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Trinucleon cluster structures in SLi
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Thet+23He cluster structures ifLi were investigated by using thé.i(*He,«) reaction at 450 MeV and at
6_=0°. A binary decay intd+°3He with a branching ratio of 0.8+0.2 from a broad stat&at 21 MeV in 5Li
was observed by measuringind ®*He decay particles. From the measured angular correlations and with the
analysis of the spectral shape by using the Breit-Wigner formula, the 21-MeV resonance was decomposed into
the P (T=0) state atE,=18.0+0.5 MeV withl'(FWHM)=5.0+0.5 MeV(where FWHM means full width at
half maximum), and the®P (T=1) state atE,=22+1 MeV with['=8+1 MeV.
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Clustering is an interesting phenomenon in nuclear exci- Experimentally, the nature of deuteronlike®He cluster
tation processes as well as in nuclear strucflifea-clusters  configurations for the ground state %fi was studied via the
have been proven to exist in light to heavy nuclei. Exotic®Li(y,t) reaction[5], and there are also some data for un-
cluster structures have been also revealed in unstable nucleound isovector statesPy ; , and F, 3 4 states[6,7]. Ven-
[1,2]. Existence of a trinucleon cluster state in #he6 iso-  tura et al. found evidence for the’F state aroundE,
bars was theoretically suggested a few decadeq3gdri- =26 MeV from the®He(t, y) reaction[6]. On the other hand,
nucleon clusterst, and ®He, are fermions and are analogous Vlastouet al, reported that théP,, 3P, 3F,, and3F, states
to neutrons and protons in nuclear systems, respectively, angkist at E,=21.0, 21.5, 25.7, and 26.7 MeV, respectively,
are essentially different thaa clusters which are bosons. .o the 3He+t elastic scattering7]. They carefully inves-
Therefore, nuclei with t_rinucleon clusters have_: very diﬁere”ttigated the excitation energy region of 20 MeV and con-
structure than those with clusters. In theA=6 isobars, ex-  fimeq evidence for théP, state which had not been ob-
citations in a trinucleon cluster system are expected 10 gefinaq py Venturat al. [6]. In order to reliably investigate a
erate spectra analogous to a two-nucleon system. In the tWoag,nance structure fiti, Mondragén and Hernandez reana-

nucleon system, the only bound state is a triget (T=0 — . :
y y PRt ( ) }Xzed both data from théHe+t elastic scattering and from

and no singlet resonance exist. In a trinucleon cluster syste S . .
of A=6 nuclei, on the other hand, not only are there man)}he radiative capture reactidB]. Their results showed that

the B8P, isovector state in SLi exists at E
bound states’S; (T=0), 'S, (T=1), °D;,5(T=0), etc., but 2 : L X
also the resonant state®, (T=0), 3Po,1,2 (T=1), ¥, (T =17.985+0.025 MeV, and that its excitation energy should

be lower by about 3 MeV than that reported by Viastb@al.
— 3 — -
=0), 25%3'4 (T=1), etc., are e>_<pected. Here, the symbols de [7]. Such a conclusion was reproduced with the CSRGM
note<>"*L ;. Therefore, a detailed study of trinucleon clusters

) ) I : "~ calculation by Ohkurat al. [4]. However, it is noted that the
in A=6 nuclei may provide insights into the two-fermion

. . . recision with which Mondragon and Hernandez were able
system which cannot be studied via the two-nucleon sy;te 0 extract the parameters therein remains controvejgjal
In the LS-coupling cluster model of thet+3He system in

In order to confirm the results of the CSRGM calculation

8Li, Thompson and Tang predicted R doublet (*P; and - - ’

’ Akimune et al,, recently searched for the trinucleon cluster
3Py1 around E,=22 MeV and anF doublet (*F; and y

ith iff . Th I f th
3F2,3,A) around E,=29 MeV with the resonating group state with a different approacf] e analog of the

. isovector resonance &.=18 MeV in Li is expected to ex-
method(RGM) calculation[3]. Recently Ohkuraet al. per- ist aroundE, =15 MeV in SHe by taking into account the
formed a more elaborate calculation by using the complex X

Coulomb displacement energy of 3.56 M&8]. They found
scaled RGM(CSRGM [4]. They reported that these states evidence for thé+t binary decay not from the resonance at

exist at lower excitation energies by about 3 MeV than theEX:15 MeV but from that aE,=18.0 MeV in®He. Though
RG_M prediction, namely, thé.) andF doublets exist around a spin assignment for the resonance was not obtained in this
Ex=17 and 26 MeV, respectively. experiment, the resonance&t=18.0 MeV in®He was sug-
gested to be théP state from the comparison with the
LS-coupling cluster mod€l3]. Since the excitation energy of
*Electronic address: nakayama@ias.tokushima-u.ac.jp 18.0 MeV in ®He is estimated to be a Coulomb corrected
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21.6 MeV in SLi, their experimental result was in apparent 5000 [
contradiction to the Mondragoén’s wofi8] and the CSRGM p
calculation[4]. 4000
It is very important to confirm the existence of the reso-
nance aE,=21.6 MeV in6Li, and to determine experimen-
tally the multipolarity of the resonance to resolve the experi-
mental and theoretical contradictions on spectra of the
trinucleon cluster system ifii. In this paper, we report on
the t+3He cluster resonances ifLi investigated via the 1000
Li(®He ,a) reaction by measuringandHe decay particles :
in coincidence withy particles. Since the ground state’tf 0"
is described as thetr « cluster state, the states with*He °
cluster configuration may be populated via the neutron 10
pickup reaction on the cluster in’Li [1]. Since the partici-
pating particles in this reaction have low spins, spin popula-
tions of excited states are expected to be aligned by measur-
ing « particles atf_~0°. Measurements of the angular
correlations of decay particles may be used to uniquely de- . _ . .
termine angular momenta of populated states. Since the T TN SRR U
“Li(®He,) reaction can excite both isoscalar and isovector 0 10 20 30 40
states irfLi not only 3P (T=1) but also'P (T=0) states may EXCITATION ENERGY (MeV)
be observed ifiLi. So far, the!P state with a+3He cluster
configuration in®Li has not been experimentally observed
[9]- . . coincidence with triton andHe decay particles is shown by closed
A 450-MeV *He?* beam was provided from the ng Cy- circles. See text for details. Error )llasrs indicated are dl)J/e to only
cIoFron ,Of the Research Center for Nuclear Ph.)ISICS,. Osaké‘tatistical. The symbols of C and O denote peaks due to carbon and
University. 7The_target used was a self-supporting foil of &,y en contaminations in the target, respectively. The long-dashed
separated ‘Li isotope (99.9%9 with a thickness of ¢ rve denotes the peak shape calculated with the Breit-Wigner for-
0.5 mg/cni. After passing through the target, thide beam  muia for two resonances a,=18 MeV (dashed curve and
was stopped inside the D1 magnet of the spectrometeraThe 22 MeV (dot-dashed curve respectively. The dotted curve is a
particles were analyzed using the magnetic spectromet@aussian peak af,=29 MeV and with['=10 MeV. The solid
“Grand RAIDEN" [11] set atf =—0.5°. The angular accep- curve is the sum of all the resonanc@s. Two-dimensional scatter
tance of +15 mr horizontally and +15 mr vertically with re- plot betweena particles and/3He decay particles. The triton and
spect tod, =0° was selected by a software gate in a ray-tracéHe decay particles were measureddat 130°. The abscissa and
method. Thea particles were detected using a focal-planeordinate are the excitation energy $hi and the energy of decay
detection system, which consisted of two multiwire drift particle, respectively. The solid curve shows the kinematical locus
chambers backed by AE-E plastic-scintillator telescope. calculated fort+°He binary decay.
The AE and E signals were utilized for particle identifica-
tion. The typical energy resolution was about 300 keV. =0°. There are also some peaks due to carbon and oxygen
Charged decay particles were detected by eight Si detecontaminations in the target. By measuring the singles spec-
tors with 500um thicknesses. These detectors were positrum, 12C was found to contribute to negligible contamina-
tioned from 6, =90° to 6 =160° at 10° intervals and about tion in the continuum spectra abo#g~ 15 MeV. Most of
30 cm from the target. An identification of decay particlesthe low-lying states are known as cluster states-vér [9].
was performed by a time of flight method. Here triton andIn the high excitation energy region, on the other hand, a
3He particles are not separable. Only trend3He decaying resonance previously unknown was observed Bt
particles having energies less than 10 MeV were selected in21 MeV. The existence of trinucleon cluster states in this
order to guarantee the multiplicity 2 fomnd3He emissions. excitation region has been discusg&d7]. An s-hole state
Each detector was backed by a Si detector with a @60- has been observed around,=18 MeV by using the
thickness. The backed 3Q0m detector was used as a veto Li(p, pn) reaction atE=1 GeV[12].
detector for rejection op andd. The ratios of true to random Figure 1b) shows a two-dimensional scatter-plot mea-
coincidence events were found to be about 8:1 to 10:1 desured atf, =130° for decaying and®He in coincident with
pending on the detection angle. The decayiagd®He were  « particles. The solid curve in Fig(li) shows a locus of the
selected by gating otY3He particle loci with the true coin- threshold energy for the+*He decay-channel calculated by
cidence. The threshold energy due to the noise discriminatiotaking into account the recoil effect of the residual nucleus
level of the detectors was about 0.1 MeV. The target wadLi. The coincidence events corresponding ttand *He
tilted by 45° with respect to the beam direction in order toemissions are clearly observed; one can easily recognize a
reduce the energy loss of the decay particle throughout thiecus along the threshold line of He decay, indicating that
target. these events are definitely due to the two-body decay. Similar
The thin solid curve in Fig. () shows the singles spec- loci in all the Si detectors were recognized in the two-
trum for the’Li(®He,)Li reaction at 450 MeV and af, ~ dimensional scatter plots presently observed.
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FIG. 1. (a) Singles spectrum for théLi(®He,a)SLi reaction at
450 MeV and atf,=0° (thin solid curve. A spectrum obtained in
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150 ' ' ' ' ' Akimune et al. observed a+t cluster resonance &,
® Ex= 20.3 MeV =18.0+0.2 MeV with'=7.7+1.0 MeV in®He [10]. They
A Ex= 217 MeV suggested that the observed resonance® @ =1) state by
v Ex= 23.2 MeV 1 comparing their data with the RGM calculation ftie [3].
Based on the isospin symmetry, thié state can commonly
. exist in allA=6 isobars®He, éLi, and ®Be. The analog of the
3P resonance is expected to be excitedEgt21.6 MeV in
SLi. The width, 12 MeV, of the 21-MeV peak presently ob-
served is found to be much broader than the width of the
resonance observed ifHe. Since the trinucleon cluster
00 — 80 120 180 LS-coupling model[3,4] predicted not only*P (T=1) but

Ocm. (deg) alsoP (T=0) states for®Li, the broad peak observed B,

o =21 MeV seems to be composed of two resonances tith
FIG. 2. Angular correlations obtained at the excitation energiest *He cluster configurations.

of E,=20.3, 21.7, and 23.2 MeV by making use of the singles data Ve investigated the spectral shape of the 21-MeV peak by
to obtain relative normalizations. The abscissa is the angle of pa@SSuming that this peak was composed of two resonances.
ticle emission in the center of mass frame of the residual nucleud "€ coincidence spectral shape of the 21-MeV peak in the
6Li. The solid angles and emission angles of decaying particle§oincidence spectrum was fitted by using the Breit-Wigner

were represented in the center of mass systerfLbfThe fiting ~ formula [13] with L=1, similar to the analysis described in
result is shown by a solid curve. See the text. Ref. [10]. The main decay of the 21-MeV resonance is ex-

pected to proceed vin, p, d, t/3He, anda emissions. The

In order to determine the angular momentum of the resototal widthI';=I'3+I"" was assumed, whei& andI'’ are the
nance around, =21 MeV, angular correlations of decaying partial width for t/3He emission and the sum of partial
t and *He were investigated. We obtained angular correlawidths for all the other particle emissions, respectively. Since
tions fort and *He decaying from excitation energy regions the threshold energies far, p, d, and @ emissions are very
of E,=20.3, 21.7, and 23.2 MeV as shown in Fig. 2. The|ow with respect to the threshold ener(,=15.8 Me\) for
angular correlations obtained were fitted by using the Legi+3He decay irfLi and is much lower than the peak position
endre polynomial functionfP, (6.)J?, whereL is an angu- ¢ E,=21 MeV, the widthl"’ was assumed for simplicity to
lar momentum of the resonance and c.m. means center @f constant in the fitting procedure, and a dimensionless re-
mass. A satisfactory fitting was obtained WitN{1.0  y,ced widthé? to be 1.0 for the resonances, as discussed in
+al[Pl(_ac.nj)]z"'aZ[PZ(ec.m,)]2+a3[P3(ac.m)]z}l whereNis a  pet [10].
normalization factor and(a;,a;,a;)=(2.5£0.2,0.4+0.4, The result of the peak fitting is shown by the long-dashed
0.4+0.4. A large value ofg suggestg that the orbital angu- ¢yre in Fig. 1a). The locations and widths presently ob-
lar momentum isL=1 for t+°He ejectiles from the 21 (jined are summarized in Table I. Through the fitting proce-
-MeV resonance, though there may be an incomplete Spifjre we deduced the partial widiH to be 3+1 MeV. This
alignment of°Li due to the reaction mechanism or overlap- oq 11 is consistent with a previous analysis whereinlthe
ping contributions fronL=2 and 3 in the relevant excitation deduced for the+t resonance ifHe was estimated to be
energy region. This fact indicates that the’He cluster-state 3 MeV [10]. The branching ratio fot+3He binary decay,

atE,=21 MeV is predominantly théP and/or°P states. I'3/T, averaged over the excitation energy region of the
The coincidence spectrum in tHei(*He,a)®Li reaction 3t .
ncl pectrum ! I( @) L ! 21-MeV resonance up to 40 MeV is about 0.7. A large

was obtained by gating on the-3He binary decay events, . ;
from which a random coincidence yield was subtracted. Thgranchmg ratio Sh3°WS tha}t the 21-'MeV resonance 'decays
He. This branching ratio is consistent

coincidence yield has been corrected by taking into accourfiominantly intot+-He. _ _
the solid angles of the Si detectors, the multiplicity 2 for with the branching ratio obtained from the spectral analysis

and 3He emissions, and the observed angular correlation®f singles and coincidence spectra. TwdHe resonances at
Here, the intensity of decay particles was assumed to deperfek=18.0£0.5 MeV with a width of 5.0+0.5 MeV and at
only on the polar anglé, , in the spherical polar coordi- 22t1 MeV with a width of 8+1 MeV as shown by the
nates. The coincidence spectrum thus obtained is shown Biashed and dot-dashed curves in Fi@), lrespectively, well
closed circles in Fig. (). A broad peak was observed reproduced the experimental spectral shape in He
around E,=21 MeV. The full width at half maximum =15-25 MeV range. In the higher excitation region Kf
(FWHM), T, of this peak was found to be 12+2 MeV. The =25-35 MeV, on the other hand, the fit to the data is rela-
location and width of the 21-MeV peak in the coincidencetively poor. This might be due to the excitation of other
spectrum correspond well to those observed in the singlesesonances with >1 [3—7]. We fitted the spectral excess by
spectrum. Therefore, we estimated the 21-MeV peak yield imssuming a resonance with a Gaussian shape aré&ynd
the singles spectrum by assuming for simplicity a constant30 MeV. An additional resonance was deduced Eqt
underlying continuum of the minimum yield aroun, =29+2 MeV and with['=10+2 MeV as shown by a dotted
=15 MeV. By comparing the coincidence yield with the curve in Fig. 1a). The 29-MeV resonance is speculated to be
singles yield for the 21-MeV peak, a branching ratio to thethe F resonance with the comparison from th&-coupling
t+3He binary decay was estimated to be about 0.8+0.2. Aluster mode[3].

large branching ratio is strong evidence for the trinucleon We deduced twot+°He cluster resonances &,
cluster structure of the 21-MeV state &hi. =18.0+0.5 and 22+1 MeV ifLi by measuringt and *He
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TABLE |. Excitation energie€, and widthsI" for (t+3He) resonant state®*L ; in °Li.

t+3He cluster model Mondragén’s wdtk Present work
254 RGMP CSRGM
E, r E, r E, rd E, re
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
p, 21.3 6.9 17.1 4.4 18.0+0.5 5.0+0.5
3Po12 22.3 9.3 16.9 55 17.985+0.025 3.0 22+1 8+1
I, 28.8 5.9 25.9 9.5
29+ 10+2
3,34 298 75 26.3 11.2 24:826.6 5.3~8.7
“Referencq?8].

bReference[?»]. Theoretical prediction based on the resonating group metR&diM).

‘Referencg4]. Theoretical prediction based on the complex-scaled resonating group ME&BRGM.
9The width is a full width at half maximum.

®For the Zstate of°P [8].

'For the 2, 37, and 4 states ofF [8].

"_ value was not deduced.

decay-particles in th¢*He,«) reaction on’Li. Both reso- hand, is in contradiction to the RGM calculati¢8], and is
nances are assigned to Bestates from their angular corre- rather consistent with the CSRGM calculatiph.

lations. The location and width of the 22-MeV resonance The separation energy of a doublet % and °P states
correspond well to those of the analog of the resonance otiresently deduced is about 4 MeV. In the trinucleon cluster
served atE,=18 MeV in ®He [10]. Therefore, the 22-MeV model[3,4] for 6Li, two states wltH_=1 were predicted as a
resonance is assigned to be’R state. The 18-MeV reso- doublet of!P and 3P states which are separated at most by
nance observed ifLi, on the other hand, has not been ob- @bout 1 MeV. The existing theoretical models do not predict

served as an analog arouBg=15 MeV in ®He [10]. There-  the observed separation energy.

fore, we assigl_w the 18-Mey resonance to béPa(T=0) This experiment was performed at the Research Center
state. The excitation energies bf3He cluster resonances for Nuclear Phy3|c$RCNH under Program Nos. E184 and
are compared with the theoretical resu8s4,§ in Table I.  E172. The authors are grateful to the RCNP Ring cyclotron

The excitation energy of th& state presently deduced is in staff for their support. This work was supported in part by
contradiction to Mondragon’s worf8] and the CSRGM cal-  the Grant-in-Aid(Grant No. 13640304by the Japan Minis-
culation[4], and is rather consistent with the RGM calcula- try of Education, Culture, Sports, Science, and Technology,
tion [3]. The excitation energy of th& state, on the other and by the Japan Society for Promotion of ScieGt®P$.
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