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Statistical calculations to predict the neutron spectrum resulting from the decay of giant reso-
nances are discussed. The dependence of the results on the optical potential parametrization and on
the level density of the residual nucleus is assessed. A Hauser-Feshbach calculation is performed for
the decay of the monopole giant resonance in 2Pb using the experimental levels of °’Pb from a re-
cent compilation. The calculated statistical decay is in excellent agreement with recent experimental
data, showing that the decay of this resonance is dominantly statistical, as predicted by continuum

random phase approximation calculations.

I. INTRODUCTION

Since giant resonances (GR’s) have mostly excitation
energies above particle emission thresholds, they usually
decay by particle emission. In a microscopic picture, the
excitation of a GR is described as a coherent superposi-
tion of 1p-l1h excitations of the nucleus. The decay of
these 1p-1h configurations can proceed by particle emis-
sion, leading to the population of hole states in the residu-
al nucleus (direct decay), or they can mix with more com-
plex 2p-2h configurations. These more complex 2p-2h
configurations can in turn decay either by emission of a
particle, or they can mix with still more complex 3p-3h
configurations. The mixing with more complicated con-
figurations continues until, finally, complete equilibrium
has been reached. The resulting compound nuclear state
has no memory of the way in which it has been formed,
except for the usual conservation of quantum numbers
such as spin, parity, and excitation energy.

On the basis of the above considerations, the observed
width of GR’s are described as

="+ 4T, (1)

where T'" is the escape width due to the intrinsic width of
the 1p-1h states and I'* is the spreading width due to cou-
pling of 1p-1h states to more complex states leading to
equilibrium. The values of I'' and T'* can be, in principle,
determined by studying the decay properties of GR’s.
Particle decay of 1p-1h states will populate, preferentially,
specific hole states in the final nucleus, while the decay of
the compound state will lead to population of many more
levels in the residual nucleus and is governed by transmis-
sion coefficients and level densities. In Eq. (1), T''
represents the width for preequilibrium emission.

Because the decay properties of GR’s are of special in-
terest for understanding the structure and dynamics of
these collective modes of nuclear excitations, considerable
effort has been concentrated in coincidence experiments
where the energy spectrum of the emitted particle is mea-
sured. These spectra are compared with the predictions of
statistical calculation in order to obtain the relative inten-
sity of statistical to direct and preequilibrium decay.
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However, these calculations have been performed, in most
cases, under very unrealistic assumptions which invalidate
the conclusions.

It has been shown recently' that if a Hauser-Feshbach
calculation®® is performed using the known levels of
207pp, instead of a level density function, the measured
neutron spectrum, resulting from the decay of the EOQ
GR, can be completely explained on a statistical basis. In
contrast, the assumption that the neutron spectrum,
N (E,), resulting from the decay of the compound state is
of the form

N(E,)<E.exp(—E,/T), (2)

where E is the energy of the emitted neutron and T is a
constant nuclear temperature, leads to the conclusion that
15 percent of the decay is nonstatistical.*

In this paper we assess the approximations that lead to
Eq. (2) by comparing them with experimental level densi-
ties and transmission coefficients. The influence of dif-
ferent parametrizations of the optical potential in the
transmission coefficients and their effect in the predicted
statistical decay spectrum is also discussed. The predicted
statistical decay of the EO GR in 2%®Pb is recalculated us-
ing 63 additional levels from a recent compilation® and
compared with the previous calculation' and with more
complete recent experimental data® for the decay of this
resonance.

II. STATISTICAL DECAY

The Hauser-Feshbach formalism®3 assumes that the
nucleus is excited at an energy E, by some process. The
energy E, is then thermalized and subsequently dissipated
through particle emission. The partial cross sections o;
for the various decay channels are governed by penetrabil-
ities. When the only relevant decay channel is the emis-
sion of one neutron, the partial cross sections are
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FIG. 1. Diagram of the energies involved in Eq. (3) (see the
text).

where o(E,) is the formation cross section that excites
the nucleus to the energy E,; T (E, ) is the transmission

coefficient for the ith decay, emitting a neutron of energy
E,, and leaving the residual nucleus at the excitation en-
ergy U;; E, =E,—E,—Uj; E, is the threshold energy for
neutron emission; s and [/ are the spin and angular
momentum of the ejected particle; and k is the number of
accessible levels in the residual nucleus. The various ener-
gies involved in the process are schematically shown in
Fig. 1. If the nucleus can decay by various particle chan-
nels (a,p,n,2n, . ..), the only change in Eq. (3) is that the
sum over k, in the denominator, goes over all accessible
levels in each of the residual nuclei that can be formed.

Most of the experimental data on neutron spectra re-
sulting from the decay of GR’s have been compared with
Eq. (2) in order to obtain the statistical component of the
process. (As an example of recent work see Refs. 7 and
8.) Thus it is important to review the assumptions that al-
low one to obtain Eq. (2) from Eq. (3). These assumptions
are as follows.
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FIG. 2. Transmission coefficients for / =0 and different pa-
rametrizations of the optical potential. The straight line
represents the assumption of a transmission coefficient indepen-
dent of / and directly proportional to the neutron energy (see the
text).
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FIG. 3. The same as Fig. 2, but for / =1.

(@ The levels of the residual nucleus can be well
represented by a continuous level density, p(U), indepen-
dent of spin and parity. This level density is given by

p(U)=poexp(U/T) . (4)

(b) The transmission coefficients in Eq. (3) are indepen-
dent of s and / and directly proportional to E, that is,

Ty=kE, . (5)

With these assumptions it is straightforward to obtain (2)
from (3). However, it has been shown! that the level den-
sity given by Eq. (4) has no similarity to the number of
experimental levels per energy interval in 2’Pb.

The linearity of the transmission coefficients and their
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FIG. 4. The same as Fig. 2, but for / =2.
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independence of / and s is also a very crude approxima-
tion. In Figs. 2—7 transmission coefficients for / =0—5
are shown, calculated with different parametrizations of
the optical potential. The straight line in each figure il-
lustrates the effect of assuming a linear transmission coef-
ficient independent of I.

It is clear from the above discussions that Eq. (2) can-
not be used to interpret neutron spectra from the decay of
GR’s, since the maximum excitation energy in the residu-
al nucleus is usually <8 MeV. For higher excitation en-
ergies, evaporation of another neutron will occur and
again the residual nucleus will be at an excitation energy
<8 MeV.

In Ref. 1 the decay of the EO GR in 2°®Pb was evaluat-
ed using the experimental levels of 2’Pb. However, a re-
cent compilation® shows 141 levels in the range 0—6.1
MeV, while the calculation used only 78 experimental lev-
els. Another criticism that could be made of the results of
Ref. 1 is the fact that the transmission coefficients were
evaluated using a global optical model potential based on
experimental data of neutron elastic scattering in the ener-
gy range 7—26 MeV.’ Since the calculation of the decay
deals with neutron energies smaller than 7 MeV, such an
optical potential could be inappropriate. The transmis-
sion coefficients obtained with this global optical potential
are shown in Figs. 2—7 by the dotted curves. All the
transmission coefficients were evaluated using the optical
model code SCAT2.!°

A recent measurement of differential elastic and inelas-
tic neutron scattering cross sections for 2°Pb and 2”Bi in
the range 4—7 MeV (Ref. 11) certainly provides the best
parametrization of the optical potential for neutrons in
the range of excitation energies under consideration. The
transmission coefficients obtained with this parametriza-
tion are shown by the continuous curves in Figs. 2—7. In
the same figures transmission coefficients resulting from
two other parametrizations are shown. The dashed curves
show the transmission coefficients obtained using optical
model parameters for lead isotopes,'? based on fitting of
experimental data, which yield good agreement between
calculated and measured cross sections at 4.7 and 14.6
MeV. Finally, the dotted-dashed curves show the
transmission coefficients obtained using theoretical opti-
cal potential parameters, valid for the energy range 1—15
MeV in medium and heavy nuclei.’® The latter in most
cases overestimates the transmission coefficients as com-
pared to the other three parametrizations, which result
from fitting of experimental data. It is worthwhile to
note that the transmission coefficients decrease rapidly for
neutron energies <2 MeV.

III. DECAY OF THE EO0 GIANT RESONANCE
IN 2°%Pb

The influence of the transmission coefficients in the
calculated decay will be illustrated by computing the de-
cay of the EO GR in ?°®Pb. The calculation assumes that
the excitation energy in 2%®Pb is 13.5 MeV. In order to
evaluate the decay using Eq. (3) the experimental levels®
were used. From the 158 experimental levels in the range
0—6.6 MeV, 73 levels have no assigned spins and parities.
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FIG. 6. The same as Fig. 2, but for / =4.
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FIG. 7. The same as Fig. 2, but for / =5.
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TABLE I. Number of experimental levels (Expt.) compared with the number of calculated levels ( 7).

Energy Number Number of levels Number of levels Number of Expt. levels
interval of levels with I < % with I > % without spin
(MeV) Expt. T Expt. T T —Expt. Expt. T T —Expt. assignment
0-—1 3 3 3 3 0 0 0 0 0
1-2 1 1 0 0 0 1 1 0 0
2-3 5 3 4 3 -1 1 0 -1 0
3—4 22 19 4 9 S 11 10 —1 7
4-5 47 50 20 23 3 11 27 16 16
5—6,6 80 80 25 24 —1 5 56 51 50
Total 158 156 56 62 6 29 94 73 73

For these levels, spins and parities were assigned compar-
ing the experimental distribution of spins and parities
with the distribution predicted by the unperturbed particle
vibrator model as discussed in Ref. 1. The calculation
was performed by coupling the single hole (j) states 3p,
(61/2—_—0.0 MCV), 2f5/2 (55/2=O.57 MCV), 3p3/2
(53/2=0.89 MeV), 1i13/2 (613/2=1.63 MeV), 2f7/2
(57/2=2.34 MCV), and 1h9/2 (69/2=3.42 MeV) to the
states (R) 0% (€y+=0.0 MeV), 37 (e;,_=2.6 MeV),
57 (€-=3.19 MeV), 2% (¢,,=4.08 MeV), 4% (¢,
=4.32 MeV), and 87 (€, =4.61 MeV) of 208ph. The en-

ergies (€;) of the single hole states and the vibrator ener-
gies (eg ) used were taken from the experimental results of
27Pb and 2°8Pb, respectively. The theoretical distribution
of spins, parities, and energies of the states in 2’Pb are
obtained from the condition

I=R+j
with
€1=€j+€r <6.6 MeV .

In Table I the distribution of levels obtained is com-
pared with the experimental levels® in 2’Pb. As shown in
Table I the agreement between the number of levels per
energy interval predicted by our calculation is in excellent
agreement with the experimental distribution, as well as
the distribution of spins <. The distribution of spins
> & in the interval 4—6.6 MeV predicted by our calcula-
tion is also in agreement with experiment if we assume
that the experimental levels with unknown spins have
I3

Based on the agreement of the present calculation with
the measured levels, we are led to assume that the experi-
mental levels with unknown spins have I > 5. Thus the
decay spectra were evaluated using the energies, spins, and
parities of the experimental levels. For those experimental
energy levels without spin assignment we assumed I =<,
that is, the lowest possible I according to our calculation.
(We choose the lowest value because T, decreases as [ in-
creases for a given neutron energy.)

In Fig. 8 the predicted decay of an EO state at
E,=13.5 MeV in 2%Pb is shown. The full line is the re-
sult obtained with the global optical potential,” while the
dashed line results from the optical potential parameters
determined from recent experimental data for neutron en-

ergies in the range 4—7 MeV. The results from both pa-
rametrizations are nearly indistinguishable, indicating that
the global optical potential from Rapaport et al.’ is also
adequate. The optical potential parameters from Fu and
Perey!? also yield a result indistinguishable from the two
shown in Fig. 8. The optical potential from Wilmore and
Hodgson yields a spectrum similar to the one shown in
Fig. 8, but the relative population of low-lying states is
~10% smaller. The latter, as already pointed out, does
not show good agreement with more recent experimental
data for lead.

The effect of including additional levels in 2’Pb from a
recent compilation is shown in Fig. 9. The full line shows
the predicted decay using /41 levels while the dashed line
results from the 78 levels used in Ref. 1. Both decay spec-
tra were evaluated using the optical potential parameters
of Ref. 11 and are normalized to the same number of neu-
trons. An experimental energy resolution of 500 keV was
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FIG. 8. Calculated statistical neutron decay spectra for the
EO GR in ®Pb assuming a resolution of 500 keV. The con-
tinuous (dashed) line shows the result obtained with the optical
potential of Ref. 9 (Ref. 11). The 141 experimental levels of
207Pb that can be reached by the neutron decay are used (see the
text).
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FIG. 9. Calculated statistical neutron decay spectra for the
EO GR in 2Pb, using the optical potential of Ref. 11. The
dashed line shows the result obtained using 78 experimental lev-
els of 27Pb as in the calculation of Ref. 1, and the full line the
result obtained using 63 additional levels from a recent compila-
tion. Both spectra are normalized to the same number of neu-
trons.

assumed, representing each neutron line by a Gaussian
with FWHM equal to the energy resolution. The in-
clusion of 63 additional levels produces a noticeable
change but not one as dramatic as could be expected. The
reason is that most of the additional levels are at excita-
tion energies higher than 4 MeV in 2°’Pb, and consequent-
ly the neutrons emitted to those levels will have energies
smaller than 2 MeV. As we have already pointed out, the
transmission coefficients decrease rapidly for neutrons of
less than 2 MeV (see Figs. 2—7). This is an important
point and shows that the excitation energy region where
the level density becomes high and could eventually be
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FIG. 10. The curve is the same calculation shown by the full
line in Fig. 9. The histogram is the experimental neutron spec-
trum from Ref. 4. The calculated spectrum was normalized to
fit the intensity of fast neutrons in the experimental spectrum.
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FIG. 11. Calculated neutron spectrum from an excitation en-
ergy of 14 MeV in 2Pb and an energy resolution of 500 keV.
The experimental points are from Ref. 6. The calculated spec-
trum is normalized to the total number of neutrons in the exper-
imental spectrum.

represented by a continuous level density has its influence
decreased because the corresponding transmission coeffi-
cients decrease. Thus, the only reliable way to perform a
statistical calculation is to use the experimental levels of
the residual nucleus and, eventually, a level density for the
region of high excitation energy, but not for the whole
range of energies accessible in the residual nucleus.

Finally, in Fig. 10 we compare the experimental neu-
tron spectra® with the predicted spectra using the optical
parameters of Ref. 11 and the 141 experimental levels of
207pb.> The conclusions from Ref. 1 are unchanged. The
observed decay can still be explained on a purely statisti-
cal basis. However, the normalization between the calcu-
lated and measured spectra is arbitrary, since the experi-
mental data do not contain all low energy neutrons and
we cannot conclude if the calculated number of low ener-
gy neutrons is in agreement with experiment or not.

In Fig. 11 a more recent experimental neutron spectrum
from the decay of the EO GR in 2°®Pb is shown.® The ex-
perimental energy resolution is 500 keV. The spectra, ob-
tained in an (a,a’,n) coincidence experiment, covers the
excitation energy region of 12.5—15.5 MeV in 2®Pb. It is
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FIG. 12. The same experimental data as in Fig. 11 and the
same statistical calculation but for an energy resolution of 2.4
MeV.
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interesting to compare the results of our statistical calcu-
lation with this experimental spectrum, since in this case
the normalization between the calculated and measured
spectrum is not arbitrary because the calculation has to be
normalized to the total number of neutrons in the experi-
mental spectrum. The full curve in Fig. 11 shows the
spectrum predicted by our statistical calculation assuming
an excitation energy of 14 MeV, which is the mean experi-
mental excitation energy and is in the peak of the EO0 GR
according to Ref. 6. For this case 158 levels of °’Pb (Ref.
5) were used in the evaluation of Eq. (3) with the optical
potential given by Ref. 11. The measured spectrum has a
maximum excitation energy of ~8 MeV, while the calcu-
lated spectrum goes up to only 6.6 MeV as a consequence
of the assumption made for the excitation energy in *°*Pb.
Because of the wide range of excitation energies covered
by the experimental data, a more precise calculation
should vary the excitation energy, weighting the various
excitation energies with the absorption cross section, but
there is not enough data to perform it. Instead we can
compute the predicted decay spectrum assuming that the
energy resolution is the width of the EO GR, '=2.4
MeV,® since the use of a wide range of excitation energy,
centered at the peak of the resonance is, in first approxi-
mation, equivalent to an energy resolution equal to the
width of the resonance. With this approximation we ob-
tain for the neutron decay of the EO GR in 2°*Pb the full
curve shown in Fig. 12. The agreement with the experi-
mental spectrum is excellent, leading to the conclusion
that the decay is dominantly statistical. This result was
already predicted by de Haro et al.'* performing continu-
um random phase approximation (RPA) calculations both
in a 1p-1h and a 2p-2h basis. The parameters of these cal-

culations were adjusted to reproduce the experimental sin-
gle particle energies. The 1p-1h gave a width of 100 keV
for the EO GR, corresponding to a direct decay branch of
less than 5 percent, which is in agreement with the present
analysis, since such a small decay branch cannot be ex-
cluded. Inclusion of 2p-2h configurations in the calcula-
tion leads to a width of about 2.6 MeV, in good agreement
with the experimental value of 2.4+0.3 MeV.°

IV. CONCLUSIONS

Neutron spectra from the decay of giant resonances
cannot be compared with the widely used expression

N(E,)xE,exp(—E,/T),

in order to obtain the statistical component of the decay,
because the approximations necessary to obtain this ex-
pression are too unrealistic. A Hauser-Feshbach calcula-
tion using the experimental levels of the residual nucleus
is the correct approach. The results of such calculations
are nearly independent of the parametrization of the opti-
cal potential, if the latter is based on experimental data.
The global optical potential from Rapaport et al.’ is ade-
quate. Also, the results of these calculations do not de-
pend strongly on the density of states in the upper 2 MeV
of the residual nucleus, because the transmission coeffi-
cients drop fast for neutrons of less than ~2 MeV.

The comparison of a Hauser-Feshbach calculation, us-
ing the experimental levels of 2'Pb, with recent experi-
mental data shows that the decay of the EO GR in %*Pb
by neutron emission is dominantly statistical. This result
is in agreement with the prediction of continuum RPA
calculations.
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