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Spin-isospin flip giant resonances and shell dependence in7Li and 9Be by p1 photoproduction
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The giant resonances of spin-isospin flip mode are studied by measuring the energy and angular distributions
of p1 electroproduced from7Li and 9Be nuclei. Several strongp1 groups are found and angular distributions
of these groups are analyzed by distorted-wave impulse approximation calculations using the single particle
shell model. The experimental cross section of the groups corresponds to an order of the charge exchange
single particle transition strength, establishing them as spin-isospin flip giant resonances. The shell model
nature of (g,p1) results for 1p3/2 shell nuclei are summarized and presented together with previously pub-
lished data. The obtained results are compared to previously published data for (p2,g), ~n,p!, (e,e8p), and
(p,2p) reactions. Strong transitions consistent with the giant resonance excitations from the 1s1/2 shell in the
core and from the 1p3/2 valence shell are observed.@S0556-2813~99!03106-4#

PACS number~s!: 25.20.Lj, 21.10.Jx, 24.30.Cz, 27.20.1n
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I. INTRODUCTION

The single particle shell model and the cluster model h
been applied to the examination of the properties of nuc
states and reactions. These models are used in diffe
modes to find an approximation to the solution of the ma
nucleon Schro¨dinger equation, which cannot be solved ri
orously.

The 1p3/2 shell nuclei are often proven to be explained
a cluster model based on thea-cluster and other cluster
formed by some of the 1s1/2 shell nucleons. For example, th
light nuclei with massesA54 – 8 have been very well de
scribed mostly by the two body cluster model theory. Nuc
having massesA.8 become tedious to treat using the clus
theory, because more than three clusters are concerned
plication of the complete cluster model appears to be ins
ficient in theA.8 nuclei, even in12C and16O, which some-
times show cluster construction clearly. The rece
development of the cluster model is summarized by L
ganke@1#.

The nuclei6Li and 7Li are described by the cluster mod
quite well using the most important component of@a•d#,
@3He•t# and @a•t#. These configurations have also be
studied using the microscopic cluster model. For9Be, the
cluster model has been partially studied using the clu
components of@a•a•n# and @5He•a#. A good qualitative
explanation is obtained for the photodisintegrations of t
nucleus, as in the case of6Li and 7Li @2#.

The shell model nature seems to be obscure in6Li, 7Li,

*Present address: Tokai Works, Power Reactor and Nuc
Fuel Development Corporation, Tokaimura, Ibaraki 311-1393,
pan.

†Present address: Spring-8 ring A, Japan Synchrotron Radia
Research Institute, Hyogo 678-12, Japan.

‡Present address: College of Radiology, Teikyo University, H
chioji, Tokyo 173-8605, Japan.
PRC 590556-2813/99/59~6!/3196~12!/$15.00
e
ar
nt
-

i
r
p-

f-

t
-

er

s

and 9Be. The shell model of these nuclei have been exa
ined with respect to theQ value of the single particle in the
shell via (e,e8p) and (p,2p) experiments and with respect t
the giant resonance measured by the~n,p! reaction. These
results will be discussed in comparison with those of
(g,p1) reaction.

In the present paper, the single particle shell model na
is investigated by examining the character of the sin
nucleon interaction in the (g,p1) reaction for the giant reso
nance in 1p3/2 shell nuclei, which indicate cluster nature. Th
states that can be examined using the (g,p1) reaction are
limited by the selection rule for spin-isospin flip mode of th
single particle transition in this reaction. Therefore, t
present study enables to select the states to be examined
is the case for the (e,e8p), (p,2p) and~n,p! reactions, which
include several overlapping states leading to a broad re
nance shape. Such selectivity in the (g,p1) reaction for
shell model nature should provide greater clarity, even
nuclei which are well described by the cluster model.

The cross sections of the pion photoproduction from n
clei are given in impulse approximation@3# as

S ds

dV D
~g,p!

5
p

kmp
2 e2f 2

1

2Ji11
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Mi M f
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l

u^JfM f ufp* FuJiM i&u2, ~1!

wheree251/137, f 250.08,k andp are the momenta of the
incident photon and outgoing pion, respectively,mp is the
pion rest mass,l is the photon polarization,fp is the pion
wave function, anduJiM i& and uJfM f& are the initial and
final nuclear states, respectively. The operatorF is given in
terms of elementaryp6 photoproduction operatorFn as
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Fn5JW5•«W l exp~ ikW•rWn!t6, ~3!

whereJW5 is a pseudovector operator,«W l andkW are the vector
of polarization and momentum of photon, respectively, a
t6 is the isospin raising or lowering operator. The opera
Fn is given by various expressions and consists of two ter
the Born term describing the nonresonance excitation and
resonance term describing theD excitation. Based on the
theoretical analysis and fitting to the experimental cross s
tion, the Born term corresponds to the continuous cross
tion and the resonance term is strong in theD-resonance
region at around 330 MeV. In the threshold region less th
200 MeV, the main operator is the Born term and the eff
of the D resonance is very small@3#.

The interaction operators in the Born term are compo
of the main parts, including the intrinsic nucleon spin ope
tor sW leading to the spin flip component and an addition
small part of the spin nonflip component. The Born term
around the threshold energy is expressed by the Kr
Ruderman termsW •«W lt6. In the energy region from the
threshold to about 200 MeV, the nuclear transition in t
charged pion photoproduction can be approximated by
spin-isospin flip transition. Whenfp is given by the partial
wave expansion, the matrix elements in Eq.~1! can be ex-
pressed by the multipole transition densities for moment
transfer qW 5kW2pW . Therefore, the reaction depends on t
momentum transfer fixed by the photon momentum and
pion momentum on the ejection angle. In the present pa
the entire term of the interaction operator is used to ana
the experimental results.

Similar studies have initially been made by radiative ca
ture of stoppedp2 by nucleus@(p2,g) reaction#, which is
described similar to Eqs.~1!–~3!, as a reaction inverse o
(g,p1) process under the limited condition thatk is less
than the threshold value,p'0 and the pion wave function
fp corresponds to the 1s and 2p pion orbital momentum in
the pionic atom. Here, momentum transfer of radiative p
capture is fixed without angular dependence and is appr
mately equal to that of the (g,p1) reaction for ap1 ejection
angle of around 30° and a photon energy about 200 Me

The results of the present study revealed that the mom
tum transfer can vary in the (g,p1) reaction by changing the
detection angle, whereas in the (p2,g) reaction, the momen
tum transfer is fixed using stoppedp2. The possible varia-
tion in momentum transfer enables the nuclear informat
to be examined by measuring thep1 angular distribution in

TABLE I. Parameters of the experiment.

Target~natural metal! 7Li 9Be

Target thickness~mg/cm2! 121–200a 129
Electron energy~MeV! 203 204
p1 detection angle~degrees!
30, 60, 90, 120, 150

Measuredp1 energy~MeV! 20–50 22–52
p1 energy uncertaintyb ~MeV! 60.6 60.5

aThe thickness was changed depending on the detection angle
bAverage estimation atp1 energy around 30 MeV, which corre
sponds to approximately 20 MeV for the residual states.
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order to find various multipole spin-isospin flip transition
This is in contrast to the (p2,g) reaction showing the lowes
multipole spin-isospin flip transition. The results of th
(p2,g) reaction are compared to the present (g,p1) results
later in the present paper.

Unlike the nucleon, the photon can penetrate into
nuclear interior when used to initiate a reaction. The impu
approximation for an individual nucleon is much better in t
(g,p1) and (p2,g) reactions when a short wavelength ph
ton of 100–200 MeV is used than in the photonuclear re
tion when a long wavelength photon of approximately
MeV is used. The cluster nature of the nuclei can be stud
using the photonuclear reaction and the long wavelen
photon, which is better matched to the cluster motion dur
the nuclear collective motion around the nuclear giant re
nance. The charged photopion production study using
short wavelength photon give good information on nucle
shell model nature, even when the nuclei are well descri
by the cluster model. The pion produced by the (g,p1) re-
action interacts with the nucleons inside the nucleus. T
effect can be estimated using the optical potential dedu
from pion scattering on the nuclei.

The present experiment examines the spin-isospin
mode in the 1p3/2 shell nuclei using the single particle she
model by impulse approximation. Previous (g,p1) data
show the spin-isospin flip giant resonance leading to

FIG. 1. Energy distribution ofp1 electroproduced from7Li at
five angles as a function ofEx given by Ex5E02Ethreshold2Tp .
Here,E0 is 203 MeV. The sum spectrum~at bottom! is given by
summation over all angles in order to improve statistics. Verti
lines showExi

the central energy of the resonance at the resid
state for strong photopion transition determined by thex2 fit with
the sum spectrum. The solid curves indicate the results by sum
the spectra for the individual resonances determined by thex2 fit
with Eqs.~5!–~8!.
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3198 PRC 59K. SHODA et al.
ground and low lying states and, in some cases, up to h
lying residual states for the target nuclei,6Li @4#, 9Be @5#, 12C
@6–8#, and13C @8–10#. In the present study, the spin-isosp
flip giant resonances leading to highly excited residual sta
on 7Li and 9Be are studied in order to discuss 1\v transitions
in 1p3/2 shell nuclei.

II. EXPERIMENTAL PROCEDURES AND RESULTS

Experiments were conducted using the 300 MeV elect
linear accelerator at Tohoku University. Electron beams h
ing kinetic energies of 203 and 204 MeV and resolutions
60.5 MeV irradiated the Li and Be targets, respectively, a
the producedp1 were momentum analyzed by a 169.
double-focusing magnetic spectrometer. For the7Li experi-
ment, the detector system consisted of a 33-channel tr
coincidence detector array set along the focal plane@6#. For
the 9Be experiment, three layers of MWPC were used,
along the focal plane, followed by a backup counter for p
ticle identification@11#. The main parameters of the expe
ment are listed in Table I.

The results for7Li and 9Be are plotted in Figs. 1 and 2, i
which the abscissas are transformed from pion energyTp to
Ex5E02Ethreshold2Tp corrected for kinematics, whereE0 is
the electron kinetic energy. This is convenient for la
analysis. For each target, the figure shows the spectra a
five pion angles, 30°, 60°, 90°, 120° and 150°. The s
spectra for all of the angles were obtained for improved s
tistics and in order to determine the most probable resona
energies and is shown at the bottom of each figure.
results show some breaks as indicated by vertical lines.

The measured energy distributions ofp1 are the sum of

FIG. 2. Energy distribution ofp1 electroproduced from9Be
~see caption for Fig. 1!. Here,E0 is 204 MeV.
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the result electroproduced and that photoproduced by bre
strahlung produced in the target. The bremsstrahlung spe
corresponding to the present experimental parameters w
calculated using the formula given by Schiff@12#. Electro-
production can be described as photoproduction by virt
photons associated with electrons. The virtual photon spe
are calculated using the formula by Tiator and Wright@13#
for pion production. The photon spectraN(Eg) are then the
summation of the spectra of the virtual photons and
bremsstrahlung. The latter accounts for less than 10% of
total photons in the present experiment. The photon spe
N(Eg) are continuous, showing a sudden increase at the e
point energyE0 ~the maximumEg) that is equal to the elec
tron kinetic energy. The absolute value ofN(Eg) was con-
firmed by comparing the measuredp1 spectrum of hydrogen
in the LiH target using the known hydrogen cross section

The energy spectra ofp1 produced by the photon give
by N(Eg) can be expressed as a function of the pion ene
as

d2s~e,p!~Tp!

dVdTp
5E

0

E0 ds~g,p!~Eg ,Ex!

dV
N~Eg!dEg . ~4!

Here, the cross sections (g,p)(Eg ,Ex) is a function of photon
energyEg and residual energyEx . As a function ofEg the
cross sections expected to change gradually to zero at
threshold; however, as a function ofEx corresponding to the
nuclear structure of the residual nucleus, the cross sec
should indicate some resonances and continuums. The
pose here is to investigate theEx dependence of the (g,p1)
cross section.

Based on the result of thep1 energy distribution in the
(g,p1) reaction measured using tagged photon on12C and
13C, the cross sections as a function ofEx indicate well
separated groups having FWHMs of about 2 MeV comp
ing a broad resonance shape centered at about 7 MeV a
FWHM of about 12 MeV on a small continuum cross secti
@8#. Since the energy resolution of the pion detectors in t
experiment is about 2 MeV, each group corresponds t
single or complex narrow residual state. Thep1 spectra in
the present (e,p1) reaction are given by folding of the con
tinuous photon spectrumN(Eg) on the (g,p1) cross section
as given by Eq.~4!. SinceN(Eg) shows a sudden increase
the endpoint energyE0 of Eg , the breaks in thep1 spectra
reflect the structure of the (g,p1) cross section.

Thep1 spectra of the test samples are calculated by fo
ing of the photon spectrum on some typical test cross s
tions. These test cross sections are taken as a contin
resonances described by the Lorentz shape at a centra
ergyExi

having FWHMs of 4 and 2 MeV and the line shap
The two resonances and the line shape are normalized to
same integrated cross section and are assumed to be con
in the region about 25 MeV lower thanE0 . For the con-
tinuum cross section, the integrated cross section within
MeV in the endpoint energy region is normalized to t
value for the resonances. The results are shown in Fig.

Figure 3 shows that the continuum cross section of
(g,p1) reaction leads to a gradually changing continuu
p1 spectrum. In the case of Lorentz shape (g,p1) cross
section, thep1 spectra can be approximated using a ref
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PRC 59 3199SPIN-ISOSPIN FLIP GIANT RESONANCES AND . . .
ence spectrum given by the line shape resonance. The r
ence spectrum is equivalent to the pattern of the photon s
trum N(Eg) that shows a sudden increase at the endp
energy. Only the spectra around the endpoint are sensitiv
the resonance width. Estimation of the width may be p
sible using the shape of the spectra in this region. Howe
using the method to determine the width from the resu
shown in Figs. 1 and 2 is difficult because the statistics of
spectrum alone are not sufficient to define the shape in
corresponding region.

When thep1 spectra can be approximately fitted usi
the pattern of the photon spectrum, both the central ene
and the integrated cross section of the resonances are
mated using the reference spectrum, as shown in Fig. 3.
figure shows that this approximation analysis appears to
good when the FWHM of the Lorentz shape is smaller th
2 MeV, which is nearly equal to the tagged photon resu
including the detector resolution on12C and 13C. For
FWHMs'2 and 4 MeV in the Lorentz shape, the uncertain
of the central energy of the resonance determined by
fitting may be about 0.5 and 1 MeV, respectively. Oth
similar test calculations using Gauss type resonance
FWHM'4 MeV have also been made, and these calculati
indicate that the result is similar to that for the Lorentz sha
of FWHM'2 MeV rather than 4 MeV, thus a much bett
approximated result is given if the resonance is the Ga
type.

FIG. 3. Test examples ofp1 spectra calculated by folding o
photon spectrumN(Eg) on (g,p1) cross sections of two Lorent
shape resonances having FWHMs of 2 and 4 MeV and a line sh
cross section. Thep1 spectrum by folding on a continuum (g,p1)
cross section is also shown. The results are normalized to the
integrated (g,p1) cross sections. The curves show the (g,p1)
cross sections~broken lines!, p1 spectra~solid lines! and thep1

spectrum with line shape cross section~reference spectrum; dotte
lines!.
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The spectra for the Lorentz shape resonances in Fig
agree well with the reference spectrum in the region
greater than about 1.5 times the energy of the FWHM fr
the central energy. Therefore, a good estimation of the in
grated cross section of the resonance will be obtained
fitting the reference spectrum in this energy region.

In the analysis of thep1 spectra for the purpose of inves
tigating the central energy and integrated cross section of
resonances, approximation is generally performed by fitt
in the region around 5 MeV, far from the break points wi
the reference spectrum, which is equivalent to the patter
the photon spectrumN(Eg).

When the line shape is applied for the resonances in
(g,p1) cross section, Eq.~4! is expressed as

d2s~e,p!~Tp!

dVdTp
5(

i
S ds~g,p!~Exi

!

dV
D

i
FN~Eg!

dEg

dTp
G

i

1C~Tp!,

~5!

Eg5Ethreshold1Exi
1Tp , ~6!

where subscripti indicates the individual residual states a
C(Tp) is the continuum part of the pion spectra. The sudd
increase at energyTp( i ) corresponds to the individual re
sidual energyExi

as given by

E05Ethreshold1Exi
1Tp~ i !. ~7!

The p1 spectra in Figs. 1 and 2 are plotted
(d2s (e,p) /dVdEx) using a function ofEx , where

Ex5E02Ethreshold2Tp . ~8!

Here, when sudden increases appear in the spectra aEx
5Exi

, Eq. ~8! is equivalent to Eq.~7! for the maximum

energyTp( i ). Therefore, the spectra indicate the strong tra
sitions leaving the residual states atExi

.
The curves in Figs. 1 and 2 show the results determi

by ax2 fit with Eqs. ~5!–~8! using the reference spectrum
Exi

, which is determined from the sum spectra of all of t
angles. The figures show the spectra by fitting at individ
Exi

and the sum of the individual spectra. By this fitting, t
most probable values of the differential photopion cross s
tions (ds (g,p) /dV) i are determined. The cross section is a
proximated as constant in the photon energy region of s
eral MeV at around the end point energyE0 . In the present
method, the average photon energyEg for the obtained cross
section is slightly less thanE0 , because the photon spectru
is zero atE0 and moves toward lower energy in the fittin
energy region. The most probable photon energy having
ficient photon number in thex2 fit for the cross section is
estimated asEg5E022 MeV; however, the results are no
sensitive toEg within several MeV.

As shown in Figs. 1 and 2, the experimentalp1 energy
distributions are well fitted to the sum of individual res
nances without continuum spectrum. This shows that
contribution of the continuum (g,p1) cross section appear
to be very small, because such a cross section correspon
a gradually changingp1 spectrum, as shown in Fig. 3. How
ever, such a conclusion may not be valid because the pre

pe

me
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TABLE II. Differential cross sections (g,p1) on 7Li and 9Be determined by ax2 fit. Due to large
statistical error in the region below 8.5 MeV on7Li and below 4.7 MeV on9Be, only average values ar
shown.

ds/dV ~mb/sr!
Exi

~MeV! u ~degrees!

30 60 90 120 150

7Li 0 ;0.2 ~average!
;6 ;0.3 ~average!

8.5 0.4460.09 0.4760.14 0.2260.11 0.3360.09 0.2760.11
13.0 0.9260.21 1.4060.52 1.0860.43 0.4860.14 0.4360.12
19.0 1.5360.40 2.0060.40 1.7360.30 1.1560.25 0.5560.12

9Be 0 ;0.2 ~average!
4.7 0.6960.24 0.3360.11 0.1160.07 0.1460.08 0.3260.08
7.3 1.0060.29 0.9460.17 0.3960.20 0.3460.13 0.3260.12

10.9 0.560.9 0.8760.13 0.8660.16 0.8260.18 0.3060.11
14.6 0.7160.24 0.7160.20 0.5760.23 0.3460.25 0.3560.14
17.4 0.661.0 0.7360.26 0.8360.25 0.5460.17 0.4160.34
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analysis is based on the assumption that the resonance
constant in the endpoint region of photon energy extend
up to about (25-Exi

) MeV. If this assumption is not satisfie
and the cross section decreases in smaller photon energ

FIG. 4. Angular distribution curves for the (g,p1) reaction on
7Li and 9Be calculated using DWIA and the single particle sh
model wave function. Components for the possible multipola
due to the transitions from the 1p3/2 shell to the 2s1/2, 1d5/2 or 1d3/2

shell and those from the 1s1/2 shell to the 1p3/2 or 1p1/2 shell are
shown. Also shown are the sum for the transition groups:s(s),
1p3/2→2s1/2; s(d), 1p3/2→1d5/211d3/2; s(p), 1s1/2→1p3/2

11p1/2 and the component sum for three typical separated patt
in s(d):s(d)F , forward group;s(d)s , symmetric group;s(d)B ,
backward group.
are
g

for

example, the spectra summed for all resonances should
quire an additional continuum cross section to fit the pres
results. A non-negligible contribution of the continuum cro
section was found for the6Li( e,p1) result in a previous
paper@17#.

The photon energy dependence of the resonance c
sections in the (g,p1), although expected to be small, is n
known. Therefore, the contribution of the continuum cro
section in the (g,p1) reaction is uncertain. In the prese
study, the continuum partC(Tp) in Eq. ~5! will be neglected.
Even though the information for the continuum cross sect
is uncertain, the integrated cross sections of the resona
are clearly determined because the present analysis is
formed by fitting to the reference spectrum at around o
about 5 MeV from the endpoint energy for each resonan

The results of differential photopion cross sections
shown in Table II. In the energy region below 8.5 MeV

l

ns FIG. 5. Angular distributions of photoproducedp1 from 7Li.
Comparison is performed using the DWIA calculation resu
shown in Fig. 4 by multiplying probable factors given in Table I
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7Li and below 4.7 MeV in9Be, the quoted cross sections a
the average values over all angles, because the small co
ing rates at each individual angle does not allow the extr
tion of a statistically significant differential cross sectio
Determination of the widths is impossible because the sta
tical error of the present data is not adequate for such an
sis, as mentioned previously.

III. DISCUSSION OF RESULTS

Angular distributions of photoproducedp1 were calcu-
lated using the DWIA code written by Ohtsubo@14#. For the
T-matrix element in the DWIA calculation, the elementa
amplitudeJW5 given by the expression of Chew-Goldberge
Low-Nambu~CGLN! @15# was used. The distorted wave o
emitted pions was obtained by solving the Klein-Gord
equation, with the energy-dependent optical potential par
eter set E given by Carr, McManus, and Stricar-Bauer@16#.

For the charge exchange nucleon transition in7Li and
9Be, single particle wave functions were used for bo
the initial states in the 1p3/2 and 1s1/2 shells, and the fina
states in the 1p3/2, 1p1/2 and s-d shells. The results of the
calculations for the angular distribution are approximat
equal in both nuclei, as shown in Fig. 4, in which all of th
allowed multipolarities for each nucleon transition a
shown. Also shown are the sum distributions for each
components: s(s), 1p3/2→2s1/2; s(d), 1p3/2→1d5/2
11d3/2; s(p), 1s1/2→1p3/211p1/2, and the classified par

FIG. 6. Angular distributions of photoproducedp1 from 9Be.
Comparison is performed using the DWIA calculation results~see
caption for Fig. 5!. For Ex510.9 MeV, the solid curve and th
broken curve show 0.35s(p) ands(d)s10.24s(p), respectively.
nt-
c-
.
s-
ly-

-

y

e

tial sum distribution in a group having three typical angu
distribution patterns for all of the components ofs(d):
s(d)F , forward group;s(d)s , symmetric group;s(d)B ,
backward group, as shown in Fig. 4.

The experimental angular distributions (ds (g,p) /dV) i for
the strong groups of photoproducedp1 are plotted in Figs. 5
and 6 ~hereafter,ds/dV denotes (ds (g,p)/dV) i and Ex
denotesExi

) and compared to the DWIA calculations. Sinc

the residual states atEx observed in the present experime
are probably a complex of states within the energy reso
tion, some ambiguity is encountered in comparing the
perimental results and DWIA calculations. In order to obta
reasonable fit to the experimental results, the distributi
shown in Fig. 4 were selected and summed using the sca
factors to reproduce the experimental pattern. The m
probable scaling factors are listed in Table III, and the res
are shown in Figs. 5 and 6. For the group atEx50 in
9Be(g,p1), the large scaling factor in Table III is obtaine
from a previous study@5#, which suggested that the magn
tude of the factor may be due to the improper nuclear w

TABLE III. Scaling factors to be multiplied by the DWIA single
particle shell model calculations to fit the experimental angular d
tributions.

Coefficients
Ex ~MeV! s(s)a s(d)b @s(d)F

c s(d)S
d s(d)B

e# s(p)f

7Li 0 ~> 1 of 1p3/2→1p3/2 transition!
;6 ;0.16
8.5 0.60 0.12
13.0 0.23 0.20
19.0 0.75
Sum 0.60 ;0.51 0.95

9Be 0 ~> 1 of 1p3/2→1p3/2 transition!g

4.7 0.80 0.20
7.3 0.45 0.27

10.9h F01 0.35
0.24

14.6 0.30
17.4 0.32
Sumh F0.80

0.80

0.65
0.65

0
1

0.27
0.27

0.97
0.86

aCross section summed over all transitions on (1p3/2

→2s1/2)(E11M2) .
bCross section summed over all transitions on (1p3/2

→1d5/2)(E11M21E31M4)1(1p3/2→1d3/2)(M01E11M21E3) .
cCross section sum of the components having a forward patter
an angular distribution given by (1p3/2→1d5/2)(E11M2)1(1p3/2

→1d3/2)(E1) .
dCross section sum of the components having an approxima
symmetric pattern in an angular distribution given by (1p3/2

→1d5/2)(E3)1(1p3/2→1d3/2)(M01M2) .
eCross section sum of the components having a backward patte
an angular distribution given by (1p3/2→1d5/2)(M4)1(1p3/2

→1d3/2)(E3) .
fCross section summed over all transitions on (1s1/2

→1p3/2)(E11M2)1(1s1/2→1p1/2)(M01E1) .
gSee Ref.@5#.
hTwo similar sets of coefficients are possible for the same resu
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TABLE IV. The excitation energyEx of the major spin-isospin flip giant resonance states examined u
the single nucleon transitions in (g,p1) reaction on 1p3/2 shell nuclei. Spin and parity,Jp, are given in
parenthesis when determined.

Target nucleus 6Li(1 1) 7Li(3/22) 9Be(3/22) 11B(3/22) 12C(01) 13C(1/22)

Lowest energy of
T. state~MeV! 3.56 11.24 14.39 12.56 15.11 15.11
Residual nucleus 6He 7He 9Li 11Be 12B 13B

Transition Ex ~MeV!

1p3/2→1p3/211p1/2
0(01)a

1.8(21)a 0(3/22)b 0(3/22)c 0(11)d

0.95(21)d 0(3/22)e

7f ;6b 4.7b 0(1/21)g 3.5h

2.7g

4.5iF22

42G 6.4h

5.2g

1p3/2→s-d
9f 6.8g

9.4g F7.0j

7.5kF22

12G F9.0h

9.5k

8.5b 7.3b 12.0g

12f 16.4g 10k 13k

17.5g

13l

13.6j 13.0m 10.9n

13.0m 10.9n

1s1/2→1p3/211p1/2 17.7j 19.0b 14.6b

24.0j 17.4b

aSee Ref.@4#.
bPresent results; see Table III.
cSee Ref.@5#.
dSee Refs.@6,8#.
eSee Refs.@8,9#.
fTransition modes have not yet been studied thoroughly; however, the present mode is assumed b
strength consideration. See Ref.@17#.
gSee Ref.@18#.
hSee Refs.@8,10#.
iSee Refs.@7,8#.
jSee Ref.@17#.
kSee Ref.@8#.
lPresent transition mode is assumed by angular distribution. See Ref.@8#.
mPresent result, see Table III, 0.23(1p3/2→1d5/211d3/2)10.20(1s1/2→1p3/211p1/2).
nPresent result, see Table III, 0.35(1s1/2→1p3/211p1/2), or (1p3/2→1d5/2)(E3)1(1p3/2→1d3/2)(M01M2)

10.24(1s1/2→1p3/211p1/2).
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function for the residual ground state. In7Li( g,p1), a simi-
lar conclusion can be obtained for the group atEx50, and
the group atEx'6 MeV is compared tos(d), which corre-
sponds to the low excited states.

As seen in Table III, the total of the experimental (g,p1)
cross section atEx is approximately equal to half of the sum
of the DWIA result for the single nucleon transitions. No
that part of strength, which is fragmented over the en
energy region of the experiment, does not appear as obs
able peaks in the experiment. If these missing strengths w
added, the completep1 yields would be closer to the theo
retical estimates. Therefore, the total experimental cross
tion of the (g,p1) groups are expected to satisfy the su
rule for the spin-isospin flip giant resonance.
e
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The result of the angular distribution agrees with the f
that the single particle transitions from the 1p3/2 shell lead
mainly to the lower and middle energy groups of the resid
states, whereas those from the 1s1/2 shell in the nuclear core
lead predominantly to the higher energy group of the resid
states. This conclusion is consistent with the systematics
energy of the single particle shell models as discussed be

Major spin-isospin flip giant resonance states observe
the (g,p1) reaction on 1p3/2 shell nuclei and the corre
sponding single nucleon transitions are summarized, toge
with results of previous studies, in Table IV. The states a
9, and 12 MeV in6He have not been reported for oth
reactions@19# and the transition modes have not been th
oughly in previous studies; however, these states migh



the

PRC 59 3203SPIN-ISOSPIN FLIP GIANT RESONANCES AND . . .
TABLE V. Separation energies,Ei(1s) and Ei(1p), and widths for the 1s1/2 and 1p3/2 shell nucleons
obtained from the (e,e8p) and (p,2p) experiments. TheQ value of these reactions and the estimates of
difference energiesDEs2p5Ei(1s)2Ei(1p) are shown. Energy is given in MeV.

Nucleus 6Li 7Li 9Be 11B 12C

Q ~MeV! 24.59 29.98 216.89 211.23 215.96
(e,e8p) Ref. @24# Ref. @24# Ref. @24# Ref. @25#

Ei(1s) 22.660.2 26.060.2 H27.160.4
37.560.4

36.960.3

Widtha 18.460.6 20.360.6 H 8.760.6
15.361.0

19.860.5

Ei(1p) 4.560.2 10.160.2 18.160.2 15.560.1
Width 8.260.3 7.760.3 9.860.5 6.960.1
DEs2p 18.160.3 15.960.3 14.2b 21.460.3
Width 20.1 21.7 ;22b 21.0

Ref. @26# Ref. @27#

Ei(1s) 3261 38.161.0
Width 9c ;20
Ei(1p) 18.060.3 7.560.4
Width smallc smallc

DEs2p 1461 20.661
Width 9 ;20

Mean value
DEs2p 18.160.3 15.960.3 14 21.360.3d

Width 20.1 21.7 ;21
(p,2p) Ref. @28# Ref. @28# Ref. @28# Ref. @28# Ref. @29#

Ei(1s) 22.760.3 25.560.4 25.460.5 35.561.0
Width 4.0 5.9 6.3 H10.960.4

14.660.5
21.260.5

13
Ei(1p) 4.960.3 11.860.3 16.460.3 1560.5
Width 3.3 5.3 4.0 4
DEs2p 17.860.4 13.760.5 9.060.6 20.561.1
Width 5.2 7.9 7.4 15

Ref. @30# Ref. @30# Ref. @30#

DEs2p 16.7 H13.460.5
15.360.3 H 9

16
Width H6

8
Mean value

DEs2p 17.3 13.660.4e 9 20.561.1
Width ~5.2! ~7.9! 7 15

aAll widths are shown in FWHM.
bSum of the two 1s groups.
cWidth estimated from data in reference.
dWeighted mean.
eLowest difference energy.
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seen in the spectra of the (p2,g) @20,21#, ~n,p! @22# or
(g,p1) reactions@17#. For these states, 1p3/2→s-d was as-
sumed based on transition strength. The resonance sta
7.0 and 7.5 MeV in12B are the (e,p1) result and the tagged
photon result, respectively. The result of 7.0 MeV may
the same resonance at 7.5 MeV, because the error of fi
of the reference curve to the (e,p1) spectra may be abou
0.5 MeV, as shown in Fig. 3. The same situation also app
to the 9.0 and 9.5 MeV states in13B.

The energies of the residual states for the giant re
nances,ER , are given by

ER5Ei1Ef1DE, ~9!
s at

e
ng

s

o-

whereEi is the separation energy of the initial shell state,Ef
is the binding energy of the final shell state andDE is the
correction energy for particle-hole interaction, etc. in gia
resonance@23#.

The separation energiesEi of a nucleon in the shell mode
orbits have been examined experimentally using (p,2p),
(e,e8p), and other reactions. The results ofEi for 1s1/2 and
1p3/2 shell nucleons obtained by the (e,e8p) and (p,2p)
experiments are listed in Table V. Also shown in the table
the residual energy after the transition of a nucleon from
1s1/2 shell to the 1p3/2 shell, which is given approximately
by the difference energyDEs2p5Ei(1s)2Ei(1p). The
mean values ofDEs2p and the widths of each energy a
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FIG. 7. Energy scheme of the spin-isospin flip giant resonances in 1p3/2 shell nuclei. Thick horizontal lines show the residual states
resonances in (g,p1) reactions, as shown in Table IV. The result at 7.0 MeV in12B and 9.0 MeV in13B may be the same resonance at 7
and 9.5 MeV, respectively, considering the error in the present fitting method. The region contributed by the same main transition o
in the single particle shell model is shown by a broken line between nuclei indicated by the main transition. Open circles and close
are the mean energy of 1s1/2 hole states determined by (e,e8p) and (p,2p) data, respectively, as given in Table V.
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given when possible. The widths of the separation energy
very large, as shown in the table; therefore,DEs2p gives the
mean energy of the 1s1/2 hole residual states.

The energy scheme of the spin-isospin flip giant re
nances in 1p3/2 shell nuclei are summarized in Fig. 7 for th
systematic study. Thick horizontal lines show the resid
states in the (g,p1) reaction given in Table IV. The region
contributed by the main transition of the nucleon in t
single particle shell model is connected between nucleus
broken lines indicated byp→p for the 1p3/2→1p3/211p1/2
transition,p→s•d for the 1p3/2→s2d transition ands→p
for the 1s1/2→1p3/211p1/2 transition. Open circles and
closed circles show the mean energy of 1s1/2 hole states
DEs2p determined by the (e,e8p) and (p,2p) reactions, re-
spectively, as given in Table V.

As shown in Fig. 7, the lowest states, except for the c
of 11Be, are described well by the main transition within t
1p shell. In the case of11Be, Jp of the ground state is 1/21,
and this state is attributed to the main transition of 1p3/2
→2s1/2. The 1p3/2→s2d transition contributes to the
middle energy region of the spin-isospin flip giant res
nances in6He, 7He, and9Li, and to almost all of the reso
nances in11Be, and12B and 13B except the lowest energ
region. The transition of the core nucleon 1s1/2→1p3/2
11p1/2 appears in the high energy region only in6He, 7He,
and9Li. These highly excited states are included in the bro
energy region around the 1s1/2 hole state shown by the
circles for mean energy. The core transition mode is not s
for 11Be, 12B, and13B. This is because the 1s1/2 hole energy
is too high to be observed, as shown by the data of12B, and
also because the 1p shell, which is the final state for on
harmonic transition from the core, are mostly blocked.

The data obtained by reactions similar to (g,p1) are
listed in Table VI. The table shows the states or groups cl
fied by the (p2,g) experiments on6Li @20,21,31#, 7Li, 9Be,
11B @21,31#, 12C @20,31,32#, and13C @33#, and from the~n,p!
experiments on6Li, 7Li @22#, and 12C @34#. In addition, the
resonance widths are shown when estimation is poss
re
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Table VI also shows the theoretical results of the energy
the residual states as calculated by the shell model. The
oretical cross sections for the strong transition of (g,p1) are
given atu590° on6Li @35#, 12C, 13C @14,36# and for that of
(p2,g) on 7Li, 9Be, 11B @37#. In Table VI, the states are
shown by the main transitions ofp shell→p shell, p shell
→s2d shell ands shell→p shell. The distribution of states
are reasonable in these reactions.

The (p2,g) reaction by stoppedp2 is the inverse reac-
tion of the (g,p1) reaction, as mentioned previously. Th
interaction is similar, except for the photon and pion ener
The momentum transfer is fixed in the (p2,g) reaction, in
contrast that in the (g,p1) reaction, in which momentum
transfer is variable. Thep2 in the (p2,g) reaction is cap-
tured from the 1s or 2p state of atomic orbit, but thep1 in
the (g,p1) reaction is emitted along with some energy d
to interaction with nucleons inside the nucleus, which is d
scribed by the optical potential. Therefore,fp* is quite dif-
ferent in both reactions. The photon energy is less than
threshold energy in the (p2,g) reaction and near 200 MeV
in the present (g,p1) reaction. These differences influenc
the components of the elementary operatorFn , which is
given by similar expressions in both reactions.

The photon spectra measured by the (p2,g) experiments
directly indicate the resonance structure; however, thep1

spectra obtained in the (g,p1) experiments through electro
bombardment are folded by the continuous photon spec
which show the indirect resonance structure.

Comparison of the results of the (p2,g) experiments and
the present (g,p1) results atu530° reveals that the mo
mentum transfers of these two reactions are nearly eq
The photon spectra of (p2,g) on Li and 9Be @21,23# large
continuums are estimated and fitted to the results; howe
the present (g,p1) results on these nuclei do not indica
any large contributions of the continuum.

The continuum cross sections and background are e
mated by tagged (g,p1) experiments on12C and 13C. The
continuum cross sections are not large in comparison w
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TABLE VI. Comparison of the energyEx ~in MeV! of the residual states and/or groups in giant re
nances examined in the (g,p1), (p2,g), and~n,p! reaction experiments and by the theoretical calculatio
using the shell model on (g,p1) and (p2,g) reactions. When states in more than three groups are dis
uted, the energy region of the groups is shown. Nonexistent states are indicated by a hyphen. W
transition mode is not estimated, the energy is shown in parenthesis and is included in the probable tr
group.

Target nucleus
Residual nucleus

6Li
6He

7Li
7He

9Be
9Li

11B
11Be

12C
12B

13C
13B

p shell→p shell transition

Experiment

(g,p1)a 0, 1.8 0 0 – 0–0.95 0

(p2,g) 0, 1.8b 0b 0, 2.6b 0b 0–2.6b 0c

~n,p! 0, 1.8d 0d 0, 0.95e

Theory

(g,p1) 0, 1.8f 0g,h 0h

(p2,g) 0–7i 0i 0i –i 0i

p shell→s-d shell transition

Experiment

(g,p1)a 7–13.6 ;6–13 4.7–10.9 0–17.5 4.5–13 3.5–13

(p2,g) 5, 14.5j 8, 12j 4.2, 7j ~0–12!j 4.2–8j 3.5–10c

Width 2.5, 6 5.5, 1.5 ;0, 8 ;0–16 1.5,1.5 0–4

~n,p! ~7, 15.5!d 6d 4.4–9.5e

Width 4, 6 6

Theory

(g,p1) 9–15.5f 1–9g 3–12g

(p2,g) 9–14i 1–13i 4–11, 15–24i 0–12i 3–20i

s shell→p shell transition

Experiment

(g,p1)a 17.7, 24 13–19 10.9–17.4 – – –

(p2,g) 22.5j 19j 17.5j –j –j –c

Width 6 6 12

~n,p! 25d 20d –e

Width 8 9

Theory

(g,p1) 13–29f –g –g

(p2,g) 14–30i 15.5–20.5i 13.7i –i –i

aReferences are shown in Table IV.
bSee Ref.@31#.
cSee Ref.@33#.
dSee Ref.@22#.
eSee Ref.@34#.

fSee Ref.@35#.
gSee Ref.@36#.
hSee Ref.@14#.
iSee Ref.@37#.
jSee Ref.@21#.
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resonance structure@8#. Previous studies have revealed t
the p1 total yields produced from the (e,p1) reaction are
approximately an order smaller than theoretical estim
found using the Fermi gas model@38–40#. Since the cros
section of the resonance peaks are as large as the spin-is
flip giant resonance estimates, a reduction of the contin
in the (g,p1) reaction appears to occur. The difference
tween the continuums of the (g,p1) and (p2,g) reactions
may depend on the different energies of the correspon
photon and pion.

The resonance energies in the present results on7Li and
9Be at u530° are compared to the photon spectra of
(p2,g) reaction having nearly the same momentum tran
and a similar nuclear response is expected. Statistical u
tainty appears to make finding the resonance structure
t
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subtraction of the large continuum in the highly excited e
ergy region of the (p2,g) results difficult. Under the uncer
tainty of the results for both reactions, the resonances of
7Li( g,p1) reaction atEx58.5, 13, and 10 MeV~relative
strengths are 0.4, 0.9, and 1.5, respectively! appear to corre-
spond to the photon spectra from the7Li( p2,g) result
@21,31#, except atEx513 MeV, where two separate reso
nances appear to exist around 13 MeV. The resonance
the 9Be(g,p1) reaction atEx54.7, 7.3, 10.9, 14.6, and 17.
MeV ~relative strengths are 0.7, 1.0, 0.5, 0.7, and 0.6, resp
tively! do not contradict the9Be(p2,g) result@21,31# if the
result is smeared after the subtraction of large continuu
Although the experimental and theoretical results are not
ways in agreement, similarity of the distribution of the res
nances can be expected.
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The results of the~n,p! reactions may be similar to th
photonuclear reactions in the giant resonance energy reg
The DWBA analysis of the~n,p! reactions on6Li and 7Li in
Ref. @22# shows that the strong broad resonances are
nonflip giant dipole resonances. The analysis of the12C(n,p)
reaction indicates that both spin flip and nonflip transitio
contribute to the energy region@34#. The measured reso
nance spectra appear to be equivalent for the~n,p! and
(p2,g) experiments on6Li and 7Li. Since the (p2,g) reac-
tion typically depends on spin flip transition, the resonan
mode for ~n,p! and that obtained from the (p2,g) and
(g,p1) results are different. This may be a result of t
considerable difference in interacting energies. Thus, the
sults show reasonable agreement among the various
tions examined.

The systematics for spin-isospin flip mode giant re
nances was examined in the present study by compara
analysis of (g,p1) data with other charge exchange rea
tions, as shown in Table VI. The DWIA analysis using t
single particle shell model gives reasonable results for
(g,p1) reaction on the 1p3/2 shell nuclei. Extraction of spin-
isospin flip giant resonance and analysis of their configu
tions appears to be a promising application of the (g,p1)
experiment. Since the main source of ambiguity in the ana
sis of thep1 electroproduction experiments arises from t
fitting procedure for continuous photon spectra, improv
s
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statistics experiments using tagged photons should give m
precise information for the spin-isospin flip giant resonan

The light nuclei discussed for shell dependence in
present paper are described by cluster model as well.
cluster model of7Li was examined thoroughly together wit
6Li by photodisintegration and other reactions. The clust
for 9Be were not discussed in detail due to the complex
involved, but a recent qualitative study on photodisinteg
tion has clarified the cluster nature@2#. The interplay of both
models elucidated by photonuclear giant resonance and
photopion production should provide important informati
in the study of nuclear structure.

An important extension of the present experimen
method and analysis is suggested for application to study
the states of the hypernuclei by selectively detectingK1 pro-
duced from nuclei by electron or bremsstrahlung bomba
ment.
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