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Fragmentation of Gamow-Teller strength observed
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The ( He, t) charge-exchange reaction has been studied at E( He)=200 MeV and angles near
0 on targets of "Sn and Sn. Fragmentation of the giant Gamow-Teller resonance into sep-
arate components of the particle-hole type has been observed in good agreement with theoretical
predictions. These components are connected with what is usually referred to in the literature as
direct-, core-poLarization-, and back-spin-Bip Gamow-Teller strength. The observed cross sections
near 0 = 0' suggest contributions from the isovector spin-Hip interaction as well as the isovec-
tor tensor interaction. A theoretically predicted configuration splitting of the main Gamow-Teller
component into two components involving the lhiii2 neutron orbital could not uniquely be identi-
fied. The data are compatible, though, with such a splitting since the observed widths of the main
Gamow-Teller components in Sb and Sb exceed the predicted splittings.

PACS number(s): 25.55.Kr, 24.30.Cz, 27.60.+j

I. INTR.ODUCTION

Theoretical discussions of properties of Gamow-Teller
(GT) resonances predate their experimental observation
by many years. It appears that Ikeda, Fujii, and Fujita [1]
were the first to recognize the possibility of the existence
of collective 1+ states with structures related to isobaric
analog states (IAS's). Gaponov and Lyutostanskii [2,3]
derived in a quasiclassical treatment many properties of
the high-lying 1 states of maximum collectivity associ-
ated mainly with excitations of neutrons from j = t + 2
orbits into protons in j = l —

2 orbits (spin-orbit part-
ners). Whereas an energy difference E (GT) E(IAS)—
of 3—6 MeV was suggested for medium-heavy nuclei, the
difference was predicted to approach zero for nuclei with
large mass numbers A and large neutron excesses N —Z.
This behavior was indeed observed later with E (GT)
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= E (IAS) for 2osBi. The authors pointed out the impor-
tance of the Wigner supermultiplet scheme [4] for a simul-
taneous description of spin-isospin characteristics. Using
a simplified shell-model version of spin-isospin transitions
(a so-called "three-level model" ), they further predicted
the existence of low-lying Gamow- Teller fragments asso-
ciated with j ~ j core-polarization and (in neutron-rich
nuclei) j = l —

2 ~ j = l + z back-spin-fhp transitions.
For GT resonances based on the ground states of the Sn
isotopes, the strength of the latter components was esti-
mated to range from 10% to 25% of the GT sum rule. A
configuration splitting of the main Gamow- Teller compo-
nent has also been predicted recently by Guba, Nikolaev,
and Urin [5] for the Ge and Sn isotopes. It is related
to the filling of the 1g9 and 16» neutron orbits in the

2 2

respective nuclei.
The initial observation of experimental Gamow-Teller

strength below the isobaric analog states, primarily in
light nuclei (e.g. , Refs. [6—9]), was followed by the early
investigations with the (p, n) charge-exchange reaction
at proton energies of 25—45 MeV reported by a group
at Michigan State University [10—13]. Systematic stud-
ies at higher bombarding energy [14—16] were begun in
the early 1980s. The observation of Gamow-Teller res-
onances was facilitated by the realization that at bom-
barding energies ) 100 MeV and angles of 0, i.e. , cor-
responding to very small momentum transfer, the (p, n)
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charge-exchange reaction preferentially excites collective
spin-flip L = 0 states, such as the Gamow-Teller res-
onance. Furthermore, the approximate proportionality
between the Gamaw-Teller strength B(GT) and 0 crass
sections contributed significantly in recent years to the
understanding of the GT strength in nuclei [17]. The de-
pendence on mass number of the excitation energies, the
widths, and sum-rule values were investigated.

The present work shows that the ( He, t) charge-
exchange reaction [18,19] is suited to supplement infor-
mation extracted from the (p, n) charge-exchange reac-
tion. This is due to certain differences in the character-
istics of the reaction mechanisms influenced by the effec-
tive He-nucleon interaction (spin-fhp charge exchange
and tensor charge exchange) and by the increased ab-
sorption of the He projectiles as described by the optical
model. Experimental aspects also play a role. The much
more favorable detection eKciency and energy resolution
of triton ejectiles will, for example, facilitate future decay
studies as has already been demonstrated in numerous

( He, tp) experiments [20] on isobaric analog states.
Experimental techniques, the data reduction, and ex-

perimental results are presented in Secs. II and III. This
is followed in Sec. IV by theoretical considerations and
the calculation of the Gamow-Teller strength functions
for TSn and Sn and its fragmentation into particle-
hole components. Section V describes the nonresonant
and resonant components in the observed spectra, and
it presents a discussion of the observed phenomena and
a comparison between the experimental and theoretical
results.

II. EXPERIMENTAL TECHNIQUES AND DATA
REDUCTION

The experiment was carried out at the Indiana Uni-
versity Cyclotron Facility (IUCF) with the K600 high-
resolution magnetic spectrometer [21,22, 18]. A beam
of 200 MeV He++ particles with a beam current of
typically 5 nA (electrical) impinged upon targets of 10
mg/cm thickness. Both the incident beam and the reac-
tion products entered the magnetic spectrometer which
was set at an angle 0 —0 . Whereas the beam with
its lower magnetic rigidity was bent inward where it hit
an electrically insulated graphite beam stop, the tritons
from the ( He, t) reaction traversed the two dipole mag-
nets and were detected and identified in the focal plane
detector [21,22]. Background from beam halo was greatly
reduced using carefully adjusted beam optics. Back-
ground from reactions in the beam stop was suppressed
by adjusting the position of the appropriately designed
beam stop.

Particles were identified in the focal plane by measur-
ing their energy-loss signals in two scintillators and by
time-of-flight measurements of the particles in the spec-
trometer (scintillator signal versus rf signal of the cy-
clotron). Details of the focal-plane detection systems are
given in Refs. [21,22, 18]. Particularly the ray-tracing
capability proved to be very important. While two-
dimensional ray tracing has successfully been tested, the

III. EXPERIMENTAL RESULTS

Figures 2 and 3 display triton energy spectra measured
for the Sn and Sn targets. The energy resolution
is about 250 keV, mostly due to target thickness. The
latter spectrum represents the result for two overlapping
spectra obtained at different magnetic-Geld settings. All
spectra are linearized in energy. The spectra (a) and (b)
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FIG. 1. Test spectrum for extracting angles obtained from
a Sn( He, t) Sb measurement using a rectangular aper-
ture (2.5 cm x 5.0 cm) and three shadow bars (introduced
on.ly for angle calibration). The bars are spaced at distances
which correspond to AO 1 . In this calibration measure-
ment the spectrometer was set at 7 with the shadow bars at
6', 7, and 8'. The Faraday cup limits the solid angle below
0=6'.

simpler ray tracing in only the horizontal direction was
suKcient to provide the needed information to construct
an angle spectrum. Figure 1 displays such a spectrum ob-
tained with a rectangular aperture and with three shadow
bars inserted for the angle calibration. Placing the spec-
trometer at 0 = 1 and dividing the measured spectra
into two contributions with equal solid angles made it
possible to simultaneously extract spectra centered near
0 —0 (0.5 +0.8') and 0 = 2' (2.1'+0.8 ). This proce-
dure provides a powerful signature for identifying L = 0
strength for both non-spin-flip and spin-flip transitions,
because of the strongly forward-peaked angular distribu-
tions [see, e.g. , the angular distribution for the isobaric
analog state observed in i Sn( He, t) i26Sb, Fig. 12 in
Ref. [18]].Particularly the difFerence spectra (0 = 0 —2')
are very sensitive to I = 0 contributions.

The spectra shown below in Figs. 2 and 3 were lin-
earized in energy using appropriate energy calibration
points. This becomes necessary when spectra obtained at
different magnetic 6.eld settings are combined. The con-
struction of overlapping spectra also provides a sensitive
test for the algorithm used to obtain angles from the raw
data, as it necessitates continuity of the 0 and 2 spec-
tra in the overlap region. The on-line and off-line data
reduction was carried out with the program XSYS [23]
which allows for effective diagnostics during data taking.
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are centered near 0 = 0' and 0 = 2, respectively. The
spectra (c) in both figures represent the difFerences for
the spectra taken at 0 = 0 and that taken at 0 = 2 .

The spectra (a) and (b) display a continuous nonres-
onant background from quasifree charge exchange which
is largely canceled in both diB'erence spectra (c), appar-
ently due to a weak dependence on angle. Contributions
from another nonresonant continuum background, which
is strongly increasing in strength with excitation energy,
is also seen in the Sn spectra at effective excitation
energies above E —30 MeV. The latter contributions
decrease more strongly with angle.

Broad. resonances as well as the sharp isobaric analog
state at E = 11.3 MeV in Sb and 10.2 MeV in Sb
(see also Fig. 7 in Ref. [18]) are apparent in all spectra.
As expected, the difFerence spectra (c) enhance the IAS's

and certain resonances (E —3, 6, 12 MeV) with strongly
forward-peaked angular distributions which are therefore
assigned L = 0 angular momentum transfer. One or more
resonances at E = 19 MeV appear to have a minimum
at 0=0 .

In addition to the dominating IAS's, other discrete but
much weaker states are also observed at low excitation
energies. This includes the transition to the ground state
of Sb. Figure 4 displays a spectrum for the region of
low excitation energy for a thin target of Sn. Here,
the energy resolution is about 130 keV. Several selectively
excited sharp states are apparent, and the decomposition
into spectra centered near 8 = 0 and 2' (not shown here)
identifies some of these as 1+ states.

All spectra in Figs. 2 and 3 also show calculated curves
obtained from a fitting procedure. This will be discussed
in Sec. V.
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FIG. 2. Triton energy spectra for Sn( He, t) Sb at
E( He) = 200 MeV and (a) 8 0' and (b) 8 2'. Spectrum
(c) displays the diiference spectrum (8 0' —2'). The spectra
are linearized in energy. The solid curves are obtained from
a fitting procedure. They represent nonresonant background
and resonances as described in the text.
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FIG. 3. Triton energy spectra constructed from two over-

lapping exposures at low and high excitation energies for
Sn( He, t) Sb at E( He) = 200 MeV and (a) 8 0' and

(b) 8 = 2'. Spectrum (c) displays the diff'erence spectrum
(8 0' —2'). The spectra are linearized in energy. The solid
curves are obtained from a fitting procedure. They represent
nonresonant background and resonances as described in the
text.
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FIG. 4. Triton energy spectrum for Sn( He, t) Sb at
E( He) = 200 MeV and 0 = 0 for the region of low excitation
energy ( 16.2 keV/channel).

IV. THEORETICAL CONSIDERATIONS

The theoretical description of beta decay and charge-
exchange reactions requires the use of Fermi (non-spin-
flip) and Gamow-Teller (spin-flip) operators

where cr and w+ are the corresponding Pauli matrices for
spin and isospin spaces, respectively. A is the number of
nucleons.

The respective reduced transition probabilities for
these charge-exchange operators are given by

these excitations at energies near the respective isobaric
analog states. If the Wigner SU(4) symmetry is assumed
to be exact, the energies of the isobaric analog states and
the Gamow-Teller resonances would be equal, and these
resonances would exhaust entirely the corresponding sum
rules. Under this assumption, the fragmentation of the
Gamow-Teller resonance into states of the particle-hole
type would not exist. Within the framework of the shell
model, the Wigner SU(4) symmetry is broken mainly by
the spin-orbit term of the nuclear mean Geld.

The possible existence of low-lying less collective
Gamow-Teller fragments was also predicted on the ba-
sis of a quasiclassical treatment within the framework of
the random-phase approximation (RPA) [2,3]. Two frag-
ments based on core-polarization spin flip (j = / + 3 ~
j = I + 3) and back spin flip (j = l —

3 ~ j = I + 2) are
expected. The latter type of excitation is present only in
neutron-rich nuclei when the proton orbits for a lower-
lying spin-orbit partner are not completely filled. Figure
5 shows a schematic representation for the three modes
of excitation, and special charge-exchange excitations for
Sn isotopes are indicated. For the Sn isotopes the rel-
ative strengths for the "pygmy resonances" were esti-
mated by Gaponov and Lyutostanskii [2,3] as (10+0)%(" Sb), (13+1)%%u ('"Sb), (18+2)% (" Sb), (18+4)%
(~goSb), (19+5)% (~32Sb), and (19+6)% (~34Sb), where
the two respective numbers refer to the core-polarization
and back-spin-Hip components, respectively. In a recent
reevaluation of the three-level model it was found that
these values may be overestimated [24] by a factor of = 2.
It is expected &om the RPA analysis with the use of a
realistic particle-hole basis (as suggested in Fig. 6) that

(2)
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where I@,) and l@f) are the wave functions of the initial
state of a target nucleus and the final state of a product
nucleus, respectively, and J; is the angular momentum of
the initial state.

The above operators, when applied to the ground state
of nuclei, result in collective excitations. Isobaric analog
states generated by the isospin-lowering operator T rep-
resent the most coherent superposition of Fermi strength.
Similarly, the Gamow- Teller operator Y+ induces the ex-
citation of the Gamow- Teller states.

It is interesting to note that important properties of
the Gamow-Teller resonances were suggested theoreti-
cally prior to the detailed experimental investigations
which started in the early 1980s [8—10]. It was pointed
out [2,3] that the high-lying 1+ states of maximum col-
lectivity are mainly associated with charge-exchange ex-
citations of neutrons from orbits with j = l + 2 into
protons in the spin-orbit partner orbits with j = l —2.
Considerations involving the Wigner supermultiplet cou-
pling scheme [4] and the spin-isospin characteristics place

p n
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FIG. 5. Schematic representation of particle-hole states ex-
cited by the Gamow-Teller operator Y+. Examples are given
for Sn isotopes. Back spin Qip occurs in nuclei with large
neutron excess.
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the number of low-lying Gamow-Teller fragments can be
greater than 2.

In addition to the above fragmentation, a configura-
tion splitting of the main Gamow-Teller component was
predicted theoretically only recently by Guba et al. [5].
A splitting into two collective components of comparable
intensities is expected for the resonances based on the
ground states of the Ge and Sn isotopes. The splitting
should be prominent near the onset of the filling of the
lg9 and. lh» neutron orbits, respectively.

2 2
Gamow-Teller strength functions, defined as the dif-

ferential excitation probability of a target nucleus due to
the external charge-exchange field Y+, were calculated
for the nuclei i7Sn and Sn. According to Eq. (3), the
strength function of the Gamow-Teller resonance based
on the ground state of the target nucleus ~@,) is defined
as

SGT(~) = ) B~,(GT)h(E-y —E; —(u).
f

(4)

Here, Ey and E, (=0) are the energies of the final and
initial states, respectively. Furthermore, w = E + Q
where u and E are the excitation energies measured
from the ground states of the target and final nuclei,
respectively.

The continuum RPA is the most advanced method
for the description of Gamow-Teller strength within the
framework of the particle-hole picture. The RPA equa-
tions are brie6y given below in the form which is used in
the Bnite Fermi-system theory [25],

SGT(~) = (1/7r) e~Im— AGT(rr', ~) VGT (r', w) drdr',

(5)

VGT(r, (u) = e, + (G'/r') AGT(rr', u))VGT(r', u))dr'

SGT(E ) = t, (7)2- (E. —E*,~)'+ (&', /2)'
where By is the Gamow-Teller strength of each state

Here, AGT (rr', ur) is the radial particle-hole propa-
gator carrying the Gamow- Teller quantum numbers,
and VGT (r, cu) err is the effective Beld which is dif-
ferent from eqaw due to the quasiparticle interaction
&G'(ao')(av')8(r —r'). The quenching effect is taken
into account by the local "effective charge" e~ [25]. Since
only relative BcT values are considered below, it is possi-
ble to set e~ = 1. The formula for AGT(rr', w) expressed
in terms of single-particle wave and Green functions, en-
ergies, and occupation numbers is given, for example, in
Ref. [26]. The neutron pairing is taken into account by
means of the BCS model.

The energy dependence of the Gamow-Teller strength
function (5) exhibits several maxima corresponding to
the quasistationary Gamow-Teller states. In the vicinity
of the energy of each state E y, the strength function
(5) can be represented in the form

[compare with definition (3)], and I'~& is the total escape

(proton) width (I'& ——0, when E y is less than the pro-
ton binding energy).

The coupling of the Gamow-Teller states to many-
particle many-hole configurations results in a spreading
of the considered states. This increases the total width
which can be included in Eq. (7) by replacing I'& with

I f —I f + E f . Here, I'y and I'f are the total and
spreading widths of each Gamow-Teller state (the energy
shift of the Gamow-Teller states due to the above cou-
pling is neglected). In accordance with the remarks made
above, the violation of SU(4) symmetry in nuclei must be
taken into account explicitly in the analysis of Gamow-
Teller spreading widths. It appears that this problem
has not been solved yet. Therefore, to permit a compari-
son between experimental and theoretical results, a phe-
nomenological spreading width I' was introduced intof
Eq. (7). The simplest parametrization of this quantity
[27] has the form I

&
——nE &, where o. is an adjustable

parameter. The value of o. can be taken from the exper-
imental widths of the Gamow-Teller resonances in other
nuclei. Since the spreading of each Gamow-Teller state
is expected to be independent of those of others, the
Gamow-Teller strength function can be represented as
a sum of several Breit-signer shapes which correspond
to the Gamow- Teller particle-hole states.

The standard set of shell-model parameters has been
used in Eqs. (5) and (6) for the calculation of the quanti-
ties AGT, UCT and the strength function SGT for the nu-
clei Sn and Sn. The parameters of the mean field of
the Woods-Saxon type are taken f'rom Ref. [26], and the
strength of the pairing interaction is taken &om Ref. [28].
These parameters allow one to describe satisfactorily the
experimental data of the energies and spectroscopic fac-
tors for the low-lying excited states as well as the nucleon
binding energies in the Sn isotopes. The strength of the
quasiparticle interaction is taken from Ref. [5], G' = 350
MeV fm, in agreement with the value used in the finite
Fermi-system theory [25]. While the Hamiltonian has
been diagonalized over the full particle-hole basis, the
results for low excitation energies E & 3 MeV are not
reliable and are not shown. The calculated strength func-
tions exhibit several resonances which correspond to the
Gamow- Teller states.

The energies and strengths of these states are deter-
mined from the calculated strength function by means
of parametrization (7). These energies and strengths,
normalized to 100'Po for the total strength of the two
main components, are included in Tables I and II for
comparison with the experimental data for Sn and

Sn, respectively. The Gamow- Teller strength func-
tions which are displayed in the lower part of Figs. 6
and 7 have been calculated by means of Eq. (7) after re-
placing I'y ~ I'y ——I'f + I f with the use of the data of
By and E y from Tables I and II and the value o. = 0.02
MeV . This value allows one to reproduce the experi-
mental total width of the Gamow-Teller resonance in the
i4oCe parent nucleus [29]. It should be noted that the
calculated escape widths I'y of all Gamow-Teller states
have been found to be less than several keV and can be
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TABLE I. Experimental excitation energies, widths, and cross sections from Sn( He, t) Sb at E( He) = 200 MeV. The
values given in parentheses assume splitting of the nearby I = 0 resonance. Theoretical excitation energies and relative
Gamow-Teller transition probabilities are shown in the last two columns. Excitation energies relative to Sn are E ( Sn)=
2.532 MeV + R where the added energy represents the di8'erence in binding energies.

(MeV)

g.s.
2.17+0.11
3.77+0.05
5.41+0.05

7.54+0.05
11.27 (IAS)
12.51+0.10
(11.19+0.10)
(13.85+0.10)
15.50+0.5
22.00+0.5

L, J

L = 2, 5/2+
L = 0, (3/2+)

L=0
L=0

L=0
L = 0, 1/2+

L=0
(L= 0)
(L =0)
L=1
L=1

(MeV)

1.5+0.1
1.6+0.1

2.4+0.1

5.3+0.1
(3.7+0.1)
(3.8+0.1)
7.6+0.5
9.5+0.5

do./dO(0 )

(mb/sr)

0.06+0.01
0.37+0.04

2.5+0.3
3.2+0.3

5.3+0.4
6.7+0.2
15.2+1.2
(7.4+0.8)
(7.7+0.8)
8.0+0.9
26.7+3.0

do. / d0(0')
da/d0(2')

3.2
1.9
1.8

2.2
3.7
2.8

(3.2)
(2.3)
0.6
0.8

@calc

(MeV)

3.9
4.8
6.1
8.0

11.1
14.3

GT strength

('Fo)

3.5
7.7
3.6
13

60
40

neglected as compared with the spreading width I'&.
Some comments concerning the method and obtained

results should be made. (i) The method is similar to
that used in Ref. [5]. The difference consists in the
procedure of the phenomenological consideration of the
Gamow- Teller spreading. A somewhat difI'erent G' value
has also been used. (ii) As follows from Tables I and II,
there are two Gamow-Teller fragments having compara-
ble strength and exhausting the main part of the Gamow-
Teller sum rule (the configuration splitting). This re-
sult is in agreement with that obtained in Ref. [5]. This
splitting is caused by the anomalous difFerence between
the energy of the lho-lh» proton-neutron hole conflgu-

2 2
ration and the energies of other configurations carrying
the Gamow-Teller quantum numbers. This difference is
due to the neutron pairing and appears when the neu-
tron Ibid level is close to the Fermi energy. (iii) As in

2

any quasirandom-phase-approximation (QRPA) calcula-
tions of the Gamow-Teller strength function for medium-
heavy nuclei, there exist several low-lying Gamow- Teller
fragments for ii 'i2oSn (see Tables I and II). They are
slightly collective states of the particle-hole type. The
number of these states is determined by the number of
the discrete and quasidiscrete Gamow- Teller particle-hole
configurations. For ' 2 Sn the number of slightly col-
lective states having energies E & 3 MeV are 4 and
3, respectively. In medium-heavy nuclei the Gamow-
Teller states closest to the main Gamow-Teller &agment
correspond mainly to the direct spin-flip transitions.
The Gamow- Teller states corresponding to the core-
polarization and back-spin-flip transitions have lower en-
ergies. It should be noted that there exist only two
weak Gamow-Teller fragments within the framework of
the three-level model [2,3,24]. (iv) Because of the dif-

TABLE II. Experimental excitation energies, widths, and cross sections from Sn( He, t)" Sb at E( He) = 200 MeV.
The values given in parentheses assume splitting of the nearby L = 0 resonance. Theoretical excitation energies and rel-
ative Gamow-Teller transition probabilities are shown in the last two columns. Excitation energies relative to Sn are
E ( Sn)=3.462 MeV + R where the added energy represents the difference in binding energies.

(MeV)

g.s.
0.94+0.03
1.26+0.03
1.49+0.03
3.04+0.05

5.70+0.05
10.20 (IAS)
11.23+0.10

(10.48+0.10)
(12.90+0.10)

15.1+0.3
20.8+0.3
—29.4

L, J

L=0, 1+
L =O, l+
L =0, 1+
L =0, 1+
L =0, 1+

L =0, 1+
L=O)0
L =0, 1+
L = 0, 1+)
L = 0, 1+)
L = 1, (2-)

(MeV)

1.8+0.1

3.8+0.1

5.0+0.1
(4.1+0.1)
(3.8+0.1)
9.1+0.5
9.3+0.5
7.5+0.5

da. /dA(0')

(mb/sr)

0.92+0.09
0.31+0.03
0.72+0.07
0.57+0.06

2.8+0.3

9.3+0.7
7.0+O.2
14.1+1.1
(9.4+0.8)
(5.3+0.5)
14.3+1.6
21.5+2.4
4.6+0.5

da. /dO(0')
do-/dO(2')

1.5
1.8
1.8
1.8
1.6

2.0
4.1
2.9

(3 1)
(1.7)
0.8
0.9
1.2

@C&lc

(MeV)

3.5
4.3
6.3

9.2
12.6

GT strength

(%%uo)

6.0
4.7
13

38
62
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FIG. 6. Top: experimental triton energy spectrum for the
giant Gamow- Teller resonances observed in Sn( He, t) Sb
at R( He) = 200 MeV and 8 O'. Nonresonant background
and giant AL = 1 resonances without and with spin Hip at
higher excitation energies are subtracted for both the exper-
imental data and the fitted spectra. Bottom: Gamow-Teller
strength function based on the theoretical calculations from
this work. The excitation energies are for the Bnal nucleus
117Sb

FIG. 7. Top: experimental triton energy spectrum for the
giant Gamow-Teller resonances observed in Sn( He, t) Sb
at E( He) = 200 MeV and 8 O'. Nonresonant background
and giant AL = 1 resonances without and with spin Hip at
higher excitation energies are subtracted for both the exper-
imental data and the fitted spectra. Bottom: Gamow-Teller
strength function based on the theoretical calculations from
this work. The excitation energies are for the final nucleus
120Sb

ferent collectivities of the main and weak Gamow-Teller
states, one can expect that the transition densities of
these states are appreciably difFerent.

It should be noted that other versions of the mean
field and quasiparticle interaction as compared to those
used by us can be employed in QRPA calculations. This
can lead to minor changes in the calculated energies and
strengths. The comparison with the experimental results
is discussed in Sec. VB.

tile, will lead to a substantial energy broadening, and the
onset of the continuum in the ' Sn( He, tp) ' Sn
reactions is determined by the threshold for three-body
breakup. A simple equation used in the study of pion-
induced charge exchange [30,31] appears to give a good
description of this efFect,

d'~ 1 —exp[(E, —E,)/T]
dEdA 1+ [(Et —Ectp)/W]2

= Xo

V. DISCUSSIQN

A. Nonresonant background

The curves included. in Figs. 2 and 3 were obtained. by
describing the continuous nonresonant background. and
the resonances with appropriate functions and by opti-
mizing the respective shape parameters.

Quasi&ee charge exchange is a major source of nonres-
onant continuum background. Here, the ( He, t) charge-
exchange reaction on a bound neutron leads to the ejec-
tion of the charge-exchanged proton from the residual
nucleus, leaving the residual nucleus in its ground state
or in an excited single-neutron hole state. The Fermi
motion of the neutron, which interacts with the projec-

Here, the centroid. energy E@p of the I.orentzian distri-
bution is shifted relative to the energy of the &ee pro-
cess, E&(free), by the proton binding energy S„, the ex-
citation energy E of the neutron-hole state, and the
Coulomb barrier Bco„~ for the proton, Ectp = Ez(free)
—(S~ + E~„+H~o„&). The energy E is zero only if
the neutron is removed from the orbit nearest the Fermi
surface. The width R' of this distribution is due to the
Fermi motion of the neutr'on inside the target nucleus.
The exponential term results from Pauli blocking. The
cutofF energy Eo is fixed by the three-body breakup en-
ergy, Eo ——E&(g.s.) —S„. The quantity T has the charac-
teristics of a temperature.

The parameters obtained from the global fitting of the
nonresonant components in the spectra (a) and (b) of
Figs. 2 and 3 are given in Table III. Also given for
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TABLE III. Parameters for the semiphenomenological nonresonant continuum background from quasifree charge exchange
defined by Eq. (8) for the reactions ' Sn( He, t) at E( He) = 200 MeV and comparison with the results from Sn(sr+, ir )
at E(ir ) = 165 MeV and 230 MeV [30,31]. Also given are the cross sections at 0 0' and 2' and the cross section ratios for
the quasifree charge exchange and for the breakup/pickup reaction (see text). The cross sections listed for the former reaction
are for the entire energy range, whereas those for the latter represent the integral for energies E& & 150 MeV.

Quasifree charge exchange
Eprejectiie (MeV)
E„ec„i,(s, ) (MeV)
Eejectile(free) (MeV)
S„(MeV)
EqF (MeV)
Sp+Een + Bcoei (MeV)
Ee~ + Bceei (MeV)
W (MeV)
Eo (MeV)
T (MeV)
der/dA(0') (mb/sr)
do./dA(2') (mb/sr)
ratio
Breakup/pickup
der/dA(0') (mb/sr)
der/dfl(2') (mb/sr)
ratio

Sn( He, t)

200
198.236
200.761
4.407
177.3
23.49
19.08
22.0

193.829 (fixed)
100

~233
166

1.4

Sn( He, t)

200
197.300
200.761
5.644
177.7
23.11
17.47
22.0

191.656(fixed)
100

~273
~223
1.2

12.5
3.8

3.4

Sn(sr+, ir )

165
167.4
170.4
5.644
151.8
18.6
13.0
22.0
166.0

70
10

( )

230
232.4
235.4
5.644
206.9
28.5
22.9
21.6

900
2.5

P 200 d cr
dQ J y5O

deed&

comparison are the values obtained in the pion charge-
exchange experiments (7r+, pro) on Sn targets [30,31].

Initially all parameters describing the nonreso nant
continuum background were used as adjustable parame-
ters except for Ep. Only modest variations of the param-
eters were observed for the two targets and for different
boundary conditions (keeping some parameters fixed),
thus establishing favored parameters. Also, the shape
of the quasi&ee charge-exchange spectrum is rather in-
sensitive to the parameters. Particularly the dependence
on the "temperature" T is weak. Subsequently, only EgF
was used as an adjustable parameter, and TV, T, and Ep
were fixed at the earlier values. The agreement with the
parameters used in pion charge exchange is good except
for the cutoff energy Ep which has been fixed in this work
at the three-body breakup energy.

As expected, the cross sections for (sHe, t) quasifree
charge exchange vary only very little over the angular
range &om 0 to 2 . The &ee charge-exchange reaction
sHe(n, p)sH has been measured very recently [32] at es-
sentially the same c.m. bombarding energy as in the
present experiment. The measured differential cross sec-
tion at 8 = 0 was found to be 20 mb/sr. In the present
experiment the corresponding difFerential cross sections
for the quasifree charge exchange at 0 = 0 are 233
mb/sr and 273 mb/sr for Sn and Sn, respectively
(see Table III). These values divided by the cross sec-
tions for the &ee reaction lead to effective numbers of
participating neutrons of 11.7 and 13.7, respectively.
Assuming that all valence neutrons (w'ith K ) 50) partic-
ipate in the quasifree process at this bombarding energy,
the effective occupation probabilities become 0.68 for
both nuclei. Although a proper comparison can only be

made after taking distortion effects into full considera-
tion, it is still worth noting that this result is remark-
ably close to the occupation probabilities observed in
electron-induced proton knockout (e, e'p) from valence
shells across the mass table [33] of 70%.

At increased effective excitation energies of E
30 MeV, the breakup/pickup reaction provides another
source of continuous nonresonant background. Here, the
incoming He projectile breaks up in the Coulomb Geld of
the target nucleus, He + d+p. This is followed by a neu-
tron pickup reaction (d, t). Again, the residual nucleus
is left in its ground state or an excited single-neutron
hole state. This two-step mechanism has characteristics
which were studied earlier at E( He) = 130 MeV [34,35],
leading to the centroid energy E„„t,;~ —— E( He),
full width at half maximum (FWHM) sE( He), and

do/dO cc Ae. A theoretical description of the process
was given by Aarts et al. [36] in the plane-wave impulse
approximation (PWIA),

= ~Ti~~ ~Ci(p„—ipeH, ) ~

x (phase space).
p t

(9)

Here, p refers to the proton as spectator, Tt~ is the
T-matrix element of the triton-target interaction, 4(p)
represents the Fourier transform of the relative momen-
tum distribution (Fermi motion) of the p and d inside

He, and the expression is multiplied by the three-body
phase-space factor. If the proton is not detected, the
expression has to be integrated over the proton momen-
tum. Figure 8 shows the calculated continuous triton
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FIG. 8. Theoretical shape of the background continuum
from the ( He, dp) (d, t) two-step breakup/pickup reaction
mechanism.

spectra for the Sn target at the present bombarding
energy. The shape of the experimentally observed spec-
tra for Sn( He, t), Fig. 3, with its apparent threshold
near E 30 MeV, is in excellent agreement with the
predicted shape. No parameter adjustments were intro-
duced for the shape. However, the magnitude of the yield
was taken as a &ee parameter. The cross sections for
0 = 0 and 0 = 2 integrated for Eq & 150 MeV and
their ratios are included in Table III. The rather strong
dependence on angle agrees well with the dependence ob-
served at lower bombarding energies [34,35].

The calculated contributions from quasifree charge ex-
change and from breakup/pickup with the parameters
adjusted as described above are included in Figs. 2 and 3
at both angles and also for the difference spectra 0 = 0—
20

B. Resonance strength and comparison to
theoretical calculat ions

Figures 2 and 3 include several curves which repre-
sent the overlapping giant resonance structures obtained
&om the fitting procedure. The IAS was included in the
simultaneous fit of all resonance parameters, but the re-
gion of low excitation energies with the discrete states,
also shown in Fig. 4, was excluded. Information about
these discrete states was extracted directly from the spec-
tra. Gaussian line shapes were assumed in the iterative
fitting procedure for the resonances. Initially, a problem
developed with the description of the main Gamow- Teller
resonance near E~ —11 MeV in both Sb and Sb
[19]. It appeared difficult to describe this resonance with
a single peak at both angles, 0 = 0 and 2 . Guided by
the theoretical predictions of configuration splitting [5],
it was decided to introduce two separate peaks. However,
a description using only a single peak for this resonance
became possible later by modifying the fitting procedure
and by removing correlations between resonance parame-
ters. In order to establish a possible connection with the
theoretical predictions, the fits using two separate peaks
are also reported below.

Three (in Sn) and two (in Sn) additional reso-
nances with an I = 0 character below the respective
IAS's are clearly discernible in the experimental spec-
tra. The amplitudes obtained by independently fitting
the difference spectra are in agreement with those ob-
tained from the 0 and 2 fits. As already mentioned, ad-
ditional low-lying discrete states which also display L = 0
transfer character are seen.

Contributions from the electric giant dipole and/or the
spin-Qip giant LL = 1 resonances, i.e. , L = 1 with
LS = 0 and 1, at E = 21 MeV are particularly ap-
parent in the 2 spectra. A weak minimum of the cross
sections at 0 leads to negative amplitudes in the differ-
ence spectra (0 = 0'—2'). Fitting this structure with a
single peak was moderately successful, but certain sys-
tematic residuals remained. These made it desirable to
introduce two resonances each for Sn and Sn. Su-
perior agreement with the data could indeed be achieved.
It was found later (see below) that the resonance at the
higher excitation energies corresponds closely to the ex-
pected T& component of the electric giant dipole reso-
nance, whereas the one at the lower excitation energies
may represent the spin-flip AL = 1 (J = 2 ) reso-
nance. An additional resonance observed in Sb at E
= 30 MeV is of unknown origin.

Excitation energies, widths, and 0' cross sections, as
well as 0'/2' cross section ratios were extracted from the
analysis and are listed in Tables I and II. While the 0'
cross sections for the Gamow-Teller resonances are quite
reliable and reproducible, the 2 cross sections are less
reliable, particularly for the GT components near E
12 MeV, because of the nearby L = 1 resonances. The
tables also include information for the discrete low-lying
states and for the IAS's.

In addition to the IAS's, several low-lying discrete
states and several resonances up to E =12 MeV have
L = 0 characteristics as deduced from the 0 /2' cross
section ratios which exceed unity. These states and reso-
nances presumably represent fragments of the collective
Gamow-Teller resonance with its main component at E
—12 MeV, i.e., slightly above the IAS's. The rather large
cross sections for the resonances in the range E = 3—7
MeV will be discussed below.

The two resonances observed at E = 15 MeV and
21 MeV do not display L = 0 characteristics, and they
presumably represent the electric giant dipole and the
spin-Rip L = 1 resonances.

The preceding results show that at E(sHe) = 200
MeV L = 0 transitions are clearly observed. Transi-
tions with both non-spin-flip (IAS) and spin-flip (GT)
resonances take place. This is expected from the known
energy dependence of the efFective (and the free) nucleon-
nucleon interaction which mediates the (p, n) charge ex-
change reaction. Numerous (p, n) experiments (e.g. ,

Refs. [17,37—39]), particularly on carbon targets, have
established the ratio of spin-Hip to non-spin-Rip charge
exchange. This ratio has a broad maximum at E(p) =
300 MeV. At E( He) = 200 MeV (or 65 MeV/nucleon),
both strengths are expected to be about equal if one
uses the established correspondence between (p, n) and
(sHe, t) reactions at the same energy per nucleon.
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The various fragments of the Gamow-Teller resonance
observed in the present experiment will be given special
attention. The upper parts of Figs. 6 and 7 display
the observed resonances and the calculated decomposi-
tion into components. The spectra were obtained by
subtracting the calculated continuous nonresonant back-
ground and higher-lying resonances from both the mea-
sured and the fitted spectra. The lower parts of Figs.
6 and 7 display the theoretical Gamow-Teller strength
functions from Sec. IV of the present work.

The comparison between the observed and theoretical
excitation energies for the low-lying Gamow-Teller com-
ponents shows satisfactory agreement for the excitation
energies. Even the predicted presence of several pygmy
resonances in Sb and Sb is confirmed by the data.
The centroid energies for the main Gamow-Teller com-
ponents are also in agreement. However, the theoreti-
cally predicted configuration splitting [5] could not be
confirmed by the data. The predicted splitting may not
exist or it is not observable because the total widths of
the main Gamow-Teller components in Sb and Sb
exceed the predicted configuration splitting.

Since the theoretical calculations predict configuration
splitting [5], it was decided to perform an independent
analysis of the data by introducing two separate peaks
near the location of the main Gamow-Teller resonance.
The results of this analysis are not included in Figs. 2 and
3. Figures 6 and 7, however, show as dotted lines the re-
sults &om this analysis. Indeed, two components can be
generated with slighly reduced widths. The respective
parameters are included in Tables I and II in parenthe-
ses. The comparison between the corrected experimental
spectra of Figs. 6 and 7 (see also Tables I and II) and the
theoretical predictions shows basic agreement for the two
centroid energies. However, this agreement establishes
only compatibility with theoretical predictions and can-
not constitute a definite proof of configuration splitting.

Data obtained more recently for essentially all stable
Sn isotopes display significant fragmentation of L = 0
strength into separate particle-hole components, often
referred to in the literature as direct, core-polarization,
and back-spin-Hip Gamow- Teller components. The pre-
liminary analysis does not show configuration splitting
for any of the targets. The N dependence of the centroid
excitation energies of the main Gamow- Teller resonance
relative to the IAS's may display a transition from the
energetically lower to the energetically higher component
near A = 118 as predicted [5].

The question arises whether the measured cross sec-
tions can be used to deduce experimental Gamow-Teller
strengths for comparison with the theoretical strength
functions. For (p, n) reactions at bombarding energies
exceeding 100 MeV it has been demonstrated [15] that
in the plane-wave or distorted-wave impulse approxima-
tions the 0 cross sections are proportional to the re-
duced transition strengths B(GT), and absolute values
can be obtained relative to the cross section for the
IAS's. Using the measured 0 cross sections and the
approximations for the energy dependence of kinematic
and distortion effects (e.g. , Ref. [37]), one obtains for a
bombarding energy of 65 MeV/nucleon the expression

der/dO(0'; GT)/ do/dO(0; IAS) = 1.47B(GT)/B(IAS)
with B(IAS)= N —Z. It is assumed here that the non-
central parts of the interaction can be neglected. From
the measured cross sections listed in Tables I and II and
from Figs. 6 and 7 it becomes immediately clear that this
approximation significantly overestimates the values of
B(GT) for the low-lying fragments. For example, B(GT)
= 0.25 is known for the 1+ ground state of Sb from
beta decay measurements. The above equation overesti-
mates this value by a factor of about 7. Also, the summed
GT strength would exceed 100%%uo of the sum rule.

The origin of the above behavior lies in the fact that
only transitions to the direct Gamow-Teller resonance
which are based on collective j&j& excitations are ex-
pected to be dominated by the central interaction V
with L = 0 transfer. The lower-lying pygmy resonances
contain j&j&, j&j&, and j&j& excitations, and the
wave functions are not necessarily dominated by L = 0
spin-Oip components. As a consequence, strong contri-
butions from L = 2 spin Rip are likely to interfere with
the L = 0 spin-Bip contributions. The origin of this eKect
lies in the existence of the noncentral tensor interaction
VT .

Detailed ' ' C( He, t) ' ' N charge-exchange
measurements to ground and low-lying states performed
very recently suggest a ratio VT /V on the order of
0.5 at (E He) = 200 MeV. A quantitative extraction of
reduced transition probabilities B(GT) from the present
data has to await improved information from the carbon
data about V and VT as well as structure calculations
for both L = 0 and I = 2 transition densities in the Sn
isotopes.

It should be noted, though, that while ( He, t) ex-
periments at E( He)=200 MeV (limited by the bending
power of the magnetic spectrometer) make the extrac-
tion of Gamow-Teller strength more difBcult, it is the
interference eKects with L = 2 contributions that allow
the observation of weak low-lying GT strength residing
in the pygmy resonances and discrete states. Very lit-
tle information about pygmy resonances has come from
(p, n) work.

The two resonances observed in the range E = 15—
21 MeV on both targets are not enhanced near 0 = 0 .
They are believed to represent the T& components of the
non-spin-Hip and spin-Rip L = 1 resonances. In fact, the
excitation energies of E = 22.0 MeV ( Sb) and E
= 20.8 MeV ( Sn) agree very well with the energies
predicted from the To components observed in (p, n) re-
actions on i Sn and Sn, respectively [40], corrected
for the Coulomb displacement and the isospin splitting
[13]. The energetically lower I = 1 resonances are likely
the 2 components of the spin-Hip I = 1 resonances.

A resonance in Sb at E —30 MeV is of un-
known origin. Its identification with the isovector giant
monopole resonance is uncertain and would, in any case,
have to be confirmed by coincidence measurements with
decay particles. It is interesting to note, though, that the
excitation energy is in reasonable agreement with theo-
retical predictions [41] and results from pion charge ex-
change [30,31], and we find that the observed cross sec-
tion agrees with theoretical predictions.
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VI. SUMMARY

Triton spectra from the (sHe, t) reactions on targets
of ii~Sn and Sn were measured at E(sHe)=200 MeV
near 0 = 0 . Difference spectra for 0 = 0 —2 are shown
to be a powerful tool for identifying L = 0 strength.
Interference between the transition strengths from spin-
flip charge exchange and the noncentral tensor charge
exchange leads to enhanced cross sections for the low-
lying particle-hole components including certain discrete
states. These interference effects make it therefore pos-
sible to observe the low-lying components which are of-
ten called "pygmy resonances. " These low-lying Gamow-
Teller contributions are usually dificult to observe in
(p, n) charge exchange.

The observed and theoretically predicted fragmenta-
tion of the Gamow-Teller strength are in satisfactory
agreement. However, theoretically predicted con6gura-
tion splitting [5] could not be confirmed, because the
observed widths are larger than the predicted splitting,
even though the data can be made compatible with the
predictions.

The extraction of GT strength from the measured cross
sections is more diflicult than for (p, n) charge exchange
at energies ) 100 MeV due to the contributions kom the
isovector tensor interaction.
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