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Statistical and direct aspects of64Zn „g,n… and „g,np… decay channels
in the giant dipole resonance and quasideuteron energy regions
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The investigation of statistical and direct aspects related to the (g,n) and (g,np) decay channels of64Zn in
the giant dipole resonance~GDR! and quasideuteron~QD! energy regions was performed by a trial function
fitting to the respective (e,n) and (e,np) electrodisintegration yields measured by residual activity. The trial
function incorporated the GDR and QD models to describe the initial photoabsorption mechanism and the
geometry dependent hybrid exciton model used in theALICE/LIVERMORE-82 code to calculate the relevant
branching ratios, with theE1 virtual photon spectra being calculated in the distorted wave Born approximation.
We compared our results for the (g,n) cross section with other existing experimental measurements, and the
long-standing normalization issue among different laboratories was revisited and addressed. We obtained for
the first time the absolute (g,np) cross section from threshold to 60 MeV. We succeeded in separating
statistical and direct contributions of the (g,np) process, the latter being remarkably well described by the QD
model in the interval 40–60 MeV. A possible direct contribution for the (g,n) decay in the GDR is also
addressed. Finally, the total photoabsorption cross section of64Zn was reevaluated up to 21 MeV, and the
results were compared with previous estimates performed by other groups.
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I. INTRODUCTION

Photonuclear reactions in the giant dipole resona
~GDR! and quasideuteron~QD! energy regions have bee
widely studied in the past, as they provide a wide range
information either on the initial nuclear excitation mech
nism or on characteristics of the compound nucleus de
channels. In fact, photoneutron cross sections in the G
energy region have been compiled@1# for most of the nuclei
in the periodic table, while measurements in the QD reg
were mainly focused on heavy nuclei@2#, thus leading to a
gap of information on intermediate nuclei. Additionally, th
expected shift of interest toward higher energy studies, a
has been verified in the last 40 years or so, left behind so
important uninvestigated issues like Pauli-blocking effects
the lower QD energy range.

The relevant photonuclear reactions for64Zn in the GDR
energy region were studied using different methods@3,4#.
The cross sections obtained with monochromatic photons
considered to be the most accurate. However, these mea
ments, performed mostly at the laboratories of Livermo
~USA! and Saclay~France!, have exhibited systematic dis
crepancies when compared with each other. These discre
cies were already discussed in previous publications@5#,
where measurements performed in Sa˜o Paulo were used to
elucidate a systematic discrepancy between the Saclay
Livermore data, suggesting that the data from Livermore
problably more reliable than those obtained at Saclay. F
this framework, new measurements of some important c
sections in the GDR energy region of64Zn, such ass(g,n)
and s(g,np), are still of interest. In fact, Carloset al. @3#
have also reported that some impurities~around 9%!, asso-
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ciated with the isotopic composition of natural zinc in th
ZnO target used in their experiment, were not taken i
account, thus providing another source of uncertainty. A
other aspect motivating new measurements of these c
sections is that the Saclay data do not discriminate betw
the (g,np) and the (g,n) channels, as their detection syste
was completely insensitive to protons. So, with new abso
measurements it would be possible to separate the two m
contributions to the compound nucleus decay process in
GDR.

The main goal of this work is the determination of th
absolute cross section for the (g,np) reaction from threshold
to 60 MeV, since the available data were obtained only up
40 MeV and in relative scale@4#. Those data would enabl
one to explore both the GDR statistical decay process in
(g,np) channel and the direct reaction mechanism due to
QD effect, which is expected to become more significan
energies above 40 MeV. The Pauli-blocking effect, then, c
be thoroughly discussed if one is able to separate the st
tical and direct aspects in this decay channel.

Combining the experimental results for the (e,n) and
(e,np) electrodisintegration yields, and using the geome
dependent hybrid exciton model~GDH! @6#, incorporated
into the ALICE/LIVERMORE-82 code@7#, to calculate the rel-
evant branching ratios, the total photoabsorption cross
tion can be evaluated and compared with some previous
sults reported by the JENDL group@8#. The combination of
the trial function method, virtual photon spectra calculated
distorted wave Born approximation~DWBA! @9#, and the
ALICE/LIVERMORE-82 code provides a consistent framewo
to analyze yield functions.

Instead of detecting both neutron and proton in coin
©2003 The American Physical Society18-1
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dence, which is a complex and difficult task, the resid
activity analysis, as performed in this work, is an alternat
and accurate method to determine the (g,np) cross section.

II. RELEVANT THEORY

A. Statistical mechanisms

From the Hauser-Feshbach theory, one can write the c
section of a process with initial and final channelsa andb as
follows @10#:

sa,b}jajb , ~1!

whereja and jb are quantities which depend only on the
respective channels. With the compound nucleus~CN! hy-
pothesis@11#, the process (a,b) can be described by two
steps:~1! compound nucleus formation, and~2! statistical
decay of the equilibrated system. Thus,

sa,b~Ea!5sa,CN~Ea!
Gb

GT
~E* !, ~2!

wheresa,CN stands for the compound nucleus reaction cr
section due to the entrance channela, Gb /GT represents the
branching ratio associated with the exit channelb, andE* is
the excitation energy of the compound nucleus.

For photonuclear reactions in the GDR energy region,
also considering the compound nucleus hypothesis, one
write the cross sections(g,b) in the form

sg,b~Eg!5sg,abs
GDR ~Eg!

Gb

GT
~Eg!, ~3!

sg,abs
GDR (Eg) being the GDR photoabsorption cross sectio

From the semiclassical theory of the interaction betwe
photons and nuclei, the shape of a fundamental resonan
the absorption cross section is a Lorentz curve@12,13#:

sg,abs
GDR ~Eg!5(

i 51

2
smi

11@~Eg
22Emi

2 !2/Eg
2G i

2#
, ~4!

whereEmi , smi , andG i are the resonance energy, peak cro
section and full width at half maximum, respectively.

From the analysis of photoneutron cross sections w
monoenergetic photons, the resonance parameters for64Zn
were established and are shown in Table I@1,3#. In the data
analysis and interpretation presented below, we introduc
normalization factor to the cross section@Eq. ~4!#, which
keeps the shape of the resonance unchanged.

TABLE I. Parameters of two Lorentz curves fitted in the 14–
MeV interval of the photoneutron cross section for64Zn. The ex-
perimental data were taken from Ref.@3# and the parameters wer
compiled by Bermanet al. @1#.

Lorentz parameters (smi)(mb) (Emi)(MeV) (G)(MeV)

Lower-energy line 41.4 16.23 3.27
Higher-energy line 56.1 19.19 5.98
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The cross sections for statistical decay through the (g,n)
and (g,np) channels for64Zn in the GDR energy region ca
then be calculated in full knowledge of the initial photoexc
tation mechanism~GDR!, together with the description o
the CN decay, the latter being performed using theALICE/

LIVERMORE-82 code to calculate the evaporation process@7#.
The relevant cross sections for the statistical processes
be written as

sg,n
stat~Eg!5CFsg,abs

GDR ~Eg!
Gn

GT
~Eg!G , ~5!

sg,np
stat ~Eg!5CFsg,abs

GDR ~Eg!
Gnp

GT
~Eg!G , ~6!

whereC is an energy independent normalization factor
the GDR parameters.

B. Direct mechanisms

Since the aim of this work is to describe both (g,n) and
(g,np) processes in64Zn, one has to account for direct re
action mechanisms.

In this framework, the (g,n) reaction cross section in th
GDR may be assumed as constituted by a major statis
part and a minor direct one. This direct contribution may
written as a fraction of the totals(g,n) cross section:

sg,n
dir ~Eg!5k~Eg!sg,n

tot ~Eg!, ~7!

wherek(Eg) is an undimensional slow varying energy fun
tion, sg,n

dir (Eg) is the direct contribution, andsg,n
tot (Eg) is the

total cross section.
Since we are dealing only with energy integrated cro

sections, we may approximatek(Eg) by an energy indepen
dent mean value, which suffices for our estimation purpo

k̄[
1

DEEE0

E1
k~Eg!dEg , ~8!

whereDE5E12E0 is the GDR energy interval andk̄ is the
corresponding mean value. With this approximation the
rect contribution takes this form:

sg,n
dir ~Eg!5 k̄sg,n

tot ~Eg!. ~9!

On the other hand, the direct contribution to the (g,np)
process at energies above the GDR is expected to be re
to the quasideuteron photoabsorption mechanism. At th
energies the photon interacts most probably with a correla
n-p pair inside the nucleus, the well-known quasideuter
mechanism. This mechanism was first proposed and mod
by Levinger@14#, and since then has been subjected to s
stantial modifications@15,16#. From this model one may re
late the photoabsorption cross sectionsg,abs

QD (Eg) of a quasi-
deuteron pair to the photodisintegration cross section o
free deuteronsD(Eg):
8-2
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STATISTICAL AND DIRECT ASPECTS OF64Zn (g,n) AND . . . PHYSICAL REVIEW C68, 014618 ~2003!
sg,abs
QD ~Eg!5L

NZ

A
sD~Eg! f ~Eg!, ~10!

where L/A represents the fraction ofn-p pairs inside the
nucleus which may be correlated,NZ is the total number of
n-p pairs inside the nucleus, andf (Eg) is a function that
accounts for the Pauli-blocking effects on the final state d
sities. The free deuteron cross section was taken as@17#

sD~Eg!5
61.2~Eg2B!3/2

Eg
3

, ~11!

whereB52.224 MeV is the binding energy of the deutero
Chadwicket al. @18# have determined the functionf (Eg),

using Fermi-gas state densities which conserve linear
mentum. Their approach provides a more accurate calc
tion than the usualad hoc phenomenological exponentia
factor introduced by Levinger. This result was then expan
in a polynomial function in the energy range 20–140 Me

f ~Eg!58.3714310222~9.834331023!Eg

1~4.122231024!Eg
22~3.746231026!Eg

3

1~9.353731029!Eg
4 , ~12!

where the Levinger parameterL56.5 is now a constan
value obtained directly from the model.

Assuming that after the initial photoabsorption then-p
pair splits, and that during the emission process there ar
final state interactions~FSI!, one can equate the cross secti
of a typical direct reaction processsg,np

dir (Eg) to the cross
section of photoabsorption in the QD model:

sg,np
dir ~Eg!5sg,abs

QD ~Eg!. ~13!

III. EXPERIMENT

The experiment was performed using the 60-MeV line
electron accelerator of the University of Sa˜o Paulo. Details
of the accelerator characteristics and of the experime
setup can be found elsewhere@5#. The electrodisintegration
cross sections were obtained by bombarding natural Zn
gets and measuring, off-line, their residual activity, count
the 511-keV annihilationg rays from theb1 decay of the
reaction products. The measurements were performed in
12.5–60 MeV energy range, in 2.5-MeV steps. TwonatZn
foils @8.87~56! and 7.33(47) mg/cm2, determined by weigh-
ing# were irradiated in a vacuum chamber at the end of
beam pipe, while the irradiated charge was measured wi
Faraday cup. The charge was recorded with a multichan
scaler in 10-s intervals.

A clock was started at the end of the irradiation, and
target, after removal from the irradiation chamber, w
placed in a target holder fastened to a HPGe detector.
detector was calibrated with a standard22Na source,
mounted in the same geometry used for the targets.
elapsed time between the end of the irradiation and the
of counting was less than 5 min.
01461
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The dominant electrodisintegration reactions taking pla
in the GDR energy region are the (e,n), (e,np), and (e,2n).
In 64Zn those reactions lead to the formation of63Zn (t1/2

538.47 min), 62Cu (t1/259.74 min), and 62Zn (t1/2

59.186 h), which decay by positron emission. The oth
isotope contributing to the residualb1 activity is 65Zn (t1/2

5243.7 d), from the (e,n) reaction in 66Zn, or (e,2n) in
67Zn. Due to the long half-life of the residual nucleus, t
contribution to the residual activity was beyond the expe
mental sensitivity, and was considered negligible. Accord
to these considerations, the counting rates at the end o
irradiation were determined by a least squares fitting of th
exponentials to the decay curve.

The number of residual nuclei produced from the react
(e,x) and still present at the end of the irradiation is given

N0,x5pxse,xH(
i

qi@12e2lx(t i2t i 21)#e2lx(tm2t i )J ,

~14!

where px is the number of target nuclei per cm2, se,x the
corresponding cross section,t i the time at the end of thei th
interval, qi the number of electrons delivered during thei th
interval, andtm the total irradiation time. The factor in th
curly brackets accounts for the fluctuation in the beam c
rent and corrects for the decay of the residual nuclei form
during this irradiation.

Figures 1 and 2 present the results obtained for the e
trodisintegration cross sections of the (e,n) and (e,np) re-
actions, respectively. The error bars represent the statis
uncertainties of the measurements. The overall uncertaint
the absolute scale is better than 15%.

E
i

FIG. 1. Electrodisintegration cross sections(e,n) for 64 Zn
measured at Sa˜o Paulo~data points!. The solid line is the fitted trial
function obtained by a least squares fitting to the experime

datasets of both reactions simultaneously. Results:C/(12 k̄)

51.04(3), C50.95(4), k̄50.08(5), x2 per degree of freedom
51.309, andP518.15%. The theoretical threshold is 11.86 Me
8-3
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IV. DATA ANALYSIS

The electrodisintegration cross sections may be written
terms of their corresponding photodisintegration cross s
tions via the virtual photon formalism as follows@19#:

se,x
lL ~Ei !5E

ETh

Ei
dEg

SlL~Ei ,Eg!

Eg
sg,x

lL ~Eg!, ~15!

whereEi is the incident electron energy,l the type of tran-
sition (E or M ), L the angular momentum transferred,ETh
the reaction threshold,Eg the virtual~or real! photon energy,
and SlL(Ei ,Eg) the virtual photon spectrum. The virtua
photon spectra were calculated in DWBA@9# taking into
account both the nuclear charge and the nuclear finite s
Magnetic andL.1 electric transitions were neglected in th
calculations due to the much smaller contribution th
present, when compared to the dominantE1 transitions in
both the GDR and QD mechanisms.

Our goal is to provide a self-consistent solution for t
photonuclear yield equation, Eq.~15!, based on the following
assumptions.

~1! The initial photoexcitation mechanism is well d
scribed by the GDR and QD approaches.

~2! The DWBA method propitiates an accurate and d
tailed calculation of the E1 virtual photon spectrum, and h
been subject to experimental verification@9#.

~3! The statistical decay process of the compound nuc
is well described by the geometry dependent hybrid exc
model~GDH! @6#, with calculations performed by theALICE/

LIVERMORE-82 code@7#, where we have chosen the follow
ing input options: Fermi gas model to calculate the le
densities, sharp cutoff approximation to calculate inve
cross sections, reaction cross sections computed by op
model, and transition rates calculated from nucleon-nucl
scattering. Preequilibrium emissions are negligible, as t
contribution is important only at energies greater than
MeV, where the GDR mechanism is no longer significan

E
i

FIG. 2. Electrodisintegration cross sections(e,np) for 64Zn
measured at the Sa˜o Paulo~data points!. The solid line is the fitted
trial function ~see Fig. 1!. The theoretical threshold is 18.57 MeV
01461
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~4! The (g,n) reaction channel in the GDR is assumed
be composed by the statistical and direct components, w
the former dominates the whole process and the latte
small and energy independent. Both components are to
determined by the data analysis.

~5! The (g,np) reaction channel in the GDR and Q
energy regions is assumed to be composed by statistical
direct parts, the latter being ascribed to the QD mechanism
Eq. ~13!, and the former to be determined by the analysis

~6! After absorption of an incident photon by a correlat
n-p pair inside the nucleus~QD model!, it is assumed that
the pair splits and that there are no FSI during their em
sions.

Under these assumptions the trial functions can be wri
as

sg,n~Eg!5sg,n
stat~Eg!1sg,n

dir ~Eg!

5
C

12 k̄
Fsg,abs

GDR ~Eg!
Gn

GT
~Eg!G ~16!

and

sg,np~Eg!5sg,np
stat ~Eg!1sg,np

dir ~Eg!

5CFsg,abs
GDR ~Eg!

Gnp

GT
~Eg!G1sg,abs

QD ~Eg!,

~17!

by further assuming a nonstatistical contributionk̄ to the
(g,n) channel and also a normalization factorC to the GDR
cross section.

Inserting Eqs.~16! and ~17! in Eq. ~15!, one then finally
gets

se,n~Ei !5
C

12 k̄
E

11.86

Ei FSE1~Ei ,Eg!

Eg
sg,abs

GDR ~Eg!
Gn

GT
~Eg!GdEg ,

~18!

and

se,np~Ei !5CE
18.57

Ei FSE1~Ei ,Eg!

Eg
sg,abs

GDR ~Eg!
Gnp

GT
~Eg!GdEg

1E
18.57

Ei FSE1~Ei ,Eg!

Eg
sg,abs

QD ~Eg!GdEg . ~19!

Equations~18! and ~19! represent a set of linear equa
tions, with the free parametersC/(12 k̄) and C being the
only unknown quantities. The solution was obtained by
least squares fitting to the experimental datasets of both
actions simultaneously. Results are shown in Figs. 1 and

The photodisintegration cross sectionssg,n(Eg) and
sg,np(Eg), their sum, the QD model prediction for the ph
toabsorption cross section, and relative measurements
Cook et al. @4# are all shown in Fig. 3.@The notation
sg,x(Eg)5(sg,x)

SP for our results will be incorporated from
now on in order to distinguish between different laborato
8-4
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measurements#. As noticed, the agreement between the str
tures is quite reasonable, differing only by a scaling factor
0.26, since the measurements from Cooket al.are in relative
scale. These results, combined with the fact that the c
straint imposed by the QD model in the (g,np) channel
reproduces accurately the experimental electrodisintegra
yield ~Fig. 2!, show that both shape and absolute value
simultaneously reproduced by the trial function proposed
Eqs. ~18! and ~19!, with C/(12 k̄)51.04(3), C50.95(4),
and consequently,k̄50.08(5). Although not being very ac-
curate, this estimate for the direct contribution~about 8%! in
the (g,n) decay channel is within the expectation for th
mass region. The agreement between (sg,np)

SP and the pre-
diction of the QD model in the energy range 40–60 Me
~Fig. 3! is consistent with the fact that at these energies
statistical contribution from the resonant state decay does
play a significant role and, also, constitutes a stringent
for the absolute values of both (sg,n)SP and (sg,np)

SP.
The cross section (sg,1n)SP5(sg,n1sg,np)

SP is shown in
Fig. 4 together with the Saclay measurements@3#, where is
also plotted our normalization suggestion for the Saclay d
by a factor 0.753~6!, obtained from a least squares fitting
our results up to 21 MeV. The upper energy limit of 21 Me
to the fitting was imposed becauseB2n520.97 MeV, in or-
der to avoid neutron counting uncertainties related to
experimental detection method used by the Saclay gro
The agreement between this normalized cross section
our result up to 22 MeV is excellent, with the latter unde
estimating the former in the range 22–29.5 MeV. This co
be related to some impurities in the ZnO target~7% of 66Zn
and 2% of 68Zn) as reported by Carloset al. @3#.

We plotted in Fig. 5 the cross sections (sg,np)
SP and

(sg,np)
Cook et al. in a more expanded scale together w

some other results of (sg,2nx)
Saclay,(sg,2n)Cook et al., and the

prediction of the QD model. Once again, scaling factors
0.26 and 0.753 have been applied, respectively, to the
from Cooket al. and Carloset al. to keep the analysis con

 et al.

 et al.

 et al.

 

FIG. 3. Photodisintegration cross sectionss(g,n) ands(g,np)
for 64Zn: this work and from Cooket al. @4#. The solid line shows
the photoabsorption cross section for64Zn as predicted by the QD
model.
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sistent. The structures in (sg,np)
SP and (sg,np)

Cook et al. ~Fig.
5! match up to about 35 MeV. Above this energy the resu
from Cook et al. exhibit a sharp drop, while our results re
markably agree with the QD model prediction. The dire
and statistical contributions to the cross section (sg,np)

SP are
then presented in Fig. 6.

Since the scaling factorC was already determined, th
total photoabsorption cross section for64Zn may be evalu-
ated as a sum of GDR and QD components where
former, as our approach suggests, is proportional to the L
entz curve introduced by Eq.~4!:

@sg,abs
GDR ~Eg!#SP5Csg,abs

GDR ~Eg!; ~20!

therefore,

@sg,abs
Tot ~Eg!#SP5@sg,abs

GDR ~Eg!#SP1sg,abs
QD ~Eg!. ~21!

FIG. 4. Photodisintegration cross sections(g,1n)5s(g,n)
1s(g,np) for 64Zn: this work and from Saclay@3#.

 et al.

 et al.

 

FIG. 5. Photodisintegration cross sectionss(g,np), s(g,2n),
ands(g,2nx) for 64Zn. The solid line shows the photoabsorptio
cross section for64Zn as predicted by the QD model.
8-5



ul
he

ith
at

is
ed

e

an
re
on

s
y
ting

trial
the
-
ere
re

ll
e
rp-

and
trial
eri-

om

of
e
e
the
g

ro-
ge

ot
fec-
ld

ta
el
t a
lay

le-

for
s,
for

by
r

sed

nce
two

he
e-
n of
-

ire

th

th

T. E. RODRIGUESet al. PHYSICAL REVIEW C 68, 014618 ~2003!
Results up to 21 MeV are shown in Fig. 7 with a res
from Fukahori@8#, where in the inset is the ratio between t
resonant components@sg,abs

GDR (Eg)#SP and@sg,abs
GDR (Eg)#JENDL

~R! and its mean value of 0.74, which agrees within 1% w
our proposed normalization factor for the Saclay d
~0.753!, showing that our result for@sg,abs

GDR (Eg)#SP is com-
patible with the one obtained by the JENDL group. Th
normalization problem seems to have originat
in the experimental data (sg,1n)Saclay used by JENDL
to perform their calculations. The relationship betwe
the ratios (sg,1n)SP/(sg,1n)Saclay and @sg,abs

GDR (Eg)#SP/

@sg,abs
GDR (Eg)#JENDL is due to the fact that the (g,1n) channel

is responsible for the major part of the GDR decay, and
normalization problem in the original experimental data
flects almost linearly in the calculation of the resonant c
tribution of the total photoabsorption cross section.

FIG. 6. Photodisintegration cross sections(g,np) for 64Zn ob-
tained in this work. The dotted and dashed lines represent the d
and statistical contributions, respectively.

 

FIG. 7. Total photoabsorption cross section for64Zn. The solid
line represents the calculation performed in this work, and
dashed line is the previous evaluation by JENDL. Inset: ratioR
between the results from this work and those from JENDL;
dashed line represents the mean value ofR.
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V. DISCUSSION AND CONCLUSIONS

The (e,n) and (e,np) electrodisintegration cross section
of 64Zn were determined from 12.5 MeV to 60 MeV b
means of residual activity measurements, thus circumven
the necessity for coincidence (e,np) measurements.

The corresponding (g,n) and (g,np) photodisintegration
cross sections were obtained by fitting double-parameter
functions to the electrodisintegration cross sections, via
virtual photon formalism. The trial functions were con
structed through an approach developed in this work, wh
the (g,n) reaction in the GDR is interpreted as an admixtu
of a dominant~around 92%! statistical part and a sma
~around 8%! direct part, and the direct contribution to th
(g,np) reaction is ascribed to the QD model of photoabso
tion. Differing from usual unfolding techniques@20#, which
have the characteristic of smoothing out the structures
also introducing some unwanted extra uncertainties, the
function method provided consistent solutions to the exp
mental data~Figs. 1 and 2!.

When compared with the relative measurements fr
Cook et al. @4#, our cross sectionss(g,n) and s(g,np)
show similar structures, differing only by a scaling factor
0.26 ~Fig. 3!. We note that the main goal of this work is th
measurement of the (g,np) reaction cross section, which w
indeed performed for the first time in absolute scale, from
threshold to 60 MeV. The description of the Pauli-blockin
function proposed by Chadwicket al. @18# proved to be an
appropriate improvement to previous QD models as it rep
duces fairly well the experimental results in the energy ran
40–60 MeV ~Fig. 5!. The experimental accuracy was n
enough to encourage taking into account the nucleon ef
tive mass in the QD model, although this modification cou
play a role, as recently addressed in Ref.@21#.

From the analysis of the compatibility between our da
and those of Cooket al., and also considering the QD mod
prediction enhancing our absolute results, we sugges
renormalization factor of 0.753 to be applied to the Sac
data. Incidentally, these Saclay data for64Zn were obtained
together with those for75As ~both are presented in Ref.@3#!.
We calculated the ratio of the energy integrated sing
photoneutron cross section in the GDR region~as given in
Ref. @1#!, between the Livermore and Saclay datasets
75As, obtaining 0.78 which, within the overall uncertaintie
is consistent with the correction we are now suggesting
the 64Zn data from Saclay.

The total photoabsorption cross section for64Zn was re-
evaluated up to 21 MeV from the (g,n) and (g,np) cross
sections, plus the respective branching ratios calculated
the ALICE/LIVERMORE-82 code. A comparison between ou
results and a previous evaluation performed by JENDL ba
on the Saclay data~Fig. 7! showed good similarity, differing
by a scaling factor of 0.74, which was a direct conseque
of the different experimental data sources used by the
groups.

As a final remark, we would like to emphasize that t
trial function method incorporating a simplified model to d
scribe the relevant processes, and a detailed calculatio
the E1 virtual photon spectra in the DWBA allows a com

ct
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plete and self-consistent solution of the photonuclear y
equations, also providing a significant contribution to the
lineation of both statistical and direct aspects taking place
the (g,np) process~Fig. 6!. Actually, the evaporation cod
ALICE/LIVERMORE-82 has proved to be an excellent tool
deal with photonuclear reactions driven by statistical p
cesses. The trial function method of analysis could be a g
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alternative approach for the study of electronuclear and p
tonuclear reactions, as demonstrated in this work.
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