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Abstract—A combination of the semimicroscopic, exciton, and evaporation models is used to describe
photonucleon reactions induced in medium-mass and heavy nuclei by photons of energy below the meson-
production threshold. Two mechanisms of the photoexcitation of nuclei are considered. These are the
formation of a giant dipole resonance (GDR) at energies in the range E, < 30 MeV and quasideuteron
photoabsorption, which is dominant at energies in the region £, 2 40 MeV. The densities of particle—hole
states appearing in the exciton model are calculated on the basis of the Fermi gas model. Our combined
model takes into account the multiparticle emission of preequilibrium particles. The influence of isospin
conservation and collective phenomena on photonucleon emission by giant dipole resonances is considered.
The combined model is used to describe cross sections for photonucleon reactions proceeding on the
10.48Cq, 99Zr, 139La, 142Nd, and '® Ta nuclei, as well as difference (Eymax = 85—55 MeV) bremsstrahlung
photoneutron spectra for the 3Cu, 11°In, 1'8Sn 181 Ta, 207Pb, 299Bi, and 235U nuclei and bremsstrahlung

photoproton spectra for the 9°Zr nucleus at the energies of E max = 22,25, and 34 MeV.
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1. INTRODUCTION

According to N. Bohr’s concept [1], a nuclear
reaction can be broken down approximately into two
independent stages: the formation of a compound
system and its decay to reaction products. In order to
describe various photonucleon reactions following the
absorption of a photon of energy E, by a nucleus, it is
therefore necessary to calculate the photoabsorption
cross section o,ps(£,) and to consider all possible or
at least the most important nucleon-emission pro-
cesses at the respective excitation energy of the target
nucleus.

Up to the pion-production threshold, photoab-
sorption on a nucleus is determined by photon in-
teraction only with one- and two-nucleon nuclear
currents [2, 3]. In the first case, it is assumed that
only one nucleon is excited upon photon absorption.
This process is dominant in the region of low energies
(E, < 30 MeV), where an electric giant dipole reso-
nance (GDR), which is a coherent mixture of single-
particle—single-hole (1plh) E'1 excitations, is formed
owing to the interaction of the target nucleus with
the respective radiation. In the region E, 2 40 MeV
above the giant resonance, the quasideuteron (QD)
photoabsorption mechanism becomes dominant. Ac-
cording to this mechanism, the excited nucleon ex-
changes a virtual pion with a neighboring nucleon,
with the result that it is a correlated proton—neutron
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pair rather than a single nucleon that receives the
energy and momentum from the absorbed photon.

For medium-mass and heavy nuclei, basic fea-
tures of the GDR structure can reliably be calculated
on the basis of the semimicroscopic model used in [4—
7). The underlying idea of this model is that col-
lective vibrations of the system of nucleons moving
in the mean single-particle potential arise because of
their interaction with one another through a single-
particle vibrational field formed upon the generation of
doorway 1plh excitations, and one can take this into
account by introducing separable two-body forces of
respective multipolarity. Within this model, the use
of a deformed single-particle potential can make it
possible to take into account dominant factors that
affect the formation of the gross structure of the cross
section for F'1 photoabsorption in medium-mass and
heavy nuclei—that is, the deformation [8, 9] and
isospin[10, 11]splitting of giant dipole resonances. In
order to obtain the cross section for dipole photoab-
sorption, it is also necessary to estimate the widths
of collective dipole states. This can be done either
with the aid of phenomenological relations obtained
from an analysis of experimental data or on the basis
of preequilibrium models of decay of excited nuclear
states [12—25].

The quasideuteron component of the photoab-
sorption cross section can be found within the re-
fined version [3, 26] of the Levinger quasideuteron
model [27, 28].
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In describing nucleon emission following pho-
toabsorption, one usually employs the combination
of the evaporation and preequilibrium models of
photonucleon reactions.  There are many differ-
ent formulations of the preequilibrium approach.
However, only semiclassical preequilibrium models
(exciton model [12—15] and hydrid model [16—18])
and quantum multistep models [19—25] are used in
practice. Quantum models, in which the nucleon-
emission probability is defined in terms of quantum-
mechanical transition amplitudes, describe better
than semiclassical models angular distributions of
reaction products. However, this drawback of semi-
classical models is compensated to a considerable ex-
tent by the simplicity of their application and by their
high predictive power in describing nucleon spectra
and total reaction cross sections. In view of this, they
are still widely used in specific calculations [29, 30].

In the present study, we formulate a combined
model of photonucleon reactions on medium-mass
and heavy nuclei. In order to describe photoabsorp-
tion processes, the semimicroscopic GDR model [4,
7] and the refined quasideuteron model [26] are used
in it. Photonucleon emission is described within
the exciton model featuring Fermi gas densities of
ph states [31] and the evaporation model based on
the formulas proposed for nuclear-level densities by
Gilbert and Cameron [32]. Some corrections that
make it possible to take into account special features
of the giant-dipole-resonance reaction channel, such
as the collective nature of the doorway 1plh state [33]
and the influence of isospin phenomena [34], were
introduced in the exciton model [31]. Both affect sub-
stantially photonucleon reactions in the giant-dipole-
resonance region; for example, the collectivization of
the doorway 1plh state increases its lifetime, thereby
facilitating the emission of more energetic primary
photonucleons, while isospin conservation leads to a
predominant decay of the 75 component of the giant
dipole resonance through the proton channel.

The combined model is employed here to calculate
cross sections for photoneutron and photoproton
reactions of various multiplicity on the 4048Ca,
907r, 139La, and 2Nd nuclei in the energy range
E, <40 MeV and cross sections for photoneutron

reactions on the '8'Ta nucleus in the energy range
7S Ey S 140 MeV, as well as total bremsstrahlung
spectra for the endpoint energies of E . = 22, 25,
and 34 MeV for the °Zr nucleus and difference
neutron bremsstrahlung spectra for the endpoint
bremsstrahlung energies of 55 and 85 MeV for the
63Cy, 1151y, 118Gy 181y 207pp 209B; and 2350 -
clei. Only one free parameter was used in the calcu-
lations. This was the ground-state deformation of the
target nucleus, and it was estimated on the basis of

spectroscopic data. The remaining parameters were
taken (after the respective normalization of exciton
states) from the GNASH code (Los Alamos) [35].
The results will be compared with experimental data.

2. PHOTOABSORPTION CROSS SECTION

2.1. Semimicroscopic Giant-Dipole-Resonance
Model

Electric dipole vibrations arise as a response of
the nucleon system to a time-dependent electric field,
which induces a dipole moment in a nucleus (vibra-
tional dipole field); that is,

A
Fy =) (2t);,

i=1
where z is the projection of the nucleon radius vector
onto the direction of vibrations and ¢, = £1/2 is the
z component of the nucleon isospin.

The operator Fy can be treated as one of the com-

ponents of the total isovector dipole field; that is,

A
F,=> (2t,x); (1)
i=1
= Z < al2t,z|B)at ag

a>f3
(1)t palBafen ),

where

—(ty +it,)/V2 at p=+1,
by =14t at p=0, (2)
+(ty —ity)/V2 at p=-1

are the spherical components of the nucleon isospin;
al and a, are, respectively, the nucleon creation and
absorption operators in the single-particle states |«)
of energy ¢4; and the symbol Ewﬁ means summa-

tion over the single-particle states |a) and |3) that
satisfy the condition e, > €g.

The vibrational field in (1) can generate excitation
quanta characterized by the isospin of 7 =1 and by
the isospin z projections of = 0,£1. These quanta
describe normal nodes of isovector vibrations of the
nucleon system in the case where one disregards their
interaction with one another and with the isospin

N —
Ty = of the neutron excess in the nucleus.
Vibrations for which p = 0 correspond to an ordinary
photoresonance. They are due to AT, =0 dipole
transitions. Modes in which p = +1 correspond to
PHYSICS OF ATOMIC NUCLEI

Vol.74 No.1 2011



COMBINED MODEL OF PHOTONUCLEON REACTIONS 21

charge-exchange vibrations of the nucleon system
where one proton transforms into a neutron or vice
versa (AT, = +1).

The bulk of the intensity of single-particle dipole
transitions caused by the operator F), is concentrated
in a narrow energy interval around the value

N-—-Z
Eu = hwz +p <V1 24 - ECoul> ) (3)

where w, is the average frequency of nucleon vibra-
tions in a three-dimensional oscillator potential along
the x axis, V1 &~ 100 MeV is the symmetry potential of
the nucleus, and Ec,, is the average Coulomb energy
of one proton [4].

[f the energy spread of single-particle dipole tran-
sitions is disregarded, then the operator F}, can be
recast into the form

Fu = fucz + (—1)”]0_#0_#, (4)
where

e =) (a2t B)atag (5)

a>p0

are quasiboson operators of creation of the initial
vibrations ¢} |[ToTo) (|ToTo) is the ground state of

the target nucleus), u = 0, +1. These vibrations are
excited with the probability

=Y al2t,x|8)*, (6)
a>f

where summation is performed over all possible in-
duced single-particle dipole transitions.

The vibrations ¢} |TyTp) interact with one another

through the vibrational field F},, and one can describe
this with the aid of the Hamiltonian

1
H=> eicie,+ 2%ZF;FW (7)
B B

where s is the dipole—dipole coupling constant.

The Hamiltonian in (7) can be diagonalized by
means of the linear canonical transformation

é: = Xuc;r —Yuc_p, (8)

where the expansion coefficients X, and Y, satisfy
the orthogonality conditions

X, -Yl=1, 9)
XY, -V, X_,=0.

Upon this transformation, the operators H and F),
assume the form

H=> £,65¢,+ Ey, (10)
"
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F, = fué: + (‘qu—ué—m (11)
where (see [4])
Eu=K+05[(cy—e_p) +2(fi—f2)] (12)

is the energy of a normal-vibration quantum produced
by the quasiboson operator ¢,

fi=05(£7 = f2,)
+ K [eofs + #(fo — fif2,)]
is the probability for the excitation of such a quantum,

K = [(e0+ 32 —2202,]%, (14

and Ey is the ground-state energy of the nucleus (a
constant immaterial for our further consideration).

(13)

The total isospin 7" of the nucleus is approximately
an integral of motion, whence it follows that, in nuclei
featuring a neutron excess (Ty # 0), the absorption
of a quantum of the isovector field F), having an
isospin of 7 = 1 must lead to the emergence of states
having isospins of T'=Ty + 1, Ty, and Tp — 1. In
general, the states |®,) = ¢F[ToTp) do not satisiy
this requirement, since they are eigenfunctions of the
Hamiltonian in (7), which does not commute with
the isospin operator T. These states describe dipole
vibrations characterized by a specific z projection of
the isospin, T, = Ty + u, but, with the exception of
w = +1 vibrations (which are characterized by the
quantum numbers of T, =Ty + 1 and T'= Ty + 1),
they are not total-isospin eigenfunctions. This means
that the states |®,) characterized by =0 and —1
involve components having different values of the
isospin T'. In particular, the state |®() corresponding
to the photoresonance involves components of isospin
T. =Tyand Ts = Ty + 1; that is,

|@0) = go(To)|Yo(ToTh))
+ go(To + 1)[Wo(To + 170)),

where |Wo(TyTp)) and |¥o(Ty + 17p)) are the nor-
malized wave functions that describe states whose
isospins are T'= Ty and T, = Tj in the former case
and T =Ty + 1 and T, = Ty in the latter case.

We assume that the states |¥o(7p7p)) and
|Wo(Ty + 1Tp)) characterize the T and T- peaks into
which the photoresonance |®g) is split. From (15),
it follows that the probabilities for the excitation of
these states are determined by the quantities g3(7p)

and g2(To + 1), which are related by the equation
90(To) + g5 (To + 1) = 1. (16)

(15)

By using the ordinary technique of rotations in
isospin space with the aid of the mutually conjugate
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operators Ty = T, £ 4T, which change the z projec-
tion of the isospin of a state by +1, we obtain

Ty |®0) = /2(Th + Dgo(To +1)  (17)
x [Wo(To + 1Tp + 1)).
From here, it follows that
g5(To+1) (18)

B 2(T01+ ) (ToTolleo, TJIT, &1 ToTo)
~ 2(T01+ 1)<T0T0| [[é0, T-], [Ty, ¢7]] | ToTo),

where we have employed the conventional notation for
the commutator of operators and have considered that

[Co, T-]|ToTo) ~ \/Qf;1?5+1\T0T0> =0

0
{in the case of application to low-lying states of the
nucleus, we have f,ct ~ f.¢} ~ F),[see Eq. (4) and
(11)]; therefore, one can use approximately, for such

operators, rules of commutation of an isovector with
the isospin operator T}.

(19)

Substituting the expansion in (8) into expres-
sion (18) and using the normalization conditions
in (9), we obtain the following estimate of the prob-
ability for the excitation of the 7% component of the
photoresonance |®g):

2
2 ~ f+1
The state
(o (Tp + 1T + 1)) (21)
1
= [Ty, e ]| ToTh)
go(To+1)\/2(Ty+1) 0
f+1fo_1

90(To + 1)\/T0 + 1C+1|TOTO>
[see Eq. (17)] is obtained from the state |Wo(Ty +
17%)) by means of rotation in isospin space. The en-
ergy of the former differs from the energy of the latter
(~€41) only because of the change in the Coulomb
energy of the nucleus upon the transition of a proton
into a neutron. In the Hamiltonian H, the term
—FEcoul, which appears in the expression for the en-
ergy of the respective single-particle transition, 14
[see Eq. (3)], ensures this change in the Coulomb
energy. Taking into account this circumstance, we
obtain the following expression for the excitation en-
ergy of the 7>, component of the photoresonance |®g):

Eo(To +1) = €41+ Ecoul- (22)

The average excitation energies of the photoreso-
nance |®g) and its T and T~ components are related
by the equation [see Eq. (15)]

o = g3(To) Eo(Tv) + g5 (To + 1) Eo(To + 1). (23)

We now equate the mean energy of the unsplit pho-

toresonance to the energy &y and then obtain the

following approximate expression for estimating the

excitation energy of the T component of the pho-
toresonance:

A 2
Fo(Ty) ~ €0 gO(TQ ;i— 1)Ey(Ty + 1)‘
95(To)

The oscillator strength of electric dipole vibrations
for the chosen direction x is

(24)

. K2
S = é 2 =& 2 ~ A,
0 =¢0fy =¢0fp oMo
where we have employed a classical sum rule (M. is
the reduced nucleon mass and A is the mass number
of the target nucleus).

[t is natural to define the strengths of the T and
T- peaks as

(25)

So(Ty) = g5(T)So,
So(TO + 1) = gg(TO + 1)50

In this case, both the total strength of dipole vibra-
tions and the position of their centroid remain un-
changed; that is,

(26)

So = So(To) + So(To + 1), (27)
1 To+1

fo= > Eo(T)So(T).
0 r=73

The total oscillator strength of dipole vibrations is
three times as great as the Sy value given by expres-
sion (25), since there are three independent directions
for spatial vibrations. In spherical nuclei, different
directions of vibrations are degenerate in energy. In
deformed nuclei, this degeneracy is removed. In the
following, we restrict ourselves to considering, in
addition to spherical nuclei, axisymmetric nuclei, for
which it is necessary to discriminate between vibra-
tions along the symmetry axis of the nucleus (axis 3)
and vibrations in directions orthogonal to it (along
axes 1 and 2).

2.2. Parameters of the Semimicroscopic Model

The single-particle energies e, of the states |a)
and the dipole—dipole coupling constants s and
71 = s corresponding to vibrations along the sym-
metry axis of the nucleus and in directions orthogonal
to it are model parameters.
PHYSICS OF ATOMIC NUCLEI
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In order to calculate single-particle states, we
used the Nilsson deformed potential [36]. The defor-
mation parameter ¢’, which is the only variable pa-
rameter in this potential, is related to the quadrupole-
deformation parameter § of the nucleus (for its defini-
tion, see [4]) by the equation

2
s/ (1+.0).
/(3

The dipole—dipole coupling constants s, for lon-
gitudinal (s = 3) and transverse (s = 1 or 2) vibra-
tions are not equal to each other, as follows, for ex-
ample, from the theoretical estimate obtained in [4];
that is,

(28)

Vi
4A{3)’

Mg —

(29)
where

(@2) = (%) [1 - a0 - 3683>] (30)
is the average square of the coordinate x5 of a nucleon
in the ground state of the nucleus ((r?) = (z3) +
2(x?) is the average square of the nucleon radius
vector).

The constants sr3 and 2z were varied in such a
way as to ensure that the calculation (i) yielded, for

the ratio of the energies of longitudinal and transverse
dipole vibrations, &1 /o3 (see[8, 9]),

22
g ~0911\/< 3) + 0.089,
\/ xl
a result that would be consistent with the introduced

quadrupole-deformation parameter ¢ and (ii) faith-
fully reproduced the position of the GDR centroid,

5 (14 0)6osSoe /(S + 2. (32
s=1,3

(31)

Edip =

For the energy Eg;;,, a semiempirical formula that
takes into account the effect of the nuclear-surface
diffuseness on the GDR position was obtained in [37]
in the form

Egip ~ 86A7Y307 (a/Ry)[ MeV],  (33)

where Ry ~ 1.07A'/3 [fm] is the distance from the
center of the nucleus to the locus of points where
the density of the nucleus decreases by a factor of
two, a &~ 0.55 fm is the diffuseness parameter of the
nuclear surface, and the function 6(¢) is given by

10 7 1/2
1+ w224+ gt
(&) = 34
PHYSICS OF ATOMIC NUCLEI Vol.74 No.1 2011

Relations (30)—(34) make it possible to fix unam-
biguously the coupling constants s and s = .
Thus, only one free parameter remains in the model
being considered. This is the deformation parameter
0, which can usually be estimated on the basis of
data on electric static quadrupole moments [38] or
calculated theoretically [39].

2.3. Dipole Photoabsorption Cross Section

The cross section for GDR formation was approxi-
mated by the sum of Lorentzian curves corresponding
to various modes of sT" vibrations; that is,

Ogiant dipole resonance(Eﬂf) (35)
To+1
Z Z 1 + 531 glant dipole resonance (E“/)
s=1,3T=Ty
To+1
87Te NZ
st T S e
s=1,3T=Ty
y E2D04(T)S0s(T)
(E3 — B3 (T))* + E3T3,(T)

where Eys(T') and Sos(T') are, respectively, the energy
and oscillator strength of dipole vibrations along the
x, directions, s = 1, 3, with isospins of T' = Ty and
To + 1 (see Subsection 2.1) and T'os(7) is the width
of the corresponding resonance (for a spherical nu-
cleus, these quantities are independent of the quan-
tum number s).

The choice of normalization factor in (35) was
such that the integrated photoabsorption cross sec-
tion satisfies the relation

/ Ogiant dipole resonance (E’y)dE'y (36)
0

Z
~ (1 + «)60 [MeV mb],

where o~ 0.3 is a dimensionless parameter that
takes into account the effect of exchange currents on
the strength of dipole transitions.

The total resonance width is the sum of the
spreading width T't caused by the decay of the
doorway dipole state to 2p2h configurations and
the radiative width T'T associated with the emission
of an excited nucleon. In order to estimate the
spreading width of 7. resonances, we can employ
the semiempirical formula [37]

I4,(To) ~ GI(ao/Ro) E3,(Tv), (37)
where

I(€) = [1 = 3¢(1+7°€2/3) /(L + 7€) /(1 + w*€7)
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is a dimensionless factor, which determines the
dependence of the spreading width on the nuclear-
surface diffuseness, and Ry = 1.07AY3 [im)],
ap = 1.00 fm, and G = 0.00437 are the adjustable-
parameter values obtained from a fit to the experi-
mental values of the GDR widths and refined in the
present study.

[t is more difficult to estimate the spreading widths
of T resonances since reliable experimental data for
such resonances are scanty. In order to estimate
these widths, one can employ statistical relations of
the exciton model. According to this model, the
spreading width of the doorway 1p1h state is given by
the relation

[} (E) = 25 M*(E)wy (2p2h, B), (38)
where M?(E) is the average square of the two-body
transition matrix element and w4 (2p2h, E) is the av-
erage density of final states accessible in the 1plh —

2p2h transition (see Subsection 3.1).

In estimating the widths I‘(l]s(To + 1), two correc-
tions that take into account the collective nature of
the dipole resonance must be introduced in expres-
sion (38). Namely, it is necessary to consider that
coherent dipole states decay predominantly to 2p2h
collective states belonging to the dipole phonon plus
surface quadrupole phonon type, with the result
that, in such intranuclear transitions, the maximum
energy of the scattered particle or hole decreases
by the collective dipole shift. Moreover, such final
states do not lie uniformly in the vicinity of the dipole
resonance, forming a structure. This leads to a vi-
brational broadening of the dipole resonance. Upon
the introduction of these corrections, the expression
for estimating the spreading widths of 7% resonances
assumes the form

T, (To +1) (39)

= 27 M?(Eos(To + 1))w (2p2h, Eos(To + 1)

— éo1+es41) + gos(To + 1) B2 Eos(To + 1),
where [ is the amplitude of zero-point quadrupole

vibrations of the nuclear surface (for medium-mass
nuclei, we have B ~ 0.1).

The radiative widths T'T of dipole states can be
estimated on the basis of the R-matrix reaction theory
(see Subsection 3.6).

2.4. Cross Section for Quasideuteron
Photoabsorption

The original quasideuteron model developed by
Levinger [27] was refined in [3], where it was pro-
posed to employ, instead of the total cross section

for deuteron photodisintegration, only its meson-
exchange part, and in [26], where, instead of this,
the effect of Pauli blocking on the excitation of a
correlated proton—neutron pair in a nucleus was
taken into account within the Fermi gas model.
Either of the two alternative approaches led to good
agreement with experimental data from [40] in the
energy range between 20 and 140 MeV (pion-
production threshold).

In the present study, we use the approximation [26]

NZ
oQn(Ey) =L " on(By)f(Ey), (40)
where L = 6.5 is the Levinger parameter value,
E, —2.224)3/2
op(Ey) :61.2( 7 ) (41)

B
is a parametrized form of the experimental cross sec-
tion for deuteron photodisintegration, and
f(B,) = 8.3714102
—9.8343107° E, + 4.122210 " EZ
—3.476210 °E? + 9.353710 7 E

(42)

is a dimensionless factor (with £, in MeV units) that
takes into account the Pauli blocking effect in the
energy range 20 < £, < 140 MeV. We have f(E,) =
exp(—73.3/E,) for E, <20 MeV and f(E,)=
exp(24.2/E,) for E, > 140 MeV.

3. PREEQUILIBRIUM AND EQUILIBRIUM
DECAY IN PHOTONUCLEON REACTIONS

First, we will disregard isospin and collective
phenomena that affect the decay properties of dipole
modes of nuclear excitations. This will make it pos-
sible to describe any photoexcitation mode (including
the quasideuteron mode) within a unified formalism.
At the end of this section, we will indicate how one
can modify this formalism in order to take into ac-
count the aforementioned effects and the competition
of soft protons and photons.

3.1. Exciton Model

In the exciton model, it is assumed that photon
absorption is followed by the formation of the doorway
state with the m = 2 or m = 4 excitons for, respec-
tively, a dipole 1plh excitation or a quasideuteron
2p2h excitation of the target nucleus. This primary
excitation decays either via excited-nucleon emission
(m — m — 1 transition) or, what is more probable, via
am — m+ 2 transition to a more complex configura-
tion because of a residual two-body interaction. After
that, this scenario is repeated. The m =m + 2 or
PHYSICS OF ATOMIC NUCLEI
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m = m — 1 exciton state produced at the preceding
step either emits a nucleon to a continuum (m # 1)
or undergoes the m — m + 2 intranuclear transition,
and so on. Owing to intranuclear (m — m + 2) tran-
sitions, the excitation energy of the compound system
is distributed over an ever greater number of excitons.
At the same time, inverse (m — m — 2) transitions
caused by the annihilation of one of the particle—hole
pairs because of the transfer of its energy to some par-
ticle or hole are also possible. These transitions play
a minor role as long as the total number of particles
and holes in the system is small. However, the prob-
ability of such transitions increases gradually as this
number grows. Ultimately, the probability of inverse
transitions becomes equal to the probability of direct
transitions, with the result that the system reaches
the state of thermal equilibrium either in the primary
or in one of the residual nuclei, whereupon a compar-
atively long nucleon-evaporation process, which can

be described on the basis of the evaporation model,
begins. Preequilibrium nucleon emission becomes
insignificant long before the equilibration instant (as
early as the first reaction stages); therefore, we will
disregard inverse transitions in the following.

Because of nucleon emission, exciton states arise
in various nuclei. We introduce the numbers dp
and dn indicating how many preequilibrium protons
and neutrons have escaped from the {Z, N} tar-
get nucleus before the emergence of an m exciton
state characterized by an excitation energy U. By
P(U;dp,dn, m), we denote the probability density for
the formation of such a state |U; dp, dn, m).

We can write a recursion equation that would re-
late the probability density for the formation of the
state |U; dp, dn, m) to the probability densities for the
formation of states decaying to this state; that is,

(43)

P(U;dp,dn,m) =h > > D(Usdp,dn,m/,m)
'm’:'mo Jj=p,n
Am/=2
Unmax +Bj (dp]' 7dnj)
P(Uj;dpj, dnj,m' + 1)\;(ej, Ujs dpj, dnj, m’ + 1)dU;
1(Uj;dpj, dng,m/ + 1) + TH(Uj; dpy, dnj,m/ + 1)
U+Bj(dpj7dnj)

where m =mg, mg+2,..., m. Here, mg =
max(2,2(dp +dn)) or max(4,2(dp+dn)) for,
respectively, the giant-dipole-resonance or quasi-
deuteron reaction channels is the minimum number
of excitons arising in the {Z — dp, N — dn} nucleus,
while m = m(U) is the mean number of excitons
in the thermal-equilibrium state of this nucleus.
Further, Unax=FE, — [dpm, + dnm, +
M(Z — dp, N — dn) — M(Z,N)]c? is the max-
imum excitation energy of the {Z —dp, N —dn}
nucleus; Bj(dpj,dn;) is the separation energy for
a nucleon of type j (proton or neutron) from the
{Z —dpj, N — dn;} nucleus, with dp; = dp — §;,, and
dn; = dn — dj,; U;j is the excitation energy of this
nucleus; \j (g5, Uj; dpj, dnj, m' + 1) is the probability
density for the decay per unit time of the exciton state
\Uj; dpj, dnj,m’ + 1) with the emission of a j-type
nucleon of kinetic energy e; = U; — U — Bj(dp;, dn;)
into a continuum; FT(U]-; dpj,dn;,m’ + 1) is the total
radiative width of this state; Pi(Uj;dpj,dnj,m’ +
1) is its spreading width associated with (m’+
1 — m/ + 3) intranuclear transitions; P(Uj; dp;, dn;;,
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m’ + 1) is the probability density for the formation of
this state; and

D(U;dp, dn,m’,m) (44)

1 form’ =m,
ni—_f I'Y(U;dp,dn,n)
= T1(U;dp, dn,n) + THU; dp, dn,n)
An
form’ <m —2

is the probability that the intranuclear-transition
chain that started in our nucleon system from the m/’-
exciton state reaches the m-exciton stage.

An expression for the radiative-decay rate
Aj(e, E;dp,dn,m) was obtained by Cline and
Blann [12] by using the detailed-balance principle.
[t has the form

Aj(e, B dp,dn,m) (45)
28 + 1 inv
= _op3 Mreaco" (e dp, dn)
w(U;dpY), dn9) m —1)
w(E;dp,dn,m)
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where s, Mg, and J}“"(s; dp,dn) are, respectively,
the spin, reduced mass, and inverse-reaction cross
section for the emission of a j-type nucleon of energy
e; U = E — Bj(dp,dn) — € is the excitation energy of
the {Z — dp\¥), N — dn)} residual nucleus; dpU) =
dp + djp; dnl9) = dn + §;,; and w(E; dp, dn,m) and
w(U;dpY) dn9) m — 1) are the densities of, respec-
tively, the m- and (m — 1)-exciton states between
which the m — m — 1 transition occurs.

Integrating this expression with respect to the en-
ergy € and performing in it summation over the index
j, we obtain the total probability for the decay per
unit time of the exciton state |E; dp, dn, m) because
of neutron or proton emission to a continuum. The
result is

FT(E; dp,dn,m)/h
E—Bj(dp,dn)
= Z Aj(e, Esdp,dn, m)de.
j:nvp 0

(46)

In estimating the intranuclear-transition rates
I'Y(E; dp, dn, m)/hwithin preequilibrium-decay mod-
els, use is made of the first order of perturbation
theory. This yields [23—25]

FL(E; dp,dn,m) = 2rM>*w, (E;dp,dn,m), (47)

where M? is the average square of the two-body
transition matrix element and w (E; dp, dn,m) is the
average density of final states accessible in the m —
m + 2 transitions.

The densities w(F; dp, dn, m) and wy (E; dp, dn,m)
appearing in expressions (45) and (47) can be cal-
culated on the basis of the Fermi gas model. On
one hand, this choice of densities correlates with
the method proposed in [26] for estimating the pa-
rameters of the quasideuteron model of photoab-
sorption; on the other hand, it permits taking into
account the effect of the energy dependence of the
densities of single-particle and single-hole states (in
particular, the vanishing of the density of single-hole
states at energies higher than the Fermi energy of
er ~ 35 MeV) on the dynamics of preequilibrium-
cascade development. The procedure used to cal-
culate Fermi gas densities of particle—hole states is
described in [31] (see also the footnote in [34]). The

inverse-reaction cross sections o, (e;dp,dn) and

o™ (e;dp, dn) [see Eq. (45)] were estimated within

n

the optical model [41].

The average matrix element squared M? = M?(E)
for m — m + 2 intranuclear transitions was chosen

on the basis of data from [35]; that is,
k

M? =
CA3e

(48)

ISHKHANOV, ORLIN

e e
\/7MeV\/2MeV fore < 2 MeV,

e
o 7 MeV for2 < e <7MeV,

1 for7<e<15MeV,

\/15 MeV
e

where e = E/m, k ~ 130—160 MeV? (in the present
study, we use the value of 160 MeV3), and C is
a constant that is used to normalize the Fermi gas

densities w4 (E; dp,dn, m) to similar densities in the
equidistant model at m = 4 and £ = 40 MeV.

The quantity m = m(U) was determined from the
condition requiring that, at the state of thermal equi-
librium, the mean energy per exciton be equal to 3/2
of the temperature of the nucleus at a given excitation
energy; that is,

fore > 15 MeV,

-1
U 3

d(lnw(U))
dU

= ; (49)

m 2

where w(U) is the density of states in the nucleus
under study at an excitation energy U (for the choice
of this quantity, see the next section).

At the initial reaction stage, we have dp = dn =
0,U =E,,and P(U;0,0,m) = §(E, —U)D(U;0,0,
mg, m), where m = mg,mo +2,...,m(mg=2or4
for, respectively, the GDR or quasideuteron reaction
channels). The recursion relation in (43) makes it
possible to find step by step all of the required proba-
bility densities P(U; dp, dn, m).

3.2. Evaporation Model

As was indicated above, the development of the
preequilibrium cascade ends up in the formation
of the preequilibrium state either in the primary
nucleus or in one of the residual nuclei, where-
upon the photonucleon-evaporation process begins.
We denote by P(U;dp,dn) the probability density
for the attainment of the equilibrium state in the
{Z —dp, N —dn} nucleus. For the target nu-
cleus, we have P(U;0,0) = P(U;0,0,m) = 6(E, —
U)D(U;0,0,mg,m). The remaining probability
densities P(U; dp, dn) can be found by means of the
recursion relation

P(U;dp,dn) = P(U;dp,dn,m) (50)
Unmax+B; (dp;,dn;)
+ Z P(Uj;dpj,dn;)
ITPT Ut-B;(dpdn)
x g508" (g5 dpj, dnj)w(U; dp, dn)
PHYSICS OF ATOMIC NUCLEI Vol.74 No.1 2011
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U]-—Bk(dpj,dnj)

X Z exoi™ (ex; dpj, dnj)
k=p,n 0
-1

X w(Ujk; dp; + 5kp7 dnj + Okn )dek, de

where Ujk = Uj — Bk(dpj, dn]) — €L and ’LU(U;
dp, dn) is the total level density in the {Z — dp, N —

dn} nucleus at an excitation energy U; the rest of the
notation is identical to that in Eq. (43).

In calculating the total level densities w(U; dp, dn),
we used the Gilbert—Cameron composite formula[32],
which consists of the formula for a constant nu-
clear temperature and the Fermi gas function w o
exp(2valU). The former and the latter are used
at, respectively, low and high excitation energies of
the nucleus. For a first approximation, the level-
density parameter a is in direct proportion to the
mass number A of the nucleus [42], but it undergoes
strong deviations from this dependence in the region
of magic nuclei. One can take this circumstance
into account by introducing the shell correction S =
S(Z) + S(N), and this ensures a linear dependence
between the ratio a/A and this correction [32]; that is,

a  }0.00917S + 0.142 for spherical nuclei,
A 0.00917S + 0.120 for deformed nuclei. (51)

where dn = i — dp.

From here, it follows that the energy spectrum of
preequilibrium nucleons that is integrated with re-
spect to angles can be calculated by the formula

do?“(e,E,) & da;l-’m(s,Eﬂ,;i)

’ de :Z de ’

=0

(55)

where the index j = p,n determines the type of the
emitted nucleon and

dcr;m(s,Eﬂ,;i)
de
is the preequilibrium-spectrum component corre-

sponding to the emission of the primary (i =0),
secondary (i = 1), etc., nucleon.

= 0abs (E4)Vj(€, Ey;1) (56)

PHYSICS OF ATOMIC NUCLEI Vol.74 No.l 2011

P(U;dp,dn,m')\;j(e,U;dp,dn,m')dU
N(U;dp,dn,m’) + TH(U; dp,dn,m’) ’

:hz_: / - :

The shell corrections S(Z) and S(N) are pre-
sented in[43, 32].

3.3. Total Photonucleon Cross Sections

From the meaning of the quantities P(U; dp, dn),
it follows that the probability for photoexcitation de-
cay accompanied by the emission of I protons and &
neutrons is given by

min(Bp (1,k),Bn(l,k))

(52)

wherel +k=1,2,3....

Therefore, the total cross section for a photonu-
cleon reaction involving the emission of [ protons and
k neutrons can be represented in the form

o (7, Ipkn; Ey) = oaps(Ey)W (Ipkn; ). (33)

3.4. (v, xp) and (y,xzn) Spectra Integrated
with Respect to Angles

The probability density for the emission of a pree-
quilibrium j-type (j = p,n) nucleon of energy ¢ after
the emission of ¢ = 0, 1,2, ... nucleons is given by

The probability density for the emission of an equi-
librium j-type nucleon from the {Z — dp, N — dn}
nucleus can be expressed in terms of the probability
densities P(U; dp, dn) (see Subsection 3.2) as

Vj(e, Ey; dp,dn) (57)
UITIHX
= / P(U; dp, dn)z—:aij”v(z—:; dp, dn)
Bj(dp,dn)
x w(U — Bj(dp,dn) — ¢; dp(j),dn(j))
U— By (dp,dn)
X Z / Eka}fv(sk; dp,dn)
k=p,n 0
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-1

x w(U — By(dp, dn) — ep; dp™  dn®dey, | dU,

where j = p,n; the rest of the notation is given in
Subsection 3.1.

Multiplying Vj (e, Ey; dp, dn) by the photoabsorp-
tion cross section and performing, after that, sum-
mation over dp and dn, we obtain an expression for
calculating the energy spectrum for evaporated pho-
tonucleons that is integrated with respect to angles.
The result is

da;fvap (e, E5)
de
= Z O-abs(E“/)Vj(‘C:’ E"/7 dp7 d’I’L),
dp,dn

(58)

where j = p, n.

The total proton (v, zp) and neutron (v, xn) spec-
tra can be obtained by summing expressions (55) and
(58).

3.5. Inclusion of Isospin Effects

[t was indicated earlier (see Introduction) that, in
considering the GDR channel of photonucleon re-
actions, it is necessary to take into account isospin
effects. This is because the 7% components of the gi-
ant dipole resonance decay predominantly via proton
emission, since, in view of isospin conservation, only
high-lying final-nucleus levels of isospin 77 = T + 1
(here, T} is the isospin of the final nucleus in the
ground state) are accessible for the neutron decay
channel.

Within the model being considered, one can take
into account isospin effects [34] by modifying, for the
neutron 7% channel of the reaction, the density of
exciton states (w(U;dp, dn,m)) and the total density
of states (w(U; dp, dn)) [these densities appear in re-
lations (45), (50) and (57)] with the aid of the substi-
tution U —- U — A(Z — dp, N — dn), where A(Z —
dp, N — dn) is the excitation energy of the first level,
whose isospin is greater by unity than the isospin of
the {Z — dp, N — dn} nucleus in the ground state
(one assumes that the densities of states vanish when
the resulting energy becomes negative). The above
substitutions permit taking into account the fact that
the densities of T\ states are lower than the total
densities of states because of their shift upward along
the energy scale by about A(Z — dp, N —dn). We
note that, in Eq. (45), it is necessary to change
only the density w(U;dp,dn + 1,m — 1), since, for
the neutron 7% channel of the reaction, the densities
w(E;dp,dn,m) and the cross section oi"V(; dp, dn)
decrease in the same proportion in relation to their
total values.

3.6. Inclusion of Collective Properties of Doorway
Dipole States

The doorway dipole excitation is a coherent mix-
ture of Iplh states. This exerts a substantial effect on
its decay properties.

For medium-mass and heavy nuclei, the coeffi-
cients in the expansion of the doorway dipole state
in Iplh configurations are determined in the first
approximation by the matrix elements of the dipole
operator; that is,

1/2
Cap(sT) ~ <0‘|2t,u$s|ﬁ>/ [ Z <O‘/|2tu$s|ﬁ/>2] )
o' >3
where the values of p = 0 and p = +1 are associated
with, respectively, the T and the T state.

The radiative rate of decay of the dipole sT' state
can be estimated on the basis of the R matrix theory
of nuclear reactions [44]; that is,

\i(e, E;0,0,2) ~ Z C25(sT)
a>f
y B2kPy (k) p2(R)R?
M [ g2(ryr2dr

where j = p,n is the emitted-nucleon type, F is the
excitation energy of the nucleus, k = /2Mcq¢ is the
momentum of the outgoing nucleon, ¢ is its kinetic
energy, U = E — B;(0,0) — ¢ is the excitation energy
of the residual nucleus, P, (k) is the barrier penetra-
bility for the particle |a), R = 1.55 fm is the radius of
the nucleon reaction channel, ¢, (r) is the radial wave
function for the particle |a), and

2 gU?
U= (552 4+ g2

(59)

U),

(60)

is a function that characterizes the density of smear-
ing of the hole state |371) of the residual nucleus
with energy 551 because of its interaction with other

degrees of freedom (g is the width of this smearing as
determined from the optical model).

We have already indicated [see Subsection 2.3]
that, in the decay of a coherent dipole state to
2p2h configurations, there is a trend toward the
conservation of the collectivization energy, and this
leads to a decrease in the maximum energy of the
scatterer particle or hole by the collective dipole
shift AEyr ~ &y, — €5, (Where =0 and p = +1
are approximately associated with T'= Ty and T =
To + 1, respectively) and, hence, to a decrease in the
spreading width of the dipole state [see formula (39)].
[t is also necessary to take additionally into account
the fact that the degree of collectivization of a dipole
PHYSICS OF ATOMIC NUCLEI
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Fig. 1. Cross sections for the (y,n) + (v,n + p) and (v, p) photonucleon reactions for the **Ca nucleus in the GDR region.
The points with error bars stand for experimental data from [46] for (v, n) + (v, n + p) and [47]for (v, p). The curves represent

the total cross section calculated theoretically.

state [it can be characterized by the ratio Ryr(E) =
sT sT
o (E)/O-éianzt dipole resonance (EOS (T))]

giant dipole resonance
decreases gradually as we move away from the
maximum of the (Eos(7")) resonance. At an arbitrary
excitation energy E, the spreading width of the dipole
sT state can therefore be estimated as

I'Y(E;0,0,2)
= 21 M?w, (E — Ryr(E)AEyr;0,0,2).

g

(61)

Owing to a decrease in the spreading width of the
doorway state, the probability for the emission of a
nucleon (carrying away a large energy) increases at
the first stage of the preequilibrium cascade, and this
leads to a decrease in the yield of secondary, tertiary,
etc., nucleons. In describing photonucleon reactions
on nuclei featuring an excess of neutrons or protons,
it is necessary to take this effect into account; oth-
erwise, we would obtain exaggerated values of cross
sections for reactions involving a multiple yield of
photonucleons, since, in this case, the threshold for
the separation of several nucleons may lie in the vicin-
ity of the dipole-resonance peak, where a maximum
collectivization of doorway states occurs.

PHYSICS OF ATOMIC NUCLEI
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3.7. Inclusion of Competition between Soft Protons
and Photons

If B,(0,0) > By(0,0), then, in the energy range
B,(0,0) < E, < By(0,0), there arises a strong com-
petition between the proton and photon channels of
decay of excited states of the target nucleus.

In the Weisskopf single-particle approximation
[45], the probability for the emission per 1 s of EJ
(electric) radiation is given by

5 18e2(J + 1)k2/+1 R
IORJ[2J + D)2 (J +3)2

where ¢; is the effective proton charge (about unity
for J > 2), k = wy/c is the wave vector of the emit-
ted photon, and R = 1.2A/3 fm is the radius of the
nucleus.

In the energy region being considered, the electro-
magnetic deexcitation of nuclear excitations proceeds
predominantly via numerous E2 transitions (involv-
ing an admixture of M1 radiation) whose energy hw-,
is about several MeV units. In the following, we
therefore consider only such transitions.

P(EJ) = ¢ (62)
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Fig. 2. Cross sections for the (,n) and (v, p) photonucleon reactions on the **Ca nucleus in the GDR region. The points
with error bars stand for experimental data from [48]. The solid and dotted curves represent the results of the calculations for,
respectively, the total cross section and the 7 component of the reaction.

The rate of soft-proton emission can be estimated
by using an expression that is similar to expres-
sion (45) and in which the densities of exciton states
are replaced by the total densities of nuclear states.

The bulk of soft protons are emitted via evapo-
ration from the primary nucleus and residual nuclei.
These processes are described by Egs. (50) and (57).
In order to take roughly into account the effect of the
photon channel, it is sufficient to set, in these equa-

tions, the proton spectra Epai,“v(...)w(...) to zero
when the proton-emission rate becomes smaller than
some critical value, P.(E2) and to correspondingly
modify the threshold B, (I, k) in Eq. (52). An analysis
of available experimental data reveals that the best
agreement between the theoretical and experimen-
tal results is attained at P, (E2) ~ 1.5 x 10710443
which corresponds to E2 radiation of energy hw-, ~
5 MeV.

4. COMPARISON WITH EXPERIMENTAL
DATA

The decay features were calculated individually for
each component [see Subsections 2.3, 2.4] of the total

photoabsorption cross section. After that, the results
obtained in this way were summed and compared with
experimental data.

The nuclear deformation parameter used in calcu-
lating the structure of giant dipole resonances was
estimated on the basis of data on static quadrupole
moments of nuclei [38].

4.1. Cross Sections for Photonucleon Reactions

40.48Ca. The photoneutron and photoproton cross

sections for these calcium isotopes were measured in
the energy range F, < 30 MeV.

In Fig. 1, the cross sections measured in [46, 47]
for the (v,n) + (v,n + p) and (v, p) reactions on the
40Ca nucleus are contrasted against their calculated
counterparts. This figure shows that, by and large,
the calculation reproduces correctly the experimental
ratio of the proton and neutron yields in the decay of
the giant dipole resonance in “°Ca. A considerable
excess of the proton yield above the neutron yield is
explained by the fact that, in this nucleus, the proton-
separation energy is nearly one-half as large as the
neutron-separation energy.
PHYSICS OF ATOMIC NUCLEI
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Fig. 3. Cross sections for the (v,n) + (v, n + p) and (v, 2n) photoneutron reactions on the *°Zr nucleus in the GDR region.
The points with error bars stand for experimental data from (closed circles) [49] and (closed triangles) [50]. The solid and
dashed curves represent the results of the calculations for, respectively, the total cross section and the contribution of the

quasideuteron reaction component.
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Fig. 4. Cross section for the (vy, p) reaction on the *Zr nucleus in the GDR region. The displayed points stand for experimental
data from (open circels with error bars) [51], (closed circles)[52], and (open boxes with vertical and horizontal errors)[53]. The

notation for the curves is identical to that in Fig. 2.

Figure 2 shows data on the cross sections for the
reactions 8Ca(vy,n) and *8Ca(v,p). These experi-
mental data were borrowed from [48]. In contrast to
the giant dipole resonance in 4°Ca, the giant dipole
resonance in “8Ca has two isospin components. The
calculation reveals that the 7% component of the gi-
ant dipole resonance in **Ca decays predominantly
through the proton channel (the dotted curve in Fig. 2

PHYSICS OF ATOMIC NUCLEI

Vol.74 No.1 2011

represents the respective component of the photo-
proton cross section). This leads to a shift of the
maximum of the cross section for the (v,p) reac-
tion in question by several MeV units toward higher
energies with respect to the maximum of the cross
section for the respective (y,n) reaction. There is
some disagreement between the theory and exper-
iment at £, ~ 20 MeV: in the experimental cross
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Fig. 5. Cross sections for the (y,n) + (v,n +p), (7,2n) + (7,2n 4 p), and (v, 3n) photoneutron reactions on the **9La
nucleus in the GDR region. The points with error bars represent experimental data from [54]. The notation for the curves is
identical to that in Fig. 3.
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Fig. 6. Cross section for the (v, p) reaction on the **°La nucleus in the GDR region. The points with error bars represent
experimental data from [55]. The notation for the curves is identical to that in Fig. 2.
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Fig. 7. Cross sections for the (y,n) + (y,n + p) and (v, 2n) + (v, 2n + p) photoneutron reactions on the **2Nd nucleus in
the GDR region. The points with error bars represent experimental data from [56]. The notation for the curves is identical to

that in Fig. 3.
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Fig. 8. Cross section for the (7, p) reaction on the **2Nd nucleus in the GDR region. The points with error bars represent
experimental data from [57]. The notation for the curves is identical to that in Fig. 2.

section (7, p), there is a modest peak corresponding
to the T branch of the giant dipole resonance. The
errors made in the experiment in separating the (v, n)
and (v, p) yields extracted from the total activation
curve measured in a bremsstrahlung-photon beam
may be one of the reasons behind this disagreement.
We note that the fact that the ratio of the proton- and
neutron-separation thresholds for *Ca is opposite to
that for 4°Ca leads to a sharp decrease in the ampli-
tude of the cross sections for the reaction *8Ca(y, p).
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90Zr. Figure 3 shows the experimental versus
calculated cross sections for the (y,n) + (v,n + p)
and (v, 2n) reactions on the *°Zr nucleus. The dis-
played experimental data (points with error bars) were
borrowed from [49, 50]. The dashed curve repre-
sents the contribution of the quasideuteron reaction

channel to the theoretical cross sections. From this
figure, one can see that the experimental cross section

for the relevant (v,n) 4 (v,n + p) reaction exceeds
substantially its theoretical counterpart in the energy
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Fig. 9. Cross sections o;(F.) for photonucleon reactions induced in '®'Ta nuclei and accompanied by the emission of
j,J+1,...neutrons and an arbitrary number of charged particles for 15 < E., < 140 MeV. The points with error bars represent
experimental data for a natural-tantalum target from [40]. The curves represent the results of the calculations for (solid curves)
the total cross section, (dashed curves) the purely evaporation component of this cross section, (dash-dotted curves) the
component involving the emission of one preequilibrium particle, and (dotted curves) the component involving the emission of
two preequilibrium particles.

PHYSICS OF ATOMIC NUCLEI Vol.74 No.l 2011



COMBINED MODEL OF PHOTONUCLEON REACTIONS 35

G, mb
400

300 -

200 ~

100 -

(v, m) + (Y, n+p)

200 -

150 -

100 -

50+

(v, 2n) + (v, 2n + p)

0 1
25

20

15

10

O | | |

10 20

E,, MeV

Fig. 10. Cross sections for the (y,n) + (y,n + p), (v,2n + p), and (7, 3n) photoneutron reactions for the *®! Ta nucleus in
the GDR region. The points with error bars represent experimental data [54]. The notation for the curves is identical to that in

Fig. 3.

region E, > 20 MeV. Possibly, this is due to the
contribution to the photoabsorption cross section in
this energy region from multipole resonances other
than the E'l resonance. This could also explain why
the experimental data on the cross section o (v, 2n)
lie somewhat higher than the respective theoretical
results in the energy region E, > 24 MeV.

In Fig. 4, the experimental data on the cross sec-
tion for the reaction 2°Zr(~y, p) from [51—53] are con-
trasted against the cross section calculated for this
reaction. The calculation reproduces satisfactorily
experimental data both in the region of the 7. GDR
component and in the region of the 7% GDR com-
ponent. The resonance in the cross section (v, p)
at B, ~ 21-23 MeV is almost completely exhausted
by the T reaction component (dotted curve in this
figure).
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139La.  The cross sections for the reactions
(v;n) + (v,n +p), (7, 2n) + (7, 2n + p), and (v, 3n)
in the energy range E, < 30 MeV [54] (Fig. 5) and
the cross section for the reaction (v, p) [55] (Fig. 6)
were measured for this nucleus.

From Fig. 5, one can see that the results of the
calculations are more or less consistent with pho-
toneutron experimental data. From the data in Fig. 6,
it follows that a dominant contribution to the cross
section o(~,p) comes from the T- reaction compo-
nent (dotted curve in this figure). The area under the
theoretical curve representing o(v,p) is somewhat
larger than that under the respective experimental
curve.

142Nd. In Fig. 7, we compare the experimen-
tal [56] and theoretical cross sections for the reac-
tions M2Nd((y,n) + (y,n + p)) and "2Nd((v, 2n) +
(7,2n +p)). The accuracy in separating the (v, n)
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Fig. 11. Experimental photoproton spectra measured in a bremsstrahlung-photon beam at an angle of 90° [58] (closed
boxes) and theoretical photoproton spectra integrated over the bremsstrahlung spectrum (curves) for the *°Zr nucleus at
the bremsstrahlung-spectrum endpoint energies of Emax = 22, 25, and 34 MeV. The solid, dash-dotted, and dashed curves
represent, respectively, the total spectrum, its evaporation component, and its preequilibrium components. Here, ¢ is the

emitted-proton energy.

and (v, 2n) yields is questionable in this case at ener-
gies around E,, ~ 19—20 MeV (this concerns, first of
all, the experiment but also the calculations).

Figure 8 shows the cross section o (7, p) extracted
in [57] for the '42Nd nucleus from experimental data
on the reaction "2Nd(e, €’p). Our calculation con-
firms the conclusion drawn in [57] that this cross
section is due primarily to the decay of the 75 com-
ponent of the giant dipole resonance (see dotted curve
in Fig. 8).

181Ta.  Having performed the separation of
different-multiplicity neutron yields, a group from
Saclay measured the cross sections o;(E,), 2 <

j <10, for reactions involving the emission into a
continuum of j or more neutrons plus any number
of charged particles. Those measurements were
performed for natural mixtures of isotopes of several
nuclei in the energy range 25—132 MeV [40]. In the
model being considered, such cross sections can be

expressed in terms of the (v, Ipkn) cross sections as
oy (E,) = (63)

1=0 k=3

o (v, lpkn; E5).

In Fig. 9, the theoretical cross sections o;(E,)
(solid curves) calculated for the ¥ Ta nucleus, whose

PHYSICS OF ATOMIC NUCLEI Vol.74 No.1 2011
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Fig. 12. Difference photoneutron spectra [59] in a bremsstrahlung-photon beam at an angle of 67.5° at the bremsstrahlung-
spectrum endpoint energies of E,max = 85 and 55 MeV (points with error bars) and difference theoretical spectra (curves) for
the 83Cu, 51In, 118Sn, 81T, 207ph, 2098 and 23°U nuclei. The solid, dashed, dash-dotted, and dotted curves represent,
respectively, the total spectrum, the contribution to it from the first preequilibrium particle, the contribution of the second
preequilibrium particle, and the evaporation component of the spectrum. Here, ¢ is the emitted-neutron energy.

mass number is the closest to the average mass
number of natural tantalum targets, are contrasted
against experimental data obtained in [40]. On the
basis of this comparison, we can conclude that the

PHYSICS OF ATOMIC NUCLEI Vol.74 No.l 2011

present model can be used at high values of the en-
ergy E,. This figure also gives an idea of the con-
tribution to the calculated cross sections from pro-
cesses not accompanied by preequilibrium-nucleon
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emission (dashed curves) and accompanied by the
emission of one (dash-dotted curves) or two (dotted
curves) preequilibrium nucleons.

In Fig. 10, we compare the experimental [54] and
theoretical cross sections for the (v,n) + (v,n + p),
(7,2n) + (v,2n+p), and (v,3n) reactions on the
181Ta nucleus in the GDR region. By and large, the
agreement between the theory and experiment is fairly
good, even though the theoretical maximum of the
giant dipole resonance is shifted somewhat to the left.
This may be the reason why, in Fig. 9, the theoretical
cross sections o;(E,) are underestimated somewhat
in relation to their experimental counterparts in the
energy range E, ~ 20—40 MeV.

4.2. Photonucleon Spectra

In the literature, the set of experimental data on the
photonucleon energy spectra for medium-mass and
heavy nuclei is quite limited, especially for photopro-
ton spectra. Nevertheless, some comparison of theory
and experiment can be performed.

Figure 11  shows the proton spectra
d?0p(g, Eymax)/dS2de measured at an angle of 90° in a
bremsstrahlung-photon beam at the bremsstrahlung-
spectrum endpoint energies of Eymax = 22, 25, and
34 MeV [58]. They are compared (after choos-
ing an appropriate scale factor) with the calculated
bremsstrahlung proton spectra

[dO'p(E, E’ymax)/d‘g]br (64)

E’ymax

_ / (doy (e, ) /| K (Ey, Eymax)dEs,
0

where K(E,, Eymax) is a function that is found by
the Monte Carlo method and which is taken to
approximate the spectrum of the bremsstrahlung
used. According to the results of our calculations,
the resulting proton spectra can broken down into
the low-energy, evaporation (dash-dotted curve), and
high-energy, preequilibrium (dashed curve), compo-
nents. The agreement between the respective the-
oretical and experimental results deteriorates as the
bremsstrahlung-spectrum endpoint energy becomes
higher. This may be attributed to the aforementioned
deficiency of the theoretical photoabsorption cross
section on the ?°Zr nucleus in the energy region
E, > 20 MeV.

In [59], the difference energy spectra of photoneu-
trons for bremsstrahlung of endpoint energy Eymax =
85 and 55 MeV,

[d*0n(2) /dQde] i (65)

[d%0,,(g,85)/dQde]y,, — [d?on (e, 55) /dQde]),

ES‘form [K(E’W 85) - K(E'y; 55)]dE,y

9

where K (E,, Eymax) is the bremsstrahlung spectrum
for a thin tantalum target (it is virtually coincident
with Schiif’s spectrum [60]) and Eyorm = 18 MeV is
the energy at which the two spectra are normalized
to the same number of photons, were measured for a
number of medium-mass and heavy nuclei (Cu, In,
Sn, Ta, Pb, Bi, and U) at an angle of 67.5°.

In Fig. 12, these spectra are contrasted against the
calculated difference energy spectra

[don () /delair
[doy(e,85)/delp: — [don (e, 55)/de]p:

o [K(E,,85) — K(E,,55)dE, |

(66)

divided by ten 10 (in this case, the agreement between
the theoretical and experimental data is somewhat
better than in the case of division by 47). In addition
to the total calculated spectrum (solid curve), Fig. 12
also shows its components corresponding to neutron
evaporation (dotted curve) and processes involving
the emission of the first (dashed curve) and second
(dash-dotted curve) preequlibrium particle.

5. CONCLUSIONS

The calculations performed above have shown that
our combined model, in which we take into account
all basic stages of photonucleon reactions, makes it
possible to obtain, for medium-mass and heavy nu-
clei, a satisfactory description of total cross sections
for photonucleon reactions of different multiplicity
and the (v, zp) and (v, zn) energy spectra integrated
with respect to angles. This proved to be possible
both in the GDR region and at high values of the
energy F., (up to the pion-production threshold).

[t is important to note that all of the calcula-
tions have been performed with the standard set of
parameters—that is, no individual fitting for specific
nuclei has been performed. This demonstrates a high
predictive power of the model.

[t is also of importance that, within the same
model, we have described simultaneously both pho-
toneutron and photoproton reaction channels. This
imposes severe requirements upon the underlying
principles of the model.

The results of our calculations are indicative of
a strong effect of isospin and collective phenomena
in the GDR region on photonucleon reactions (in
particular, on the competition between protons and
neutrons and on the multiplicity of their yields).
PHYSICS OF ATOMIC NUCLEI
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