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Isospin and spin-orbital structures of Jp511 states excited in28Si
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Gamow-Teller~GT! states withJp 5 11 excited by a (p,n)-type charge-exchange reaction onN5Z nuclei
with ground-state isospinT50 have isospinT51, whileM1 states excited by inelastic scattering of electrons
or protons can have eitherT50 or T51. The latter are the isobaric analog states of the GT states. By
comparing the GT states observed in the good-resolution (3He,t) reaction at 150 MeV/nucleon with theM1
states observed in inelastic electron and proton reactions, the isospin structure of the 11 states in28Si has been
determined. From an analysis of the strengths of corresponding 11 states observed in the (3He,t) and
(e,e8) reactions, the spin and orbital contributions to theM1 excitations have been deduced.
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I. INTRODUCTION

The L50 spin-flip mode excited by charge-exchange
actions is called the Gamow-Teller~GT! mode, while that
excited by inelastic scattering is called theM1 mode@1#. All
states populated by these modes on an even-even t
nucleus haveJp511. In light nuclei, the GT andM1 exci-
tations can usually be observed as a distribution of w
separated discrete states. For anN5Z self-conjugate targe
nucleus withTz50, the GT states have the isospin val
T51, while the M1 states can have the isospin valu
T51 or T50. As will be discussed in detail in Sec. II, th
T51 M1 states are the isobaric analog states of GT sta

Moreover, in hadron charge-exchange and inelastic s
tering reactions the GT andT51 M1 states are excited
mainly by theL50 spin- and isospin-flip part of the effec
tive nuclear interaction. It is therefore expected that not o
the Coulomb energy-corrected excitation energies are s
lar, but also that the excitation cross sections observe
both reactions are closely related to each other. Using th
expectations, it should be possible to identify the isospin o
M1 state by studying the existence or the non-existenc
the corresponding analogous GT state.

In inelastic electron scattering,Jp511 states are excited
by theM1 operator which consists of an orbital partgl l and
a spin partgss. Thus theM1 strength obtained from th
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(e,e8) reaction contains not only the spin, but also an orb
contribution. The latter can be studied by comparing (e,e8)
results with hadron results in which the contribution from t
spin part is dominant.

The aim of present paper is to disentangle the isos
structure and the orbital and spin nature of 11 states in the
N5Z target nucleus28Si by comparing level-by-level the
results from three characteristic reactions, i.e., had
charge-exchange, hadron inelastic scattering, and electro
elastic scattering reactions. The subject has already been
cussed in several pioneering works on28Si @2–7#. In order to
make a fruitful comparison, hadron results performed at
termediate energies should be used, for which the transi
strengths for spin excitations are believed to be reliably
tained because of the simplicity of the reaction mechan
and the dominance of the spin- and isospin-flip interact
Vst at small momentum transfer@1,8#. In the past, such a
comparison, however, was limited by the relatively poor e
ergy resolution obtainable in a charge-exchange reactio
intermediate energies. Recently it has become possibl
measure the (3He,t) reaction with a 150 MeV/nucleon3He
beam@9#. This allowed, e.g., a good resolution (3He,t) ex-
periment for a ground-state isospinT051 nucleus,58Ni, and
enabled the identification of the isospin structure of G
states in58Cu by comparison with (e,e8) data and also with
(t, 3He! data@10#. The present study represents an extens
of this sort of work to theT050 target nucleus28Si. The
results from the (3He,t) reaction are compared with new
results for theM1 strength from a recent28Si(e,e8) mea-
surement under 180°@11#, and with data from the (p,p8)
reaction atEp5200 MeV @5#.
1137 © 1997 The American Physical Society
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II. CHARACTERISTICS AND EXCITATION
OF Jp511 STATES ON AN N5Z
EVEN-EVEN TARGET NUCLEUS

In this section we discuss the excitation features ofJp

511 states in hadron and (e,e8) reactions forN5Z even-
even target nuclei with ground-state isospinT05T350.
With the usual assumption that isospin is a good quan
number, the excitation modes of the 11 states with isospin
T50 andT51 are summarized in Fig. 1@12#.

A. M1 and GT Jp511 states

In a simple shell-model~SM! picture,M1 states consis
of both proton and neutron one-particle–one-hole~1p1h!
configurations within a major shell. The GT states excited
(p,n)-type @or (n,p)-type# charge-exchange reactions co
sist of proton-particle–neutron-hole@or neutron-particle–
proton-hole# with the same shell configurations as those
theM1 states.

The M1 states are further categorized intoT50 and
T51. Since the ground-state isospin isT050, theM1 states
with T50 andT51 are excited by the isoscalar~IS! and the
isovector~IV ! interactions, respectively, and thus they can
called ‘‘IS states’’ and ‘‘IV states’’~see Fig. 1!. On the other
hand, charge-exchange reactions are caused solely by IV
teractions leading to final nuclei with ground states of isos
Tf51. Therefore onlyT51 states are allowed for theJp

511 states of the GT modes. It should be noted that the
states excited by (p,n)-type reactions, theT51 M1 states,
and the GT states excited by (n,p)-type reactions have iden
tical SM configurations. They belong to an isobaric trip
@12#, which is indicated by dashed lines in Fig. 1.

FIG. 1. Isospin ofJp511 states excited on the ground state
an even-even nucleus withT050 (N5Z). The interactions mainly
responsible for each excitation are shown along the arrows ind
ing the transitions. Isobaric-analog relationships among states
shown by broken lines. No quantitative significance is to be
tached to the relative position of the levels.
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B. Hadron reactions

In intermediate-energy~100 MeV/nucleon or more!
charge-exchange reactions, such as (p,n) or (3He,t), the GT
states become prominent at forward angles including 0°
cause of theirL50 nature and the dominance of the cent
part of the effective nuclear interactionVst at small momen-
tum transfer@1,8,13#. For the projectile proton or3He with
isospin 1/2, the 0° charge-exchange cross section for
transitions with quantum numbers (DL50,DS51, and
DT51) from a Jp 5 01, T0 5 0 ground state to a
Jp511, T51 GT state is approximately given by@14,15#

dsCE

dV
~0°!.KCENst

CEuJst~0!u2B~GT!. ~2.1!

Here,Jst(0) is the volume integral of the effective intera
tion Vst at momentum transferq50, KCE is the kinematic
factor for the charge-exchange reaction,Nst

CE is a distortion
factor which may change about 10% as a function of exc
tion energy, andB(GT) is the squared GT matrix element

B~GT!5@M ~s!1MD#2. ~2.2!

Here,M (s ) is the nucleonic spin matrix element andMD is
the isobar contribution. Meson exchange contributions du
axial vector coupling are neglected here since they should
strongly suppressed byG parity conservation@16#. The
B(GT) value is given in units whereB(GT)53 for the beta
decay of the free neutron.

In intermediate-energy hadron inelastic scattering exp
ments such as (p,p8), the T51 M1 states become promi
nent at forward angles including 0°. They are also exci
mainly throughVst part of the effective nuclear interactio
@1,13#. Neglecting noncentral components of the interact
and contributions from the nucleon exchange process, th
(p,p8) cross section for transitions with the same quant
numbers as the GT transitions are approximately given
again usingJst(0) andB(GT) @15,17# as

ds IE

dV
~0°!.

1

2
K IENst

IE uJst~0!u2B~GT!. ~2.3!

Here,K IE is the kinematic factor for the inelastic scatterin
reaction andNst

IE is a distortion factor. The sameB(GT) as
for the GT transition is used because of the analog relat
ship of theT51 M1 state. The factor (1/2) comes from th
isospin Clebsch-Gordan coefficients of the projectile-ejec
combination. Therefore, we expect that for each pair of a
log states the charge-exchange cross section at 0° and
(p,p8) cross section at 0° are proportional to theB(GT)
value. In other words, they all show similar strength dist
butions as a function of excitation energy aside from a sli
variation due to the different distortion factors.

In the excitation of theT50 M1 states of theN5Z
nucleus, on the other hand, the interactionVst cannot con-
tribute due to isospin selection rules. These states are ex
by the spin interaction (Vs) and the exchange term of th
tensor interaction@18#. The main interactions causing th
excitation of 11 states are shown in Fig. 1 along the arrow
indicating the transitions.
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C. M1 excitation in „e,e8…

In the (e,e8) reaction, theM1 states are excited by th
magnetic dipole (M1) interaction whose operator consists
an orbital partgl l and a spin partgss. TheM1 operator can
also be written as the sum of IS and IV terms@1,19#

m5H (
j51

Z

~gl
pl j1gs

psj !1(
j51

N

~gl
n l j1gs

nsj !J mN ~2.4!

5H (
j51

A S 12 ~gl
p1gl

n !l j1
1

2
~gs

p1gs
n!sj D

2(
j51

A S 12 ~gl
p2gl

n !l j1
1

2
~gs

p2gs
n!sj D tz~ j !J mN ,

~2.5!

wheremN is the nuclear magneton. For bare protons a
neutrons, the orbital and spin gyromagnetic factors
gl

p51 andgl
n50, andgs

p55.586 andgs
n523.826, respec-

tively. Thez component of the isospin operatortz( j )51 for
neutrons and21 for protons. Through the IS and the I
parts of the spin operatorsj @the first and the second terms
Eq. ~2.5!#, the (e,e8) reaction can exciteT50 and T51
M1 states in theN5Z nucleus, respectively. TheT51
states, however, are much more strongly excited due to
fact that the coefficient of the IV spin part is larger by
factor of about 5 than that of the IS spin part.

Adding the contributions from isobar and meson e
change currents~MEC’s!, the squaredM1 matrix element
B(M1) for T51 states can be written approximately@11,20#

B~M1!5
3~mp2mn!

2

8p
@M ~s!1M ~ l !1MD1MMEC#2.

~2.6!

Here,M (l ) represents the nucleonic orbital contribution a
the numerical factor is 2.643mN

2 if the bare gyromagnetic
factors are used. The orbital part may interfere destructiv
or constructively with the spin part. This could lead to su
pression or enhancement of excitation strength, which
strongly dependent on the configuration of a state. Moreo
as discussed in detail in Refs.@11,20#, contributions from
non-nucleonic degree of freedomMMEC play a larger role in
theM1 transitions than in GT transitions. The ratio of c
mulative sums forB(M1) andB(GT)

R~M1/GT!5
(B~M1!/2.643mN

2

(B~GT!
~2.7!

was defined as a measure to estimate the combined effec
orbital and MEC. In the absence of these contributions,
ratio R should be unity. In SM calculations, it is predicte
that the orbital contributions almost cancel when theM1
strengths are summed over a large region of excita
@11,21#. Thus, the ratio defined by Eq.~2.7! should show the
effect of MEC, i.e.,R(M1/GT)'RMEC should hold. It is
known thatRMEC has a value about 1.3 in

28Si @11,22#. Since
the effect of the MEC should be independent of the wa
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function of the individual state, the above ratio ofB(M1)
andB(GT) for the j th pair of isobaric analog states divide
by RMEC

ROC
j ~M1/GT!5

Bj~M1!/2.643mN
2

Bj~GT!

1

RMEC
, ~2.8!

should show the orbital contribution. TheROC
j should be

greater than unity in the case of constructive orbital con
bution and less for destructive case.

In order to directly compare the transition probabilities f
M1 states obtained from (p,p8) and (e,e8) scattering, the
squared matrix element for the spin transition, defined si
larly to B(M1), is often used@17#

B~s!5
3~mp2mn!

2

8p
@M ~s!1MD#2. ~2.9!

This value differs fromB(GT) defined by Eq.~2.2! by the
factor of 2.643mN

2.

III. THE EXPERIMENT

The 28Si(3He,t) experiment was performed at RCNP
Osaka. A 150 MeV/nucleon3He beam from theK5400
RCNP ring cyclotron was used to bombard a 9 mg/cm2 natu-
ral Si foil. A beam current of; 5 nA 3He21 beam was
used. The ejectile tritons were detected with the QQDD-ty
spectrometer Grand Raiden@23#. In order to realize good
energy resolution, the dispersion-matching technique w
used for the beam transport. The spectrometer was set
and scattered particles were accepted within6 20 mr in both
horizontal (x) and vertical (y) directions. After momentum
analysis by the spectrometer, tritons were detected wit
multiwire drift-chamber system allowing for track recon
struction. More details of the experiment are given in R
@24#.

The raytrace information made it possible to subdivide
acceptance angle of the spectrometer by a software cut.
ure 2~a! shows the 0° spectrum for the angular range6 1.7
mr in thex direction~no cut is made in they direction!. With
the achieved energy resolution of 130 keV~FWHM!, fine
structure was observed up toEx'8 MeV. The gross features
of the spectrum are quite similar to those observed in
28Si(p,n) reaction atEp5136 MeV @7#. This confirms that
the (3He,t) reaction at a bombarding energy exceeding 1
MeV/nucleon is a single-step direct reaction, and that
relevant effective interactionVst is similar for the (p,n) and
(3He,t) reactions at a comparable incident energies
nucleon@9,25,26#.

As the scattering angle increases, the cross section
L50 states decrease, whereas those ofL51 and higher mul-
tipoles increase. The GT states withL50 were distinguished
from LÞ0 states by comparing the 0° spectrum shown
Fig. 2~a! with a spectrum centered at 1.1° by looking for th
states showing the similar relative decrease in strength.
GT states are indicated by their excitation energies. The
citation energies were calibrated using well-known low-lyi
discrete states observed in the12,13C(3He,t) spectra as refer-
ences. Owing to the large negativeQ value of the
12C(3He,t) reaction, the excitation energies of28P were de-
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1140 55Y. FUJITA et al.
termined up to 8 MeV by interpolation. In this region, we
estimate the uncertainties to be less than 50 keV. The det
mined excitation energies are in good agreement with tho
from (3He,t) reaction at a3He beam energy of 200 MeV
@27# and also with those from the (p,n) measurement per-

FIG. 2. Comparison between the 0°28Si(3He,t) spectrum and
the strength distributionB(s) obtained in the28Si(p,p8) experi-
ment @5#. ~a! The 0° 28Si(3He,t) spectrum.~b1! B(s) distribution
observed in the28Si(p,p8) experiment; see text for details.~b2!
Reconstructed (p,p8) spectrum after convoluting with the experi-
mental energy resolution of the (3He,t) experiment.~b3! Recon-
structed (p,p8) spectrum for theT50 states after the isospin as-
signment by making a comparison between the spectra shown in~a!
and ~b2!. ~b4! Same as~b3!, but for theT51 states.~b! is shifted
relative to~a! with an excitation energy of 9.3 MeV, the amount of
Coulomb displacement energy.
er-
se

formed atEp5136 MeV @7# given in Table I .
For (p,n) reactions at bombarding energies exceed

100 MeV, it has been established that the relationship of
~2.1! holds for the 0° cross section and theB(GT) value
@14,28#, and the same is suggested for the (3He,t) reaction at
150 MeV/nucleon@9,26#. The B(GT) values were normal-
ized toB(GT)5 0.96 for the 2.15 MeV state, the stronge
peak in the observed spectrum. This value was determine
the 28Si (p,n) reaction based on the ‘‘universal’’ conversio
factor between theB(GT) value and the observed cross se
tion @7,22#. The B(GT) values of the other GT states ca
then simply be obtained from the yields for the releva
peaks. The extractedB(GT) strengths are given in Table I. I
is estimated that they contain;610% error inherited from
the ambiguity ofB(GT) determination in the (p,n) reaction
and the error of at most 5% in determining the ratio of yie
for the states other than 2.15 MeV state.

The results from the high-resolution28Si(p,p8) reaction
at Ep5200 MeV by Crawleyet al. @5# are given in Table I.
The excitation energies and the cross sections ofM1 states
were determined from the analysis of the (p,p8) spectrum
measured with a resolution of 60 keV~FWHM! in the range
u lab52° to 12°. The cross sections were converted
B(s) with the help of distorted-wave Born-approximatio
~DWBA! calculations using the effective nucleon-nucle
interaction of Franey and Love@29#.

Table I also shows theM1 strengths extracted from th
(e,e8) experiment performed with the 180° scattering fac
ity @30,31# at the superconducting Darmstadt electron line
accelerator~S-DALINAC! @11#. The 180° spectrum was
measured with a resolution of about 80 keV~FWHM!. The
derived data are in good agreement with previous elec
scattering work@32#, but considerably extend the invest
gated energy range.

IV. DATA ANALYSIS AND DISCUSSIONS

A. Isospin decomposition

In the comparison ofM1 states with GT states observe
respectively in (p,p8) and (3He,t) reactions, only theT51
M1 states should be seen in correspondence with the
states, and the ratios of cross sections should be abou
same for all pairs of correspondingly observed states.
comparison was made between our28Si(3He,t)28P results
and those from the28Si(p,p8) reaction atEp5200 MeV @5#.
As a result of the analysis of the (p,p8) reaction, it was
reported that twoM1 states atEx59.50 and 13.22 MeV
have T50, while the others haveT51 judging from the
flatter shape of the angular distributions ofT50 states com-
pared to those ofT51 states. To those twoT50 states much
smallerB(s) values were assigned for a given value of e
perimental differential cross section than to the other sta
assigned toT51. In order to compare the (p,p8) results
with the (3He,t) spectrum in the form of cross-section rati
we recalculated theB(s) values of thoseT50 states assum
ing the same conversion factor between cross section
B(s) as was used forT51 transitions by using the value
given in Table III of Ref.@5#. Then allM1 states should
show theB(s) values nearly proportional to the observe
cross sections. The strength distribution for such modifi



n

9

0

7

7

55 1141ISOSPIN AND SPIN-ORBITAL STRUCTURES OF . . .
TABLE I. Strength distribution of 11 states in reactions on28Si target. For the details ofB(GT) values
of present (3He,t) reaction, see text. In the (p,p8) part, the column ‘‘Ex in

28P’’ is added to show the
correspondence ofEx’s with those of charge exchange reactions. The isospinT’s are the values assigned i
the present work.

(3He,t) a (p,n) b (p,p8) c Isospin (e,e8) d

Ex B(GT) Ex B(GT) Ex Ex in
28P e B(s) T Ex B(M1)

9.50 0.22 0.09 0
9.72 0.44 0.39 0

1.31 0.21 1.25 0.20 10.59 1.31 0.83 1 10.594 0.1
10.73 1.45 0.32 ~0! 10.725 0.11
10.82 1.54 0.21 0

1.57 0.10 1.59 0.11 10.90 1.62 0.35 1 10.901 0.9
11.16 1.88 0.31 0

2.15 0.96f 2.10 0.96 11.45 2.17 3.32 1 11.445 4.42
2.99 0.15 2.94 0.15 12.33 3.05 0.73 1 12.331 0.8

12.99 3.71 0.23 0
13.22 3.94 0.03 0

3.92 0.17 3.87 0.16 13.35 4.07 0.81 1
4.61 0.35 4.59 0.41 14.03 4.75 1.31 1 14.030 0.3

5.02m 0.14
5.57 ~0.08! 5.55 0.09 15.15 5.87 0.42 1 15.147 0.23
5.95 5.91 0.09 15.50 6.22 0.12 ~1! 15.50 0.26

15.80 6.52 0.22 ~0!

6.50m 0.02
17.56 0.18

8.27m 0.05
9.17m 0.07

aPresent work.
bB. D. Andersonet al. ~@7#!; states indicated withm is of mixedL nature.
cG. M. Crawleyet al. ~@5#!.
dC. Lüttgeet al. ~@11#!.
eExpectedEx of analog state in28P assuming the Coulomb displacement energy of 9.28 MeV.
fNormalized to the (p,n) value.
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ts a
B(s) values is shown in Fig. 2~b1!, where the two states
with rescaledB(s) values are marked with small circle
Figure 2~b! is shifted with an excitation energy of 9.28 Me
relative to Fig. 2~a!, since the isobaric analog state of a we
established 11 state at 10.59 MeV state in28Si is observed at
1.31 MeV in 28P @33#.

In order to make the (p,p8) results directly comparable
with the (3He,t) spectrum, theB(s) distribution shown in
Fig. 2~b1! was convoluted with the peak shape of the we
separatedEx52.15 MeV level in the (3He,t) spectrum.
From the argument given in Sec. II, the difference betwe
the reconstructed (p,p8) spectrum shown in Fig. 2~b2! and
the (3He,t) spectrum shown in Fig. 2~a! should be attributed
to theT50 states excited in the (p,p8) reaction. In the ex-
citation of a 11 state,L52 amplitude, in addition to that o
L50, is expected. A 11 state with largeL52 contribution
was studied, for example, in38Ar(p,n) reaction@34#. Such a
state with largeL52 contribution had minimum cross se
tion at 0°. We select states with decreasing angular distr
tion, indicating a small contribution ofL52 amplitude, if
any. Additionally, theL50 andL52 amplitudes of the iso-
baric analog states observed in the (p,p8) and (3He,t) reac-
tions should have the same phase. Therefore, we believe
the L52 contribution will not lead to an incorrect identifi
-

n

u-

hat

cation of corresponding states, and thus to an incorrect i
pin assignment.

In addition to the peaks of 9.50 and 13.22 MeV sta
identified asT50 in the (p,p8) reaction@5#, we notice ad-
ditional peaks in Fig. 2~b2! which are not observed in th
spectrum of (3He,t), suggesting that they are alsoT50 can-
didates. As the result of a careful comparison, the best ag
ment with the (3He,t) spectrum was achieved by assumi
theT50 andT51 strength distributions shown in Fig. 2~b3!
and in Fig. 2~b4!, respectively. TheT50 nature of the 9.50
and 13.22 MeV states was confirmed. In addition the sta
at 9.72, 11.16, and 12.99 MeV are suggested asT50 states.
We also give a tentativeT50 assignment to the 10.73 MeV
state, but the simultaneous observation of the state in
(e,e8) reaction~see Table I! casts some doubt on this be
cause of the usual suppression of ISM1 states in (e,e8)
scatterings. All of these states are excited in the (p,p8) re-
action with less intensity than the mainT50 state at 9.50
MeV. It is not clear if a peak corresponding to the 10.
MeV state exists in the (3He,t) spectrum due to limited reso
lution. It is believed, however, that the state hasT50 be-
cause no corresponding peak is observed in the (e,e8) reac-
tion. As a counterpart to the 15.50 MeV state, there exis
level in the (3He,t) spectrum atEx55.95 MeV, but a defi-
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niteL50 assignment was not possible. No peak correspon
ing to the 15.80 MeV state is found in the (3He,t) spectrum
which would indicateT50 for this state. The isospin values
assigned in the present study are summarized in Table I.

Due to the new identification ofT50 states, the total IS
B(s) value for the (p,p8) reaction more than doubles, and
seems to fulfill approximately the SM predictions given in
Ref. @5#. On the other hand, theT51 strength should de-
crease accordingly, and we can calculate a quenching fac
of N50.65 for theT51 strength by using theB(s) values
given in Ref.@5#. The larger quenching for theT51 strength
than for theT50 strength suggests that theD-h excitation,
which causes the quenching only for the IV strength, cann
be excluded as a mechanism for the quenching contrary
the conclusion given in Ref.@5#.

B. Decomposition of spin and orbital parts

TheB(M1) strength distribution is shown in Fig. 3~b1!.
By comparing with the28Si(3He,t) spectrum shown in Fig.
3~a!, it is noted that the correspondence of peaks is qui

FIG. 3. Comparison between the 0°28Si(3He,t) spectrum and
the strength distributionB(M1) obtained in the28Si(e,e8) experi-
ment @11#. ~a! The 0° 28Si(3He,t) spectrum.~b1! B(M1) distribu-
tion obtained in the28Si(e,e8) experiment; see text for details.~b2!
Reconstructed (e,e8) spectrum after convoluting with the experi-
mental energy resolution of the (3He,t) experiment.~b! is shifted
relative to~a! with an excitation energy of 9.3 MeV, the amount of
Coulomb displacement energy. The ordinates of~a! and ~b! are
roughly adjusted to reflect the orbital contribution; see text for de
tails.
d-

tor
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good, much better than for the comparison between (p,p8)
and (3He,t) @see Fig. 2~b2! and Fig. 2~a!#. This can be un-
derstood from the fact that in the (e,e8) reactionT51 states
are strongly excited, while theT50 states are hindered. Th
identification ofT51 andT50 states made by the compar
son between (p,p8) and (3He,t) spectra is supported excep
for the doubtful case of the weak 10.73 MeV level.

It should be noted that the ratio of excitation streng
observed in (3He,t) and (e,e8) is rather different for each
pair of corresponding states. From the discussion of Sec
it is suggested that the difference in the ratio stems from
orbital contribution to theM1 operator given in Eq.~2.4! in
addition to the spin contribution which is common to bo
reactions. The orbital part may play a destructive or a c
structive role in the excitation of different 11 states, strongly
dependent on the wave function of the state@11#. The possi-
bility of separating orbital and spin contributions to the I
M1 transitions was proposed by Petrovichet al. @2#, and a
comparison of the (p,n) reaction at 135 MeV with an
(e,e8) reaction was made by Andersonet al. @4# for three
levels in 28Si.

Using theB(GT) andB(M1) values listed in Table I, the
ratioROC showing the orbital contribution was calculated f
each pair of isobaric analog states using Eq.~2.8! and the
valueRMEC51.3 @22#. The results are given in Table II. T
facilitate comparison of the spectra, theB(M1) strength dis-
tribution was convoluted with the peak shape of t
28Si(3He,t) reaction@Fig. 3~b2!#. The ordinates of Figs. 3~a!
and ~b! are roughly adjusted to reflect the orbital contrib
tion; since theROC for the main peak at 11.45 MeV~2.15
MeV in 28P) is 1.3, the height of the 11.45 MeVM1 peak in
Fig. 3~b2! is adjusted to be 1.3 times larger than the cor
sponding GT peak at 2.15 MeV in28P. The most extreme
case is noted for the 3.92 MeV state in28P where no notice-
able strength is observed in the (e,e8) reaction. Also, we see
that the strength ratios for the 1.31 MeV and the 1.57 M
states in28P are reversed in the (e,e8) reaction. Furthermore
the 4.61 MeV state in the (e,e8) reaction is reduced to only
one third of its strength in the (3He,t) reaction. From the
values ofROC given in Table II, destructive interference be
tween spin and orbital contributions is seen for the excitat
of theM1 states which are the analogs of the GT states
1.31, 3.92, and 4.61 MeV, while constructive interference
suggested for the 1.57, 2.15, and 2.99 MeV states.

-

TABLE II. The ratio ROC showing the orbital contribution for
T51 M1 states in28Si. The experimentally obtainedROC’s are
compared with those from shell-model calculations using the U
interaction@35#. Values ofROC.1 (,1) suggest constructive~de-
structive! interference. For the definition ofROC, see text.

Experiment
Ex in

28Si Ex in
28P Shell model

(e,e8) (3He,t) ROC Ex in
28Si ROC

10.594 1.31 0.26 10.81 0.85
10.901 1.57 2.6 11.19 2.96
11.445 2.15 1.3 11.52 1.53
12.331 2.99 1.7 12.64 0.86

3.92 0.0 13.37 0.02
14.030 4.61 0.31 14.37 0.54
15.147 5.57 0.84



i

d

-
ffect
gy.
ape
-

for
on
ted.
ally
ns.
es,
ig.
-
t

ic

our
n of

e
be-
e

e
lier
e.
he

x-

the
t is

la-
i-

the
the
at

ent

of

de-
ex-

55 1143ISOSPIN AND SPIN-ORBITAL STRUCTURES OF . . .
C. Comparison with shell-model calculations

The experimentally extracted strengths are compared w
SM predictions forT51 strength in Fig. 4. The SM calcu-
lations were carried out in the fullsdmodel space by using
Wildenthal’s USD interaction@35# and the computer code
OXBASH @36#. TheB(GT),B(s), andB(M1) strengths were
obtained by applying GT, spin, andM1 operators, respec-
tively, on the initial- and final-state wave functions predicte
by the USD interaction. The results using free-nucleon op

FIG. 4. Comparison between the experimentally obtained an
SM calculatedB(GT) andB(M1) distributions.~a! The experimen-
tal B(GT) distribution from the28Si(3He,t) reaction.~b! Results of
SM calculations; see text for details.~b1! The B(s) distribution.
~b2! Difference between theB(M1) andB(s) strengths, showing
the ‘‘effective’’ orbital contribution for each state.~b3! The
B(M1) distribution.~c! ExperimentalB(M1) distribution from the
(e,e8) reaction.~b! and ~c! are shifted relative to~a! with an exci-
tation energy of 9.3 MeV, the amount of Coulomb displacemen
energy. The ordinates of~a! and ~c! are roughly adjusted to reflect
the orbital contribution.
th

-

erators are presented in Fig. 4~b!. The use of effective opera
tors reduces the strengths of all states, but it does not a
the shape of distribution as a function of excitation ener
Furthermore, the calculation shows almost the same sh
for the B(GT) andB(s) strength distributions, if the Cou
lomb displacement energy of 9.3 MeV is applied.

The most impressive feature in the calculation is that
most of theT51 states identified in the present comparis
of three reactions, a corresponding SM state is predic
There is good overall correspondence of the experiment
observed states with those predicted in the SM calculatio
In contrast to the good prediction of the excitation energi
the strengths were not so well reproduced. As shown in F
4~b1!, the predictedB(s) strengths@and also the correspond
ing B(GT) strengths; not shown# are somewhat differen
from the experimentalB(GT) strengths shown in Fig. 4~a!.
The 2.15 MeV state in28P and the corresponding isobar
analog state at 11.45 MeV state in28Si dominate the experi-
mental spectra, whereas the SM calculation predicts f
strong states. The same was pointed out in the calculatio
B(GT) values@7# and in the calculation ofB(s) values@5#.
A similar tendency is observed in the comparison of (e,e8)
experimental result@Fig. 4~c!# and the SM calculation for
B(M1) @Fig. 4~b3!#.

It is interesting to see how the orbital contribution in th
M1 strengths, which is deduced from the comparison
tween the (e,e8) and (3He,t) results, is reproduced in th
calculation. The difference between the calculatedB(M1)
values and theB(s) values is shown in Fig. 4~b2!. The dif-
ference plotted in Fig. 4~b2!, therefore, show the ‘‘effective’’
contribution of the orbital part of theM1 operator. It is in-
teresting to note that the total ‘‘effective’’ contribution of th
orbital part almost cancels out as mentioned in the ear
paper@11#, but the contribution to each state is rather larg
As an extreme example, we can point out the following. T
3.92 MeV state in28P is clearly observed in the (3He,t)
reaction with aB(GT) value of 0.17. Its analog state is e
pected at aroundEx'13.2 MeV in 28Si, and was actually
found at 13.35 MeV in the (p,p8) reaction @5#. In the
(e,e8) reaction, however, the state is not observed. In
SM calculation a destructive interference of the orbital par
predicted for the 13.4 MeV state in Fig. 4~b2!. The expected
B(M1) is very small, reproducing the almost total cancel
tion of the spin part and the orbital part for the state. Sim
larly the constructive contributions are reproduced for
analogs of the GT states at 1.57 and 2.15 MeV states, and
destructive contributions for the analogs of the GT states
1.31 and 4.61 MeV. TheROC values calculated from the SM
results are given in Table II. It is found that the agreem
with the experimental values are generally good.

V. SUMMARY

The L50 spin-flip modes excited on the ground state
an even-evenN5Z nucleus with ground-state isospinT50
have a unique isospin structure different fromNÞZ nuclei,
since the isospin character of the transition is uniquely
fined by the isospin character of the mode being finally
cited. Inelastic scattering of protons, e.g., excites bothT50

d

t
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andT51 modes, and they are excited by IS- and IV-type
interactions, respectively. In charge-exchange reactio
however, only theT51 mode is excited by IV-type of inter
actions. This is the isobaric analog of theT51 mode ob-
served in inelastic scatterings. Using the isospin selecti
of these two types of reactions, i.e., the (p,p8) reaction and
the (3He,t) reaction, the isospinT50 or 1 of eachJp511

state in theN5Z nucleus28Si was identified. The compari
son on a level-by-level basis became possible because o
improved energy resolution of charge-exchange data, i.e.
present (3He,t) reaction. Some of the states earlier given
T51 assignment are now identified asT50 states. Thus
larger integrated strength is attributed to the isoscalar
less to the isovectorM1 transitions. The result of rearrang
ment suggests a non-negligible role of theD-h quenching
mechanism, which couples to isovectorM1 transitions only.

In order to study the response to different probes, exc
tion strengths of theT51 11 states were compared for th
(3He,t) and the (e,e8) reactions. In the (3He,t) reaction at
0°, theVst part of the effective nuclear interaction is respo
sible for the excitation of theT51, 11 states, while in the
(e,e8) reaction, theM1 operator causing both spin and o
bital excitations is responsible. The constructive and dest
tive effects of the orbital contribution are quite different fro
state to state, but roughly cancel for the summed stren
The obtained ratios of theM1 to the GT matrix elements
together with the strength distribution as a function of ex
. C
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.
n,

-

oi
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f
s,

ty

the
he
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tation energy provide a stringent test for the SM calculati
The SM results using the USD interaction could reprodu
the excitation energies of theT51, 11 states and the ratio o
spin and orbital contributions for them, but rather strong co
centration of strength to one state, which is observed at 1
MeV in the (3He,t) experiment, was not so well reproduce

It was demonstrated that the intrinsic structure
Jp511 states in a self-conjugate nucleus can be establis
in detail through the comparison of results from differe
reactions with different selectivity. We believe such
analysis is important for a deeper understanding of the c
acters of various modes in nuclei.
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