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The isovector giant dipole resonanDR) of an « cluster inLi and “Li, and its analogs if:"Be and® "He
were searched for by using tRéLi(p,p’), ®7Li(®He t), and®Li("Li, "Be) reactions at the incident energies
of 300, 450, and 455 MeV, respectively. New dipole resonances were foulg:a7.0+1.5 MeV in®Li and
atE,=29.0+1.5 MeV in’Li, both with widths(full width at half maximum of 12+2 MeV. In®He, ®Be, "He,
and 7Be, the dipole resonances with a width of 12+2 MeV were observed Ht
=24.0+1.5,23.5+1.5,18.0+£1.5, and 28.0+1.5 MeV, respectively. The resonance shapes were reproduced well
with the GDR shape observed in thEe(y,n) reactions. The averaged value for the ratios of the resonance
cross section ilA=6 to that inA=7 for each element was 1.2+0.3. The averaged value for the ratios of the
resonance cross section to the GDR cross section in the respective target nuclei was 0.44+0.08, which was
consistent with the ratios of the GDR cross section*fite to that in®7Li reported in the photonuclear
reactions. The excitation energies for the dipole resonancés=ih and 7 nuclei relative to the separation
energies of anv particle in®Li and “Li, respectively, agreed well with the excitation energy for the GDR in
4He (~26 MeV). We conclude that the resonances observef’lii are consistent with the GDR of the
cluster and the resonances®ifHe and®Be are consistent with the analogs of the GDR in dheluster. The
Q value for the excitation of the GDR of thecluster inA=7 nuclei is deeper by 1.6+0.3 MeV on the average
than that inA=6.
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I. INTRODUCTION ever, no such evidence for the GDR in theluster has been
obtained in othefLi(y,n) reactions[5-7]. In the "3Li(y,n)

Clusters in nuclei play an important role in nuclear struc-gpatrum a peak & =30 MeV was reporte8] in addition
ture and nuclear reactions. Clusters in nuclear systems a{g§ tne GDR peak XaEX:17 MeV. However. this 30-MeV

spatially localized subsystems composed of strongly COITeneak was not observed in othdri(y,n) work [5,6]. Exis-
lated nucleong1]. Therefore, we can expect two types of tence of the excited cluster is not conclusive in the photo-
excitations in the clustering nuclei. One is the excitation dug,yclear reactions.

to an intercluster relative motion. A typical example is the  On the other hand, in the nuclear reaction the GDR in the
rotational excitation of a clustering nucle[#. The otheris 4 cluster seems to have been observed by Breidgl. at
due to an intrinsic excitation of the cluster itself, which hasg~-30 MeV in the®Li(n, p)®He reaction9]. Janeckest

not been well understood. Such a cluster excitation is very. reported a structure similar to that observed in thgp)
interesting as a new concept of nuclear excita{i8h The e5ction [9] by the OLi("Li,Be) reaction [10]. In the
excited cluster may have characteristics different from the”Li(p,n) reaction, Yanget al. reported the high-lying dipole
excitation of the cluster itself due to the nuclear medium oo~ cac &,=25 MeV in®Be and aE,=30 MeV in Be

effect. [11]. The excitation energies and widths for the resonances

'blln the phqtonu?leﬁr reallction C_rohsiaal.;,ugge(sjted aPOS- ghserved in the nuclear reactions are very similar to those for
sible excitation of thex cluster. They observed two reso- 1 o"GpR in“He reported in théHe(y.n) reaction[5].

nances at excitation energiesif=11.5 and 26 MeV in the We inferred that the resonances observed in the nuclear

°Li(y,n) spectra[4]. They concluded that the resonance Areactions are the analogs of the GDRuirtlusters. Based on

.11éﬁ.Me(\j/ \r/]vas the isovectozr 69:\62n§/dip0|% resonz(@@R) d the excitation energies, widths, and cross sections observed
In °Li and the resonance at eV was due to the exated i the (7L, "Be) reaction, we demonstrated, for the first

. : 6] ; _
cluster; namely, the GDR dfHe in the®Li nucleus. How time, that the resonances Bt~ 24 MeV in ®He and at

20 MeV in "He stem from thex cluster excitation, i.e., the
analogs of the GDR irtHe in nuclei[12]. From this result,
*Electronic address: yamagata@center.konan-u.ac.jp the next questions were addressed: The resonances observed
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in ®Be atE,=25 MeV and in’Be atE,=30 MeV inthe(p,n)  “Li (99.9%. Reaction particles were analyzed by using the
reactiong 11] might also be the analogs of the GDR ina@an magnetic spectrometer “Grand Raiden,” and were detected
cluster. By taking into account the Coulomb displacementwith the focal plane detector system, which consisted of two
energies, the GDR in aa cluster should be observed, if it multiwire drift chambers backed by &E-E plastic scintil-
exists, atE,~26—-30 MeV in®Li and ’Li, though there had lator telescopg19]. The typical values of the thickness of
been no report on such highly excited dipole resonances ithe targets used and energy resolution were 15, 20, and
67 [13,14. 1.0 mg/cn? and 120, 340, and 800 keV for the,p’),

The ground states ifLi and “Li are known to have the (3He,t), and ("Li, 'Be) reactions, respectively. The energy
large d+a andt+a components, respectivejiL3]. The ex-  resolution for the(p,p’) and (*He t) reactions were mainly
cited a cluster, the GDR irfHe, was searched for #Liby  due to the energy spread of the incident beams, while that for
using the®’Li(p,p’) reaction at 300 MeV, and the analogs the ("Li, ‘Be) reaction was mainly due to both the energy
in ®"He and®Be by the®'Li("Li, 'Be) reaction at 455 MeV  spread of the incident beam and tfge-particle excitation
[12] and ®7Li(*He t) reaction at 450 MeV, respectively. (E,=0.43 Me\).

These reactions were considered to be suitable for excitation Energy spectra were measured in the angular ranges of
of isovector resonancegd5,1§. The GDR in ana cluster g =2.5°-16° for the(p,p’) reaction,§ =0°-4.1° for the
may be commonly identified by investigating the excitation(3He t) reaction, andg, =0°-2.3° for the(’Li, 'Be) reaction
energies, resonance shapes, cross sections of the resonangfigre the cross sections with\. =1 were expected to have
excited via the three different reactions. the first maximum. The aperture of the entrance slits of the

The GDR in“He is a strongly excited resonance on thespectrometer was +20 mrad horizontally and were +15, +10,
underlying continuum. Its excitation energy is about 26 MeVgnd +15 mrad vertically for the(p,p’), (3He,t), and
and is much higher than the excitation energies of the GDR7|j 7Be) reactions, respectively. In each reaction, events
in the target nucleif,~12 and 17 MeV 'n6|7' and L, were sorted with a 10-mrad horizontal bin by a software gate
respectively{5]. In the nuclear reaction the spin dipole reso-;, 5 ray-trace method. Since the momentum range covered
nance(SDR) is a_Iso exc_ited at th_e excitation region of the ith this spectrometer was about 5%, the measurements
GDR. The SDR in the light nuclei has been observed t0 bgyere done with several different settings of the magnetic
similar to the GDR in terms of both excitation energy and thefie|g 1o cover a wide excitation-energy range of interest. In
resonance shapfl7]. Thus, a single-resonance-like peak {he measurement for th@,p’) reaction at forward angles
composed of the GDR and SDR is observed. The existencg — 1ge, the elastically scattered protons were blocked by a
of the GDR in ana cluster should be clearly distinguishable ey jead plate in front of the focal plane detector to reduce
as a compact resonance on top of the underlying continuumye ¢oynting rate. Additional measurements for the ground
at an excitation energy much higher than the GDR in theate and the low-lying discrete states were done without the

target nuclei. , _ plate by using a low intensity beam. The calibration of the
The cross sections depend strongly on both the reactiogy citation energies was carried out by observing known

mechanism and nuclear structure. However, the ratio of thgtates with'2C targets. The uncertainty in the excitation en-
cross sections deduced from the same reaction does not gies was about 0.15 and 0.3 MeV at the excitation-energy
pend strongly on the reaction mechanism. Therefore, th?egions belovE, =15 MeV and above 15 MeV, respectively.

cross-section ratio of the GDR in aa cluster in A=6 : ;
! The experimental details are presented elsewE2eQ.
nucleus to that iM=7 nucleus for each element should be P P 20

nearly unity, since the same GDR in thecluster is excited

in the same reaction. The cross-section ratio of the GDR in [ll. RESULTS AND ANALYSIS
an « cluster to the GDR in the target nucleus deduced in
these reactions should be nearly equal to the cross-section
ratio, o(*He)/o(®7Li) obtained for the GDR in the photo-  Figure 1 shows typical energy spectra for fhii(p,p’),
nuclear reaction§s,18) for all reaction channels. ®7Li(®*He.t), and ®’Li(Li, 'Be) reactions atf =8°,2.7°,

In this paper, the details of our experimental study on theand 0°, respectively. The state Bf=3.56 MeV in °Li and
excited a clusters in®Li target nuclei are presented. Since the ground states ifHe and®Be are the isobaric analogs of
the experimental details of th&Li(’Li, ’Be) reaction are the 0', T=1 state. The ground state Thle and the states at
similar to those reported by Nakayaretal.[12], the present E,=11.25 MeV in’Li and atE,=11.01 MeV in'Be are the
paper will focus only on the results of this reaction and will isobaric analogs of the 372 T=3/2 state [14]. The
compare the results with those obtained in thep’) and  11.25 MeV state irfLi and the 11.01 MeV state ifBe were
(3He t) reactions. not identified in the present work. To clearly show the rela-
tionship between the analog states excited in these nuclei,
each spectrum in Fig. 1 is shifted such that the location of the
analog states coincides horizontally.

The experiment was carried out by using the 300-MeV A common feature of the spectra f&=6 is the appear-
proton, 450-MeV3He, and 455-MeV’Li beams from the ance of two resonances B~ 27 MeV and~18 MeV, as
ring cyclotron at the Research Center for Nuclear Physicsypically seen in théfLi(p,p’) spectrum(denoted herein as
(RCNP), Osaka University. Targets used were self-G1 and G2, respectivelyThe resonance d&,=27 MeV in
supporting metallic foils of enrichecfLi (95.4%9 and  ©Li was found in the present work. In the spectra for7

A. Energy spectra

Il. EXPERIMENT
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R A=6 R A=T7 account. The spectral shapes for the resonances were fitted
x10 x10 . .
(a) ‘Lip,p)’Li (@) "Lipp)'Li with a Gaussian shape, the shape for the GDR referred from
soL 6,=8° 6oL GL 68 the “He(y,n) reaction[5,23, that for the GDR from the

G2G1

8Li(y,n) reaction[5], and that for the quasifree spectde-
noted as QF in Fig.)lcalculated following the prescriptions
given by Erell[24] and Janeck§lQ], respectively. Since in
4060 the (,n) reactions the GDR shapes fiti and ‘Li were

(€) "LiCHotBe reported atE, <32 MeV [5], we extrapolated smoothly the

a shapes beyond this energy. The GDR shapes thus employed

53 GDR('He) involved some uncertainties & =35 MeV. In order to re-
produce the low-excitation-energy region, an asymmetric

hars %20 R Lorentz peak was introducg@2?]. This peak might also in-
x10 © *Li(LiBoHe | () "Li(Li"Bo)'He clude the GDR in thel cluster.
e =00 | 40p e In the analysis of théLi(p,p’) spectra, the GDR irLi
sob|l NS2G1 GDRCHe) GDR(LY reported in the(y,n) reaction atE,~17 MeV [5], a reso-
3 200 nance aE,=29 MeV (G1), and a quasifree continuum were
o . N . also taken into accounil0,24. The peak shapes for the
) 20 40 S0 20 40 GDR and the resonance at 29 M¢e§1) were taken from the
By (MeV) By (MeV) GDR shapes reported in tH&i(y,n) [5] and the*He(y,n)

reactions [5,23], respectively. To reproduce the spectral
shape arouné,=10 MeV an additional Gaussian peak with
a width of 9 MeV was introduced &,=9.5 MeV.

Since the respectivéd\=6 and 7 nuclei exhibited very
similar spectra, the spectra féie and®Be, and for’'He and
"Be were analyzed in a similar way to that used forand
’Li, respectively, by taking into account the differences in

FIG. 1. Energy spectra for the reactions (@f,p’) at 6, =8°,
(3He t) at 2.7°, and’Li, "Be) at 0°. The solid lines show the peak
fitting results. See the text.

nuclei, resonances similar to those observed#6 nuclei
are evident aE,~30 MeV in ’Li and "Be and at 20 MeV in
7 —~ i 7 i i . . .

He. The resonance &,~30 MeV in ‘Li was found in the the Coulomb displacement energies. In tfki, 'Be) reac-

present work. The resonancesAir 7 nuclei were recognized . _ P
to be the Gl-type resonances. Based on the fact that trﬂaon’ only theT=3/2 analog component of the GDR .

. i ) . an be excited, while théy,n) reaction excites bothr
excitation energies of the G1's measured with respect to thg3/2 and 1/2components. Therefore. onlv the hiah excita-
excitation energies diLi and ’Li are in close agreement with _. P ' - Only g

the excitation energy of the GDR ifHe reported atE, tion side of the GDR shape reported in {hen) reaction[5]

_ . : ; . was used for fitting théHe spectral shape.
d a%(Ss’\:‘lc?rvtrI]r:a tg%(g ’irr:) ;Zagﬁlfé?é?]' the G1's are the candi The fitted curves are shown by the solid lines in Fig. 1.

On e thr hand, o ony the GDR i thluster {1 608 s o a0 spectly vere reracuced el oy
also those ird and/ort clusters should also be present in the P b ysIS. 9

spectra. In the?H(y,n) reactions, an asymmetric Lorentz- widths (full width at half maximum, FWHM are summa-
shape peak has been observe&at 4 MeV [21]. Since the rized in Table I_. The guoted errors in Table | were mainly
O S due to the fitting procedure. The resonances Et
excitation energy of 4 MeV ifLi is slightly below the neu- -9.5 MeV in A=7 nuclei are assumed to be G3
tron threshold energyE,=5.4 MeV), the peak due to the ' '
2H(y,n) reactions might not be observed in the spectra ob-
tained by thebLi(y,n) reactions but in those by the nuclear
reactions. Therefore, we took into account the 4-MeV peak To assign the transferred angular momenturAbfto the
in the analysis, as mentioned below. The excitation energpbserved resonances, the differential cross sections in the
for the GDR in triton, on the other hand, is very similar to (p,p’) and (*Het) reactions were analyzed with the plane-
that for the GDR in’Li [6]. Since the GDR peak for the wave Born approximatiotPWBA). Figures 2 and 3 com-
clusters should be included in tHei(y,n) spectra, it could pare the experimental data and the results of the PWBA cal-
not be separately observed. culations. Error bars are mainly due to the peak fitting
To obtain the excitation energies, widths, and cross sedProcedure. The data for th€Li, ‘Be) reactions have been
tions for the resonances, the measured spectra were decorgported in Ref[12]. In Figs. 2 and 3, the cross sections are
posed into various peaks and underlying continuum. We replotted as a function of momentum transégrSince the dis-
strict our attention to the excitation-energy region abgye tortion effect and the Coulomb interaction for the present
=10 MeV in 57Li except for some discrete states in the incident energies are less important, the PWBA calculations
low-excitation-energy region where the presence of the softwere sufficient for a qualitative discussion, as it was well

B. Differential cross sections

dipole resonance has been obserf2s?. applied for the(®Het) reaction at 450 Me\V[25] and the
In the analysis of the spectra obtained in thé(p,p’)  (t,*He) reaction at 350 Me\[26].

reaction, the resonances Bt=18 MeV (G2) and 27 MeV In the PWBA the cross section is simply given @&)

(G1), the GDR in®Li reported in the(y,n) reaction atE, ~|j(qR?, where j (gR) is the spherical Bessel function

~ 12 MeV [5] and the quasifree continuum were taken intowith the angular momenturh, andR is the interaction ra-
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TABLE |. Excitation energies and width&WHM) of the resonances.

fHe 6L 5Be He L Be
E, (MeV) 9.5+1.0 9.5+1.0 G3
T (MeV) 9.0+1.0 9.0£1.0
E,(MeV)2  85+1.0 12.0£1.0 8.5+1.0 50+f0 17.0+1.0 17.0£t1.0 GDR
I (MeV)© 20 20 20 14 14 14
E, (MeV) 15.0¢1.0  18.0£1.0  15.0+1.0 G2
T (MeV) 3.0£1.0 6.0£1.0 4.0%+1.0
E, (MeV)®  24.0+15  27.0+15 235+15  18.0+15  29.0+15  28.0+15 G1
I (MeV)d 12 12 12 12 12 12

dPeak energy.

bSee text.

“Taken from the®"Li(y,n) reactions, Ref[5]. Fixed in the fitting.
“Taken from the?He(y,n) reaction, Refs[5,23. Fixed in the fitting.

dius. The values forR were chosen to be 1A and gular distributions for the GDR ifLi and “Li were better
1.2A13 fm for the (p,p’) and(®He t) reactions, respectively. reproduced with aAL=1. We assigned the resonances at
The typical angular distributions foAL=0,1, and 2 are 18 MeV (G2) and 27.0 MeV(GY) in SLi and at 9.5 MeV
shown by the dotted, solid, and dotted-chain lines, respedG3) and 29.0 MeV(G1) in ‘Li to the dipole resonance,
tively, in Figs. 2 and 3. because the PWBA calculation falL=1 was in agreement
The differential cross sections for tfeLi(p,p’) reac-  with the observed angular distributions for these resonances.
tions are shown in Fig. 2. The observed angular distribution The differential cross sections for tifeLi(®He t) reac-
for the 3.562 MeV, 0 state in®Li peaked sharply at 0°. The tions are shown in Fig. 3. The PWBA calculation fat
PWBA calculation with 2AL=0 roughly reproduced this for- =0 reproduced well the observed angular distributions for
ward peaking shape. The angular distributions for thethe ground statég.s), 0" in ®Be, g.s., 3/2+0.43-MeV, 1/2
2.186-MeV, 3 state in 6Li, and 0.48-MeV, 1/2 and state, and the 9.9-MeV, 372state in ‘Be. Those for the
4.652-MeV, 7/2 states in’Li have a maximum around  4.5-MeV, 7/2 and 7.1-MeV, 5/2 states in'Be were also
=1 fm L. From the PWBA calculations we can infer that qualitatively reproduced by the\L=2 calculation. The
these states are excited wiltl. =2. But, the corresponding PWBA calculations are appropriate for determinify’s in
fit to the observed angular distributions is marginal. The anthe analysis of the presefiHe t) reactions. Furthermore,
the angular distributions for the GDR {tBe and’Be are

6 "o 7 N
Li(p,p) Li Li(p,p)'Li
10 ¢ PP 10 PP , ‘LiCHe,t) 5 "LiCHe,t)
Fe _(a) : 10° ¢ 10° ¢
1 o T~ E A Y
E o foe L=0 (a) S L=0 (0
L/ 0 5. 0" ® = TN 5. 3/27+
10 % v OZ.lSGMeV}: Al 10 £ .. & 10 - X \*:‘Q‘ %.43 1/2-.
1071 0 356NV Y ‘ *. : % 99324
1 >
E ] 'g E 1 K | Leidl [ ”g 1 K | | |
~ -1 ~ =) ~
L 10 = £ 1 ¢ = 1 L
\%10‘2_ g et § . g’
10 = O 10 6510 -
L F | © = = :
T 107 = [l
al =2 (@
10 - o AST2D
F Y4d 71524
r O k
2@é L
0 = 'y
| Al | |
0.0 0.5 L 1.0
q (fm™)
FIG. 2. Differential cross sections for ttip,p’) reactions. The FIG. 3. Differential cross sections for tiigHe t) reactions. The
dotted, solid, and dotted-chain lines show the PWBA calculationglotted, solid, and dotted-chain lines show the PWBA calculations
with AL=0,1, and 2respectively. with AL=0,1, and 2respectively.
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well explained by theAL=1 calculations, as shown by the

solid lines in Figs. &) and 3d). Since the angular distribu-
tions for the resonances Bf=15 MeV (G2) and 23.5 MeV
(G1) in Be, and those at 9.5 MelG3) and 28 MeV(G1) in
’Be were well reproduced by AL=1 calculation, we as-
signed these resonances to the dipole resonance.

In the ("Li, "Be) reaction, in which theA\S=0 andAS=1

cross sections were separately measured, the resonances

E,=24 MeV (G1) in ®He and atE,=18 MeV (G1) in "He

were both assigned to the dipole resonance with the sp

transfer componentdS=0 andAS=1 [12].

IV. DISCUSSION
A. Comparison with other results
1. G1 resonance

In the highly excited energy region SLi and “Li, no
resonancelike states have been repoiidi except for three
states irfLi at E,=24.779, 24.890, and 26.590 Md¥4,27.
These three states are assigned ta #itle resonances with
the 3F configuration in theL-S coupling scheme. The exci-
tations of these states are expected to proceed Wh=a3.

- 34 MeV,
M3_5 MeV different from the observed excitation energies of

PHYSICAL REVIEW C69, 044313(2004

TABLE Il. Cross-section ratios of the G1 resonanceAmn6 to
that in A=7 for each element.

He Li Be

o(A=6)/o(A=7) 1.2+0.3 0.8+0.2 1.5+0.7

g%ts for the two-phonon states would be about 24 and
respectively. These excitation energies are

27 and 29 MeV for the G1's ifiLi and “Li, respectively.(b)
The observed width for the G1l's is 12 MeV, while the
widths for the GDR’s infLi and “Li are 20 and 14 MeV,
respectively, as listed in Table I. The G1 width is 2—8 MeV
less than the GDR widthgc) Since the two-phonon states
would be excited viaAL=0 and/or 2, and the G1 resonance
was observed to hawkl =1, the G1 resonance is unlikely to
consist of the two-phonon states.

2. G2 and G3 resonances

In ®Li, a peak with a width of 1-2 MeV has been re-
ported atE,=16 MeV in the®Li(y,n) reactions, as a fine

Therefore, all of them are different from the dipole resonancetructure of the GDR5,7]. The excitation energy for this

observed in the present work B{=27.0 MeV in°Li.

In 5Be and’Be, Yanget al. reported the high-lying dipole
resonances aE,=25 MeV (I'~10 MeV) and 30 MeV (T’
~10 MeV), respectively, from the(p,n) reactions at

peak reported in Refd5,7] is lower by 2 MeV than that
observed in the present work for the G2 resonance. Hernan-
dez et al. claimed a resonance &,=17.985 MeV[14,27

with a pure3P (27,T=1) t+3He-clustering structure. How-

186 MeV [11]. The excitation energies and widths for the ever, Akimuneet al. [20,28 and Nakayamat al. [29] re-
dipole resonances reported in their work agree well withcently observed the isobaric analog triplets of &g T=1
those for the dipole resonances observed in the present worktate in®He, ®Be, and®Li, at higher excitation energies of

Brady et al. reported the dipole resonance SHe atE,
=25+1 MeV (I'=8+2 MeV) and in"He atE,=20+1 MeV
(I'=9+£2 MeV) via the (n,p) reaction at an incident energy
of 60 MeV [9]. In the ("Li, ‘Be) reaction at 350 MeV, Ja-
neckeet al. observed the resonance B{=23.3+£1.0 MeV
(F'=14.8+2.3 MeV in ®He [10]. From the measurement of

E,=18.0, 18.0, and 21.5 MeV, respectively. At the excitation
energy ofE,=18 MeV in bLi, Nakayamaet al. observed the
IP(T=0) resonance with a width df=5 MeV [29]. These
experimental results seriously contradict the result by
Hernandezt al.[27]. As discussed below, the G2 resonances
observed in the present work are supposed to be an isobaric

the AS=0 and AS=1 cross sections, they assigned thetriplet in A=6 nuclei. Therefore, the isoscalar resonance re-
23.3-MeV resonance to a high spin state populated vi@orted by Nakayamat al. at 18 MeV[29] is different from
the AS=1 transfer. In the present measurement of thehe 18 MeV resonanc@ =1) observed in the presefp,p’)

("Li, "Be) reaction, the resonances Bt=24.0 MeV in ®He
and atE,=18.0 MeV in"He are excited via botAS=0 and
AS=1 with aAL=1 [12].

reaction.
In Be, Yanget al. reported a dipole resonance Bj
=15 MeV via the(p,n) reaction. AtE,~ 15 MeV in ®He, the

It is worthwhile to consider the possibility that the G1 resonance has been observed and assigned to the dipole reso-

peaks may be the two-phonon states of the GDR’$/in.
(a) Since the excitation energies of the GDR'Iri and ’Li

nance in the(n,p) reaction (E,=15.5+0.5 MeV andl’
=4+15Me\) [9], in the ('Li,’Be) reaction (E,

are 12 and 17 MeV, respectively, resulting excitation ener=14.6+0.7 MeV and’=7.4+1.0 Me\j [10], in the (t,*He)

TABLE lll. Cross-section ratios of the G1 resonance to the GDR.

fHe 6L 5Be He Li Be
o(G1)/o(GDR?  0.23+0.10  0.50+0.15 0.40+0.16  0.43+0.20 0.70+0.20  0.36+0.14
a(*He)/a(Li)P 0.23 0.26
o(*He)/ o(Li)¢ 0.46 0.52

%Present work.
b(y,n) reaction, Ref[5].
“o(y,n)=a(y,p) is assumed fofHe.
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e GDR_ TABLE IV. Q-value differences for the G1 resonances between
240 379 235 U B0 R0 260 A=6 and 7 isotopes.
He Li Be
15.0 15.0
18.0 AQ (MeV)? 1.7+0.5 2.0£0.5 1.1+0.5

0.0 0" 3.56 0" 0.0 0

0.0 3/2° 11.25 3/2" 11.01 3/2°
T=3/2

5

N-d

.5

»

*AQ=Q(A=6)-Q(A=7).

The cross section ratios of the G1 resonance to the GDR

T=1 14704d 2.46 it measured herein are listed in Table Ill. The averaged value
o0 1 I for these ratios is 0.44+0.08. The cross section ratios of the
: 0.0 3/2 0.0 3/2 = rt e . .
6 p 6 , 7 7 4 GDR in “He to those in®"Li reported in the(y,n) reaction
He Li Be He Li Be He : p .
[5] are also listed. For the GDR itHe the GDR strength in
FIG. 4. Energy diagrams foh=6 and 7 nuclei observed in the the(y.n) reaction was reportgd to b? nearly equal to that in
present work. The diagram fdHe is also shown. The solid-thick the (y,p) reaction[18,23. Since this GDR strength was
lines show the ground state of each nucleus. The vertical positiongissing in the(y,n) reaction, we estimated that the GDR
are set such that the positions corresponding to the separation eneross section is twice as large as that reported in(the)
gies ofa particle in®Li and ’Li are equal to that of the ground state reaction, as listed in Table Ill. If the G1 resonance is the

of “He. GDR in thea cluster, the present ratios should be the same
as those obtained in the photonuclear reactions. Indeed, most
reaction at 336 MeV (E,=14.6+0.2MeV and I'  of the ratios presently obtained are consistent with the ratios

=5.9+0.7 Me\j [30], and in our previou$’Li, 'Be) reaction
(E,=15.0£0.5 MeV andl'=3.0+0.5 MeVj [20]. Since the
excitation energies and widths for the G2 resonances are 2. Excitation-energy systematics

similar to each other, these dipole resonances are inferred to Figure 4 shows a summary of the energy diagrams for
be the members of th&=6 isobaric triplet. A=6 and 7 nuclei observed in the present work. The energy
In both Li and "Be we observed the dipole resonance atgiagram for4He is also shown. In order to clarify the iso-
E,=9.5 MeV (G3). In the (p,n) reaction, Yanget al. also  paric analog relations ih=6 and 7 nuclei, the analog states
observed a dipole resonance Bf=10 MeV in ’Be [11].  of 0*, T=1 in A=6 and of 3/2, T=3/2 in A=7 are shown.
These resonances have not been observed ittt reac-  Fyrthermore, the energy diagrams fi and “Li are shifted
tions[5,6,8, and no positive parity states have been reporte@ych that the vertical positions corresponding to the excita-
in this excitation-energy regiofil3,14. These dipole reso- tjon energies for the separation energy of arparticle in
nances might be an isobaric doubletAr 7 nuclei, because these nuclei coincide with that of the ground statéHie. As
the excitation energies and widths are similar to each othetseen in Fig. 4, the excitation energies for the G1 resonance in
every nucleus agree well with that of the GDR%He, i.e.,
E,~ 26 MeV, irrespective of mass, although their individual
excitation energies have very different values from each

1. Cross-section ratios other. . _
In Table 1V, the differences of the reaction Q values be-

The ratios of the cross sections of the G1 resonance ifveenA=6 and 7 nuclei,AQ=Q(A=6)-Q(A=7), for the
A=6 to that inA=7 for He, Li, and Be are listed in Table IIl. excitation of the G1's in He, Li, and Be deduced for each
The absolute value of cross sections may depend strongly digaction are listed. Since evaluation of th&®'s do not
both the reaction employed and nuclear structure. Howevegtrongly depend on the absolute values of the energy scale
the ratio of the cross sections using the same reaction mdgr the excitation energy, the errors for th's are much
depend only on the nuclear structure. Therefore, if the GBmaller than those for the excitation energies. Alggis also
resonance is the GDR in am cluster the observed ratio expressed adaQ=AM(A=7)-AM(A=6), where AM’s are
should become nearly unity, because the same GDfi&n  the mass increases for the G1 excitatiom6 and 7 nuclei
in the same element is excited via the same reaction. Theglative to the ground states i and "Li, respectively. All
ratios deduced in the present work are consistent with unityhe AQ’s are positive. The difference in the mass increase
within the errors, and their average is 1.2+0.3. In thebetweenA=7 and 6 is 1.6+0.3 MeV on the average. When
("Li, 'Be) reaction we separately measured th&=1 and measured from the-particle separation energies §hi and
AS=0 cross sections for the G1 resonanc&The[12]. The  ‘Li, the difference is reduced to 0.6+0.3 MeV.
ratio of theAS=1 cross section to thAS=0 cross section
has been found to be 1.2+0.4 and 1.4+0.7%e and’He,
respectively. This suggests that the observed peak of the G1
resonance consists of the SDR and the GDR with compa- We searched for the excitations of thecluster in nuclei
rable strength. This feature has been observed in light nuclsiia the®Li(p,p’), ®Li(®He t), and®Li("Li, ‘Be) reactions
[17]. at the incident energies of 300, 450, and 455 MeV, respec-

estimated from the photonuclear reactions.

B. Excited « cluster

V. CONCLUSION
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tively. Resonances were observed®ir, ®He, and®Be at  and the resonances #fHe and®Be are consistent with the
E,=27.0,24.0, and 23.5 MeV, respectively, and’in, ‘He,  analogs of the GDR in the cluster. TheQ-value difference
and ‘Be atE,=29.0, 18.0, and 28 MeV, respectively. All the (0.6+0.3 Me\) for the excitation of the GDR in the clus-
resonances were assigned to the dipole resonances and t8¢ measured from the separation energ§linand Li may
resonance shapes were reproduced well with the GDR shapR due to anedium effectthat is, after’Li and “Li disinte-
reported in the*He(y,n) reactions. The ratios of the cross grate intoa+d and a+t, respectively, thex cluster under-

sections for the resonance in the=6 nuclei to that in the  goes jts intrinsic GDR excitation with different effective
A=7 nuclei for each element were found to be nearly unity,nasses irfLi and ’Li media.

and the averaged value was 1.2+0.3. The averaged value of
the cross-section ratios of the resonance to the GDR in re-

spective target nuclei was 0.44+0.08, which was found to be ACKNOWLEDGMENTS
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