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Structure of the neutron-halo nucleus 6He
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The 6Li( 7Li, 7Be!6He charge-exchange reaction leading to the neutron-halo nucleus6He has been studied
at E(7Li ! 5 350 MeV. Magnetic analysis was used to observe transitions to the knownJp 5 01 ground
state and theJp 5 21 state atEx 5 1.8 MeV as well as pronounced resonances at;5.6 MeV,;14.6 MeV,
and;23.3 MeV. Coincidences with 430-keV Doppler-shiftedg rays from the deexcitation in flight of the
Jp 5 1/22 first-excited state in7Be 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 fromuc.m. 5 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 of6He carries significant Gamow-Teller strengthB~GT!. Contributions with higherL values from
the central spin flip and the tensor interactionsVst and VTt are responsible for the mostly structureless
distributions observed, and the 0° cross sections are not proportional toB~GT!. The strong resonances at
;5.6 MeV and;14.6 MeV are interpreted as 21 and ~1,2!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 resonance at;5.6 MeV does not represent a soft dipole mode originally
predicted atEx54–7 MeV. @S0556-2813~96!03009-9#

PACS number~s!: 24.30.Cz, 25.70.Kk, 27.20.1n
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I. INTRODUCTION

Neutron-halo nuclei, including6He, have attracted con
siderable attention in recent years@1–7#. The halo of neu-
trons manifests itself in several effects, including large m
ter radii, resulting in increased total absorption cro
sections, special characteristics of the momentum distri
tion observed in breakup reactions, and the possible pres
of ‘‘soft giant dipole’’ resonances at low excitation energie
One might expect that the energy level scheme for6He
should reflect upon the halo structure. The known le
scheme@8# appears to be incomplete and to contain inco
sistencies. TheJp 5 01 ground state and the first-excite
Jp 5 21 state atEx 5 1.797 MeV are confirmed in numer
ous reactions@8#. The predicted dominance of the Gamow
Teller strengthB~GT! for the transition to the ground state o
6He ~see Sec. IV! is confirmed by the strong ground-sta
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transition seen in (n,p) spectra@9,10# at u50° and bom-
barding energies>200 MeV. However, (n,p) spectra mea-
sured at a lower bombarding energy of 60 MeV@11# and
summed over the angular range from 6.5° to 32.5° displ
additional broad structures atEx 5 15.5 MeV (G 5 4 MeV!
andEx 5 25 MeV (G 5 8 MeV!. The radiative pion capture
reaction 6Li(p2,g) 6He selectively excites simple one-
particle–one-hole (1p–1h) states involving spin flip; hence,
DS51, DT51, with L50 or L51, and states atEx 5 0.0,
1.8, 15.6, and 23.2 MeV were observed@12,13# in agreement
with the (n,p) data. However, inconsistencies are also re
ported @8# including the possible splitting of the 15.6-MeV
resonance into two or three components over the rangeEx 5
13–18 MeV, observed in7Li( p,2p)6He @14#, 7Li( n,d)6He
@15#, 6Li( e2,p1) 6He, and 6Li( g,p1) 6He @16#. The latter
two reactions selectively excite spin dipole resonances. A
ditional structures were reported@8# atEx 5 29.7 MeV, 32.0
MeV, and 35.7 MeV but not confirmed by other reactions
The reported levels forEx< 25 MeV are included in Ta-
ble I.

Soft giant dipole resonances at low excitation energi
have been suggested and predicted theoretically@1,3# as a
consequence of the neutron-halo structure. A resonancel
structure atEx'6 MeV in 6He with G'4.8 MeV has been
reported@17# in the 6Li( 7Li, 7Be! 6He reaction atE~7Li !5 82
MeV 512A MeV. Data measured at a few angles were take
as being compatible with the assignmentL51. However,
recent calculations@4,5,18–20# to describe the binding
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54 1071STRUCTURE OF THE NEUTRON-HALO NUCLEUS6He
TABLE I. Experimental excitation energiesEx , widthsG, spin paritiesJp, center-of-mass cross sections atuc.m.' 4.5° (u lab 5 2°), and
averaged spin-flip signaturesG5Ycoinc/Ysngl.

Ex G Jp ds/dV G Ex G Jp

~MeV! ~MeV! ~mb/sr! ~MeV! ~MeV!

Expt.a Expt.a Expt.a Expt.a Expt.a Expt.b Expt.b Expt.b

g.s. 01 0.7260.08 0.4660.05 g.s. 01

1.9260.17 21 0.2560.04 0.4060.10 1.79760.025 ~2!1

5.660.3 12.161.1 21 4.5660.48 0.3960.04
14.660.7 7.461.0 ~1,2!2 2.1160.23 0.4360.06 ~13.660.5! broad ~12, 22)

~15.560.5! 462
23.361.0 14.862.3 1.7560.19 0.4760.07 ~2561! 862

aPresent work.
bReference@8#.
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mechanism and excitations in the neutron-rich nucleus6He
appear not to confirm the existence of a 12 resonance in
6He compatible with a soft giant dipole excitation at lo
excitation energy. A complex scaling method combined w
a parameter-free microscopic three-cluster model was
in one theoretical approach@4,5#. Exact three-body wav
functions which describe the asymptotic behavior were u
to predict ground and scattering states and the streng
monopole and dipole excitations@18#. A combination of the
cluster orbital shell model@21# with the extended cluste
model @22# was used in another approach@19,20#.

Heavy-ion-induced charge-exchange~HICEX! reactions
have advantages and disadvantages as spin-isospin p
compared to high-energy (p,n) and (n,p) reactions. The en
ergy resolution is usually better. This is particularly appar
for the (3He,t! and~t, 3He! reactions which have character
tics much closer to (p,n) and (n,p) than more typica
HICEX reactions. Certain reactions, such as (6Li, 6He! or
(12C,12N!, are selective and, unlike (p,n) and (n,p), allow
only DS5DT51. However, the presence of bound exci
states in the ejectile may complicate the energy spe
Complexities of HICEX reactions include~a! the possible
presence of two-step contributions,~b! the presence of con
tributions from the tensor force resulting in strongL 5 2
components,~c! the need to account for the internal structu
of projectile and ejectile, and~d! the need to understand th
strong absorption of projectile and ejectile leading
surface-dominated reactions. Many of these aspects ar
derstood@23–25#. The (12C,12N! reaction atE570A MeV
@23# was found to display proportionality betweens(q'0)
and B~GT! for known strong Gamow-Teller transition
Here,q is the momentum transfer. Despite the surface c
acter of the reaction, the contributions to the cross sec
from L50 are still determined by the low-momentum co
ponents of the transition densities to which the reactio
sensitive@24#.

The (7Li, 7Be! reaction was studied in the present wo
This reaction presents an important tool for study
(n,p)-type charge exchange~e.g., Refs.@26–29#!. The reac-
tion was reported to proceed with a one-step reaction me
nism for energiesE>21A MeV @28#. The nucleus7Be has
two particle-stable states, theJp 5 3/22 ground state
7Beg.s., and theJp 5 1/22 state atEx 5 0.430 MeV,
7Beexc. Assuming a dominance of pure Fermi and
Gamow-Teller transitions, the population of the7Beg.s. pro-
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ceeds by a mixture ofDS50 andDS51, whereas that of the
7Beexc will proceed only withDS51. It has been shown by
Nakayamaet al. @29# that by measuring coincidences with
430-keV Doppler-shiftedg rays, and thus isolating the tran-
sition to the excited7Beexc state, it becomes possible to
separate theDS50 andDS51 contributions. Using mea-
sured log(f t) values compiled in Ref.@30# to determine the
Gamow-Teller strengthsB~GT!, one obtains

s~7Beg.s.!5s~DS50!11.300s~DS51!, ~1!

s~7Beexc!51.124s~DS51!. ~2!

This means that the ratioG defined by

G[
s~7Beexc!

s~7Beg.s.!1s~7Beexc!
~3!

becomes equal to the ratio for the efficiency-corrected yiel
for 7Be-g coincidences@proportional tos(7Beexc)# and the
yield for 7Be singles events @proportional to
s(7Beg.s.)1s(7Beexc)#. According to Eqs.~1! and ~2!, the
ratioG should therefore be equal to

G5
Ycoinc

Ysngl
50 for DS50 transitions, ~4!

G5
Ycoinc

Ysngl
50.46 for DS51 transitions. ~5!

Assignments ofDS50 andDS51 could therefore be based
on measured cross section ratios foru 5 0°. However, there
are experimental limitations, and the technique may be con
fined to light target nuclei@31# because of interference with
g rays from the deexcitation of the residual nuclei. While the
Doppler shift could in principle provide a signature for the
430-keV g rays, the usually large number ofg rays in
heavier targets and the finite energy resolution may exclud
this. Also, the sensitivity of manyg-ray detectors to neutrons
@32,31# presents a difficulty. Furthermore, Eqs.~1! and ~2!
represent approximations because they ignore the tensor
teraction. They also disregard the influence of the interna
structures of the projectile and ejectile, which leads to ofte
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1072 54J. JÄNECKE et al.
large numbers of possible angular momentum couplings
may limit the applicability of the equations.

II. EXPERIMENTAL PROCEDURES

The experiment was carried out at the National Superc
ducting Cyclotron Laboratory~NSCL! with a beam of7Li
projectiles of energyE(7Li ! 5 350 MeV5 50A MeV from
the K1200 superconducting cyclotron. The7Be ejectiles
were detected at laboratory angles fromu lab 5 2° to 8.5° in
the focal plane of the S320 magnetic analyzer with mode
overall energy resolution of DE'1.5 MeV or
DE/E'4.331023. This includes the contributions from th
unresolved states in7Be. Measurements atu lab 5 0° were
performed with the A1200 magnetic analysis system w
similar energy resolution. Data were obtained with the S
spectrometer up toEx' 50 MeV with solid angles of
DV' 0.20 and 0.67 msr, and with the A1200 system up
Ex' 20 MeV withDV' 1.2 msr. Details of the experimen
tal procedures will be reported elsewhere@31#.

The charge integration for the finite-angle points w
straightforward. However, the absolute calibration of the
tegrator for the 0° measurements caused problems bec
of imperfect collection efficiency. This resulted in an i
creased uncertainty. All relative yields for the 0° measu
ments for 6Li and the other targets are reliable, thoug
Rolled enriched6Li targets of thicknessrDx 5 2.0–2.6
mg/cm2 were used, and care was taken to keep the targe
hydrogen free as possible. However, hydrogen contamin
were present in all targets, typically;8 mg/cm2 for 6Li,
exceeded only by thenatC target. Measurements with goo
statistics were therefore also performed with a polystyr
~C8H8) n target (rDx' 1.0–2.3 mg/cm2) to permit the sub-
traction of the hydrogen contributions in all spectra.

An array of 12 bismuth germanate Bi4Ge13O12 ~BGO!
scintillation detectors@33# at a distance of 6.4 cm from th
target in a circular arrangement was used to record co
dences with 430-keV Doppler-shiftedg rays from the deex-
citation in flight of excited7Beexc. Each detector covered a
angular range of;15°. Using several calibratedg-ray
sources at the target position, the overall photopeak dete
efficiency for 430-keV g rays was determined to b
;11%. The photofraction is;60%, and pronounced photo
peaks were observed for6Li and other light targets with an
energy resolution of full width at half maximum~FWHM!
' 25%. Coincidence spectra for7Be gated on trueg-ray
photopeak events were obtained by subtracting in theg-ray
time-of-flight spectrum the random events from the prom
events~prompt to random ratio;20!. BGO detectors are
also sensitive to neutrons@32# primarily due to the detection
of g rays from inelastic scattering of neutrons in the scin
lator material. A weak background in the BGO pulse-hei
spectra above the photopeak was observed due to the s
tivity to neutrons. These contributions were subtracted
assuming a linear extrapolation to lower pulse heights.
corrected coincidence yield observed for establis
Gamow-Teller transitions confirmed the aboveg-ray detec-
tion efficiency of;11%.
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III. EXPERIMENTAL RESULTS

Spectra measured atu lab 5 2° in singles mode and in
coincidence mode are shown in Fig. 1. Contributions from
hydrogen near the ground state were removed by subtracti
independently measured and properly normalized spectra o
tained with a polystyrene target. These contributions becom
kinematically defocused with increasing reaction angle, an
the region of interference is strongest atuc.m.'5° for the
ground state and atuc.m.'14° for the state at 23.3 MeV. The
spectra in Fig. 1 display the transitions to the states atEx 5
0.0 and 1.8 MeV, as well as strong and broad resonances
;5.6,;14.6, and;23.3 MeV excitation energy. Cross sec-
tions ds/dV, excitation energiesEx , and widthsG were
extracted for all measured spectra.

A nonresonant background from quasifree charge ex
change on bound protons,pbound(

7Li, 7Be!nfree, @34–37# was
included in the fitting procedure. The removal of a neutron
leaves the residual nucleus usually in its ground state. Th
Fermi motion of the bound proton in the target nucleus lead
to a Lorentzian line shape with an energy broadening cha
acterized by the energy termW in the equation

d2s

dEdV
5N0

12exp@~E7Be2E0!/T#

11@~E7Be2EQF!/W#2
. ~6!

The centroid energyEQF of the quasifree process is shifted
relative to that of the charge-exchange process on a free pr
ton by the neutron binding energy in6He of Sn 5 1.869
MeV. Unlike (p,n)-type reactions@34–37# no shift due to a
Coulomb barrier needs to be included; hence,EQF
5E7Be(free)2 Sn. This energy depends strongly on the re-
action angle. In addition, an exponential term due to
Pauli blocking is included. Here, the quantityT has the char-
acteristics of a temperature, and the cutoff energyE0

FIG. 1. Spectra of7Be ejectiles from the reaction6Li( 7Li,
7Be!6He measured atu lab 5 2° in singles mode~a!, and in coinci-
dence with 430-keVg rays from7Beexc→ 7Beg.s.1 g ~b!. A, g.s.;
B, 1.8 MeV;C, 5.6 MeV;D, 14.6 MeV;E, 23.3 MeV. The dotted
lines represent the decomposition into resonances and nonreson
background~see text!.
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54 1073STRUCTURE OF THE NEUTRON-HALO NUCLEUS6He
represents the threshold for three-body breaku
E05E7Be(

6Heg.s.)2Sn . This energy depends weakly on th
reaction angle.

The energiesEQF andE0 were set at their calculated val
ues, and the two additional parameters were fixed atW 5 32
MeV andT 5 90 MeV. The latter value agrees with value
determined earlier for pion and (3He,t) charge-exchange ex-
periments@34–37#, whereasW 5 32 MeV is larger thanW
' 22 MeV which was usually found to give best agreeme
Larger values ofW ' 28 MeV and 35 MeV, however, are
also reported@35#. Even though the calculated shapes are n
very sensitive to the choice of parameters@36#, an indepen-
dent search was performed which favored the larger va
mostly on the basis of the data at high excitation energies
can be seen from Fig. 1.

The amplitudesN0 together with the quantities describing
the observed resonances were used as adjustable param
for all singles and coincidence spectra. Equation~6! de-
scribes the observed spectral shapes for the regions abov
highest observed resonance rather well at all angles. T
comparison with the data becomes more difficult only at t
largest angles becauseEQF changes significantly with in-
creasing angle, shifting the maximum of the distribution t
wardsEx ' 50 MeV.

It is interesting to note that Eq.~6! seems to describe quite
well the nonresonant background from quasifree charge
change for several rather different (p,n)-type and
(n,p)-type reactions.

Energy-integrated cross sections for the nonreson
background of the simultaneously measured singles and
incidence spectra~see, e.g., Fig. 1! made it possible to deter-
mine consistent cross section ratios ofG' 29.3%. This sug-
gests a mixture of non-spin-flip and spin-flip transitions wi
a weak enhancement of non spin flip. Nakayamaet al. @29#
have similarly found an approximately equal mixture of no
spin-flip and spin-flip contributions to the continuum up t
an excitation energy of 18 MeV for12C(7Li, 7Be! 12B at a
bombarding energy ofE(7Li ! 5 26A MeV.

Angular distributions with the small aperture ofDV'
0.20 msr and hence good angle definition of60.3° were
measured in singles mode over the entire angular range
steps of 0.5° without resolving the transitions to7Beg.s. and
7Beexc. The results for the five transitions are displayed
Fig. 2 and are included in Table I foru lab 5 2°.

The estimated uncertainties reflect upon the uncertain
of the peak fitting procedures including the subtraction of t
nonresonant background, the charge integration, particula
for the data points atu' 0°, corrections for the hydrogen
subtraction, and to a lesser extent the statistics of the d
The absolute uncertainties are estimated at620% mostly
from the uncertainty of the target thickness and possible g
bal effects from background subtraction. A systematic redu
tion by 20–30 % in the cross sections for the resonances
;14.6 MeV and;23.3 MeV is possible if the Fermi-energy
parameterW in Eq. ~6! had to be reduced toW ' 22 MeV,
whereas excitation energies and widths are not affected.

All cross sections decrease with increasing angle and
distributions are rather structureless. However, the slopes
different, and the transitions to the resonance at 23.3 M
show an almost constant cross section. Only the transition
the ground state displays a strong increase towardsu 5 0°.
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The excitation energiesEx and widthsG are included in
Table I together with the known energies from Ref.@8#.
They were obtained by averaging the results from all singl
and coincidence data.

Coincidence measurements were performed with a larg
aperture ofDV' 0.67 msr for only a few selected angles o
u lab 5 0°, 2°, 3°, 4°, 5°, and 6°. Clean photopeaks for th
430-keV Doppler-shiftedg rays were observed.

Using the detection efficiency for theg rays obtained
from g-ray calibration sources, cross section ratio
G5Ycoinc/Ysngl defined in Eq.~3! were extracted for all
angles. The averaged values are included in Table I for co
parison with Eqs.~4! and ~5!. Any systematic errors are re-
duced because singles and coincidence spectra are meas
simultanously.

Whereas the above ratiosG are quite reliable, the extrac-
tion of complete spectra fors(DS50) ands(DS51) de-
fined in equations Eqs.~1! and~2! is in principle possible for
all angles. In fact, thes(DS51) are equal to the measured
coincidence spectra corrected for theg-ray detection effi-
ciency and the factor in Eq.~2!. However, it was found that
s(DS50) cannot be reliably extracted due to limited statis
tics and the fact~see Sec. V E! that all transitions appear to
have spin-flip characteristics.

IV. DISTORTED-WAVE ANALYSIS

A. Transition amplitudes

Microscopic distorted-wave Born approximation
~DWBA! calculations were performed. The calculations o
the transition densities requires knowledge of the wave fun
tions for the projectile and the ejectile as well as the targ
nucleus and the final states in the residual nucleus. Coh
Kurath wave functions were used@38# for all states except

FIG. 2. Experimental angular distributions for the transitions
the states atEx 5 0.0 MeV, 1.8 MeV, 5.6 MeV, 14.6 MeV, and
23.3 MeV obtained in singles mode without the separation into t
7Beg.s. and

7Beexc components.
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1074 54J. JÄNECKE et al.
the positive-parity states in6He which are described below.
The wave functions were constructed with Woods-Saxon
dial shapes and experimental separation energies. Table
and III include the experimental and calculated Gamow
Teller strengthsB~GT! for theA57 andA56 systems, re-
spectively. The experimental values are based on the m
sured log(f t) values compiled in Ref.@30#. The value for
7Beexc is taken from theb decay of the mirror system
7Beg.s.→ 7Li exc. The calculatedB~GT! values make use of
transition densities obtained with Woods-Saxon wave fun
tions for the 7Li- 7Be and 6Li- 6He systems; for the6Li-
6He system almost identical values, differing by only 3%
were also obtained with harmonic oscillator wave function
The calculatedB~GT! values deviate from the experimenta
values by,20%. This agrees well with deviations betwee
calculated and experimentalB~GT! values reported previ-
ously ~see Table II in Ref.@23#!. All calculated angular dis-
tributions ~see below! were corrected by the ratios of the
experimental to calculatedB~GT! for the transitions to
7Beg.s. and

7Beexc, respectively.
The wave functions for the positive-parity states in6He

were obtained using the approach reported earlier@39# for
the prediction of the binding energy of10He. Shell-model
Hamiltonians in the 0p model space which are optimized to
fit the binding energies and excitation energies of all 0p shell
nuclei fromA55 to A516 do particularly poorly for6He.
With the earliest@38# as well as with the more recent@40#
full 0p-shell interactions, the 21 excitation energy in6He is
predicted at;4 MeV compared to its experimental value o
1.80 MeV and the experimental energy difference of th

TABLE II. Calculated Gamow-Teller strengths B~GT! for the
two particle-stable states in7Be.

Ex Jp B~GT! B~GT! Ratio
~MeV! WS
Expt.a Expt.a Expt.b Calc.c

g.s. 3/22 1.299960.0036 1.6215 0.802
0.429 1/22 1.123660.0067 1.3305 0.845

aReference@8#.
bReference@29#.
cPresent work.
a-
s II
-

ea-

c-

,
s.
l
n

f
e

T51 analog states in6Li of 1.81 MeV. This is presumably
related to the halo nature of the two valence neutrons
6He. To take this into account, another effective interactio
for the He isotopes was developed in which the Hamiltoni
parameters were obtained from the binding energies of ei
known states in the He isotopes@39#. These data were suc-
cessfully fit by adjusting the strengths of three centralT51
two-body interaction parameters and two single-particle e
ergies and leaving the less important spin-orbit and ten
parts of theT51 two-body interaction at theirG matrix
values. The original goal of this He interaction was to pred
the masses and excitation energies of unknown states@39#. In
particular, 10He was predicted to be unbound relative t
8He, and recent reaction measurements for the10He mass
are in good agreement with this prediction@41#. Thus, we
use a Hamiltonian which combines theT50 part of the tra-
ditional ~6-16! two-body matrix elements from the interac
tion of Cohen and Kurath@38# with this improvedT51 in-
teraction from@39#. The calculated excitation energies ar
included in Table III together with the respectiveB~GT! val-
ues.

The transition amplitudes for the present calculatio
were calculated with transition densities generated
the shell-model codeOXBASH @42#. They are based on
the 0p-shell-model space~CKHE, CKI! or, for the negative
parity states in6He, on the 0s0p1s0d-shell-model space
~SPSDMK!. The latter space allows excitations from th
0s1/2 shell into thep shell and from thep shell into theds
shell. Special effective interactions are used for the positiv
parity states in6He ~CKHE!, as described above, wherea
the traditional~6-16! two-body matrix elements from the in-
teraction of Cohen and Kurath@38# ~CKI! are used for6Li,
7Li, and 7Be. The interactions of Millener and Kurath
@43,44# ~SPSDMK! are used for the negative-parity states
6He.
Independent calculations for states in6He have been per-

formed recently by Cso´tó @4,5#, by Danilinet al. @18#, and by
Aoyama et al. @19,20#. However, transition amplitudes are
not reported. The calculations by Cso´tó @4,5# make use of a
complex scaling method in a parameter-free three-clus
model to calculate low-lying resonances in6He, 6Li, and
6Be and the two-neutron separation energy of6He. Cluster-
izationsa1n1n and t1t and a-cluster breathing excita-
TABLE III. Experimental and calculated excitation energiesEx , widthsG, and Gamow-Teller strengthB~GT! for positive-parity states
in 6He ~see text!.

Ex Ex Ex Jp G G B~GT! B~GT! B~GT! Ratio
~MeV! ~MeV! ~MeV! ~MeV! ~MeV! HO WS
Expt.a Calc.a Calc.b Calc.a,b Expt.a Calc.b Expt.c Calc.a Calc.a

g.s. g.s. g.s. 01 1.57660.005 1.843 1.783 0.855
1.79760.025d 1.894 1.81 21 0.26 0.006 0.006
5.660.6 6.124 3.40 21 10.961.9 4.21 0.190 0.184

7.268 3.75 11 6.39 0.103 0.100
12.467 4.99 01 8.87 0.064 0.063

aPresent work.
bReferences@18#,@19#.
cReference@29#.
dReference@8#.
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TABLE IV. Combinations of angular momentum valuesJp , Jt , andL with LW 5 JpW 1 JtW for 6Li( 7Li, 7Be!6He with Jp(7Li ! 5 3/22,
Jp(7Beg.s.) 5 3/22, Jp(7Beexc) 5 1/22, Jp(6Li ! 5 11, andJp(6He! 5 01, 12, or 21.

11→ 01 7Beg.s.
7Beexc

Jp 0 1 2 3 1 2
Jt 1 1 1 1 1 1
L 0 0

2 2 2 2 2
4

11→ 12

Jp 0 0 0 1 1 1 2 2 2 3 3 3 1 1 1 2 2 2
Jt 0 1 2 0 1 2 0 1 2 0 1 2 0 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

11→ 21

Jp 0 0 0 1 1 1 2 2 2 3 3 3 1 1 1 2 2 2
Jt 1 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
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tions were included to establish the neutron halo of6He. The
originally predicted@3# soft dipole mode could not be con
firmed.

The calculations by Danilinet al. @18# employ exact
three-body wave functions expanded in hyperspherical h
monics which describe the asymptotic behavior of borome
systems. The authors calculated strength functions of elec
dipole and nuclear monopole excitations, and they obser
a considerable concentration of strength at lower energ
but no narrow resonances.

The calculations of Aoyamaet al. @19,20# make use of the
cluster orbital shell model@21# in combination with the ex-
tended cluster model@22#. This ‘‘hybrid-TV’’ model was
used to calculate the binding energy of the ground state
6He and the excitation energiesEx of positive-parity states.
These values are included in Table III. While only the bas
p-shell components of these states are reported, continu
state admixtures permitted the calculation of widthsG for
these states. The authors do also not confirm the poss
presence of a soft giant dipole resonance at low excitat
energy.

B. Calculation of angular distributions

One-step DWBA calculations were carried out with th
reaction codeFOLD developed by Cook and Carr@45# based
on the code originally used by Petrovich and Stanley@46#
and modified as reported by Cooket al. @27#. The code was
previously used by Anantaramanet al. @23# for the (12C,
12N! reaction atE570A MeV describing transitions from
the Jp 5 01 target to 11 final states. The formalism in-
cludes the direct central terms including exchange and dir
tensor terms~see Ref.@23#!.

Since the projectile and ejectile have internal structur
appropriate angular momentum labels have to be introduc
The total angular momentum transfer in the relative coor
r-
an
tric
ed
es,

of

ic
um

ble
on

e

ct

s,
ed.
i-

nates isJrW 5 JpW 1 JtW . If only central and tensor forces are

considered,JrW 5 LW , whereL is the orbital angular momen-

tum transfer. Here,JpW andJtW are the total angular momenta
transferred to the projectile and the target, respectively. Fu

thermore, sinceJpW 5 LpW 1 SpW and JtW 5 LtW 1 StW , even a
simpleJp 5 1 without change in parity permitsSp 5 1 with
Lp 5 0 and Lp 5 2.

The (7Li, 7Be! reaction on a6Li target allows many com-
ponents becauseJp can take on the valuesJp 5 0, 1, 2, and
3 for transitions to7Beg.s. and in additionJp 5 1 and 2 for
transitions to7Beexc. Also, except for final states withJ

p 5
01, three values forJt are possible. Table IV shows all pos-
sible combinations of the angular momentum labels (L,
Jp , Jt) for three examples, namely, transitions to final state
in 6He with Jp 5 01, 12, and 21. The orbital angular
momentaL are subject to parity conservation. For transition
to Jp 5 01 states in6He there are 51 3 5 8 components
with L50, 2, and 4 for 7Beg.s., namely, ~0,1,1!, ~2,1,1!,
~2,2,1!, ~2,3,1!, ~4,3,1! plus ~0,1,1!, ~2,1,1!, ~2,2,1! for
7Beexc. For J

p 5 12 states in6He there are 141 8 5 22
components withL51, 3, and 5. ForJp 5 21 states in
6He there are 201 11 5 31 components withL50, 2, 4,
and 6. The specific calculations presented below show th
the relative strength of these components varies strongly
their incoherent superposition. The number of componen
for the (7Li, 7Be! reaction on targets withJp 5 01, such as
12C, is smaller becauseJt can take on only a single value for
any final state, as is the case for the transition from6Li to the
01 ground state of6He. Other HICEX reactions permit an
even more limited number of components. For example, th
above (12C,12N! work @23# for 01 → 11 transitions gives
only two components withJp51, Jt51, andL50 and 2, i.e.,
with angular momentum labels~0,1,1! and~2,1,1!. Here, the
contributions are from the central interaction withL50, 2
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and the tensor interaction withL52.
The reaction codeFOLD @45# permits the use of the effec

tive nucleon-nucleon interactions of Love and Fran
@47,48# and the modified M3Y interaction of Petrovichet al.
@49#. Angular distributions for6Li( 7Li, 7Be! 6Heg.s. and

12C
(7Li, 7Be! 12Bg.s. based on the 50- and 100-MeVt-matrix in-
teractions of Love and Franey@48# 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
7Li projectiles on targets of12C and 28Si at E(7Li ! 5 350
MeV were obtained recently by Nadasenet al. @50#. The
radius parameter r̃ 0 in the heavy-ion convention
R5 r̃ 0(Atgt

1/31Aproj
1/3 )5r 0Atgt

1/3 was found to be almost identica
for the two targets. Similar results were observed earlier
6Li elastic scattering atE(6Li ! 5 210 MeV on six targets
from 12C to 208Pb@51#. Therefore, the same radius parame
r̃ 0 was assumed for the extrapolation of the optical-mo
parameters for 350-MeV elastic7Li scattering@50# from the
12C target to the6Li target. The optical-model paramete
for 7Li used in the present work are listed in Table V. T
parameters for7Be were set equal to those for7Li.

The following subsection describes the results of the c
culations for the states and resonances in6He and compares
the calculated distributions with the experimental distrib
tions.

C. Predictions for 6Li „7Li, 7Be…6He

Figures 3–6 display the experimental angular distrib
tions together with calculated distributions obtained with
above transition densities, optical-model parameters, and
effective M3Y nucleon-nucleon interaction for the states
6He at Ex 5 0.0, 1.8, 5.6, and 14.6 MeV. The comple
decomposition into the components with angular momen
labels (L,Jp ,Jt) is shown in Figs. 3 and 4 for the transition
to the states atEx 5 0.0 and 1.8 MeV. Transitions to bot
7Beg.s. and

7Beexc are permitted forJp 5 1 or 2. Therefore,
most of these components show two closely neighbor
curves. They are displayed with the same label. These fig
also display separately the calculated cross sections from
central and the tensor interaction, respectively, including
decomposition into all angular momentum compone
(L,Jp ,Jt).

Figures 5 and 6 display for the resonances atEx ' 5.6
and 14.6 MeV the experimental angular distributions
gether with four calculated distributions each. As describ
in the previous section, the transition amplitudes for the
sumed positive- and negative-parity states were calcul
with the shell-model transition densities CKHE, CKI, an
SPSDMK. Angular distributions were also calculated for t
state atEx 5 23.3 MeV, but no satisfactory fit could b

TABLE V. Optical-model parameters for7Li scattering from
6Li and 12C targets atE(7Li ! 5 350 MeV ~see text!.

V0 r 0 a V0I r 0I aI r C
~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~fm!

6Li -107.8 1.538 0.853 -37.9 1.870 0.757 1.34
12C -107.8 1.375 0.853 -37.9 1.672 0.757 1.20
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obtained for the rather flat angular distribution~see Fig. 2!.
The least-squares adjustments of the calculated ang

distributions to the data points of Figs. 3–6 make use of o
single adjusted parameter each, the overall normalizat
factor f . Table VI lists these values off and the goodness-
of-fit values per degree of freedom,x2/F, for all transitions
characterized by the excitation energiesEx and spin parities
Jp. Column 3 defines the states identified by the shell-mod
codeOXBASH @42#. Here,Ji

p stands for thei th state in6He
with spin parity Jp ~with the model spaces and effective
interactions CKHE for p 5 11 and SPSDMK for
p521). The agreement between the experimental and c
culated distributions is quite good for the states atEx 5 0.0,
1.8, 5.6, and 14.6 MeV withJp501

1 , 21
1 , 22

1 , and 11
2 ,

respectively. The goodness-of-fit values per degree of fr
dom,x2/F, range from 1.2 to 3.7.

All calculated angular distributions were decomposed in
central and tensor components which is shown explicitely f
Ex 5 0.0 and 1.8 MeV in Figs. 3 and 4. Considering th
possible need for a relative renormalization of the tensor
teraction, several experimental distributions were also fitt
by using an incoherent superposition of the central and te
sor components with independent normalization factorsf C
and f T . Only minor improvements in the goodness of fi

2
0

FIG. 3. Experimental and calculated angular distributions for t
transition to theJp 5 01 ground state of6He with decomposition

~see text! into all components permitted byLW 5 JpW 1 JtW ~a!, and
with the additional decomposition into contributions from the ce
tral ~b! and tensor~c! nucleon-nucleon interactions. Assignment
(L,Jp ,Jt) are indicated. The normalization factors and goodnes
of-fit parameters are included in Table VI.
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54 1077STRUCTURE OF THE NEUTRON-HALO NUCLEUS6He
were achieved. The ratiosf T/f C of these factors are shown in
the last column of Table VI.

D. Predicted cross section ratios
G[s„7Beexc…/†s„

7Beg.s.…1s„7Beexc…‡

The calculated cross section ratiosG are shown in Fig. 7
as function of the angleuc.m. for the transitions to the four
states in6He. They were obtained by adding in Figs. 3 –
the cross sections for all components~denominator! and only
those components resulting from transitions to7Beexc ~nu-
merator!. The ratios are not constant as function of angle b
display structures, particularly at larger angles. Cross sect
ratiosGL were also calculated separately for each contribu
ing value ofL. These ratiosGL , also included in the figures,
display a different dependence on angle. In particula
GL[ 0 for the highest possibleL values ofL54, 6, 6, and 5,
respectively, where only the transition to7Beg.s. is permitted
due to the tensor interaction. The weighted ratiosGL are
equal to the ratiosG shown in the figure.

Table VII lists the ratiosGi at u 5 0° for all permitted
angular momentum labels (L,Jp ,Jt). They are given for the
01, 21, 21, and 12 states atEx 5 0.0, 1.8, 5.6, and 13.2
MeV, respectively. There are 5, 20, 20, and 14 ratios, resp
tively. ForJp 5 1, the ratios are in the rangeGi 5 0.45–0.52

FIG. 4. Experimental and calculated angular distributions for t
weak transition to theJp 5 21 state at 1.8 MeV of6He with

decomposition~see text! into all components permitted byLW 5 JpW

1 JtW ~a!, and with the additional decomposition into contribution
from the central~b! and tensor~c! nucleon-nucleon interactions.
Assignments (L,Jp ,Jt) are indicated. The normalization factors an
goodness-of-fit parameters are included in Table VI.
6

ut
ion
t-

r,

ec-

and therefore close toGi 5 0.46 as expected from Eqs.~5!
for spin-flip transitions. For some labels only transitions
7Beg.s. are permitted (Gi[ 0 for Jp 5 0 and 3!, and for
some labels only transitions to7Beexc are permitted (Gi' 1
for Jp 5 2!. Also included in the table are the weighte

e

s

FIG. 5. Experimental and calculated angular distributions for
transition to theJp 5 21 state in 6He atEx 5 5.6 MeV without
decomposition into components. The four calculated transitions
for assumed shell-model states of 22

1 , 11
1 , 02

1 , and 11
2 . The nor-

malization factors and goodness-of-fit parameters are include
Table VI.

FIG. 6. Experimental and calculated angular distributions for
transition to theJp 5 12 state in6He atEx 5 14.6 MeV without
decomposition into components. The four calculated transitions
for assumed shell-model states of 11

2 , 12
2 , 21

2 , and 22
2 . The nor-

malization factors and goodness-of-fit parameters are include
Table VI.
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averagesGL andG which are identical to the values show
in Fig. 7 atu 5 0°.

V. DISCUSSION

A. States in 6He at Ex 5 0.0 MeV andEx 5 1.8 MeV

The agreement between the experimental and calcul
angular distributions as shown in Figs. 3 and 4 is quite go
with x2/F53.7 and 1.2, respectively. In particular, th
forward peak for the 01 ground state is well describe
while the data do not show the weak mimimum predicted
;11° which is responsibile for the slightly increasedx2/F.

A slightly better valuex2/F for the 01 state can be ob
tained by independently adjusting the contributions for e
L value. This leads to higher relative contributions fro
L54. However, as mentioned in Sec. IV C, it was felt tha
better justified procedure would be based on the incohe
superposition of the central and the tensor interactions w
individually adjusted factors. Interestingly, the result for t
transition to the most relevant 01 ground state leads to es
sentially equal factors~see Table III!. This suggests that th
contributions are correctly described by M3Y with a coh
ent superposition of the central and tensor contributions.

Figures 3 and 4 display the decomposition of the con
butions with labels (L,Jp ,Jt) resulting from the central and
tensor interaction. The majority of contributions belong
only one class each, i.e., either central or tensor. As alre
pointed out by Anantaramanet al. @23# for the much simpler
(12C,12B! and (12C,12N! reactions onJp 5 01 targets, the
noncentral character of the tensor force can lead to c
terms betweenLp and Lt (JpW 5 LpW 1 SpW , JtW 5 LtW 1 StW )
which makes the identification of Gamow-Teller compone

TABLE VI. Normalization factorsf and goodness of fit pe
degree of freedomx2/F for calculated angular distributions~see
text!.

Ex Jp Ji
p f f corr x2/F f T / f C

~MeV!

g.s. 01 01
1 0.648 0.734 3.66 1.01

1.8 21 21
1 0.707 1.22 1.37

5.6 21 22
1 12.61 3.61 19.82

5.6 11 11
1 30.82 8.08

5.6 01 02
1 50.94 5.98

5.6 12 11
2 21.81 5.59

5.6 ~21, 11) 22
1 1 11

1 8.99 5.00

14.6 12 11
2 11.38 2.42 1.10

14.6 12 12
2 13.23 4.67

14.6 22 21
2 10.54 3.42

14.6 22 22
2 4.98 3.22

14.6 21 22
1 5.97 3.39

14.6 11 11
1 17.29 4.58

14.6 01 02
1 26.41 4.32

23.3 12 11
2 25.38 28.65

23.3 12 12
2 39.52 26.98

23.3 22 21
2 24.53 32.76

23.3 22 22
2 10.66 21.93
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more difficult than in (p,n) or (n,p) charge-exchange reac
tions whereLp 5 2 is excluded. The situation for the (7Li,
7Be! reaction is even more complex because of the prese
of four values forJp , namely,Jp 5 0, 1, 2, and 3, and not
only Jp 5 0 and 1 as assumed in Eqs.~1! and~2!. Neverthe-
less, for both states the experimental cross section ratiosG of
Table I for small angles are close to the value expected
DS51 transitions as given by Eq.~5! ~see also Sec. V E!.

Whereas the transition to the 01 ground state carries sig-
nificant B~GT! strength as supported by the strong~0,1,1!
cross section components near 0°, theB~GT! strength calcu-
lated for the 21 state is very small. Here, the~0,1,1! cross
section component of the central interaction contributes on
;10% to the total cross section near 0°, and the 0° cro
section is clearly not proportional toB~GT!. Instead, several
L52 transitions dominate for small angles up to 7°, name
~2,1,3!, ~2,1,2!, and~2,1,1!. Interestingly, the transition with
Jt 5 3 is the most dominant one.

The cross sections at anglesu . 13° are almost exclu-
sively due toL54 andL56 transfers. These contributions
namely, ~4,1,3! and ~6,3,3!, are the result of contributions
from the tensor interaction which therefore determine t
slope of the measured angular distributions at larger angl

It should be noted that the small value ofx2/F' 1.2 for
the 21 state is in part due to the small cross sections w
consequently large uncertainties at large angles. Improv
agreement of the calculated distribution with the data cou
again empirically be achieved by increasing the contributi

r

FIG. 7. Calculated cross section ratios G
[s(7Beexc) / @s(7Beg.s.) 1 s(7Beexc)# as defined in Eq.~3! for
transitions to states in6He as function ofuc.m.. Also shown are the
cross section ratiosGL calculated separately for each contributin
value of L ~see Sec. IV D!. The experimental ratiosG[s~CO! /
s~SNGL! averaged overuc.m. 5 0°–13° are included in Table VII.
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TABLE VII. Calculated cross section ratiosG[s(7Beexc) / @s(7Beg.s.) 1 s(7Beexc)# at u 5 0° for all permitted angular momentum
couplings (L,Jp ,Jt) of the transitions to the 01, 21, 21, and 12 states in6He atEx 5 0.0, 1.8, 5.6, and 14.6 MeV, respectively. The
quantitiesGL andG are the weighted means.

Ji
p → Jf

p Ex ~MeV! L Jp Jt Gi GL G Ji
p→Jf

p Ex ~MeV! L Jp Jt Gi G

111→01 0.0 0 1 1 0.46 0.46 0.46

2 1 1 0.52 0.50 2 1 2 0.45

2 2 1 1.00 2 1 3 0.45

2 3 1 0.00 2 2 1 1.00

4 3 1 0.00 0.00 2 2 2 0.94

11→21 1.8 0 1 1 0.50 0.50 0.45 2 2 3 1.00

0 2 2 0.99 2 3 1 0.00

0 3 3 0.00 2 3 2 0.00

2 0 2 0.00 0.44 2 3 3 0.00

2 1 1 0.46 4 1 3 0.51 0.35

2 1 2 0.45 4 2 2 0.88

2 1 3 0.45 4 2 3 1.00

2 2 1 1.00 4 3 1 0.00

2 2 2 0.96 4 3 2 0.00

2 2 3 1.00 4 3 3 0.00

2 3 1 0.00 6 3 3 0.00 0.00

2 3 2 0.00 11→12 14.6 1 0 1 0.00 0.46

2 3 3 0.00 1 1 0 0.48

4 1 3 0.51 0.47 1 1 1 0.46

4 2 2 0.96 1 1 2 0.45

4 2 3 1.00 1 2 1 0.99

4 3 1 0.00 1 2 2 1.00

4 3 2 0.00 1 3 2 0.00

4 3 3 0.00 3 1 2 0.51 0.49

6 3 3 0.00 0.00 3 2 1 0.92

11→21 5.6 0 1 1 0.49 0.45 0.46 3 2 2 1.00

0 2 2 0.98 3 3 0 0.00

0 3 3 0.00 3 3 1 0.00

2 0 2 0.00 0.48 3 3 2 0.00

2 1 1 0.50 5 3 2 0.00 0.00
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with the highestL56 or by using an incoherent superpos
tion of central and tensor contributions.

The normalization factors of Table VI for the two shell
model states aref50.65 andf50.71, respectively. As men-
tioned previously~see Sec. IVA and Table II!, these values
include the renormalization due to the experimental and c
culated B~GT! values for the transitions to7Beg.s. and
7Beexc. A corresponding renormalization~see Table III! for
the transition to the 01 ground state of6He leads to the
corrected normalization factorf corr 5 0.73. Such normaliza-
tion factors close to unity for the transitions to the two she
model states agree favorably with similar factors found in t
(12C,12B! reaction atE570A MeV on several target nuclei
~see Table II in Ref.@23#!. The latter require a much smalle
number of angular momentum labels (L,Jp ,Jt). The above
results support the suggestion that the (7Li, 7Be! reaction at
E(7Li ! 5 50A MeV proceeds by a direct one-step reactio
mechanism. The small departures of the normalization fa
i-

-

al-

ll-
he

r

n
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tors from unity are due to uncertainties in the nucleo
nucleon interaction, uncertainties in the optical-model p
rameters for 7Be which could be due to an isospin
dependence in the potential well depth for the mirror nucl
7Li and 7Be, and uncertainties in the transition amplitude
on account of corrections to thep-shell wave functions and
possible core excitations~see Ref.@23#!.

B. Resonance in6He at Ex' 5.6 MeV

As shown in Fig. 5, the strong transition to the state
;5.6 MeV is well described by the calculations with
x2/F53.6 assumingJp 5 21. Fits were also performed for
other values ofJp as shown in the figure. The agreemen
with the data for assumedJp 5 11, 01, and 12 is slightly
worse as reflected by the increased values ofx2/F from 5.6
to 8.1 ~see Table VI!. While the assignmentJp 5 21 is
favored,Jp 5 12 cannot be completely ruled out. The ex
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perimental cross section ratioG50.3960.04 is in support of
a spin-flip transition withDS51 for this resonance~see Sec.
V E!. The normalization factorsf are large for all spin as-
signments and range from 12.6 forJp 5 21 to 50.9 for an
assumedJp 5 01.

It was initially thought that the resonance could hav
Jp 5 01 because the slope of the exponential tail at larg
angles~see Fig. 2! is close to that of theJp 5 01 ground
state. However, it was found that the slope of the tail is n
determined by the low-L contributions to the transition am-
plitudes but instead by the high-L contributions which appar-
ently differ for the two 21 states at 1.8 and 5.6 MeV.

The resonance at 5.6 MeV is of particular interest as
possible candidate for a soft giant dipole resonance which
one of the manifestations of neutron-halo nuclei@1–7#. The
softE1 mode has been established experimentally~e.g., Ref.
@7#! as an enhancement of Coulomb dissociation, but it a
pears that no resonance contribution has so far been ide
fied ~see, however, Ref.@17#!. A soft giant dipole resonance
was initially predicted theoretically for the nucleus6He at
Ex 5 4–7 MeV @3# by using the cluster orbital shell mode
@21#. However, the possible existence of such a resonanc
low excitation energy in6He could not be confirmed in more
recent calculations@4,5,18–20#. The theoretical approache
included a complex scaling method combined with a micr
scopic cluster model@4,5#, the asymptotic expansion of exac
three-body wave functions@18#, and the ‘‘TV model’’
@19,20# which represents a combination of the cluster orbit
shell model@21# and the extended cluster model@22#.

As noted above, a soft giant dipole resonance withJp5
12 cannot be completely ruled out by the measured angu
distribution, but it appears to be excluded from the measu
ment of the cross section ratioG which suggests spin-flip
~see Sec. V E!. The most likely assignment for the resonanc
at ;5.6 MeV is Jp 5 21. A large normalization factor
f' 12.6 is required to explain the strong cross sections. T
presumably reflects upon quadrupole admixtures from u
bound states, and thep-shell transition amplitudes constitute
only a small fraction of the transition strength. TheJp521

resonance observed in6He at;5.6 MeV may be related to
the low-lying quadrupole resonances predicted recently
neutron-skin nuclei@52#.

Table III lists the excitation energies for all positive
parity states in 6He calculated in the present work fo
p-shell single-particle states. Also listed are the excitati
energies and widths calculated with the ‘‘TV model’’
@19,20#. The sequence of the calculatedJp values is identical
for the two calculations. As already noted by the authors, t
excitation energies for the latter calculations appears sligh
low. The possibility of a~21, 11) mixture of the 5.6-MeV
resonance was also considered in the present work, bu
significantly improved fit could be obtained~see Table VI!.

Since the resonance atEx' 5.6 MeV is broad,G' 10.9
MeV, it was considered desirable to explore the depende
of the calculations on the radial shape of the wave functio
The objective was to possibly explain the large normaliz
tion factor f . In order to simulate this effect, two approache
were taken. In one approach the ground-state binding ene
was significantly decreased fromB51.87 MeV toB50.01
MeV. In another approach the diffusenessa of the potential
well generating the6He single-particle wave function was
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significantly increased by factors of 2 and 4. The change
binding energy decreased the calculatedB~GT! by only
;20%, whereas the renormalization factorf required to de-
scribe the data with the smaller calculated cross sections
creased by a similar percentage. The productB~GT!3 f in-
creased by only;2%; that is, it remained essentially
constant. The change in the diffusenessa has a slightly larger
effect. Increasinga by factors of 2 and 4 decreasedB~GT! by
factors of;0.8 and;0.5, respectively. The renormalization
factors increased by essentially the inverse factors, and
product B~GT!3 f changed very little. It decreased by
;3% and;6%, respectively. Correcting for the calculate
B~GT! values requires the renormalization of the calculate
cross sections by the ratio of the~unknown! experimental to
the calculatedB~GT! values. It is therefore concluded tha
the large renormalization factor cannot be explained by t
shape of weakly bound or diffuse single-particle wave fun
tions.

C. Resonance in6He at Ex' 14.6 MeV

The angular distribution measured for the resonance
14.6 MeV, Fig. 6, is well described withx2/F from 2.4 to
4.7 as a state withJp 5 12 or 22 ~see Table VI!. A strong
enhancement with normalization factors off 5 15–40 pre-
sumably reflects upon mixing with unbound states. The cro
section ratioG50.4360.04 suggests a spin-flip transition
This is confirmed by several other reactions@8# which inter-
pret this resonance as a spin dipole resonance. The6Li
(p2,g) 6He radiative pion capture reaction@12,13# and the
6Li( e2,p1) 6He and 6Li( g,p1) 6He photopion reactions
@16# selectively excite simple 1p–1h spin-flip states. The
resonance was also observed in 60-MeV (n,p) data@11#. A
possible splitting of this resonance into two or even thre
resonances in the rangeEx 5 13–18 MeV has also been
reported@14–16#.

D. Resonance in6He at Ex' 23.3 MeV

The angular distribution for this resonance shown in Fi
2 is very flat and displays only a minor increase toward
smaller angles. Attempts to fit the distribution assuming
direct reaction mechanism were unsuccessful as seen fr
Table VI. However, the cross section ratio o
G50.4360.07 suggests a spin-flip transition. It is conclude
that the measured angular distribution is not compatible w
a low-spin direct reaction mechanism. Possible explanatio
include a high-spin resonance or a complicated structu
leading to a compound nucleus reaction mechanism.

E. Spin-flip characteristics

Equations~1! to ~5! for the cross section ratiosG near
u 5 0° are strictly valid only for the angular momentum
labels (L,Jp ,Jt) with Jp 5 0 or 1. Table VII shows that for
the transitions to the four final states in6He all calculated
contributions with the labels (L,1,Jt) are indeed in the range
Gi 5 0.45–0.52. This means that the transitions to th
ground and excited states of7Be have about equal cross
sections as expected from Eq.~5! for Gamow-Teller transi-
tions with DS51. However, a few contributions (L,0,Jt)
with Jp 5 0 which haveGi[ 0.00 are also present. Further
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more, contributions (L,2,Jt) and (L,3,Jt) with Jp 5 2 and 3
are present. All terms withJp 5 2 strongly favor the transi-
tion to 7Beexc with Gi[ 1 ~for L1Jp1Jt 5 odd! or at least
Gi. 0.9 ~for L1Jp1Jt 5 even!. All terms with Jp 5 3
allow only transitions to7Beg.s.; hence,Gi[ 0. These addi-
tional contributions withJp 5 0, 2, and 3 influence the av
eraged experimental cross section ratiosG.

Another consideration which may affect the interpretati
of the measured cross section ratiosG is the presence of the
tensor interaction which allows cross terms betweenLp and
Lt (JpW 5 LpW 1 SpW , JtW 5 LtW 1 StW ) which make the identifi-
cation of Gamow-Teller components more difficult than
(p,n) or (n,p) charge-exchange reactions whereLp 5 2 is
excluded. Even forJp 5 1, the orbital angular momentum
Lp in the equationJpW 5 LpW 1 SpW allows Lp 5 0, butLp 5
2 is also permitted by the tensor interaction. Only forLp 5 0
can a clear distinction be made between Fermi (Sp 5 0! and
Gamow-Teller (Sp 5 1! transitions.

The experimental cross section ratiosG listed in Table I
suggest that, according to Eq.~5!, all observed states an
resonances including the resonance at 23.3 MeV are as
ated with spin-flip Gamow-Teller transitions, that i
DS51. This is expected for the 01 ground state in6He and
the 21 state at 1.8 MeV, and it is suggested by other expe
ments~see Sec. V C! for the resonance at;14.6 MeV. A
value of G50.4060.08 was also observed@31# for the
Gamow-Teller transition to the ground state of12B. It is
therefore concluded that the transitions to the resonance
;5.6 MeV,;14.6, and 23.3 MeV must also have spin-fl
character. The validity of the rules of Nakayamaet al. @29#
results from the fact that the contributions withJp 5 1 and
labels (L,1,Jt) dominate at small angles as can be seen fr
Figs. 3–6. This result is in agreement with the averaged
culated ratioG' 0.46 at u 5 0° from Table VII which
signifies spinflip transitions.

Interestingly, Fig. 4 shows that the most important term
small angles for the transition to the 21 state at 1.8 MeV is
~2,1,3!, and while of spin-flip type withSp 5 1 andSt 5 1,
the total angular momentum isJt 5 3 which permitsLt 5 2
and Lt 5 4. The small contribution fromL50 with the
angular momentum label~0,1,1! at small angles demon
strates that 0° cross sections are not proportional toB~GT!
except presumably for strong transitions.

The angular dependence of the calculated cross sec
ratiosG[s(7Beexc) / @s(7Beg.s.) 1 s(7Beexc)#, which is
displayed in Fig. 7, oscillates with angle and shows minim
at angles in the range 10°–15°. These minima at 15° for
21 state at 1.8 MeV are most pronouned. The minima oc
near the maxima in the calculated angular distributions of
contribution with the highestL values. ForJp501, 12, and
21, the highestL values areL54, 5, and 6 and belong to th
(L,Jp ,Jt) labels withJp 5 3, namely,~4,3,1!, ~5,3,2!, and
~6,3,3!. Therefore, there are no contribution for transitions
7Beexc and Gi[0. One might consider measuring th
minima as a signature for these contributions, but this s
gestion is not too promising because of the small cross s
tions at large angles.

VI. SUMMARY AND CONCLUSIONS

Transitions to the known 01 and 21 states in6He atEx
5 0.0 and 1.8 MeV~weak! and three strong and broad res
n
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nances atEx'5.6, 14.6, and 23.3 MeV have been observ
with the 6Li( 7Li, 7Be! 6He charge-exchange reaction
E(7Li ! 5 350 MeV. The reaction is well suited to identify
high-lying resonances. Angular distributions have been m
sured for all states, and coincidences with 430-keV Dopp
shiftedg rays from the deexcitation of the first-excited sta
in 7Beexc were recorded.

The reaction mechanism for the6Li( 7Li, 7Be! 6He charge-
exchange reaction atE(7Li ! 5 50A MeV can be understood
in terms of a direct one-step reaction mechanism. The str
tureless angular distributions are well described by mic
scopic finite-range distorted-wave calculations with theore
cal shell-model transition amplitudes and a nucleon-nucle
interaction which includes central and tensor compone
The internal structures of the projectile and the ejectile ma
it necessary to introduce angular momentum lab
(L,Jp ,Jt) whereL is the orbital angular momentum transfe
in the relative coordinates, andJp and Jt are, respectively,
the total angular momenta transferred to the projectile a
the target. SinceJp can take on four different values, th
number of possible angular momentum labels can be q
large, particularly for transitions between targets and resid
states withJpÞ 0. The transitions to the two shell-mode
states withJp 5 01 and 21 are quantitatively described
The strong and broad resonances at;5.6 MeV and;14.6
MeV are interpreted as 21 and ~1,2! 2 resonances, respec
tively, with enhancements presumably from admixtures
unbound states. It appears that the resonance at;5.6 MeV is
not a soft giant dipole resonance. The strong resonanc
;23.2 MeV cannot be explained with a low-L direct reac-
tion mechanism.

While the quantitative description, especially of the she
model states withknown transition amplitudes, is quite sat
isfactory, it is also clear that the measured structureless
gular distributions alone provide only limited informatio
about the internal structures or the values ofJp of the final
states unless a strong 0° peak suggests an angular mo
tum transfer ofL50. Cross sections measured at 0° are n
necessarily proportional toB~GT!. The exponential tails are
due to the superposition of high-L angular components
which are usually the result of the couplings between h
Jp andJt values due to the tensor interaction. The interp
tation of angular distribution from the (7Li, 7Be! reaction is
more complicated than for the (n,p) reaction and certain
other heavy-ion charge-exchange reactions.

The cross section ratiosG[s(7Beexc) / @s(7Beg.s.) 1
s(7Beexc)# obtained from the coincidence measureme
with 430-keV g rays were found in the range 0.36–0.4
suggesting spin-flip transitions. This conclusion is probab
correct because of the calculated dominance ofJp 5 1 an-
gular momentum transfer to the projectile. The general
plication of the rules of Nakayamaet al. @29# represented by
Eqs.~1!–~5! must be considered with some caution, thoug
because of the often large number of contributions with a
gular momentum labels (L,Jp ,Jt) andJp 5 0, 1, 2, and 3.
The rules are expected to be valid if contributions withJp 5
0 or 1 dominate at small angles and if interference from
tensor interaction can be neglected.
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