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The ('He, t) reaction at 130 and 170 MeV has been investigated on targets of ' C, ' 0,
'Al, 'Si, Ca, Ti, and Zr. Data for the (3He, 3He') reaction were measured simultane-

ously for reference purposes. Structure is observed in the spectra from the ( He, He') and

{ He, t) reactions at the expected positions of the giant quadrupole resonance and the isobar-

ic analog of the giant dipole resonance, respectively. An angular distribution was measured

for the suspected giant dipole resonance structure in the Ca(3He, t) Sc reaction at 130
MeV. The data are reasonably described by a collective model calculation based on the
Goldhaber-Teller model for the giant dipole resonance. Several other strong peaks at exci-

tation energies below the giant dipole resonance are observed in the ( He, t) spectra. Most
notable of these are the ones at the expected positions for analogs of well known 1+ states
and 1%co stretched states in the targets.

NUCLEAR REACTIONS "C, ' 0, 7A1, 'Si, Ti, 9OZr ( He, t) and

{He, He') E=130, 170 MeV; measured do./d 0 (E,O); giant resonances;
stretched states.

I. INTRODUCTION

Perhaps the word "giant" would never have been

applied to the dipole resonance if the photon ab-

sorption process did not select so strongly the
lowest allowed multipole. This selectivity, however,
effectively prevents the study of other giant reso-
nances with the technique. Inelastic hadron scatter-
ing has proved to be a very useful tool for studying
isoscalar multipole resonances, especially the giant
quadrupole' and monopole resonances (GQR
and GMR). On the other hand, the inelastic
scattering of light ions is not effective in exciting
isovector resonances, not even the giant dipole reso-
nance (GDR). The reason is that the isovector term
in the effective interaction is sufficiently weak that
broad excitations are not visible over the strong
continuum background.

One result of this state of affairs is a dichotomy
between the two strongest multipole resonances, the

GDR and GQR. The GDR has been studied main-

ly by photonuclear reactions and the time-reversed
radiative capture reactions, but is not clearly visible
in inelastic hadron scattering. On the other hand,
the GQR has been investigated mainly through the
inelastic scattering of light nuclei at intermediate
energies. In some ways the different selectivity of
the two techniques is fortunate because it provides a
clean separation of the resonances which are close
together in excitation energy and mould otherwise
overlap as they do in electron scattering. However,
the inability to study both resonances with the same
experimental approach has generated considerable
dlscusslon.

Charge exchange reactions offer the possibility of
exciting isovector resonances in a manner similar to
inelastic scattering. The problem of stronger iso-
scalar resonances is eliminated because isoscalar
states are completely suppressed in the case of the
( He, t) reaction on T=O targets. This is because the
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final nucleus has Tz ———1 under these conditions
and every state has T) 1. Isoscalar excitations are
not forbidden for the ( He, t) reaction on T@0 tar-
gets, however.

We have used the systematics of the excitation
of the GQR by inelastic scattering as a guide in

designing the charge exchange experiments. These
systematics suggest that intermediate beam energies
produce the best GQR peak-to-background ratio
and that heavier targets yield narrower peaks with
larger fractions of the sum rule strength. For this
reason we have used He beams of 130 and 170
MeV and have selected the heaviest T=O target,

Ca, for the most complete study. It is difficult to
determine how effective the ( He, t) reaction at lower
beam energies is in exciting giant resonances be-
cause the published spectra usually do not extend to
such high excitation energies. An exception is the
survey of Ball and Cerny, where the ' C( He, t) re-
action at 50 MeV does not strongly excite any struc-
ture at the GDR energy.

In the Ca( He, t) Sc reaction at 130 MeV, a
broad structure was seen which agrees in energy
with the expected position of the analog of the
GDR in Ca. An angular distribution was meas-
ured for this structure as well as for the elastic
scattering.

To obtain more information a survey was per-
formed of the ( He, t) reaction at 170 MeV on a
variety of targets from ' C to Zr. In this case
only three angles were measured. A broad peak was
seen at the expected GDR energy for all the T=O
targets. Structures were also seen on the T+0 tar-
gets, although the situation is more complicated
since isoscalar transitions are possible.

Previous work has led to considerable progress in
understanding the analogs of the M1 and Gamow-
Teller resonances with the (p, n) (Refs. 6—9) and
( He, t) (Refs. 10 and 11) reactions. An example has
also been shown of excitation of the GDR in the
(n,p) reaction. ' In the present experiment possible
M1 states have been seen on several targets. Also
seen in the present work are some relatively narrow
states which agree systematically in energy with the
expected position of the 1hco stretched states.

II. EXPERIMENTAL PROCEDURE

The following data have been measured (laborato-
ry coordinate system): (1) angular distributions of
the Ca( He, t) and Ca( He, He') reactions at 130
MeV in 2' steps from 10' through 32'; and (2) spec-

tra from the ( He, t) and ( He, He') reactions at 170
MeV and at 10', 15', and 20' on targets of '~C, ' 0,
27A1 28Si, WCa 46Ti and Z

Beams of 130 and 170 MeV He particles from
the University of Maryland cyclotron were magneti-
cally analyzed through two 90' bends before reach-
ing the target. The beam optics and collimation
were carefully adjusted so that the counting rate on
a blank target was insignificant at the most forward
angle to be measured.

Target thicknesses were on the order of 1

mg/cm . The Ti and Zr targets were made from
isotopically enriched samples, while the other tar-
gets had the natural isotopic abundances. Contami-
nation by minority isotopes did not affect the exper-
iment, although a few weak peaks can be seen from
them. The self-supporting metallic Ca target was
exposed only to an inert atmosphere and otherwise
kept under vacuum. The ' 0 spectrum was ob-
tained by subtracting the spectrum from a Si target
from that from a Si02 target, normalized by the
elastic scattering yields.

For the 130 MeV experiment the tritons were
detected and identified with a 1 mm thick Si sur-
face barrier bE detector and a 15 mm thick Ortec
high-purity Ge E detector. The experiment at 170
MeV used a stack of two 13 mm thick high-purity
Ge detectors provided by Pehl and collaborators
(Lawrence Berkeley Laboratory) in a cooperative ar-
rangement. Both electrodes on the first Ge wafer
were ion implanted to reduce the dead layers and
make the detector suitable for the AE measurement.

III. RESULTS OF THE 170 MeV SURVEY

The He and t spectra measured at a laboratory
angle of 15' are shown in Figs. 1 —7. The inelastic
scattering spectra on top are presented directly as a
function of excitation energy in the target nucleus.
The charge exchange spectra on the bottom have
been shifted by the Coulomb energy differences.
For example, the ' N spectrum has been shifted so
that its 1+ ground state (g.s.) lines up with its ana-

log in ' C at 15.11 MeV. The Nb spectrum was
shifted in the opposite direction so that its 0+ state
at 5.18 MeV lies under its analog, the g.s. of Zr.
No shift is required for Al- Si or Ti- V because
their g.s. s are isobaric analogs. The insets in these
figures are y-ray total absorption curves' ' for the
target nuclei. They trace out the classical GDR.
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FIG. 1. A comparison of the ( He, He') and ('He, t) re-

actions on ' C at 170 MeV at a laboratory angle of 15'.
The ' N spectrum has been shifted by the Coulomb ener-

gy difference so that states in ' C and ' N which are iso-

baric analogs line up. The inset at the bottom labeled
"GDR" traces the photoabsorption cross section (Refs.
13 and 14). The arrow in the upper figure indicates
633 '~ MeV.
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FIG. 2. A comparison of the ('He, 'He') and ( He, t) re-
actions on ' 0 at 170 MeV. The arrow labeled "GQR"
indicates 63A '~' MeV rather than the centroid of GQR
strength in ' O. Refer to the caption of Fig. 1 for more
details.

A. Giant quadrupole resonance

Arrows are drawn in the He spectra at the exci-
tation energy of 63M ' MeV. With the exception
of ' C, where no definite structure is seen, the ar-
rows are labeled "GQR" for giant quadrupole reso-
nance. Our failure to observe GQR strength in ' C
is consistent with earlier work. ' A plastic material
was used for the ' C target, giving rise to a large
elastic scattering peak from 'H, whose tail can be
seen in Fig. 1.

The association of the observed structures at
E„-63A '~ MeV with the GQR seems reasonable
even though no conservation law excludes the exci-
tation of isovector resonances in He scattering.
The isovector interaction strength is considerably
weaker than the isoscalar strength; consequently,
only the isoscalar resonances (GQR, giant monopole
resonance, etc.) are expected to be clearly visible in
the He spectrum. The question of I=O monopole
strength (GMR) is still under investigation. 's

Among the targets discussed here monopole

strength has been reported' only on Zr.
The group of peaks to the right of the arrow in

' 0 has been identified with the GQR in a coin-

cidence decay measurement. ' The present inelastic
He scattering spectrum is very similar to that ob-

served' in inelastic a scattering, which is basically
isoscalar.

With increasing target mass, the detailed struc-
ture of the GQR region merges into one broad

bump. It is likely that the fine structure spacing
simply drops below the widths of the peaks or the
experimental energy resolution for larger A. Anoth-
er trend with increasing mass is that the GQR cen-

troid moves closer to 633 ' MeV after starting
somewhat below that value in ' O.

In general, the position and shape of the GQR
structures agree well with previous studies and no
further analysis will be presented here.

B. Giant dipole resonance

The systematic appearance over a range of nuclei
of a structure which is similar in shape and position
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actions on Al at 170 MeV. The dashed lines indicate an
estimate of the continuum background. Refer to the cap-
tion of Fig. 1 for more details.

to the GDR as observed in photoabsorption experi-
ments provides important evidence for population
of the GDR in the ( He, t) reaction. This can be
seen in Figs. l —7, especially for the T=O targets.
The comparison is made between the photoabsorp-
tion spectrum on the target nucleus and the spec-
trum of the final nucleus shifted by the Coulomb
energy difference. That is, the structure seen in the
final nucleus appears to be the isobaric analog of
the GDR built on the g.s. of the target nucleus.

The charge exchange-photoabsorption comparis-
on is good for ' C and excellent for ' 0, where some
details of the structure are reproduced. In Si the
broad bumps of the GDR agree, but the detailed
structure does not. Perhaps this is related to its po-
sition near the middle of the s-d shell. The agree-
ment is better in Ca.

The situation is more complicated in T+0 nu-

clei, where more than one isospin component of the
GDR can be excited and the agreement in the spec-
tra is not as good. A bump probably corresponding
to multiple isospin components of the GDR is seen
on the Al, Ti, and Zr targets. The structure in

Zr has been assigned El by other workers. The
Al( He, t) Si spectrum (which may contain T=—

2

and T = —, components of the GDR) may be com-

pared with an Al(n, p) Mg spectrum' (which3'
contains only the T = —, component). Although the
comparison is limited by background uncertainties
and counting statistics, the GDR peak in the former
spectrum may be somewhat broader on the low ex-
citation energy side.

The question of the behavior of the continuum
background in the t spectra affects the comparison
with the photoabsorption spectra. This is especially
true of the high-excitation tails of the GDR, which
may or may not be in the t spectra, depending on
the choice of background. Some background esti-
mates are drawn as dashed lines in the figures.
Another factor in the comparison between the GDR
and its isobaric analog in the neighboring nucleus is
the effect of Thomas-Ehrman shifts. ' They could
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result in either an overall shift of the bump or a
change in its fine structure, if different GDR com-
ponents shift differently.

Since this experiment was planned as a target sur-

vey, only a few angles were measured for each tar-
get. Those fragmentary angular distributions are
shown in Fig. 8 to give the reader an idea of the size
of the cross sections. A more complete angular dis-
tribution will be discussed below. The yields are
fairly similar at 15', clustering around 500 pblsr.
The uncertainties in the cross section values are on
the order of +30%, owing to the difficulty in deter-
mining the background.

C. M1 strength

The region of Ml strength in Nb which is la-
beled "GT" (Gamow-Teller) has been studied exten-
sively in the (p, n) (Refs. 6—9) and (3He, t) (Refs. 10
and 11) reactions. Other 1+ states are also strongly
populated in the charge exchange reaction. These

FIG. 6. A comparison of the ('He, He') and ('He, t) re-
actions on Ti at 170 MeV. Refer to the caption of Fig.
1 for more details.

include the g.s. of ' N and probably the 2.08 MeV
level' in P.

The small peak labeled "1+"in the 15' Sc spec-
trum of Fig. 5 becomes the tallest peak at more for-
ward angles. The spectra of Fig. 9 have been
summed over several angles to improve the statisti-
cal accuracy. The 1+ state of Sc, which is labeled
"3"in the 170 MeV spectrum of Fig. 9, stands out
mainly because of the inclusion of the 10' point.
The 1+ peak is also strong at 130 MeV in the for-
ward angle spectra which were not included in the
spectrum of Fig. 9. The state lies at an energy of
2.37 MeV in Sc and appears to be the analog of a
1+ state in Ca at 10.32 MeV which has been ob-
served as a strong M1 transition in inelastic electron
scattering. A comparison of the Coulomb correct-
ed energies is given in Table I and discussed further
in Sec. III D.
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FIG. 7. A comparison of the ( He, He') and ('He, t) re-
actions on Zr at 170 MeV. Refer to the caption of Fig.
1 for more details.

D. Stretched states

The 1%co strentched states have attracted consid-
erable interest because of their selective population
in some intermediate energy reactions and their re-

latively simple structure. They are characterized by
having the highest spin possible for a 1p-1h state
formed by promoting the particle np one major
shell. The dominant configuration for these states
is (ds/2~3/2 l4 or Y7/2d5/2 ~6, etc., depend-

ing on which orbitals are filled. They have been
seen in back-angle electron scattering ' and in
proton ' . ' and pion ' inelastic scattering.

Strong lines are seen in the &2N &6F and 28P spec
tra which appear to be the analogs of known high-
spin T=1 stretched states in ' C '2 ' 0
and Si. ' ' ' These tentative assignments
are based on the similarity of excitation energies be-
tween the known states and their analogs and on
their systematic appearance for all the T=O targets
where stretched states have been identified. The ex-
citation energies of the analog stretched states are

Y) 5
C

4

~2

o1O

2-2
FO
O
X

1
U

O
CL

0O

70 60 50 40 50 20 I 0
Excitation Energy (MeV) in Sc

0

FIG. 9. Ca('He, t) Sc spectra at the indicated labora-
tory beam energies. After conversion to excitation ener-

gy, the spectra have been summed over the following lab-
oratory angles of observation: at 130 MeV, 20', 22', 24',
26', 28', 30', and 32', at 170 MeV, 10', 15', and 20. The
dashed lines represent estimates of the continuum back-
ground as discussed in the text. The inset is adapted
from Ref. 13.
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TABLE I. A comparison of T= 1 level energies for isobaric multiplets.

Nucleus
Breakup
energy
(MeV)

Excitation
energy
(MeV)

Coulomb
corrected

(MeV)

Analog State
Nucleus Energy

(MeV)

N
16F

28p

Al
~Sc

0.601
—0.548

2.064

7.73
0.534

4.28
6.40
2.08
4.74
5.165'
2.37

19.39
19.20
11.40
14.06
14.481
10.03

12C

16O

"Si

28Si

Ca

19.6'
18.98
11.445'
14.356
14.356"
10.320

4
4
1+
6
6
1+

'References 21 and 22.
References 23, 24, 29, and 31.

'Reference 19.
"References 25, 26, 30, 32, and 33.
'Reference 35.
Reference 20.

compared in Table I. Also included in this table are
some 1+ states and the known 6 state in Al.
The Coulomb corrected energies in the T=1 nuclei
are obtained by adding the excitation energy of the
lowest T=1 state in the Tz ——0 nucleus to the ob-
served excitation energy in the Tz ——+1 nucleus.
The breakup energy is the threshold energy for par-
ticle emission.

Table I shows that the Coulomb corrected ener-

gies in the Tz ———1 nuclei are generally a few hun-
dred keV lower than in the Tz =0 analogs. Differ-
ences of this magnitude in Coulomb energies can be
expected between states of different spin and be-
tween bound and unbound states (Thomas-Ehrman
shift"). The Coulomb corrections were determined
from the g.s.'s which are usually bound (see Table
I), while the stretched states are unbound to proton
decay. The only Tz ———1 nucleus with a higher
corrected energy for the stretched state is ' F,
whose g.s. is also unbound. Another factor in this
case is the observation ' of isospin mixing in the 4
levels of ' O. The 6 state in Al (Tz +1)has-—
a higher Coulomb corrected energy than its analog
in Si, in agreement with these systematics.

The possible 1+ state in P at 2.08 MeV is much
closer in corrected energy to its analog, but it is ef-
fectively bound to particle decay. Evidence has
been shown for 2+ or 4+ strength in Si at about'

this energy, so the 1+ assignment remains tentative
until a complete angular distribution can be mea-
sured. There is also a 6 T=O state at a similar en-

ergy in Si which has been seen in proton and
pion scattering, but that state cannot have an ana-

log in P.

IV. RESULTS OF THE ANGULAR DISTRIBUTION
AND CALCULATION AT 130 MeV

Spectra from the Ca( He, t) Sc reaction at 130
and 170 MeV have been summed over several angles
of observation for presentation in Fig. 9. They are
graphed as a function of excitation energy in Sc,
rather than excitation in the target nucleus as in
Figs. 1 —7. The inset shows the y-ray total absorp-
tion curve' for Ca shifted by the Coulomb energy
difference of 7.659 MeV to correspond to the exci-
tation energy scale in Sc. The peak labeled "1"
contains the 4 ground state and 3 first excited
state at 34 keV in Sc. Peak 2 contains the 2,5
doublet at 772 and 892 keV. Peak 3 appears to be a
1+ state (Sec. III C) and peak 4 has not been satis-
factorily identified yet. Peak 5 has the expected en-

ergy of the GDR.
An angular distribution of the elastic scattering

cross section relative to Rutherford is shown in Fig.
10 along with an optical model fit using code JIB.
Real and imaginary potentials of volume Woods-
Saxon shape were used with the following parame-
ters: V=87.73 MeV, ro ——1.292 fm, a=0.815 fm,
w=18.36 MeV, ro ——1.651 fm, and a'=0.556 fm.

An angular distribution is presented in Fig. 11
for the GDR peak in the Ca( He, t) Sc reaction at
130 MeV. The shape of the continuum background
under the broad giant resonance peaks is a source of
some uncertainty in inelastic hadron scattering, and
the (3He, t) reaction is no better. To determine the
GDR yields for the angular distribution, a quadrat-
ic background shape was fitted at each angle to re-
gions above and below the GDR peak.
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FIG. 11. Angular distribution for the GDR excited by
the Ca( He, t) Sc reaction at 130 MeV. The smooth
curve represents the DWBA calculation discussed in the
text.

In the Goldhaber-Teller model of the GDR, the
excitation is described by rigid neutron and proton
spheres vibrating against each other. With some
simplifying assumptions, the transition operator for
excitation of the GDR takes the form

which can be used for this calculation provided
1/2

2 ZX
W2m

and the values of U~ /8 are entered for the potential
strengths. For the charge exchange reaction there is
an additional factor of v 2 to account for the isos-
pin dependence of the projectile.

A knowledge of U, (r) for He is needed. As an
approximation we will assume that U~(r) is related
to the He elastic scattering potential in the same
manner as the nucleon symmetry potential is related
to the elastic scattering potential as derived from
global fits to nucleon scattering evaluated for
43 MeV protons. These considerations suggest that
the symmetry potential should contain a real
volume term and a surface imaginary term. The
real term should have the same geometry as the iso-
scalar volume potential and 0.55 times the strength.
The surface imaginary term should have a strength
roughly 1.5 times greater and a radius 0.36 fm
smaller than the isoscalar imaginary term, which is
a combination of volume and surface shapes. These
values are based on the best-fit potential for Ca
which shows an anomously large imaginary ra-
dius relative to the global parameters. An addition-
al reduction by a factor of 3 is required because
only one nucleon in the projectile participates in the
charge exchange.

Altogether these considerations suggest using an
effective P~ value of 0.27, a real symmetry potential
with parameters V~ ——10.92 MeV, ro ——1.292 fm,
and a=0.815 fm, and an imaginary surface term
with 8'D

&
——6.23 MeV, r o ——1.29 MeV, and

a'=0.556 fm.
The results of this calculation are shown in Fig.

11 along with the data. The results are consistent
with the assumption that the peak is predominantly
the analog of the GDR, although contributions
from other multipolarities cannot be ruled out. A
slight increase in the radius of the imaginary sur-
face term which is the least well determined param-
eter would correct the discrepancy in magnitude.

V. CONCLUSIONS

The ( He, t) charge exchange reaction at 130 and
170 MeV appears to systematically excite the iso-
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vector GDR and thus provides a complement to the
inelastic He scattering reaction which preferential-

ly excites the isoscalar resonances. Together these
two reactions provide a means of populating the
strongest giant multipole resonances in a more simi-
lar, but isospin selective, way. Hence, the He in-
duced reactions provide a "Tmeter" for giant reso-
nance studies.

Evidence for population of the GDR comes from
a comparison of the Coulomb-shifted ( He, t) spectra
with the GDR photoabsorption curves. The two
curves are generally similar for T=O targets, sug-
gesting that the structures in the triton spectra are
the analogs of the GDR built on the g.s.'s of the
targets. The agreement between the curves is not as
good for the T+0 targets, where the ( He, t) reac-
tion can also excite the antianalog of the GDR.
The calculated GDR angular distribution agrees in
magnitude and approximate shape with the meas-
ured one at 130 MeV for Ca.

Intermediate energy charge-exchange reactions
are also effective in exciting magnetic transitions,
especially M1 and Gamow- Teller transitions.
Strong Ml transitions were seen with the ( He, t) re-
action on the ' C, Ca, and possibly Si targets.

The apparent systematic excitation of isovector
1%co stretched states is particularly striking in the
triton spectra. The ( He, t) reaction offers a new ap-
proach to the study of such states. Since the charge
exchange reaction populates the analogs of the
states in the stable target nuclei, it provides infor-
mation not obtainable from inelastic scattering.
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