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Structure of the neutron-halo nucleus He
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The SLi(’Li, "Be)®He charge-exchange reaction leading to the neutron-halo nuéléeihas been studied
at E('Li) = 350 MeV. Magnetic analysis was used to observe transitions to the kddwa 0% ground
state and thd™ = 2* state atE, = 1.8 MeV as well as pronounced resonances-&t6 MeV, ~14.6 MeV,
and ~23.3 MeV. Coincidences with 430-keV Doppler-shiftedrays from the deexcitation in flight of the
J™ = 1/2" first-excited state iBe were measured to permit the identification of spin-flip transitions. All
observed transitions appear to have spin-flip characteristics. The shapes of the experimental angular distribu-
tions from 6. ,, = 0° to 18° are well described by microscopic one-step finite-range distorted-wave calcula-
tions with theoretical shell-model transition amplitudes. For the two low-lying shell-model states the absolute
cross sections are also well described. The internal structures of the projectile and ejectile are taken into
consideration. A large number of contributions is permitted by the angular momentum couplings. Only the
ground state ofHe carries significant Gamow-Teller stren@tGT). Contributions with highet values from
the central spin flip and the tensor interactiois. and V, are responsible for the mostly structureless
distributions observed, and the 0° cross sections are not proportiolG®). The strong resonances at
~5.6 MeV and~14.6 MeV are interpreted as™2and (1,2 ~ resonances, respectively, with cross sections
stronger than predicted presumably due to mixing with continuum states leading to quadrupole and dipole
enhancements. It appears that the resonanee5a6 MeV does not represent a soft dipole mode originally
predicted aE,=4-7 MeV.[S0556-281®6)03009-9

PACS numbe(s): 24.30.Cz, 25.70.Kk, 27.26n

I. INTRODUCTION transition seen inr(,p) spectra[9,10] at 6=0° and bom-
barding energies=200 MeV. However, fi,p) spectra mea-
Neutron-halo nuclei, includingHe, have attracted con- sured at a lower bombarding energy of 60 MEW] and
siderable attention in recent yedis-7]. The halo of neu- summed over the angular range from 6.5° to 32.5° display
trons manifests itself in several effects, including large matadditional broad structures Bt, = 15.5 MeV (' = 4 MeV)

ter radii, resulting in increased total absorption crossandg, = 25 MeV (I' = 8 MeV). The radiative pion capture
sections, special characteristics of the momentum distribueaction SLi(w,v)®He selectively excites simple one-

tion observed in breakup reactions, and the possible Presente icle—one-hole (i—1h) states involving spin flip: hence,
of “soft giant dipole” resonances at low excitation energies. yg_1 AT=1 withL=0 orL=1. and states . = 0.0
y il il X Yy

One might expect that the energy level scheme Tole .8, 15.6, and 23.2 MeV were obsenjd@,13 in agreement
should reflect upon the halo structure. The known Ievell. ' ' . T
with the (n,p) data. However, inconsistencies are also re-

scheme[8] appears to be incomplete and to contain incon- . . . o
sistenc?([as]. TF;]F;]W - 0" ground gtate and the first-excited ported[8] including the possible splitting of the 15.6-MeV

J7 = 2° state aE, = 1.797 MeV are confirmed in numer- '€sonance into two or three components over the réjge

H H 6 7 6
ous reaction$8]. The predicted dominance of the Gamow- 13_1% MeV, olas6erved 'HLG'(P*ZP) +H% [14], "Li(n,d)°He
Teller strengttB(GT) for the transition to the ground state of [15) "Li(e™,77) °He, and®Li( y,=") *He [16]. The latter
SHe (see Sec. IV is confirmed by the strong ground-state tWO reactions selectively excite spin dipole resonances. Ad-
ditional structures were report¢d] atE, = 29.7 MeV, 32.0

MeV, and 35.7 MeV but not confirmed by other reactions.
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TABLE I. Experimental excitation energids,, widthsI’, spin parities)”, center-of-mass cross sectionat,~ 4.5° (6,,pb = 2°), and
averaged spin-flip signatur€s=" cginc/ Ysng-

E, r Jm do/dQ G E, r Jm

(MeV) (MeV) (mb/sp (MeV) (MeV)

Expt? Expt? Expt?2 Expt?2 Expt? Expt? ExptP? Expt®?

g.s. o* 0.72+0.08 0.46-0.05 g.s. o

1.92+0.17 2" 0.25+0.04 0.40:0.10 1.7970.025 2"

5.6-0.3 12.2+1.1 2" 4.56+0.48 0.39-0.04

14.6+0.7 7.4:1.0 1,2 2.11+0.23 0.43-0.06 (13.6+0.5) broad 1,27
(15.5+0.5) 4+2

23.3+1.0 14.8-2.3 1.75£0.19 0.47-0.07 (25%1) 8+2

3Present work.
bReferencd8].

mechanism and excitations in the neutron-rich nucl&de  ceeds by a mixture akS=0 andAS=1, whereas that of the
appear not to confirm the existence of a tesonance in  ’Be,,.will proceed only withAS=1. It has been shown by
®He compatible with a soft giant dipole excitation at low Nakayamaet al. [29] that by measuring coincidences with
excitation energy. A complex scaling method combined with430-keV Doppler-shiftedy rays, and thus isolating the tran-
a parameter-free microscopic three-cluster model was usesition to the excited’Be,,. State, it becomes possible to
in one theoretical approacht,5]. Exact three-body wave separate thdS=0 and AS=1 contributions. Using mea-
functions which describe the asymptotic behavior were usedured log{t) values compiled in Ref.30] to determine the

to predict ground and scattering states and the strength @amow-Teller strengthB(GT), one obtains

monopole and dipole excitatiof&8]. A combination of the

cluster orbital shell mode]21] with the extended cluster 0(75%.3):0@3: 0)+1.3007(AS=1), (1
model[22] was used in another approaltn,2Q.
Heavy-ion-induced charge-exchangdICEX) reactions o(Bey) =1.124r(AS=1) )
“ . .

have advantages and disadvantages as spin-isospin probes
compared to high-energy(n) and (,p) reactions. The en-
ergy resolution is usually better. This is particularly apparen
for the CHet) and(t,He) reactions which have characteris- ;
tics much closer to §,n) and (,p) than more typical G o("Beéexd 3)
HICEX reactions. Certain reactions, such &&i(®He) or o('Beys) + o('Bepyd
(*2C,*N), are selective and, unlikep(n) and (,p), allow
only AS=AT=1. However, the presence of bound excitedbecomes equal to the ratio for the efficiency-corrected yield
states in the ejectile may complicate the energy spectrdor ‘Be-y coincidencegproportional too(’Beg)] and the
Complexities of HICEX reactions includ@) the possible vyield for ‘Be singles events [proportional to
presence of two-step contributior(®) the presence of con- o(7Beg_s)+o(7Beexc)]. According to Egs.(1) and (2), the
tributions from the tensor force resulting in strohg= 2 ratio G should therefore be equal to
components(c) the need to account for the internal structure
of projectile and ejectile, an@) the need to understand the Y coine -
strong absorption of projectile and ejectile leading to G=5_ =0 for AS=0 transitions, (4)
surface-dominated reactions. Many of these aspects are un- sngl
derstood[23-25. The (*°C,*?N) reaction atE=70A MeV
[23] was found to display proportionality betweerfq~0) — YLinC: - i
- G 0.46 for AS=1 transitions. (5

and B(GT) for known strong Gamow-Teller transitions. Ysngl
Here,q is the momentum transfer. Despite the surface char-
acter of the reaction, the contributions to the cross sectiolssignments ofAS=0 andAS=1 could therefore be based
from L=0 are still determined by the low-momentum com- on measured cross section ratios for= 0°. However, there
ponents of the transition densities to which the reaction isare experimental limitations, and the technique may be con-
sensitive[ 24]. fined to light target nucl€i31] because of interference with

The ('Li, "Be) reaction was studied in the present work. y rays from the deexcitation of the residual nuclei. While the
This reaction presents an important tool for studyingDoppler shift could in principle provide a signature for the
(n,p)-type charge exchangde.g., Refs[26—29). The reac- 430-keV y rays, the usually large number of rays in
tion was reported to proceed with a one-step reaction mechdeavier targets and the finite energy resolution may exclude
nism for energie€€=21A MeV [28]. The nucleus’Be has this. Also, the sensitivity of many-ray detectors to neutrons
two particle-stable states, thg™ = 3/2~ ground state, [32,3]] presents a difficulty. Furthermore, Eq4) and (2)
7Begls_, and theJ™ = 1/2° state atE, = 0.430 MeV, represent approximations because they ignore the tensor in-
"Beq. Assuming a dominance of pure Fermi and/orteraction. They also disregard the influence of the internal
Gamow-Teller transitions, the population of tﬁBeg_S. pro-  structures of the projectile and ejectile, which leads to often

t'I'his means that the ratié defined by
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large numbers of possible angular momentum couplings and .

may limit the applicability of the equations. L (a)  8Li("Li,’Be)SHe .
6000} 0 = 2° A T

E(7Li) = 350 MeV

Il. EXPERIMENTAL PROCEDURES

3000t
The experiment was carried out at the National Supercon- %)) N
ducting Cyclotron LaboratoryNSCL) with a beam of'Li E T ‘
projectiles of energfE(’Li) = 350 MeV = 50A MeV from 8 0 ©) I
the K1200 superconducting cyclotron. TH@e ejectiles 15} 300: 6Li(7Li,’Be 7)6He i

were detected at laboratory angles fréy, = 2° to 8.5° in

the focal plane of the S320 magnetic analyzer with moderate
overall energy resolution of AE=~1.5 MeV or 150}
AE/E~4.3x 103, This includes the contributions from the -
unresolved states ifBe. Measurements al,, = 0° were - g
pgznformed with the A1200 magnetic ana}lysis system with 0 50 40 30 20 10 0
similar energy resolution. Data were obtained with the S320 E, (MeV)
spectrometer up tE,~ 50 MeV with solid angles of

AQ~ 0.20 and 0.67 msr, and with the A1200 system up t0 FIG. 1. Spectra of’Be ejectiles from the reactiofiLi( "Li,

E,~ 20 MeV with AQ~ 1.2 msr. Details of the experimen- "Be)®He measured af,, = 2° in singles modéa), and in coinci-

tal procedures will be reported elsewh¢gd]. dence with 430-keVy rays from'Beg,, — 'Begs + v (b). A, g.s.;

The charge integration for the finite-angle points wasB. 1.8 MeV;C, 5.6 MeV;D, 14.6 MeVE, 23.3 MeV. The dotted
straightforward. However, the absolute calibration of the in-lines represent the decomposition into resonances and nonresonant
tegrator for the 0° measurements caused problems becaugeckgroundsee text
of imperfect collection efficiency. This resulted in an in-
creased uncertainty. All relative yields for the 0° measure- Il EXPERIMENTAL RESULTS
ments for 6Li and the other targets are reliable, though. Spectra measured #,, = 2° in singles mode and in

Rolled enriched®Li targets of thicknespAx = 2.0-2.6  coincidence mode are shown in Fig. 1. Contributions from
mg/cm? were used, and care was taken to keep the targets agdrogen near the ground state were removed by subtracting
hydrogen free as possible. However, hydrogen contaminaniadependently measured and properly normalized spectra ob-
were present in all targets, typically8 wg/cm? for SLi, tained with a polystyrene target. These contributions become
exceeded only by théC target. Measurements with good kinematically defocused with increasing reaction angle, and
statistics were therefore also performed with a polystyrenéhe region of interference is strongest &t,,~5° for the
(CgHyg) , target pAx~ 1.0—2.3 mg/cm) to permit the sub- ground state and & ,~ 14° for the state at 23.3 MeV. The
traction of the hydrogen contributions in all spectra. spectra in Fig. 1 display the transitions to the statei,at

An array of 12 bismuth germanate &e;;04, (BGO) 0.0 and 1.8 MeV, as well as strong and broad resonances at
scintillation detector$33] at a distance of 6.4 cm from the ~~5.6,~14.6, and~23.3 MeV excitation energy. Cross sec-
target in a circular arrangement was used to record coinciions do/d(), excitation energies,, and widthsT" were
dences with 430-keV Doppler-shiftedrays from the deex- €xtracted for all measured spectra.

citation in flight of excited’Be,,.. Each detector covered an hA nonrets)onagt bzitckgroungLfr(;g quasifr3ef gharge ex-

angular range of~15°. Using several calibrated-ray :: almge doir;m tﬁunﬁttmo O:‘sboug‘{r I’Th e)?ffre;'\g I_f ?I\r/]vastr N

sources at the target position, the overall photopeak detectiqﬁCu N e g procedure. 'he removal of a neutro
eaves the residual nucleus usually in its ground state. The

iﬁi(i'(?/nc_¥h forh 4t3(f)-ket\'/ Y rzzy(;so/ Wasd determlnedd t% tbe Fermi motion of the bound proton in the target nucleus leads
0. The photoiraction 1s-6U%, and pronounced pnoto- , 5 | grentzian line shape with an energy broadening char-

peaks were observed f8iLi and other light targets with an acterized by the energy terv in the equation
energy resolution of full width at half maximufFWHM)

~ 25%. Coincidence spectra foiBe gated on truey-ray

photopeak events were obtained by subtracting injthray d’s N 1—exd (Evge Eo)/T]
time-of-flight spectrum the random events from the prompt dEdQ % 1+[(E7s EQF)/W]2 '
events(prompt to random ratio~20). BGO detectors are

also sensitive to neutrori82] primarily due to the detection The centroid energ¥qr of the quasifree process is shifted
of y rays from inelastic scattering of neutrons in the scintil-relative to that of the charge-exchange process on a free pro-
lator material. A weak background in the BGO pulse-heightton by the neutron binding energy ifHe of S, = 1.869
spectra above the photopeak was observed due to the senileV. Unlike (p,n)-type reaction$34—37 no shift due to a
tivity to neutrons. These contributions were subtracted byCoulomb barrier needs to be included; hendEge
assuming a linear extrapolation to lower pulse heights. The= E7g(free) — S,. This energy depends strongly on the re-
corrected coincidence vyield observed for establishedction angle. In addition, an exponential term due to
Gamow-Teller transitions confirmed the aboyeay detec- Pauli blocking is included. Here, the quantityhas the char-
tion efficiency of~11%. acteristics of a temperature, and the cutoff enefgy

(6)
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represents the threshold for three-body breakup, T T T
Eo=E7ge(°Heys) — S, This energy depends weakly on the 108F 8Li(7Li,’Be)®He
reaction anglg. . F f 0.0 MoV E(Li) = 350 MeV

The energie€ o andE, were set at their calculated val- 105k U e .. )
ues, and the two additional parameters were fixéd/ at 32 ’g * ‘.,
MeV andT = 90 MeV. The latter value agrees with values g C P, X10°
determined earlier for pion andilet) charge-exchange ex- Q 10°F 4 aMev te ¢
perimenty 34—37, whereasV = 32 MeV is larger tharlWw é 3 ’ A
~ 22 MeV which was usually found to give best agreement. » sl f’ Yoty 4o x 104 |
Larger values ofV = 28 MeV and 35 MeV, however, are E 0 5.6 '.V'?V. by $ 4 b
also reported35]. Even though the calculated shapes are not c i ‘. t
very sensitive to the choice of parametgs$], an indepen- 'S 102F e, 102 ]
dent search was performed which favored the larger value ) ; T14.6“’Mev ‘e ,
mostly on the basis of the data at high excitation energies as © L ° ‘|
can be seen from Fig. 1. 107 * e,

The amplituded, together with the quantities describin [ 233MeV Tev, %10

p o togethe e quantities g Noad o 4

the observed resonances were used as adjustable parameters 10°F Teee ek 8
for all singles and coincidence spectra. Equatiéh de- ; | 1 L i
scribes the observed spectral shapes for the regions above the 0 5 10 15 20
highest observed resonance rather well at all angles. The 6., (deg)

comparison with the data becomes more difficult only at the

largest angles becaudgqr changes significantly with in- FIG. 2. Experimental angular distributions for the transitions to
creasing angle, shifting the maximum of the distribution to-he states aE, = 0.0 MeV, 1.8 MeV, 5.6 MeV, 14.6 MeV, and

wardsg, ~ 50 MeV. ~ 23.3 MeV obtained in singles mode without the separation into the
Itis interesting to note that E¢6) seems to describe quite 7Be, ; and "Be,,. components.

well the nonresonant background from quasifree charge ex-
change for several rather differentp,)-type and The excitation energieg, and widthsI" are included in

(n,p)-type reactions. _ Table | together with the known energies from RES).
Energy-integrated cross sections for the nonresonanghey were obtained by averaging the results from all singles
background of the simultaneously measured singles and ¢y, coincidence data.

incidence spectresee, e.g., Fig.)lmade it possible to deter-  coincidence measurements were performed with a larger
mine consistent cross section ratiosS®f 29.3%. This sug- aperture ofAQ ~ 0.67 msr for only a few selected angles of

gests a mixture of non-spin-flip gnd ;pin-flip transitions with 0.5 = 0°, 2°, 3°, 4°, 5°, and 6°. Clean photopeaks for the
a Weak e_nhancement of non spin flip. Nakaya_ﬂsnal. [29]  430-keV Doppler-shiftedy rays were observed.

have similarly found an approximately equal mixture of non- qing the detection efficiency for the rays obtained
spin-flip and spin-flip contributions to the,cont'r};‘“m UP 0 gom  y-ray calibration sources, cross section ratios
an excitation energy of 18 MeV fof’C("Li, 'Be)*’B at a G=VYoinc! Yeng defined in Eq.(3) were extracted for all

H Ty —
bombarding energy cE(Li) = 26A MeV. angles. The averaged values are included in Table | for com-
Angular distributions with the sma_ll _a_lperture ONQ% parison with Eqs(4) and(5). Any systematic errors are re-
0.20 msr and hence good angle definition=00.3” were  y,ceq pecause singles and coincidence spectra are measured
measured in singles mode over the entire angular range Yrmultanously.

steps of 0.5° without resolving the transitions®eys and " \whereas the above rati@ are quite reliable, the extrac-
"Beeyc. The results for the five transitions are displayed Ntion of complete spectra for(AS=0) ando(AS=1) de-

Fig. 2 and are included in Table | fdf, = 2°. _ . fined in equations Eq$1) and(2) is in principle possible for
The estimated uncertainties reflect upon the uncertaintieg, angles. In fact, ther(AS=1) are equal to the measured

of the peak fitting procedures including the sut_)traction_of th&-gincidence spectra corrected for theray detection effi-

nonresonant background, the charge integration, parucularlgiency and the factor in E2). However, it was found that

for the data points ag~ 0°, corrections for the hydrogen A s=0) cannot be reliably extracted due to limited statis-

subtraction, and to a lesser extent the statistics of the datﬂCS and the factsee Sec. V Ethat all transitions appear to
The absolute uncertainties are estimated=&0% mostly | 5ye spin-flip characteristics.

from the uncertainty of the target thickness and possible glo-
bal effects from background subtraction. A systematic reduc-

tion by 20—-30 % in the cross sections for the resonances at IV. DISTORTED-WAVE ANALYSIS

~14.6 MeV and~23.3 MeV is possible if the Fermi-energy . .

parameteiV in Eq. (6) had to be reduced t&/ ~ 22 MeV, A. Transition amplitudes

whereas excitation energies and widths are not affected. Microscopic  distorted-wave  Born  approximation

All cross sections decrease with increasing angle and theDWBA) calculations were performed. The calculations of
distributions are rather structureless. However, the slopes athe transition densities requires knowledge of the wave func-
different, and the transitions to the resonance at 23.3 MeYions for the projectile and the ejectile as well as the target
show an almost constant cross section. Only the transition toucleus and the final states in the residual nucleus. Cohen-
the ground state displays a strong increase towéres0°. Kurath wave functions were us4a8] for all states except
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TABLE II. Calculated Gamow-Teller strengths(®T) for the ~ T=1 analog states ifiLi of 1.81 MeV. This is presumably
two particle-stable states ifBe. related to the halo nature of the two valence neutrons in
SHe. To take this into account, another effective interaction

Ex . B(GT) B(GT) Ratio for the He isotopes was developed in which the Hamiltonian
(MeV) b WS parameters were obtained from the binding energies of eight
Expt? Expt? Expt. Calc? known states in the He isotopg39]. These data were suc-
g.s. 3/ 1.2999+0.0036 1.6215 0.802  cessfully fit by adjusting the strengths of three centrall
0.429 1> 1.1236+0.0067 1.3305 0.845 two-body interaction parameters and two single-particle en-
ergies and leaving the less important spin-orbit and tensor
°Referencd8]. parts of theT=1 two-body interaction at theis matrix
"Reference29]. values. The original goal of this He interaction was to predict

C - . -
Present work. the masses and excitation energies of unknown stagsin

particular, 1°He was predicted to be unbound relative to

the positive-parity states ifHe which are described below. 8He, and recent reaction measurements for ft¢e mass
The wave functions were constructed with Woods-Saxon raare in good agreement with this predictipfl]. Thus, we
dial shapes and experimental separation energies. Tables Use a Hamiltonian which combines tiie=0 part of the tra-
and Il include the experimental and calculated Gamow-ditional (6-16) two-body matrix elements from the interac-
Teller strengthd3(GT) for the A=7 andA=6 systems, re- tion of Cohen and Kurath38] with this improvedT=1 in-
spectively. The experimental values are based on the megraction from[39]. The calculated excitation energies are
sured logft) values compiled in Refl30]. The value for included in Table Il together with the respectiB¢GT) val-
'Bee,c is taken from theB decay of the mirror system ues.
"Begs — 'Ligy. The calculated(GT) values make use of ~ The transition amplitudes for the present calculations
transition densities obtained with Woods-Saxon wave funcwere calculated with transition densities generated by
tions for the “Li- ‘Be and °Li- ®He systems; for théLi-  the shell-model codeoxBasH [42]. They are based on
®He system almost identical values, differing by only 3%,the Op-shell-model spacéCKHE, CKI) or, for the negative
were also obtained with harmonic oscillator wave functionsparity states in®He, on the 80p1s0d-shell-model space
The calculated3(GT) values deviate from the experimental (SPSDMK). The latter space allows excitations from the
values by<<20%. This agrees well with deviations between0s,,, shell into thep shell and from thep shell into theds
calculated and experiment8(GT) values reported previ- shell. Special effective interactions are used for the positive-
ously (see Table 1l in Ref[23]). All calculated angular dis- parity states in®He (CKHE), as described above, whereas
tributions (see below were corrected by the ratios of the the traditional(6-16) two-body matrix elements from the in-
experimental to calculated(GT) for the transitions to teraction of Cohen and Kuraft38] (CKI) are used for°Li,
"Begs and "Begy., respectively. Li, and "Be. The interactions of Millener and Kurath

The wave functions for the positive-parity states®ide  [43,44) (SPSDMK) are used for the negative-parity states in
were obtained using the approach reported eafB8} for SHe.
the prediction of the binding energy dfHe. Shell-model Independent calculations for states®ide have been per-
Hamiltonians in the @ model space which are optimized to formed recently by C40[4,5], by Danilinet al.[18], and by
fit the binding energies and excitation energies of glisbell ~ Aoyamaet al. [19,20. However, transition amplitudes are
nuclei fromA=5 to A=16 do particularly poorly fo®He.  not reported. The calculations by @8¢4,5] make use of a
With the earlies{38] as well as with the more reced0]  complex scaling method in a parameter-free three-cluster
full 0 p-shell interactions, the 2 excitation energy ifHe is  model to calculate low-lying resonances fitle, Li, and
predicted at~4 MeV compared to its experimental value of ®Be and the two-neutron separation energy’de. Cluster-
1.80 MeV and the experimental energy difference of theizations @+n+n andt+t and a-cluster breathing excita-

TABLE lll. Experimental and calculated excitation energigs widthsT", and Gamow-Teller strengtB(GT) for positive-parity states
in 8He (see text

E, E, E, J r r B(GT) B(GT) B(GT)  Ratio
(MeV) (MeV) (MeV) (MeV) (MeV) HO WS
Expt?2 Calc? Calc® Calc?® Expt? Calc® Expt® Calc? Calc?
g.s. g.s. g.s. 9] 1.576+0.005 1.843 1.783 0.855
1.797+0.025' 1.894 1.81 2 0.26 0.006 0.006
5.6:0.6 6.124 3.40 2 10.9+1.9 4.21 0.190 0.184

7.268 3.75 T 6.39 0.103 0.100

12.467 4.99 0 8.87 0.064 0.063

3Present work.
bReference$18],[19].
‘Referencd29].
YReferencd8].
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TABLE IV. Combinations of angular momentum valugs, J;, andL with L = J, + J; for SLi("Li, "Be) ®He with J7("Li) = 3/2",
J"("Begs) = 3/27,37("Beexd = 1/27,37(°Li) = 17, andJ"(°He) = 07, 17, or 27.

1t— ot "Begys. "Beye
Jp 0 1 2 3 1 2
J; 1 1 1 1 1 1
L 0 0
2 2 2 2 2
4
17— 1~
Jp o o o 1 1 1 2 2 2 3 3 3 i1 1 1 2 2 2
J O 1 2 o0 1 2 o0 1 2 o0 1 2 o 1 2 0 1 2
L 1 1 1 1 1 1 1 1 1 1 1 1
3 3 3 3 3 3 3 3 3
5
17— 2%
Jp o o o 1 1 1 2 2 2 3 3 3 1 1 1 2 2 2
J i1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
L 0 0 0 0 0
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
4 4 4 4 4 4 4 4 4

tions were included to establish the neutron halal‘dé The nates |SJ_: = ‘]_; + j: If 0n|y central and tensor forces are

g:gg‘c‘?”y predicted[3] soft dipole mode could not be con- considered,]ér = L, whereL is the orbital angular momen-
The calculations by Danilinet al. [18] employ exact tum transfer. HereJ, andJ; are the total angular momenta

three-body wave functions expanded in hyperspherical hafransferred to the projectile and the target, respectively. Fur-
monics which describe the asymptotic behavior of boromeathermore, sinc<—:‘J_,)J = I:) + §p and.i = I: + §[ even a
systems. The authors calculated strength functions of electrgimpleJ, = 1 without change in parity permit§, = 1 with
dipole and nuclear monopole excitations, and they observexjp =0and L, = 2.
a considerable concentration of strength at lower energies, The (Li, "Be) reaction on &Li target allows many com-
but no narrow resonances. ponents becausk, can take on the valuek, = 0, 1, 2, and
The calculations of Aoyamet al.[19,20 make use of the 3 for transitions to’Be . and in additionJ, = 1 and 2 for
cluster orbital shell moddl21] in combination with the ex-  4nsitions t07Begyc. Algéd, except for finalpstates With™ =
tended cluster modgl22]. This “hybrid-TV" model was ?’ three values fod, are possible. Table IV shows all pos-
used to calculate the binding energy of the ground state o ible combinations of the angular momentum labels (

6 . B . . .
Tﬁsszn\(/jaltgg excngtm}n der;je_r g'fib?f ‘l)llos\'/t\'/\;ﬁ'pa”:y tsr:at(;s. - Jp, Jy) for three examples, namely, transitions to final states
S aré included in fable il. Yhile only the basIGy 6pyq \ith g7 = 0+, 17, and 2'. The orbital angular

2
p-shell components of these states are reported, continuum ; ; ; i,
: . . : omental are subject to parity conservation. For transitions
state admixtures permitted the calculation of widihgor ) parity

. . t0J™ = 0" states in®He there are 5+ 3 = 8 components
these states. The authors do also not confirm the possible., L=0, 2, and 4 for"Bey, namely,(0,1,1, (2,1,),

presence of a soft giant dipole resonance at low excitatiore2 2.0, (23D, (43, plus (0.1, (2.1, (2.2, for

energy. "Begye. FOrd™ = 17 states in®He there are 14+ 8 = 22
) o components withL=1, 3, and 5. FordJ™ = 27 states in
B. Calculation of angular distributions 6He there are 20+ 11 = 31 components with. =0, 2, 4,
One-step DWBA calculations were carried out with theand 6. The specific calculations presented below show that
reaction code-oLD developed by Cook and Cai5] based the relative strength of these components varies strongly in
on the code originally used by Petrovich and Star{k§] their incoherent superposition. The number of components
and modified as reported by Coek al.[27]. The code was for the ('Li, ‘Be) reaction on targets witd™ = 0™, such as
previously used by Anantaramaet al. [23] for the (*°C, 12C, is smaller becausk can take on only a single value for
12N) reaction atE=70A MeV describing transitions from any final state, as is the case for the transition fiirito the
the J™ = 07 target to 1" final states. The formalism in- O+ ground state ofHe. Other HICEX reactions permit an
cludes the direct central terms including exchange and dire@ven more limited number of components. For example, the
tensor termgsee Ref[23)). above {%C,2N) work [23] for 07 — 17 transitions gives
Since the projectile and ejectile have internal structurespnly two components witd,=1,J;=1, andL=0 and 2, i.e.,
appropriate angular momentum labels have to be introducedvith angular momentum label®,1,) and(2,1,1). Here, the
The total angular momentum transfer in the relative coordi-contributions are from the central interaction witk=0, 2
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TABLE V. Optical-model parameters fofLi scattering from @ . " oLI(Li"Be)He

6y 1 71y — 1L u
Li and °C targets aE(’Li) = 350 MeV (see text 10 E(Li) = 350 MeV

E, = 0.0 MeV

Vo ro a Voi Iol q re
(MeV)  (fm) (fm)  (MeV) (fm) (fm)  (fm)

Jr =0+

%Li -107.8 1538 0.853 -37.9 1.870 0.757 1.342
2 -1078 1375 0853 -37.9 1672 0.757 1.200

and the tensor interaction with=2.

The reaction codeoLD [45] permits the use of the effec-
tive nucleon-nucleon interactions of Love and Franey
[47,48 and the modified M3Y interaction of Petroviet al.
[49]. Angular distributions for®Li( ’Li, ‘Be) °He, s and *2C
("Li, 'Be)1?B 4 5 based on the 50- and 100-Me\matrix in-
teractions of Love and Frang$8] and the M3Y interaction
of Ref. [49] differ only little with a slight preference for
M3Y which was used for all subsequent calculations.

The optical-model parameters for elastic scattering of
’Li projectiles on targets of?C and ?8Si at E("Li) = 350
MeV were obtained recently by Nadasenal. [50]. The
radius parameterT, in the heavy-ion convention
R=To(A+Anra) = oAy was found to be almost identical
for the two targets. Similar results were observed earlier for
®Li elastic scattering aE(°Li) = 210 MeV on six targets
from 2C to 2°%b[51]. Therefore, the same radius parameter
To was assumed for the extrapolation of the optical-model
parameters for 350-MeV elastfd.i scattering[50] from the
12C7target to the®Li target. The optical-model parameters  rG. 3. Experimental and calculated angular distributions for the
for “Li used in the present work are listed in Table V. Thetransition to the)™ = 0* ground state ofHe with decomposition

parameters f9|7 Be were set equal to those féLi. (see text into all components permitted by = J, + J; (), and

The following subsection describes the results of the calyith the additional decomposition into contributions from the cen-
culations for the states and resonance$Hie and compares | (b) and tensor(c) nucleon-nucleon interactions. Assignments
the calculated distributions with the experimental diStI’ibU-(L,Jp,\]t) are indicated. The normalization factors and goodness-
tions. of-fit parameters are included in Table VI.

C. Predictions for °Li(’Li, "Be)°He obtained for the rather flat angular distributitsee Fig. 2

Figures 3—6 display the experimental angular distribu- The I_east-squares adju_stments_of the calculated angular
tions together with calculated distributions obtained with thedistributions to the data points of Figs. 3—6 make use of one
above transition densities, optical-model parameters, and tidngle adjusted parameter each, the overall normalization
effective M3Y nucleon-nucleon interaction for the states infactor f. Table V lists these values dfand the goodness-
®He atE, = 0.0, 1.8, 5.6, and 14.6 MeV. The complete of-fit valugs per degree of freedom?/F, for all transitions
decomposition into the components with angular momentungharacterized by the excitation energigsand spin parities
labels (,J,,J;) is shown in Figs. 3 and 4 for the transitions J7. Column 3 defines the states identified by the shell-model
to the states aE, = 0.0 and 1.8 MeV. Transitions to both CodeoxBAsH [42]. Here,JT stands for theth state in°He
7Beg.s. and "Beg, are permitted fod, = 1 or 2. Therefore, with spin parity J” (with the model spaces and effective
most of these components show two closely neighborindnteractions CKHE forw = +1 and SPSDMK for
curves. They are displayed with the same label. These figures= —1). The agreement between the experimental and cal-
also display separately the calculated cross sections from tttilated distributions is quite good for the state&at= 0.0,
central and the tensor interaction, respectively, including thd..8, 5.6, and 14.6 MeV witd"™=0; , 2y, 25, and 1,
decomposition into all angular momentum componentgespectively. The goodness-of-fit values per degree of free-
(L,3p.3). dom, x?/F, range from 1.2 to 3.7.

Figures 5 and 6 display for the resonance€at~ 5.6 All calculated angular distributions were decomposed into
and 14.6 MeV the experimental angular distributions to-central and tensor components which is shown explicitely for
gether with four calculated distributions each. As described, = 0.0 and 1.8 MeV in Figs. 3 and 4. Considering the
in the previous section, the transition amplitudes for the aspossible need for a relative renormalization of the tensor in-
sumed positive- and negative-parity states were calculate@raction, several experimental distributions were also fitted
with the shell-model transition densities CKHE, CKI, and by using an incoherent superposition of the central and ten-
SPSDMK. Angular distributions were also calculated for thesor components with independent normalization facfers
state atE, = 23.3 MeV, but no satisfactory fit could be and fy. Only minor improvements in the goodness of fit
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J00[@ Jr=2r | SLi(Li,’Be)He |
E(’Li) = 350 MeV 10

" 6Li(7Li,’Be)eHe
E(’Li) = 350 MeV
, E,=56MeV

10"
102}

103}

100+ Central Interaction

(mb / sr)

10-1 ’Q’****

do/dQ ., (mb/sr)

) fty
10-2F

108}

do/dQ .

100} 0 5 10 15 20
6 m, (deg)
10-1
FIG. 5. Experimental and calculated angular distributions for the
transition to thel™ = 2% state in®He atE, = 5.6 MeV without
decomposition into components. The four calculated transitions are
for assumed shell-model states ¢f 21 , 05 , and 1, . The nor-
malization factors and goodness-of-fit parameters are included in

Table VI.

10-2

103}

and therefore close t6; = 0.46 as expected from Eq&)

FIG. 4. Experimental and calculated angular distributions for thefor spin-flip transitions. For some labels only transitions to
weak transition to the]™ = 27 state at 1.8 MeV of°He with 7Beg's. are permitted G;= 0 for J, = 0 and 3, and for
decompositior(see textinto all components permitted Hy = J-; some labels only transitions ttBe,,. are permitted G;~ 1
+ J; (a), and with the additional decomposition into contributions for J, = 2). Also included in the table are the weighted
from the central(b) and tensor(c) nucleon-nucleon interactions.
Assignments|(,J,,J;) are indicated. The normalization factors and
goodness-of-fit parameters are included in Table VI. 10

" 6Li(’Li,”Be)¢He
E("Li) = 350 MeV

were achieved. The ratids/f - of these factors are shown in
E, = 14.6 MeV

the last column of Table VI.

'y

D. Predicted cross section ratios
GEU(7Beexc)/[0'(7Beg.s)+0'(7Beexc)]

The calculated cross section rati@sare shown in Fig. 7
as function of the angl®. , for the transitions to the four
states in®He. They were obtained by adding in Figs. 3 — 6
the cross sections for all componefdenominatorand only
those components resulting from transitions e, (nu-
meratoj. The ratios are not constant as function of angle but
display structures, particularly at larger angles. Cross section
ratiosG, were also calculated separately for each contribut-
ing value ofL. These ratio%5, , also included in the figures,
display a different dependence on angle. In particular,
G, = 0 for the highest possible values ofL =4, 6, 6, and 5,
respectively, where only the transition fBeg_S_ is permitted
due to the tensor interaction. The weighted rati®s are

equal to the ratio& shown in the figure. _ FIG. 6. Experimental and calculated angular distributions for the
Table VIl lists the ratiosG; at # = 0° for all permitted  transition to the)™ = 1~ state in®He atE, = 14.6 MeV without

angular momentum labeld (J,,J;). They are given for the decomposition into components. The four calculated transitions are
0%, 2% 2% and 1" states aE, = 0.0, 1.8, 5.6, and 13.2 for assumed shell-model states of 11, , 2; , and 2 . The nor-
MeV, respectively. There are 5, 20, 20, and 14 ratios, respecnalization factors and goodness-of-fit parameters are included in
tively. ForJ, = 1, the ratios are in the rangg = 0.45-0.52  Table VI.

15 20

0 5

10
0, m. (deg)
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TABLE VI. Normalization factorsf and goodness of fit per

degree of freedony?/F for calculated angular distributionsee 06l °L(Li’BefHe 44 Mev o+ |
text). E(’Li) = 350 MeV !
E, NEd Jr f fOr Y2IF frlfc

(MeV)

gs. o 0; 0.648 0.734 366 1.01

1.8 2" 27 0.707 1.22 1.37

5.6 2t 25 12.61 3.61 19.82 :

5.6 1" 17 30.82 8.08 ’Eg

5.6 0" 05 50.94 5.98 8l

5.6 1 17 21.81 5.59 2

5.6 2*,1%) 27 +1; 899 5.00 o

14.6 1 17 11.38 242 110 ° 04l Go i
14.6 1 1, 13.23 4.67 - 6 ]
14.6 2 27 10.54 3.42 0.3 ; ; ;

14.6 2 2, 4.98 3.22 0.6 14.6 MeV 1,7 -
14.6 2 25 5.97 3.39

14.6 1 17 17.29 458 05 2 1
14.6 0" 0, 2641 4.32 o4 B
23.3 1 1, 25.38 28.65 0 5 1‘0 1'5 20
233 1 1, 39.52 26.98 0., (deg)

23.3 e 27 24.53 32.76

23.3 2 2, 10.66 21.93 FIG. 7. Calculated cross  section ratios G

=0("Beeyd ! [0("Beys) + o('Beeyd] as defined in Eq(3) for
transitions to states ifHe as function o#, ,, . Also shown are the
averagess, andG which are identical to the values shown cross section ratio§, calculated separately for each contributing
in Fig. 7 ate = 0°. value of L (see Sec. IV D The experimental ratio&=o(CO) /
o(SNGL) averaged ove#,, ,, = 0°—13° are included in Table VII.

V. DISCUSSION
more difficult than in f,n) or (n,p) charge-exchange reac-
tions wherelL, = 2 is excluded. The situation for thélg,

The agreement between the experimental and calculatetBe) reaction is even more complex because of the presence
angular distributions as shown in Figs. 3 and 4 is quite goo&f four values forJ,, namely,J, = 0, 1, 2, and 3, and not
with x2/F=3.7 and 1.2, respectively. In particular, the only J, = 0 and 1 as assumed in Eq%) and(2). Neverthe-
forward peak for the 0 ground state is well described |ess, for both states the experimental cross section r@tiofs
while the data do not show the weak mimimum predicted atrable | for small angles are close to the value expected for
~11° which is responsibile for the slightly increasgtf/F. AS=1 transitions as given by E@5) (see also Sec. V)E

A slightly better valuey?/F for the 0" state can be ob-  Whereas the transition to the'0ground state carries sig-
tained by independently adjusting the contributions for eachificant B(GT) strength as supported by the strof@1,1)

L value. This leads to higher relative contributions from cross section components near 0°, B{&T) strength calcu-
L=4. However, as mentioned in Sec. IV C, it was felt that ajated for the 2 state is very small. Here, th@®,1,1) cross
better justified procedure would be based on the incohererfection component of the central interaction contributes only
superposition of the central and the tensor interactions with- 109% to the total cross section near 0°, and the 0° cross
individually adjusted factors. Interestingly, the result for thesection is clearly not proportional ®(GT). Instead, several
transition to the most relevant'Oground state leads to es- | =2 transitions dominate for small angles up to 7°, namely,
sentially equal factorgsee Table IIl. This suggests that the (2,13, (2,1,2, and(2,1,)). Interestingly, the transition with
contributions are correctly described by M3Y with a coher-3, = 3 is the most dominant one.

ent superposition of the central and tensor contributions. The cross sections at anglés> 13° are almost exclu-

Figures 3 and 4 display the decomposition of the contrisjvely due toL=4 andL =6 transfers. These contributions,
butions with labels I, J,,J;) resulting from the central and namely, (4,1,3 and (6,3,3, are the result of contributions
tensor interaction. The majority of contributions belong tofrom the tensor interaction which therefore determine the
only one class each, i.e., either central or tensor. As alreadylope of the measured angular distributions at larger angles.
pointed out by Anantaramaet al.[23] for the much simpler It should be noted that the small value #/F~ 1.2 for
(’C,'*B) and (*C,*’N) reactions o)™ = 0" targets, the the 2" state is in part due to the small cross sections with
noncentral character of the tensor force can lead to crossonsequently large uncertainties at large angles. Improved
terms betweer, andL; (J, = L, + S, Jy = L + §) agreement of the calculated distribution with the data could
which makes the identification of Gamow-Teller componentsagain empirically be achieved by increasing the contribution

A. States in ®He at E, = 0.0 MeV andE, = 1.8 MeV
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TABLE VII. Calculated cross section rati@®= o('BegyJ / [0(7Beg_s) + o("Bee,] at # = 0° for all permitted angular momentum
couplings €,J,,J;) of the transitions to the 0, 2%, 2%, and 1~ states in°He atE, = 0.0, 1.8, 5.6, and 14.6 MeV, respectively. The
quantitiesG, andG are the weighted means.

-3 EMev) L 3 G G G | J=J EMeV) L Jp J G G
10" 0.0 0o 1 1 046 046 0.46
2 1 1 052 050 2 1 2 045
2 2 1 1.00 2 1 3 045
2 3 1 0.00 2 2 1 100
4 3 1 000 0.00 2 2 2 09
1t 2" 1.8 0o 1 1 050 050 045 2 2 3 100
0 2 2 099 2 3 1 000
0 3 3 0.00 2 3 2 000
2 0 2 000 044 2 3 3 000
2 1 1 046 4 1 3 051 035
2 1 2 045 4 2 2 o088
2 1 3 045 4 2 3 100
2 2 1 1.00 4 3 1 000
2 2 2 096 4 3 2 000
2 2 3 1.00 4 3 3 000
2 3 1 0.00 6 3 3 000 0.0
2 3 2 0.00 T 1" 14.6 1 0 1 000 046
2 3 3 0.00 1 1 0 048
4 1 3 051 047 1 1 1 046
4 2 2 096 1 1 2 045
4 2 3 1.00 1 2 1 099
4 3 1 0.00 1 2 2 100
4 3 2 0.00 1 3 2 000
4 3 3 0.00 3 1 2 051 049
6 3 3 000 0.00 3 2 1 092
1t -2t 5.6 0o 1 1 049 045 0.6 3 2 2 100
0o 2 2 098 3 3 0 000
0 3 3 0.00 3 3 1 000
2 0 2 000 048 3 3 2 000
2 1 1 050 5 3 2 000 0.00

with the highest.=6 or by using an incoherent superposi- tors from unity are due to uncertainties in the nucleon-
tion of central and tensor contributions. nucleon interaction, uncertainties in the optical-model pa-
The normalization factors of Table VI for the two shell- rameters for ‘Be which could be due to an isospin
model states aré=0.65 andf =0.71, respectively. As men- dependence in the potential well depth for the mirror nuclei
tioned previouslysee Sec. IVA and Table )lithese values 7L and "Be, and uncertainties in the transition amplitudes
include the renormalization due to the experimental and calon account of corrections to theshell wave functions and
culated B(GT) values for the transitions todBey, and possible core excitationsee Ref[23]).
"Begyc. A corresponding renormalizatiaqsee Table 11l for
the transition to the ® ground state of°He leads to the
corrected normalization factdf®" = 0.73. Such normaliza-
tion factors close to unity for the transitions to the two shell- As shown in Fig. 5, the strong transition to the state at
model states agree favorably with similar factors found in the~5.6 MeV is well described by the calculations with
(*2C,1%B) reaction atE=70A MeV on several target nuclei x?/F=3.6 assuming™ = 2*. Fits were also performed for
(see Table Il in Ref[23]). The latter require a much smaller other values of]™ as shown in the figure. The agreement
number of angular momentum labels,{,,J;). The above with the data for assumeif’ = 1*,0%, and 1" is slightly
results support the suggestion that tfikei("Be) reaction at worse as reflected by the increased valueg®F from 5.6
E(’Li) = 50A MeV proceeds by a direct one-step reactionto 8.1 (see Table W. While the assignmend”™ = 27 is
mechanism. The small departures of the normalization facfavored,J”™ = 1~ cannot be completely ruled out. The ex-

B. Resonance in®He at E,~ 5.6 MeV
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perimental cross section rati®=0.39+0.04 is in support of  significantly increased by factors of 2 and 4. The change in
a spin-flip transition wittAS=1 for this resonancésee Sec. binding energy decreased the calcula®tGT) by only

V E). The normalization factor$ are large for all spin as- ~20%, whereas the renormalization facforequired to de-
signments and range from 12.6 f8f = 2% to 50.9 for an  scribe the data with the smaller calculated cross sections in-
assumed”™ = 0. creased by a similar percentage. The prod®iT) X f in-

It was initially thought that the resonance could havecreased by only~2%; that is, it remained essentially
J7 = 0" because the slope of the exponential tail at largegonstant. The change in the diffusenasms a slightly larger
angles(see Fig. 2is close to that of thd™ = 0" ground  effect. Increasing by factors of 2 and 4 decreasB¢GT) by
state. However, it was found that the slope of the tail is NOfactors of~0.8 and~0.5, respectively. The renormalization
determined by the lovi- contributions to the transition am-  factors increased by essentially the inverse factors, and the
plitudes but instead by the highcontributions which appar- product B(GT)xf changed very little. It decreased by
ently differ for the two 2° states at 1.8 and 5.6 MeV. ~3% and~ 6%, respectively. Correcting for the calculated

The resonance at 5.6 MeV is of particular interest as 8(GT) values requires the renormalization of the calculated
possible candidate for a soft giant dipole resonance which igrgss sections by the ratio of tilenknown experimental to
one of the manifestations of neutron-halo nu¢et-7]. The  the calculatedB(GT) values. It is therefore concluded that
softE1 mode has been established experimentelly., Ref.  he |arge renormalization factor cannot be explained by the

[7]) as an enhancement of Coulomb dissociation, but it apshape of weakly bound or diffuse single-particle wave func-
pears that no resonance contribution has so far been identipns.

fied (see, however, Refl17]). A soft giant dipole resonance
was initially predicted theoretically for the nucle@sie at
E, = 4-7 MeV[3] by using the cluster orbital shell model
[21]. However, the possible existence of such a resonance at The angular distribution measured for the resonance at
low excitation energy ifPHe could not be confirmed in more 14.6 MeV, Fig. 6, is well described witl?/F from 2.4 to
recent calculation$4,5,18—20. The theoretical approaches 4.7 as a state with” = 1~ or 2" (see Table V). A strong
included a complex scaling method combined with a micro-€enhancement with normalization factors fot= 15-40 pre-
scopic cluster modéH,5], the asymptotic expansion of exact sumably reflects upon mixing with unbound states. The cross
three-body wave function§18], and the ‘TV model” section ratioG=0.43*+0.04 suggests a spin-flip transition.
[19,20 which represents a combination of the cluster orbitalThis is confirmed by several other reactidB$ which inter-
shell model[21] and the extended cluster modép]. pret this resonance as a spin dipole resonance. ‘lie

As noted above, a soft giant dipole resonance W= (7~ ,¥) °He radiative pion capture reacti¢t2,13 and the
1~ cannot be completely ruled out by the measured angulafLi(e™,7") ®He and °Li( y,7*) °He photopion reactions
distribution, but it appears to be excluded from the measure-16] selectively excite simple d—1h spin-flip states. The
ment of the cross section rat® which suggests spin-flip resonance was also observed in 60-MeWp) data[11]. A
(see Sec. V E The most likely assignment for the resonancepossible splitting of this resonance into two or even three
at ~5.6 MeV isJ™ = 2", A large normalization factor resonances in the randg, = 13-18 MeV has also been
f~ 12.6 is required to explain the strong cross sections. Thiseported[14—16.
presumably reflects upon quadrupole admixtures from un-
bound states, and theshell transition amplitudes constitute D. Resonance inHe at E,~ 23.3 MeV
only a small fraction of the transition strength. Thg=2"
resonance observed ftHe at~5.6 MeV may be related to 2

the law-lying quadrupole resenances predicted recently foEmaller angles. Attempts to fit the distribution assuming a

neutron-skin pucle[52]. o . .. direct reaction mechanism were unsuccessful as seen from
Table [ I|s_tsethe excitation energies for all positive- Table VI. However, the cross section ratio of
parity S“'?‘tes n He calculated in Fhe present WOI’K fqr G=0.43+0.07 suggests a spin-flip transition. It is concluded
p-shell single-particle states. Also listed are‘the exm&atlon[hat the measured angular distribution is not compatible with
energies and widths calculated with theT\{ modgl a low-spin direct reaction mechanism. Possible explanations
[19,20. The sequence of the calculat#lvalues is identical 4 a high-spin resonance or a complicated structure
for t_he.two calcqlatlons. As already noteq by the authorg, th?eading to a compound nucleus reaction mechanism.
excitation energies for the latter calculations appears slightly
low. The possibility of a2*, 1) mixture of the 5.6-MeV
resonance was also considered in the present work, but no
significantly improved fit could be obtainddee Table V). Equations(1) to (5) for the cross section ratio& near
Since the resonance Bt~ 5.6 MeV is broadI'~ 10.9 6 = 0° are strictly valid only for the angular momentum
MeV, it was considered desirable to explore the dependendabels (,J,,J;) with J, = 0 or 1. Table VII shows that for
of the calculations on the radial shape of the wave functionsthe transitions to the four final states fide all calculated
The objective was to possibly explain the large normaliza-contributions with the labelsl(1,J;) are indeed in the range
tion factorf. In order to simulate this effect, two approachesG; = 0.45-0.52. This means that the transitions to the
were taken. In one approach the ground-state binding energyround and excited states dBe have about equal cross
was significantly decreased froBi=1.87 MeV toB=0.01  sections as expected from E&) for Gamow-Teller transi-
MeV. In another approach the diffusenessf the potential tions with AS=1. However, a few contributionsL(0,J;)
well generating theHe single-particle wave function was with J, = 0 which haveG;= 0.00 are also present. Further-

C. Resonance infHe at E,~ 14.6 MeV

The angular distribution for this resonance shown in Fig.
is very flat and displays only a minor increase towards

E. Spin-flip characteristics
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more, contributionsl(,2,J;) and (,3,J;) with J, = 2 and 3
are present. All terms witd, = 2 strongly favor the transi-
tion to "Begyc With G;= 1 (for L+J,+J; = odd) or at least
G;> 0.9 (for L+J,+J; = even. All terms with J, = 3
allow only transitions to7Beg.S_; henceG;= 0. These addi-
tional contributions withJ, = 0, 2, and 3 influence the av-
eraged experimental cross section rati&s

Another consideration which may affect the interpretation

of the measured cross section rati®ss the presence of the
tensor interaction which allows cross terms betwkgrand

L, (J, = L, + S,, J; = L, + S) which make the identifi-
cation of Gamow-Teller components more difficult than in
(p,n) or (n,p) charge-exchange reactions wheérg = 2 is
excluded. Even fod, = 1, the orbital angular momentum
L, in the equation, = L, + S, allows L, = 0, butL, =

2 is also permitted by the tensor interaction. Onlylfgr= 0
can a clear distinction be made between Fergi £ 0) and
Gamow-Teller §, = 1) transitions.

The experimental cross section rati@slisted in Table |
suggest that, according to E¢p), all observed states and
resonances including the resonance at 23.3 MeV are asso
ated with spin-flip Gamow-Teller transitions, that is
AS=1. This is expected for the 0ground state iPHe and
the 2* state at 1.8 MeV, and it is suggested by other experi
ments(see Sec. V Cfor the resonance at 14.6 MeV. A
value of G=0.40+0.08 was also observefB1] for the
Gamow-Teller transition to the ground state ¥B. It is
therefore concluded that the transitions to the resonances
~5.6 MeV, ~14.6, and 23.3 MeV must also have spin-flip
character. The validity of the rules of Nakayamizal. [29]
results from the fact that the contributions with = 1 and

’

labels (,1,J;) dominate at small angles as can be seen fronpn
Figs. 3—6. This result is in agreement with the averaged cal-

culated ratioG~ 0.46 atf = 0° from Table VII which
signifies spinflip transitions.

Interestingly, Fig. 4 shows that the most important term a
small angles for the transition to the" Xtate at 1.8 MeV is
(2,1,3, and while of spin-flip type witt§, = 1 andS; = 1,
the total angular momentum & = 3 which permitsL; = 2
and L, = 4. The small contribution fronL=0 with the
angular momentum labeg(0,1,) at small angles demon-
strates that 0° cross sections are not proportiond ({8 T)
except presumably for strong transitions.
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nances aE,~5.6, 14.6, and 23.3 MeV have been observed
with the °Li(’Li, 'Be)®He charge-exchange reaction at
E(’Li) = 350 MeV. The reaction is well suited to identify
high-lying resonances. Angular distributions have been mea-
sured for all states, and coincidences with 430-keV Doppler-
shifted y rays from the deexcitation of the first-excited state
in "Begy Were recorded.

The reaction mechanism for tHéi( ’Li, ‘Be) ®He charge-
exchange reaction &(’Li) = 50A MeV can be understood
in terms of a direct one-step reaction mechanism. The struc-
tureless angular distributions are well described by micro-
scopic finite-range distorted-wave calculations with theoreti-
cal shell-model transition amplitudes and a nucleon-nucleon
interaction which includes central and tensor components.
The internal structures of the projectile and the ejectile make
it necessary to introduce angular momentum labels
(L,Jp,Jdy) whereL is the orbital angular momentum transfer
in the relative coordinates, anlj, and J; are, respectively,
the total angular momenta transferred to the projectile and
the target. Sincel, can take on four different values, the
number of possible angular momentum labels can be quite

(fé'rge, particularly for transitions between targets and residual

states withJ”# 0. The transitions to the two shell-model
states withJ™ = 0% and 2" are quantitatively described.

The strong and broad resonances-d&.6 MeV and~14.6
MeV are interpreted as 2 and (1,2) ~ resonances, respec-
tively, with enhancements presumably from admixtures of
ﬁgbound states. It appears that the resonaneebad MeV is

t a soft giant dipole resonance. The strong resonance at
~23.2 MeV cannot be explained with a low-direct reac-
tion mechanism.
While the quantitative description, especially of the shell-
odel states wittknowntransition amplitudes, is quite sat-
isfactory, it is also clear that the measured structureless an-
gular distributions alone provide only limited information

f'about the internal structures or the valuesl&fof the final

states unless a strong 0° peak suggests an angular momen-
tum transfer ofL =0. Cross sections measured at 0° are not
necessarily proportional tB(GT). The exponential tails are
due to the superposition of high-angular components
which are usually the result of the couplings between high
J, andJ; values due to the tensor interaction. The interpre-
tation of angular distribution from the/l(i, Be) reaction is

The angular dependence of the calculated cross sectianore complicated than for then{p) reaction and certain

ratios G=0("Beexd / [0('Begs) + o('Begyd], Which is

other heavy-ion charge-exchange reactions.

displayed in Fig. 7, oscillates with angle and shows minima The cross section ratio6=o("Beeyd / [U(7Beg.s) +

at angles in the range 10°-15°. These minima at 15° for thg;("Be,, )] obtained from the coincidence measurements
27 state at 1.8 MeV are most pronouned. The minima occufyith 430-keV y rays were found in the range 0.36—0.46,
near the maxima in the calculated angular distributions of theuggesting spin-flip transitions. This conclusion is probably
contribution with the highesit values. Fod”=0", 1, and  ¢orrect because of the calculated dominancé,of= 1 an-

27, the highest. values ard. =4, 5, and 6 and belong to the  gyjar momentum transfer to the projectile. The general ap-
(L,Jp,Jy) labels withJ, = 3, namely,(4,3,1, (5,3,9, and  jication of the rules of Nakayamet al.[29] represented by
(6,3,3. Therefore, there are no contribution for transitions toEqs.(l)—(S) must be considered with some caution, though,

Bee and G;=0. One might consider measuring the pecq,se of the often large number of contributions with an-
minima as a signature for these contributions, but this SUgz ,1ar momentum labels(J,,J;) andJ, = 0, 1, 2, and 3
pl p L) ) 1 .

gestion is not too promising because of the small cross se he rules are expected to be valid if contributions wigh=

tions at large angles. 0 or 1 dominate at small angles and if interference from the

tensor interaction can be neglected.
VI. SUMMARY AND CONCLUSIONS
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