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Giant Dipole Resonance in Highly Excited Nuclei: Does the Width Saturate?
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We examine the behavior of the width of the giant dipole resonance (GDR) at high excitation ener
and show, based on new detailed measurements together with a reanalysis of previous experim
results, that the GDR width in Sn and nearby mass compound nuclei continues to increase up to fi
state temperaturesT , 3.2 MeV. These temperatures correspond to the highest energies at which
GDR width can be extracted reliably from existing data. [S0031-9007(99)08845-6]
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One of the outstanding questions in nuclear physi
is the behavior of the width of the giant dipole reso
nance (GDR) built on excited states at high excitatio
energy: does it saturate? In fusion-evaporation reactio
at low energies corresponding to nuclear temperatu
T # 2 MeV, the width is observed to increase rapidl
with bombarding energy due to increasing spin-induc
deformation, and increasing thermal shape fluctuatio
[1,2]. In this regime the global systematics of the GD
width are described reasonably well by shape fluctuati
calculations in which the quadrupole deformation of th
nucleus is assumed to couple adiabatically to the GD
vibration (see, e.g., Ref. [3]). Beyond the bombardin
energy at which the angular momentum saturates (
maximum angular momentum the nucleus can sust
without fissioning) it has been argued [4] that the GD
width should grow much more slowly. Previous exper
ments [2,4–6] (see also Ref. [7]) have been interpret
in terms of a saturating width and, at higher bombardin
energies, a saturating GDRg-ray multiplicity (number of
high-energyg rays per compound nucleus). However, a
high bombarding energy it is difficult to know the initia
excitation energy of the decaying nuclei, which great
complicates the interpretation of these experiments.

In this Letter, we present results of angular distr
bution measurements of preequilibrium protons anda

particles, evaporative protons anda particles, and evapo-
ration residues [8] and multiplicity-gated high-energ
photons produced in18O 1 100Mo collisions atEs18Od ­
122 to 214 MeV [9], spanning the interesting energ
range where the GDR width is claimed to saturate. W
find substantial preequilibrium emission over most of th
energy range, in contrast to assumption in previous GD
decay experiments. Using the forward/backwardg-ray
anisotropy to constrain the bremsstrahlung yield under
ing the GDR, we are able to extract with confidence th
GDR parameters and the final-state temperatures co
sponding to GDR emission. We find that the GDR widt
is still increasing over this energy range, correspondi
to temperaturesT up to 2.4 MeV. We also reinterpret
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the results of previous experiments at similar and som
what higher energies and show that they are consis
with an increasing width up toT , 3.2 MeV once one
accounts for larger preequilibrium losses than previou
assumed.

118Sn and nearby mass compound nuclei were produ
with a pulsed18O beam from the University of Washing
ton Nuclear Physics Laboratory tandem-linac accelera
and0.8 3.1 mgycm2 isotopically enriched100Mo targets.
High-energyg rays were detected in three large NaI spe
trometers, and low-energyg-ray multiplicities were mea-
sured using 22 small NaI crystals covering approximat
20% of 4p. The center-of-massg-ray angular distribu-
tions were assumed to have the formssucmd ­ A0f1 1

a1P1sss cossucmdddd 1 a2P2sss cossucmddddg, based on the domi-
nance of electric dipole radiation. Thea1sEgd coefficients,
which must be zero for statistical emission, are nonzero
high Eg due to bremsstrahlung emission, indicating s
nificant bremsstrahlung at bombarding energies as low
122 MeV (6.8 MeVynucleon). Thea2sEgd coefficients
are small and not well determined.

We use separate18O 1 100Mo measurements [8] to de
termine preequilibrium energy and mass losses. For p
cesses leading to fusion, the average excitation energy
relative to complete fusion is21% for 197 MeV bom-
barding energy (11 MeVynucleon). A second point cor
responding to15% loss at 166 MeV was estimated b
scaling the measured losses at 197 MeV by the (unp
lished) ratios of measured singles preequilibrium cro
sections at 166 and 197 MeV for protons and fora’s (neu-
tron losses were assumed to scale with proton losses)
straight line fit to the corresponding reduced excitation e
ergies (see Fig. 3) shows the average initial excitation
ergy of the compound system. The excitation energy l
is given byDExsMeVd ­ 8.7fsEproj 2 VcdyAprojg 2 33
where the Coulomb barrierVc ­ 52.5 MeV for 18O 1
100Mo. As noted before [8], these excitation energy loss
are much larger than the corresponding amount of l
linear momentum transfer (e.g.,8% at 11 MeVynucleon).
The losses are also much larger than assumed previo
© 1999 The American Physical Society
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due partly to underestimates of the binding energy cont
bution to the loss.

The average excitation energy, mass, andZ of the
populated compound nuclei, corrected for preequilibriu
loss, were used inCASCADE statistical model calculations
with the Reisdorf [10,11] level density description an
a single Lorentzian GDR strength function. Measure
residue cross sections [8] were used for the initial fusio
cross sections. The GDR and bremsstrahlung parame
were determined by simultaneous fits of the statistic
contribution plus a bremsstrahlung component to th
measured 90± cross section anda1sEgd coefficients.

A parametrization of the bremsstrahlung cross se
tion as a simple exponential, with isotropic emissio
in a reference frame moving with0.5ybeam as has
been established for nucleon-nucleon bremsstrahlung
higher bombarding energies [12], is adequate to d
scribe the measured cross section, but fails to acco
for a1

°
Eg

¢
at all bombarding energies, as shown fo

197 MeV bombarding energy in Fig. 1. Several othe
bremsstrahlung parametrizations give good fit resul
such as a “curved” bremsstrahlung cross section giv
by [13] sbrems ­ ks1 2 x2dayx in the source frame,
with ysource ­ 0.5ybeam. Here k, a, and Elim are fit
parameters andx ­ EgyElim. Similar quality fits are
obtained with sbrems ­ kysA 1 eEgyE0 d and ysource ­
0.5ybeam, or sbrems ­ k ? es2EgyE0d with a source ve-
locity varying from ,0.3ybeam at Eg ­ 20 MeV to
,0.6ybeam at Eg ­ 30 MeV. The fitted GDR parameters
don’t depend strongly on the bremsstrahlung parametriz
tion; however, it is important to include bremsstrahlung i
the analysis. Fit results using the curved parametrizati
are shown in Fig. 1, right panel, and in Fig. 2.

High-energy g-ray spectra anda1sEgd coefficients
obtained with a fold$4 condition are shown in Figs. 1
and 2 for all five bombarding energies, together wit
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FIG. 1. Simultaneous fit ofCASCADE plus bremsstrahlung to
the 90± cross section anda1sEgd. Left column: Exponential
bremsstrahlung shape. Right column: Curved bremsstrahlu
shape (see text).
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CASCADE plus bremsstrahlung fits to the regionEg ­
11 38 MeV. Divided plots in the bottom row provide
an approximate way of removing the effect of the nuclear
level density so that the fitted absorption cross section
may be compared to the data on a linear scale.

We use a fold$4 multiplicity cut to ensure clean
spectra by eliminating noncompound nucleus background
Such background is evident in the fold$0 (ungated) data
for Eg , 11 MeV (not shown), wherea1sEgd is posi-
tive due to some nonequilibrium process such asg

decay of projectilelike fragments (in this low energy re-
gion, bremsstrahlung is negligible). There is also some
background nearEg ­ 15 MeV from decay of12C frag-
ments. The background is strongly suppressed by the
multiplicity cut, as evidenced by the reduction of the
a1

°
Eg

¢
. For the fold-gated data, shown in Fig. 2,a1

°
Eg

¢
is nearly zero on the low side of the GDR, as expected
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FIG. 2. Measured data andCASCADE plus bremsstrahlung fits.
First and fourth rows: 90± g-ray production cross sections.
Second and fifth rows:a1
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coefficients. Third and sixth

rows: Divided plots.
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FIG. 3. 18O 1 100Mo energetics. Dotted line: Complete
fusion excitation energy. Dashed line: Initial compoun
nucleus energyEinit following preequilibrium emission. Dot-
dashed line: Average energyEi preceding GDR decay. Solid
line: Average thermal energyEf following GDR decay.

for nearly pure statistical decay in the presence of a sm
bremsstrahlung yield. A further check on our insensitivi
to nonstatistical background comes from a comparison
GDR parameters from fits to the fold$4 and to the fold
$0 data, which are similar.

The energetics of our reactions are shown in Fig.
The dotted line represents the complete fusion ener
which ranges from 108 to 186 MeV in our measuremen
As discussed above,Einit represents the initial compound
nucleus excitation energy following preequilibrium emis
sion. Ei includes the additional energy lost on average b
particle evaporation prior to GDR decay, calculated usi
CASCADE. Ef represents the average thermal energy f
GDR decay, obtained fromEi by subtracting the 15 MeV
g-ray decay energy and the rotational energy. Note th
Ef is small and increases more slowly with bombardin
energy than doesEinit. Note also, if theEf curve flattens
out at higher energies, then the GDR width andg-ray
nd

3406
TABLE I. GDR and bremsstrahlung fit parameters. The strengthS is from fold $0 data
while all other parameters are from fold$4 data. Einit, ED , G, Elim, and T are in units of
MeV. Errors on GDR parameters include uncertainty in level density, energy calibration, a
absolute normalization.

Eproj 122 MeV 147 MeV 166 Mev 197 MeV 214 MeV

Einit 107 116 123 134 141
S 1.2 6 0.2 1.1 6 0.2 1.3 6 0.2 1.2 6 0.2 1.2 6 0.2

ED 14.8 6 0.5 14.6 6 0.5 15.2 6 0.5 15.2 6 0.5 15.2 6 0.5
G 8.3 6 0.4 8.7 6 0.4 10.0 6 0.5 10.7 6 0.4 10.6 6 0.4
k .004 6 .007 .02 6 .005 .008 6 .003 .009 6 .003 .007 6 .002
a 3.5 6 3.6 7.4 6 3.3 6.8 6 4.2 3.9 6 2.0 6.2 6 4.5

Elim 35 6 8 43 6 6 50 6 10 45 6 6 56 6 14
x2yn 1.4 2.0 1.3 1.4 2.2

T 2.14 2.21 2.26 2.36 2.42
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yield will saturate with bombarding energy. In order t
interpret properly the GDR parameters, we calculate t
average temperature associated with GDR decay, gi
by T ­ fd lnsrdydEg21 evaluated atE ­ Ef . This is the
temperature relevant to thermal fluctuation calculations
dipole absorption by a heated nucleus [1].

Fitted parameters are shown in Table I together w
the deduced temperatures. The GDR strengths all
in the range 1.1 to 1.3 times the classical dipole su
rule, in good agreement with the value of 1.26 deduc
from ground-state photoabsorption on118Sn [14]. Rea-
sonable agreement (within65%) is also found for the
resonance energies compared to the ground-state G
value of 15.4 MeV. Neither the strength nor centro
energy varies significantly with temperature. These r
sults represent the best test to date of the expectation
the strength and resonance energy of the GDR built
excited states should be the same as for the GDR b
on the ground state, since all significant parameters re
vant to the present determination—initial excitation e
ergy, fusion cross section, and level density parame
[15]—have been measured.

The GDR widths forT ­ 2.1 to 2.4 MeV from the
present study are shown in Fig. 4 together with results fro
previous fusion-evaporation experiments [16–19] at low
excitation energies where preequilibrium effects are sm
(see also [20]). Where necessary we have recompu
the temperatures corresponding to the previous meas
ments. As can be seen, the GDR width is still increa
ing in this range. Also shown in Fig. 4, top panel, is th
average angular momentum at the time of GDR dec
for 18O 1 100Mo reactions calculated usingCASCADE (a
similar curve is found for the other fusion-evaporatio
reactions).

We can use ourDEx relation for preequilibrium energy
loss to correct higher energy GDR data [4–6], based
a demonstrated scaling of preequilibrium emission w
sEproj 2 VcdyAproj [21] which is insensitive to the pro-
jectile/target combination [22]. Our results suggest larg
losses than previously assumed, which lower the co
puted temperatures and raise the estimated GDR wid
the latter occurs because the spectra must be refit w
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FIG. 4. Decay of Sn and nearby mass compound nucl
Top panel: Average angular momentum for GDR decay
18O 1 100Mo. Bottom panel: Points—measured GDR widths
solid line—thermal fluctuation calculation [3,28]. Horizonta
axis: Final-state temperature.

CASCADE at a lower excitation energy. For the dat
of Ref. [4], with a correctedEinit ­ 206 MeV s Ei ­
137 MeVd, the width correction is small, and the resul
is plotted at a computed temperature of 3.2 MeV. Fo
the deep-inelastic results of Ref. [6] we use a Fermi j
model calculation [23] to estimateDEx losses due to
preequilibrium emission of10%, 11%, and 27% for the
three TKEL bins. The27% loss for the highest TKEL bin,
corresponding toEinit ­ 244 MeV s Ei ­ 157 MeVd for
the Xe-like fragment, is in good agreement with th
value24% obtained from our relation forDEx for heavy-
ion fusion, as expected for near-central deep-inelas
collisions, and is much larger than previously assume
For the two lowest TKEL bins, the energy losses an
hence the width corrections are small. These correct
data are also shown in Fig. 4. The inclusion of thes
higher energy points provides additional evidence for a
increasing GDR width up toT , 3.2 MeV [24]. We note
that data at even higher bombarding energy [25–27]
not appear to bear on the issue of width saturation due
the apparent saturation of the GDRg-ray multiplicity.

The adiabatic thermal fluctuation calculations o
Kusnezov and Alhassid [3,28] evaluated at the avera
angular momentum associated with GDR decay are sho
in Fig. 4. Theoretically the absence of width saturation
this energy region results because thermal shape fluct
tions are still rising with increasingT and are appreciable
compared to the spin-driven broadening.
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In conclusion, the results of our study together wi
a reanalysis of other relevant data nuclei show eviden
for a GDR width which continues to increase up t
T , 3.2 MeV in the Sn mass region. Calculations base
on the thermal shape fluctuations of a heated rotat
liquid drop are in reasonable agreement with the da
except at lower energies (temperatures) where the d
lie somewhat lower. In order to understand the GD
properties at higher energies and temperatures than th
presented here, it is essential to have a reliable measur
the excitation energy of the decaying nuclei.

We acknowledge helpful comments from R. Vande
bosch and the early participation of D. Ye.
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