2, 3/2°, and 5/2 states in**C and theirB(GT) strengths. The results from
charge-exchange reactions and NCSM calculations with and without a TNI are compared.

Experiment NCSM
B(GT) With TNI Without TNI

E, (MeV)  2J7 (p,n? (CHe t) E, (MeV) B(GT) E,(MeV) B(GT)
0.0 3 0.3458)° 0.3458)° 0.0 0.315 0.0 0.765
2.000 T 0.39932) 0.44022) 0.525 0591  -0.197  0.909
4319 5 0.96160° 0.52627) 3.584 0.517 2.656 0.353
4.804 3 ' 0.52527) 3.852 0.741 2.498 0.531

1 .0052)°
8.105 3 0.44410)" 0.0052)
8.420 5 0.46123) 8.943 0.625 7.978 0.197

%From Ref.[7].

bB(GT) value fromB-decay measuremefiz(Q].

“Unresolved doublet,=4.32+4.80 MeV, approximately equal strength.

dunresolved doublet:,=8.10+8.42 MeV, most strength in the 8.42-MeV transition.

®The proportionality between the cross section at 0° BA@T) [see Eq.(2)] may not hold for this weak
transition.
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ported in the!®B(p,n) reaction. With the help of kinematic R 0 2 4 6 8 10
calculations, this state was identified as a sharp but weak [ 0-6] (a) (*He.t) Experiment

state on the right side of the 4.804 MeV state'tg. It was Doel 32 W2 s || = e

also found that the continuous yields above 10 MeV excita- 0.2]

tion energies originates from thé% isotope. The

YB(p,n)*'C experiment shows two broad bump structures at
E,=12.5 and 15 MeV[7]. These structures, however, were go.e—
overlapping with the continuous vyield originating from the 0.41
198 isotope.

In order to identify the states coming from carbon iso-
topes*?C and**C (natural abundance 98.9% and 1.1%, re-

(b) SM cal. with TNI

3/2° [1/2° 5/2°]|3/2 5/2°

0.21

0 : T .
P~ 14 (c) SM cal. without TNI

spectively and oxygen isotope¥0 and'®O (natural abun- 5

dance 99.8% and 0.2%, respectiyely spectrum from a thin e

film of polyvinylalcohol (PVA) ([C,H,O],) was measured 0861 | . )
under the same condition as for the boron target. By a com- 04 VZ||¥2 52|32 52
parison of these spectra, the small peak=d6.4 MeV was 0.2]

identified as the g.s. of?N (J7=1%) originating from the I

reaction on*?C in the carbon backing of the target. The g.s.

= (d) CK wave function
and the 3.50 MeV states 6N are expected just on the right 208,

side of the g.s. of'C and atE,~ 3.6 MeV, respectively, but 0.6

no evidence of any peak was observed. The g.s. and the  ,,] 82| 12 5/2 3/ 5/2°

0.42 MeV states of°F originating from'°0 were observed

at =13.4 and 13.9 MeV, respectively. It was also found that e |

the small peak on the left side of the g.s.}4E was the g.s. 0 5 5 1 5 g 5
of ¥F (J7=1%). E, in "'C (MeV)

In order to deriveB(GT) values from Eq(2), a standard
B(GT) value, preferably from g3-decay measurement, is FIG. 2. (Color onling Experimental and shell-modB(GT) dis-
needed. The only availablé-decay measurement is for the tributions. Thel™ values of states are indicated. TBEGT) distri-
g.s. to g.s. transition in thiA=11 mirror systen[20]. The  butions are showa) for the present'B(°Het)!'C experiment(b)
transition. however. contains both GT and Fermi Compo_for a NCSM calculation by Navratil and Ormand including the TNI
nents, because the transition can be caused bydotnd7  [1]: (©) for a NCSM calculation without a TN1], and(d) for a
operators. In order to extract the cross section for the G-ﬁhell-model calculation obtained by using the Cohen-Kurath inter-
component, we used the fact that the ratio of GT and Fermfction(from Ref.[7]). Note the change in size of the panels.
unit cross sections denoted B% [5] and defined by
up to E,=8.4 MeV was smaller by about 7% than tfiel,t)

5-+0° 0° 0° value of 2.30. _ o
= (iGT( - ) _ ool )/UF( ) (3) The B(GT) values determined here are plotted in Fig.

or(0°) B(GT) * B(F) 2(a). The results from the NCSM calculatiofil] are shown

, in Figs. 4b) and 2c) for the results with and without the
is only weakly dependent on the mass numaamd can be 1 ‘respectively, and tabulated in Table I. In these calcula-

deduced to be 5(T) for the A=11 nuclei by an interpolation tions, the Argonne V8 nucleon-nucleon potentjab] and
from separately determine® values of 4.77), 5.85),  the Tucson-Melbourne TMO9) TNI [26] were used. It is
6.64), and 10.85 for A=7, 18, 26, and 58 nuclei ggen that the inclusion of the TNI significantly improves the
[11,23,24, respectively. In deriving these valueB(F)=N  g4reement with the experimental results. The excitation en-
—Z was assumed. The unit GT intensity for the 0° spectrunggies as well as the strengths of five strongly excited states
was calculated by using thig? value, theB(GT) value of e reasonably reproduced. On the other hand, in the calcu-
0.34%8) from the g-decay measuremefi20], andB(F)=1 |ation without the TNI, the strengths are more or less shifted
for the g.s. to g.s. transition. Here we use a unit system thab the lower-lying states, and in addition the order of the g.s.
gives a value oB(GT)=3 for the 8 decay of the free neu- and the first excited state is reversed. This suggests that it is
tron. TheB(GT) values for other excited states were calcu-essential to include the TNI in NCSM calculations. The total
lated from their peak intensities, corrected for excitation enB(GT) value of 2.79 in the NCSM calculation with the TNI
ergy using the results of distorted-wave Born approximationyas larger than the experimental value of 2.30, but they dif-
(DWBA) calculations and assuming the proportionality of fer by only 20%.
Eq. (2) (for details, see Ref21]). The correction was small  The effective interaction by Cohen-Kuraf&K) [27] is
and only about 2% at 8.4 MeV. The dedud(GT) values  well accepted for the study gb-shell nuclei. TheB(GT)
are listed in column 4 of Table I. distribution was studied in Ref7] using the CK interaction
The B(GT) values from(p,n) experiment7] are given  and the result is shown in Fig(®. The agreement between
in column 3 of Table I. These values agree within errors withthe calculated and experimental excitation energies is excel-
the (°H,t) values, but the totaB(GT) value of 2.15 summed lent, and the relative strengths of four states below 6 MeV

R2

011306-3



RAPID COMMUNICATIONS

Y. FUJITA et al. PHYSICAL REVIEW C 70, 011306R) (2004

are in good agreement. However, the strengths of these statB6GT) values were deduced for five major transitions. As a
are about 60% larger than the experimental values. On thessult, the one-to-one correspondence of GT transition
other hand, theB(GT) value of the 8.1 MeV state, corre- strengths could be studied between the experiment and the-
sponding to the state at 8.420 MeV in the experiment, isretical calculations. A comparison with calculations using
about 30% smaller. As a result, the total calculated strengthe ab initio no-core shell model, which became recently
is about 40% larger than the experimental one. An improvegyajlable for theA=11 system, showed that the observed GT
shell-model interaction fop-shell nuclei has been proposed tansition strengths were significantly better reproduced by
recently[28]. including a realistic three-nucleon interaction. The total sum
Compared to the othed” allowed stateg1/2’, 3/Z, of theB(GT) values was also reproduced with a difference of

f/Z/‘ states listed in Tab_le L th(.aE.’(GIT) Va“f(e of theJ”f only 20% without introducing any quenching factor. Surpris-
=3/2, 8.105 MeV state is surprisingly weak, as seen fromy, i \yeak transition strengths to the allowed states at

Fig. 1(b). The strength is only about 1% of the others. Simi—8_105 9.650. and 9.780 MeV were observed and need fur-
larly, no indication is seen for the 9.6507=(3/2") state and ther s:[udy. ’

the 9.780J)7=(5/2") state[20], although we should mention
that our sensitivity for these states with the widths of about The (*He t) experiments were performed at RCNP, Osaka
200 keV[20] is not as high as for a sharp state, because th&niversity under the Experimental Program E197 and E237.
peak heights of these states are suppressed in our higithe authors are grateful to the accelerator group of RCNP,
resolution measurement. One might consider that the strongspecially to Professor Saito and Dr. Ninomiya, for provid-
reductions are due to an unknown selection rule. It is intering a high-quality*He beam, and they thank T. Ogama
esting to note that no appreciable GT transition strength t¢Osaka Univ for his help. Thanks are extended to Dr.
these weakly excited states is shown in any of the three shelkawabata(Univ. of Tokyo), Professor OtsukéJniv. of To-
model calculations. This suggests a completely differenkyo), and Professor TokiRCNP) for valuable discussions.
structure for these states compared to the strongly excite@his work was supported in part by Monbukagakusho, Japan
other states. under Grant No. 15540274 and DFG, Germany under Con-
In summary, we performed a high-resolution tract No. Br799-12-1. The Gent group acknowledges support
HB(He,t)*'C experiment at 0° and an intermediate incidentfrom the FWO-Flanders. G.P.A.B. acknowledges support
energy of 140 MeV/nucleon for studying GT transitions. from JSPS. T.A., L.P., and A.N. acknowledge support from
With a resolution of 45 keV, the two doublet statessat.5  the 21st Century COE program “Toward a new basic sci-
and =8.4 MeV were clearly resolved. Furthermore, theence” of Graduate School of Science, Osaka University.
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