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Giant resonances in excited Sn isotopes
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The giant dipole resonance built on excited states was studied in " '" Sn nuclei at excitation en-

ergies of 62, 80, 110, and 130 MeV, by measuring y rays following heavy ion fusion reactions
' 0+ "Mo and ' F+ 'Nb. The energy of the dipole resonance was found to be 14.8+0.4 MeV in-

dependent of excitation energy. This value is approximately 1 MeV below the extrapolated
ground state value. The width increases almost quadratically from 6.7 MeV at 62 MeV to 10.8
MeV at 130 MeV. This agrees qualitatively with a theoretical prediction that the increase in
width for these nuclei is mainly due to an averaging of strength functions over various oblate
shapes induced at high spin and temperature. The sensitivity to the isovector quadrupole vibra-
tion was found to be small even at the highest excitation energy. No convincing conclusion could
be made for its existence in these Sn nuclei.

I. INTRODUCTION

The study of the giant dipole resonance (COMDR) built
on excited states provides the interesting possibility of
extracting some fundamental properties of a hot rotating
nucleus. This has been made possible' by the observa-
tion of the GDR strength function in the y decay of
highly excited nuclei produced in heavy ion fusion reac-
tions. The energy and width parameters of the GDR de-
pend on nuclear properties such as the symmetry energy,
the size and shape of the nucleus, and the degree of cou-
pling of the GDR vibration with the surface vibration
modes. For example, a split GDR built on the ground
state has been a well established signature for a de-
formed nuclear shape, and such split GDR has recently
been observed on excited states as well. A systematic
study of these parameters over a wide range in excitation
energy and angular momentum makes it possible to fol-
low the evolution of these nuclear properties with spin
and temperature. Many theoretical calculations make
specific predictions about the change of nuclear shape
with spin and temperature, in various nuclei. As
difFerent deformed bands become yrast bands (or close to
it) with increasing spin, the shape of the excited nucleus
can change quite rapidly. At very high spin, near the
fission stability Nmit, superdeformed prolate shapes are
predicted in some cases. ' An increase in temperature,
in general, produces a reduction of any prolate deforma-
tion because of breaking of particle correlations, and
leads at su%ciently high T to oblate shapes. ' Various
experimental studies of excited state GDR have already
addressed and verified some of these predictions.

With a view toward a systematic study over a wide ex-
citation energy range, the present work describes the
study of excited state GDR in " '" Sn through heavy
ion fusion reactions ' 0 + Mo and ' F + Nb. These
compound nuclei have spherical ground states. This

mass region has previously been studied over an excita-
tion energy of 50—100 MeV where the GDR energy was
found to be constant, but the width was observed to in-
crease strongly with excitation energy. The excitation
energy range in the present work is 62 —130 MeV.

A secondary, but potentially equally important mo-
tivation was the search for the isovector giant quadru-
pole resonance (IVGQR) built on excited states. This
mode is expected at 1.6 times the energy of the GDR
and its excitation probability is expected to become
significant at high excitation energies. A tentative claim
has recently been made for the observation of the
IVGQR in Sn nuclei at 100 MeV. The present work ex-
tends the search for this mode up to 130 MeV excitation
energy.

II. EXPERIMENTAL METHODS
AND DATA ANALYSIS

In the present experiment, y rays with energies from 5
to 32 MeV were detected in a large NaI crystal in coin-
cidence with a ten element multiplicity filter. Neutrons
were discriminated from y rays by the time of flight
technique. The experimental setup is schematically
shown in Fig. 1. Self-supporting metallic targets, —3
mg/cm thick, of enriched (94%) Mo and natural Nb
were bombarded with ' 0 beams of 140 MeV and ' F
beams of 80, 100, and 160 MeV obtained from the Stony
Brook LINAC. The beam consisted of bunches ~ 1 ns
wide with 106 ns bunch separation and was measured in
a Faraday cup. Neutron background from the cup was
strongly reduced by shielding the beam tube with —10
cm thick borated polyethylene. The 25.4 &( 38. 1 cm
NaI(T1) crystal used for the detection of high energy y
rays was placed with its front face at 60 cm from the
target, variously at angles of 60, 90, and 120 deg. The
crystal was surrounded by a 10 cm thick plastic an-
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ticoincidence shield. Such shields are routinely used to
improve the resolution of a detector for high energy y
rays by suppressing the low energy tail of the peak in the
spectrum and also to eliminate the cosmic ray back-
ground. In the present experiment the latter was the
more important function since the intensity of y ray in
the spectrum decreases exponentially with energy to a
level which, at -30 MeV, is less than the cosmic ray
background. The detector assembly was surrounded by
a 10 cm thick lead shield. A 6 mm thick lead sheet in
front strongly reduced low energy y rays and x rays, and
attenuated —15 MeV y rays to -70%. The y ray mul-
tiplicity filter was used to generate a fold condition N ) 2
during data recording in order to emphasize fusion
events over inelastic scattering. It consisted of ten
7.6)& 10.2 cm NaI detectors mounted at a distance of 15
cm from the target spot. Each front face was covered
with 0.2 mm copper, 0.33 mm tin, and 0.25 mm lead.
This combination of the absorbers produced a Oat
(within —15%%uo) relative efficiency of the detectors for y-
ray energies from -0.2 to -2.5 MeV. The detectors
were wrapped with 3 mm thick lead which reduced
Compton cross talk to &1 Jo. The product of solid an-
gle and efficiency for each element was determined to be
0.01 1+0.002.

In the electronic setup, the summed photomultiplier
pulses from the big NaI detector were split into two
paths. In the "linear" path, pulses were clipped to
—500 ns and then fed into two parallel charge sensitive
analog-to-digital-converters (ADC's). In the "logic"
path, the same pulses were shortened to —150 ns and
fed into a constant-fraction discriminator (CFD) with
adjustable threshold. The output of this discriminator
produced (1) the timing pulse for the time of flight mea-
surements, (2) two gating signals of 150 and 600 ns
widths, respectively, for the two ADC's, and (3) a logic
signal for generating the event trigger. Pulses from the
plastic anticoincidence shield were used to veto the event
trigger under two conditions. When a high energy y ray
is detected in the NaI crystal, a part of the energy may
leak out and be absorbed in the plastic. Such events
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were vetoed in order to improve the resolution of the
detector, with an energy threshold of —1.2 MeV and a
blocking time of —100 ns. Cosmic ray p mesons passing
through the plastic shield deposit at least 5 MeV energy
in it. These cosmic ray events were vetoed with a higher
energy threshold of —5 MeV and a blocking time of 10
ps in order to eliminate pulses produced by the delayed
electron decay of the muons stopped in the crystal. The
outputs from the ten multiplicity detectors were fed into
a multiplicity logic unit which produced an output sig-
nal only when at least two input pulses were present, and
simultaneously to a bit register which recorded the firing
pattern of the detectors. For the time of fIight measure-
ment which discriminates neutrons from y rays, the
time-to-digital converter (TDC) was started with the rf
pulse from the LINAC and was stopped by the event
detected in the crystal ~ A typical time of flight spectrum
is shown in Fig. 2. The event trigger was generated by a
coincidence between the logic pulses from the big NaI
detector, the rf pulse from the LINAC, and the output
of the multiplicity logic unit. For each event, the out-
puts of the two ADC's, the TDC, and the bit register
were sent via a CAMAC crate to a PDP 11/60 comput-
er and recorded on tape.

The energy calibration and the line shape of high en-
ergy y rays detected in the large NaI detector were ob-
tained with the reaction "B(p,y) at E~ =7 MeV. At this
proton energy, the reaction produces two y rays of ener-
gies 22.37 and 17.94 MeV as shown in Fig. 3. Other en-
ergy values used for the calibration were E& ——6.83 MeV
from the thermal neutron capture in the NaI detector
and Ez ——4.43 MeV from ' C, both seen in the same re-
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FICx. 1. Schematic diagram of the experimental setup. The
multiplicity filter consists of ten 7.6& 10.2 cm NaI detectors.

FIG. 2. Time of Right spectrum measured in ' F+ Nb at
100 MeV. Prompt y peak and fast neutron peak are indicated.
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FIG. 3. Gamma spectrum measured in "B(p,y) at E~=7
MeV. The dashed spectrum is from an EGS calculation for the
two peaks at 17.94 and 22.37 MeV.

0.8

Ro
I l & ) I l ) ) I

1.0 1.2 1. . 4
RB.t.1o

FIG. 4. Ratio spectrum measured in ' 0+ Mo at 140
MeV. The arrows define the gate around Ro (normalized to
1.0) used in the data analysis for pileup rejection.

action. The resolution apparent in the spectrum of Fig.
3 is worse than can be optimally achieved due to the two
deliberately chosen degrading adjustments mentioned
above, i.e., firstly, the pulse length was clipped to 500 ns
to reduce pileup, and secondly, the energy threshold in
the plastic anticoincidence shield was set at relatively
high value of —1.2 MeV in order to keep the rejection
rate at an acceptable level. The line shapes were
modeled by the electron gamma shower code (EGS)
which produced the fits indicated in Fig. 3. This code
was then used to simulate line shapes over the full ener-

gy range from 5 to 32 MeV.
The detection and elimination of pileup events in the

NaI detector was important for the present experiment.
The pulsed time structure of the LINAC beam produces
particular pileup problems but also makes it possible to
use a simple technique' to detect pileup. This consisted
of a comparison of the early part of the pulse with the
full pulse shape, by using two parallel charge sensitive
ADC's. Both ADC's were opened simultaneously but
one for only 150 ns, i.e., the rising part of the pulse, the
other for 600 ns, i.e., the full pulse length. In the ab-
sence of pileup, the ratio of the outputs of the two
ADC's had a fixed value independent of the pulse ampli-
tude. A typical ratio spectrum gated with prompt y
events is shown in Fig. 4. The sharp peak at Ro con-
tains the events without pileup and the counts in the left
and right tail regions are generated by pileup with events
from earlier and later beam bursts, respectively. In the
data analysis an acceptance window was placed around
Ro with a width of —+2%%uo. This procedure eliminated
pileup from different beam bursts with a sensitivity of
500 keV at 20 MeV and less at lower energies. ' Pileup
with y rays from the same beam burst is not eliminated
by this method. This again was important only to a lev-
el of —500 keV which is the average energy of the yrast

transitions dominating the y spectrum. The multiplicity
of these y rays in the present reactions was & 15 and
considering the attenuation in the front lead absorber,
the pileup probability was estimated to be &0.04. The
effect of neutron pileup from the same beam burst was
negligible because of the small multiplicity (&5) and
average energy (-200 keV) deposited" in the crystal.
Finally, it was estimated that the maximum systematic
error in the extracted giant resonance energy, as intro-
duced by the above pileup effect, is &50 keV. This is
negligible in comparison with other sources of error dis-
cussed later.

The calculation of the absolute cross section for y de-
cay was made from the knowledge of the total efficiency
of the NaI detector, beam current, target thickness, ac-
ceptance factors of the gates set during the data scan on
time of flight (TOF) and ratio spectra, and the efficiency
of the multiplicity array. The latter was measured by
recording the spectra with and without the multiplicity
gate and comparing the yields beyond 12 MeV. Above
this energy the spectrum shapes were identical under
both conditions.

III. MULTIPLICITY MEASUREMENTS

The main purpose of the multiplicity filter was the
enhancement of fusion events among the event triggers.
However, since the firing pattern was included in the
event structure, the high energy y-ray spectra could be
scanned with specific windows on the fold distribution.
The measured spectra were found to be independent of
the fold number. Conversely, the experimental fold dis-
tributions observed in coincidence with high energy y
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rays were analyzed to extract average multiplicities.
These were then compared with the predictions of the
statistical model calculations for the decay of the excited
compound nuclei, as a check on the consistency of the
model.

The spin distribution of the residues following light
particle decays, and hence the multiplicity distribution,
is decided mainly by the initial spin population in the
compound nucleus. In the present procedure for ex-
tracting the mean multiplicity, the multiplicity distribu-
tion was assumed to be a Gaussian, viz. ,
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eU=

eV:

F(M)= A exp
2CT

where M is the average multiplicity, o. is the width of
the distribution and A is a normalization constant. The
detailed shape of the distribution was found not to be
very important. For example, skewed Gaussian' distri-
butions with various amount of skewness resulted in
similar fold distributions. This insensitivity was due to
the small number of detectors used in the experiment.
The mean multiplicity, however, could be extracted with
reasonable accuracy by comparing the experimental data
with the theoretical fold distribution which can be writ-
ten as
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FIG. 5. Fold distribution of y rays measured in the reaction
' F+ Nb at three energies. Statistical errors are of the size
of the data points. The fits shown by the continuous lines are
obtained with Gaussian multiplicity distributions with (a)
M=16.0, o.=5.2 at 160 MeV, (b) M=14.5, o. =3.9 at 100
MeV, and (c) M =12.5, o.=3.3 at 80 MeV.

JR —M(
s+M, +

2
(4)

The values of Ms and JR obtained from the calculation
are shown in the fourth and fifth column of Table I.
The third column lists the average values of the spins in
the initial compound nucleus. The values of M& ob-
tained from the Eq. (4) are listed in the last column. It

Here N is the number of detectors, 0 is the em. ciency of
each and n is the fold. The best values of M and o. were
obtained from the fits by the method of least squares.
Figure 5 shows the fold distribution measured at 80, 100,
and 160 MeV bombarding energies in the ' F+ Nb re-
action and the best fit to these data. The resultant aver-
age multiplicities obtained from these fits are listed in
the second column of Table I.

In order to compare the experimental multiplicities
with the statistical model calculations, the average resi-
due spin JR was calculated at different bombarding ener-
gies. This was achieved by adding the spin population
distributions of all residual nuclei obtained from the
fusion evaporation code CASCADE' in which the de-
cay step was terminated when the excitation energy was
1 MeV above the yrast band. Assuming that the yrast
decay is a mixture of stretched E2 and El (multiplicity
M&) and denoting the multiplicity of pre-yrast statistical
y rays as Ms, the observed multiplicity M can be written
as

IV. STATISTICAL MODEL CALCULATIONS

The properties of the giant resonances built on excited
states were extracted from the comparison of the experi-
mental spectra with the statistical model calculation of
the y-decay cross sections. To make the numerical as-
pects of the calculations transparent we list here brieAy
the salient equations. The decay rate through a particle
channel from a particular state (E„,J; ) of the parent nu-
cleus to a final state (E&,J&) in the residual nucleus is
given by

RpdEp —— T(Ep )dEp,
p2(Ef Jf )

hp, E„J, (5)

where p& and p2 are level densities in the initial and final
nuclei and T(E~) is the transmission coefficient of the
particle of energy Ez carrying the appropriate angular
momentum consistent with the conservation of total J.

is noted that within the error limits, the values of
(M, +M& ) are consistent with the typical value (-4) for
the total number of El y rays observed' in the deexci-
tation of deformed compound nuclei. However, the
present values have a trend to be larger than four, which
again is expected for Sn isotopes which have spherical
ground states.
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TABLE I. Experimental y multiplicities M, computed statistical multiplicities Mq and extracted
average E1 yrast multiplicities Ml at various bombarding energies in ' F+ Nb. Jf„, and Jz are cal-
culated average angular momenta in compound and residue nuclei, respectively.

&beam (MeV)

80
100
160

12.5+2.0
14.5+2. 5

16.0+2.5

Jf„s(A)

21.3
30.2
43.5

16.3
20.2
21.9

1.9
1.9
1.8

4.9+4.0
5.0+ 5 ~ 0
6.5+5.0

5NZ I DEy
FD(Er ) =2.09X 10

(E E) +1 —E (7)

The y decay rate from (E„,J;) to a final state (Ef, J& )

can be similarly written as

RrdEr = F(E~)dEr .
p, (Ef,Jf )

hp, (E,J; )

Considering only dipole decay exhausting 100% of the
El classical sum rule strength, the function F(E,, ) for
the giant dipole resonance (GDR) can be written as

The hydrodynamical model predicts the isovector gi-
ant quadrupole resonance (IVGQR) at an energy
EG& ——1.6 EzD. The strength function for this mode
can be included in statistical model calculation in com-
plete analogy to that of the E1 mode. The expression
for the strength function FD [Eq. (7)] was derived' using
a Lorentzian shape for the E1 photoabsorption cross
section on the excited final state. On the assumption of
a Lorentzian photoabsorption cross section also for the
IVGQR and using the Gellman-Telegdi sum rule rela-
tion for this mode, i.e.,

Here N, Z, and A are the neutron, proton, and mass
number, respectively, of the nucleus, and ED and I D are
the energy and width of the GDR built on the excited
state (Ef Jf ). The function FD (Er ) is dimensionless and
all energies are in MeV. one can derive the E2 y width as

2 e 1 1 NZR E ~ ~ ~ dE
2 J.+2 (E I E,

25rr Pic (A'c) mc 3 J J 2 p (E„,J ) (E Eg) +I gEf
(9)

Here E& and I & are the energy and width of the
IVGQR and R is nuclear uniform density radius. Ex-
pressing energy in Me V and R in fm, the function
Fg(Er ) for the IVGQR becomes

and Eii ( J; ) is defined by

f2

8 i FB i i i+ (12)

I E
Fg(Er)=3.23&(10 " R Eg (E', Eg )'+ r gE',—

(10)

It should be noted that the E~ dependence in both Eqs.
(7) and (10) are identical because the photoabsorption
cross section for both the modes was assumed to be of
Lorentzian shape. In the calculations the total strength
function was taken as

Here EF~ is the fission barrier in the angular momentum
state J; calculated for a rotating liquid drop, 2 is the
moment of inertia and E, is the kinetic energy at the
saddle point.

Finally, the level density at the excitation energy E
and spin J was calculated from the expression

3/2

p(E, ,J ) = exp(2+a UJ ), (13)
&a fi 2J+ 1

12 2J (UJ+ T)~

where
F(Er)=FD(Er)+Fg(E~) . $2

UJ =E —5— J(J+1),22
and the temperature T is defined by UJ ——aT —T.

V. RESULTS AND DISCUSSIONS

It is known from earlier measurements' that the high
energy y rays from fusion evaporation reactions are
essentially emitted isotropically. In the present work,
this was checked in the reaction ' 0+ Mo at 140 MeV
by measuring the y ray yield and spectra at 60, 90, and

For light particle decays only neutron, proton and a
decays were considered. However, for high excitation
energy and large angular momentum, the fission process
becomes important and this was taken into account.
The total fission decay probability per unit time is calcu-
lated for a liquid drop model of the nucleus as'

1 E.—E~[J;)
R s„—— f p[E„Eii(J; ) E„J,]dE,— —

hp E„,J;) o
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120 with respect to the beam axis. No change was ob-
served in the shape of the spectra at different angles and
within statistical errors the yield of y rays was isotropic
(a2 ———0.02+0. 1) over the range Er ——8 —22 MeV. This
can be explained under the assumption of a spherical
shape of the excited compound nucleus and a high spin
for the initial state. The compound nucleus is, of course,
produced in an aligned state in the heavy ion reaction
and retains most of the alignment over the different de-
cays steps. In such a condition the a2 coefficient for the
dipole angular distribution becomes —0.25 for the
stretched (b,J=+I) transition and + 0.5 for the non-
stretched (b J=0) one, in the limit of high spin. For a
spherical nucleus the relative probabilities of stretched
and nonstretched transitions depend only on the final
state level densities. It so happens that the level densi-
ties of the states with spin J —1 and J + 1 almost add up
to twice that of the states with spin J, thus producing
isotropy. In view of the observed isotropy most of the
data were taken at 120 because of the relatively lower
yield of neutrons at backward angles.

In the analysis, the energies and widths of E1 and E2
giant resonances were extracted from the best fits to the
experimental data. These were treated as input parame-
ters in the CASCADE calculations. Other important
parameters in the calculations were the fusion cross sec-
tions and level density parameters. In the absence of ex-
perimental measurements calculated fusion cross sec-
tions had to be used and two quite successful models
were considered. These are the extra push model' and
the surface friction model' which, however, for the
present systems make divergent predictions at the higher
bombarding energies. The CASCADE calculations were
done with the mean values from two predictions (see
Table II), since the shape of the calculated y spectrum
was found not very sensitive to the input fusion cross
section over a reasonable range.

The choice of the parameters a and b, [Eqs. (13) and
(14)] in the calculation of the level densities followed the
prescriptions given in the code CASCADE. The value
a =3/8 MeV ' for high excitation energies has been
widely used' in the literature. Recent experiments on
n and a evaporations demonstrate that 2/8 should be
valid up to an excitation energy of —140 MeV in the re-
actions studied in this work. However, in fitting the
present y spectra we found that the choice a =A/9
gave better results although the fits obtained with a
range of 3 /8 to 3 /10 could not be discarded when all
four excitation energies were considered. The fitting
procedure consisted of stepping energies and widths in

steps of 0.1 MeV and comparing the computed spectrum
(folded with the y line shape) to the experimental one.
The best fit was chosen by visual inspection. A pro-
cedure described below allowed this to be done in a sen-
sitive way.

The best fits to the experimental spectra at different
bombarding energies are shown in Fig. 6. The solid lines
show the fits from the calculations containing only the
GDR, but no GQR, strength function. The excess yield
below -7 MeV region in the data is an artifact from in-
complete subtraction of the slow neutron capture events.
The calculations were done at an excitation energy cor-
responding to the beam energy at the middle of the tar-
get. Above 8 MeV the calculated spectra were com-
pared to the experimental ones on an absolute scale.
The error in the experimental cross sections was estimat-
ed to be +20%. The absolute scale in the calculated
spectra are determined by the fusion cross sections and
the sumrule strength of the GDR. The present fits, us-
ing the fusion cross sections listed in Table II and 100%
sum rule strength for GDR [Eq. (7)], required an overall
normalization factor varying between 0.9 and 1.3, at
various excitation energies.

The quality of the various fits can be judged more sen-
sitively from a representation which allows to show the
data and the fit on a linear scale. This is achieved by di-
viding both the experimental and the fit cross sections by
a spectrum which is calculated using the same parame-
ters but a constant E1 strength function of arbitrarily
0.2 W.u. These "divided" plots are shown in Fig. 7.
They demonstrate the generally good quality of fits up to
E~-25 MeV. However, structure is clearly present in
the data which cannot be reproduced by a single
Lorentzian. The deviations from a single Lorentzian
shape is particularly apparent at the highest energy.
The energy and width parameters of the GDR obtained
from the fits using a =3/9 are listed in Table II. The
errors were estimated from the visual inspection of the
sensitivity of the fits to the change of these parameters,
keeping the level density parameter unchanged at 2/9.
The width listed for the highest excitation energy is
larger by 0.3 MeV than that of the single Lorentzian and
was calculated as the half-maximum width of the EI
strength function used in the fit shown by the dashed
curve in Fig. 7. This dashed curve contains a E1 com-
ponent at E=8.8 MeV with I =3 MeV and a relative
strength of only 5%. It should be mentioned that this
structure at -9 MeV is present also in the spectra gen-
erated with higher fold conditions.

One of the motivations of the present work was to

TABLE II. Energy (ED) and width (I D) of GDR extracted at different excitation energies in
»o'»2Sn. All energies are in MeV.

Reaction

19F + 93Nb
19F + 93Nb
' 0+ Mo
9F + 93Nb

Ebeam

80
100
140
160

E,„
62.2
79.3

110.2
130.0

o.F„, (mb)

700
1100
1335
1380

E

14.9+0.3
14.7+0.3
14.9+0.3
14.6+0.4

6.7+0.4
7.9+0.4
9.8+0.5

10.8+0.6
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search for the IVGQR. The possibility that IVGQR
strength may be present in the spectra at high excitation
energy has recently been considered by Gaardhoje
et al. Based on the scarce ground state systematics, '

the predicted energy of this mode is E& ——130/2 '

=27.3 MeV for A =110. Using a GQR strength func-
tion with E~ ——27 MeV, I &

——8 MeV, and S=100%
classical sumrule produces the dotted curves shown in
Fig. 6 for the 110 and 130 MeV excitation energy data.
Thus the evidence for the IVGQR cannot be ruled out in
the present data. However, as can be seen from the fits,
even 100% IVGQR does not make a pronounced change
in the spectrum shape due to the increase in the GDR
width at higher energy. This makes a definite conclusion
difficult. The strength which appears only as some ex-
cess over the Lorentzian tail of the GDR, could also be
due to the redistribution of the GDR strength toward
the high tail region at high temperature. Moreover,
the cross section above E~ =22 MeV can also be raised
by using a level density parameter a = 2 /10.

We now discuss the results on the energies and widths
of the GDR. The values obtained in the present work,
and the widths reported recently by Gaardhoje et al.
for the same mass region are plotted in Fig. 8 as a func-

tion of excitation energy in the compound nucleus.
Within experimental errors, the energy of the excited
state GDR is independent of excitation energy. For
comparison, Fig. 9 gives the experimental systematics of
the energy of the ground state GDR in this mass re-
gion ' together with the average energy of the excited
state GDR obtained in the present work. The error
(+0.4 MeV) shown on the latter includes also the effect
of the variation of level density parameter in the range
of a = 2 /8 to a = 3 /10. It is noteworthy that the excit-
ed state value lies about 1 MeV below the value extrapo-
lated from the ground state systematics. This lowering
in the GDR energy could be due to a reduction of sym-
metry energy with increasing spin or temperature (al-
though in the excitation energy range of this work no
such reduction is apparent), or due to a lowering of the
ground state symmetry energy for the very neutron
deficient isotopes.

It can be seen from Fig. 8 that the width increases
with excitation energy, although less strongly than re-
ported recently. The observed variation of width I
with excitation energy E (including the ground state
width) can be described by the relation

(15)
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FICx. 6. Experimental data and CASCADE fits in (a)
' F+ Nb at Eb„——80 MeV, (b) ' F+ Nb at Eb„——100
MeV, (c) ' 0 + Mo at Eb„——140 MeV, and (d) ' F + Nb at
Eb„——160 MeV. The solid curves are obtained with only the
COMDR strength function using the level density parameter
a = 2/9. The dashed curves at higher energies include also
the IVGQR strength function. The fit parameters are listed in
Table II (see text).

with 3 =4.8, B =0.0026, and 5=1.6. Calculations
show that the observed large increase in width cannot
come from increased damping at higher temperature or
from a coupling to low-lying quadrupole vibrations. In a
recent work a calculation of the width of the GDR
built on a hot rotating nucleus has been discussed. The
authors find that in the spherical Sn nuclei the increase
in width results mainly from the shape change to an ob-
late deformation at higher angular momentum and tem-
perature due to breaking of particle correlations. A
wide distribution of the magnitude of deformation due to
thermal fluctuations gives rise to an average, wide
strength function. The fact that the observed GDR
strength function at high energies shows more structure
than a single Lorentzian is qualitatively in agreement
with this theory. Their calculation for ' Sn can also be
described by Eq. (15), with A = 1.0, 8 =0.0026, and
5=1.7. The small value of 3 can be attributed to the
fact that the calculation does not include any damping.
Although the gross comparison of this energy depen-
dence with the experiment supports the theory, this
should not be stretched too far because calculations were
done for a definite energy and spin (higher at higher ex-
citation energy).

In this context, it should also be noted that the CAS-
CADE calculations assume the same (input) energy and
width value at all decay steps and for all spin. This is
certainly not justified for the width, and for an exact
treatment of the problem we incorporated an energy and
spin dependence of I in the code CASCADE. In
searching for a (E,J) dependence of I describing the
data at all four excitation energies, it was found that it
was not possible to fit the data by either only an energy
dependence or only a spin dependence. This is con-
sistent with the theory proposed in Ref. 5. Good fits
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FIG. 8. Energy (a) and width (b) of the GDR extracted
from the present data at di6'erent excitation energies in the
compound nuclei " '" Sn. The widths obtained in an earlier
work (Ref. 9) are shown by open circles. The ground state
GDR width obtained from (y, n) work is also indicated. The
curve through the data points in (b) is described by Eq. (15) of
the text.

FIG. 9. Comparison of the energies of the ground state
GDR's for mass A =115—124 and of the excited state GDR
for A =110—112. Two available sets for ground state data
(Refs. 23 and 24) are plotted. The dashed line extrapolates the
ground state values to the mass region A —111. The excited
state value is the average for four excitation energies obtained
in this work.
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were obtained for all four excitation energies by the rela-
tion,

r= 3 +BE +CJ (15a)

with 3 =4.5, B =0.0004, and C=0.003. It is interest-
ing that a linear dependence on spin also failed to repro-
duce the data.

At the two higher bombarding energies in the present
work, the presence of incomplete fusion must be con-
sidered. A recent work discusses the cross sections of
complete and incomplete fusion products in the reaction

Ne+ Nb at 106 and 148 MeV. If all projectile like
fragments are associated with incomplete fusion (ICF)
but all light particles with complete fusion (CF) one ob-
tains a ratio o.&CF/o. cF-0.25. Attributing some o, parti-
cles to incomplete fusion raises this ratio and the highest
value claimed is -0.45. One may check these values
against two systematics. Wilczynski et a/. reports a
ratio of about 18% in the ' N + ' Tb system at a com-
parable energy, which fits the sumrule model for fusion
reactions. Secondly the velocity systematics established
by Morgenstern et al. for lighter systems may be ex-
trapolated to the present reaction and yields a relative
contribution of incomplete fusion of —20%%uo at the
highest bombarding energy. In order to evaluate the
effect of incomplete fusion on the extracted GDR pa-
rameters, the y spectrum following the incomplete
fusion of 160 MeV ' F on Nb was calculated assuming
that ' 0 fuses with the target at a proportionally re-
duced energy of —132 MeV. This is one of the most
dominant incomplete fusion channels considering the
sumrule model. The GDR parameters necessary for this
calculation were chosen from the systematics established
in this work. This spectrum was added to the one fol-
lowing complete fusion (calculated with the best fit pa-
rameters) with proper weight factors and the summed
spectrum was compared with the experimental data.
Even assuming a relative probability of 25%%uo incomplete
fusion did not change the fit.

VI. CONCLUSIONS

The present experiments establish the existence and
properties of the excited state giant dipole resonances in
3 —110 nuclei in the excitation energy range 60—130
MeV (nuclear temperature T = l. 8 —2. 7 Me V) and angu-
lar momentum up to —604. The extracted energy for
the GDR has a value of 14.8+0.4 MeV and is, within
the errors, independent of excitation energy. It is, how-
ever, about 1 MeV below the value extrapolated from
various Sn isotopes for the ground state GDR. The
width of the GDR increases from a ground state value
of 5 to 11 MeV at E =130 MeV. The peak shape of the
E1 strength function is fitted well by a single Lorentzian
except at the highest excitation energy where the spec-
trum shows additional structure. A single component
GDR is expected if the excited states of these nuclei
have spherical shapes. The observed increase in the
GDR width with excitation energy is qualitatively con-
sistent with a calculation done for this mass region. Ac-
cording to this theory the nuclei attain oblate shapes of
various deformations at high angular momentum and
temperature and the GDR strength function is an aver-
age over the ensemble. The observed structure in the
spectrum at the highest excitation energy supports this
idea. However, the one component structure in the ob-
served strength function suggests that on the average,
the nuclei retain the spherical shape.

No convincing evidence was found for the IVGQR
built on excited states. But it appears that the fusion
evaporation reaction is not a sensitive probe for this high
energy mode. Although the cross section for this mode
increases at higher bombarding energies, the rapidly in-
creasing width of the GDR at high excitation energy
spreads the dipole strength into the region of the GQR,
thus obscuring its presence.
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