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Abstract—A combination of the exciton and evaporation models is used to describe photonuclear reactions
induced in light, medium-mass, and heavy nuclei by photons of energy in the range 7 < £, < 140 MeV.
Two mechanisms of the photoexcitation of nuclei are considered. These are the formation of a giant dipole
resonance at energies in the range £, < 30 MeV and quasideuteron photoabsorption, which is dominant
at energies in the region E, 2 40 MeV. The density of particle—hole states, which appears in the exciton
model, is calculated on the basis of the Fermi gas model. The emission of two preequilibrium particles is
taken into account in describing the quasideuteron reaction channel. The effect of isospin conservation on
giant-dipole-resonance decay accompanied by photonucleon emission is examined. The model in question

is used to describe cross sections for photon-induced reactions on 2 Mg, ®4Fe,

nuclei.

PACS numbers: 25.20.-x
DOI: 10.1134/S1063778809030041

1. INTRODUCTION

In the energy range between 7 and 140 MeV—that
is, up to the pion-production threshold—photonuclear
reactions proceed predominantly via two photoab-
sorption mechanisms. These are the formation of
a giant dipole resonance and quasideuteron pho-
toabsorption [1]. The first prevails at energies in the
range E, 2 30 MeV, while the second is dominant at

energies in the region £, 2 40 MeV.

The character of photonucleon emission depends
greatly on the nature of the primary excitation of a
target nucleus. For example, preequilibrium nucleon
emission plays a significant (dominant at high ener-
gies) role in the decay of a quasideuteron excitation
(see, for instance, [2—4]), because, in quasideuteron
photoabsorption, the entire hard-photon energy is
transferred to a single neutron—proton pair. On the
other hand, the giant-dipole-resonance component of
photonuclear reactions on medium-mass and heavy
nuclei is determined primarily by the evaporation of
nucleons from a compound-nucleus state that arises
upon the thermalization of the energy of collective
dipole vibrations. The contribution of preequilibrium
processes to this component plays a significant role
only for light nuclei and manifests itself primarily in
the region of the giant-resonance maximum, where
the formation of the coherent one-particle—one-hole
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(1p1h) doorway state occurs. It should also be borne
in mind that the decay properties of the giant dipole
resonance in light and medium-mass nuclei (A <
100) are strongly affected by isospin effects, since the
decay of the 7% giant-dipole-resonance component
is dominated by proton emission because of total-
isospin conservation.

With allowance for isospin splitting, the cross sec-
tion for giant-dipole-resonance formation can be cal-
culated on the basis of the semimicroscopic model
developed in [5—7]. A phenomenological expression
was obtained in [8] for the quasideuteron component
of the photoabsorption cross section. The parameters
of this expression were estimated in [9] within the
Fermi gas model.

A combination of the evaporation and preequi-
librium models of photonuclear reactions is usu-
ally used to describe nucleon emission following
photoabsorption. There are many different formula-
tions of the preequilibrium approach. However, only
semiclassical preequilibrium models (exciton [10—13]
and hybrid [14—16] ones) and quantum-mechanical
multistep preequilibrium models [17—23] are applied
in practice. Quantum-mechanical models in which
the probability of nucleon emission is expressed in
terms of quantum-mechanical transition amplitudes
describe the angular distribution of reaction products
better than semiclassical models do. However, the
simplicity of the application of semiclassical models
and their high predictive power in describing nucleon
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spectra and total reaction cross sections compensate
for this drawback of such models to a considerable
extent, and this is the reason why they are still
widely used in specific calculations [24, 25]. Very
close results emerge from employing the exciton and
hybrid models. [t was shown in [26], however, that, in
contrast to the exciton model, the hybrid model is not
self-consistent. Later, the hybrid model was therefore
refined by including in it a Monte Carlo simulation of
the preequilibrium cascade [27, 28], but this naturally
made relevant calculations much more involved.

In the present study, the exciton-model ver-
sion [29] based on the Fermi gas densities of ph states
is used in describing preequilibrium processes. As
was shown in [29], the use of such densities makes
it possible to describe satisfactorily cross sections for
photonuclear reactions even in the case where one
takes into account the emission of only one preequi-
librium particle. This is due to the fact that the role
of primary preequilibrium emission becomes more
pronounced upon taking into account the energy
dependence of the densities of single-particle and
single-hole states in the Fermi gas model [29] and
the fact that multiparticle preequilibrium emission
affects more strongly the energy spectra of emitted
particles than total reaction cross sections. In view of
the aforesaid, we decided on restricting ourselves in
calculating cross sections for photonuclear reactions
to considering the emission of only primary and
secondary preequilibrium particles, and this simplified
the calculations considerably. The main distinction of
this study from that in [29] is that we take here into
account the impact of isospin effects of the giant-
dipole-resonance component of photonuclear reac-
tions; the calculations revealed that, without doing
this, it is impossible to describe correctly the proton
channels of the reaction in the giant-resonance
region. The model being considered was applied to
calculating the cross sections for the photon-induced
reactions on 26Mg, 34Fe, 12118,119,1245 “apd 181Ty
nuclei.

2. DESCRIPTION OF THE MODEL

Following N. Bohr’s hypothesis [30], we represent
the cross section fora (v, Ipkn) photonuclear reaction
involving the emission of [ protons and k neutrons in
the form

a(v,lpkn; E,) = oqp(E,)Waqp(lpkn, E,) (1)

To+1

+ Z UGDR

T=To

WD (Ipkn, E),

where E is the absorbed-photon energy, oqp (£ ) is
the cross section for quasideuteron photoabsorption,
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Wqb(lpkn, E,) is the probability of quasideuteron-
excitation decay involving the emission of [ pro-
tons and k neutrons, U(GTD)R(E,Y) is the isospin-T
(T =Ty or Ts. =Ty + 1, where Ty is the ground-
state isospin of a target nucleus) component of the

cross section for giant-dipole-resonance formation,

and WC(QR(Zpk:n,Eﬂ,) is the probability of photonu-

cleon emission from the corresponding giant-dipole-
resonance component.

The first and the second term on right-hand
side of (1) represent, respectively, the quasideuteron
and giant-dipole-resonance components of the cross
section for the photonucleon reaction in question:

oop(7, lpkn) and ogpr (7, Ipkn).

2.1. Quasideuteron Component of Photonucleon
Reactions

2.1.1. Cross section oqp(£,). In the Introduc-
tion, we indicated that, in calculatmg this quantity,

one can employ the phenomenological expression ob-
tained in [8, 9.

2.1.2. Probability Wqp(Ipkn, E,). Quasideute-
ron photoabsorption involves the excitation of one
neutron and one proton, so that a 2p2h doorway state
(a nucleon configuration featuring m = mg = 4 exci-
tons) arises. This primary excitation decays either via
the emission of an excited nucleon or, what is more
probable, via an intranuclear transition because of
the residual two-body interaction to a more complex
3p3h configuration, which involves m =mg+2 =6
excitons. After that, the system continues evolving
in a similar way. The product m-exciton state either
emits a nucleon into a continuum or undergoes an
m — m -+ 2 intranuclear transition, and so on. Via
m — m -+ 2 intranuclear transitions, the excitation
energy of the compound system is redistributed over
an ever greater number of excitons until the state of
thermal equilibrium is finally attained either in the ini-
tial or in one of the residual nuclei, whereupon a com-
paratively long process of neutron evaporation begins
(proton evaporation is suppressed by the Coulomb
barrier). The reaction scheme described immediately
above does not take explicitly into account inverse
(m — m — 2) intranuclear transitions, which do not
have a strong effect on preequilibrium nucleon emis-
sion. Moreover, we indicated in the Introduction that
we restrict ourselves to examining only the first two
preequilibrium particles.

Under the above assumptions, the probabilities of
interest can be represented in the form
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Wap (lpkn, E) (2)

D(m07 m, E’Y)
I'l(m, E,) +T4(m, E;)

X / )\j(m,sj,Efy)

0

« [(5].”510 65,010 (k,m, e, E)

+ Z Z 5]n5] n510

J'=n.p m'=m—1
Am/=2

+ 5jn5j’p511 + 5jp5j’n5l1
+ 5jp5j’p512)lj(']2‘/) (k, m, m', Ej, E,y):| dEj
+ 510D(m0, m, E,Y)P(k, E,y; 20, NQ),
wheremg =4;1+k=1,2,3,...withl =0,1,2;
19 (k,m,ej, E)) = D(m — 1w, U;)

x P(k — 8jn,Uj; Zo — 8p, No — Gjn);
I](?,)(k:,m,m’,sj,E )=D(m—1,m',Uj)
L (m',Uj)
't (m! )+Fl( Uj)
Pk — 5jn = 0jm, Ujijrs Zo — Ojp
= 0jrps No = 0jn — djn);
E—B;

rl(n, F) = h / Nney E)de;  (3)

is the width of the n-exciton state with an excitation
energy E due to the emission of a nucleon belonging
to type j (a neutron, j = n, or a proton, j = p) from
the initial {Zy, No} (or a residual {Z’, N'}) nucleus;
Aj(n,ej, E)de; is the probability per unit time for
the decay of such a state via the emission of a nu-
cleon belonging to type j and having a kinetic energy
gj +de;/2 to a continuum; I'l(n, E) = T)(n, E) +
F;(n, E) is the total width of the n-exciton state with
respect to nucleon emission; 't (n.E) is its spreading
width caused by n — n + 2 intranuclear transitions;

1 for m=n,
s Tk, E)
1:[ Tk, E) + Tk, E) (D)

Ay
form=n+2n+4,...

D(n,m,E) =
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is the probability that the chain of intranuclear tran-
sitions occurring in the nucleon system and starting
from the n-exciton state reaches the m-exciton stage
(m=n,n+2,...); Pk, E; Z,N) is the probability
of the evaporation of k neutrons from the compound
state of the {Z, N} nucleus whose excitation energy
is E(fork <0,P=0);U; = E, — Bj —¢j is the ex-
citation energy of the primary residual nucleus; Uj;» =
Uj — B}, — €j:(m’,U;) is the average excitation en-
ergy of the secondary residual nucleus formed upon
the emission of a j’-type nucleon at the m/-exciton
stage of the preequilibrium cascade in the primary
residual nucleus; B; and B;., are the energies required

for separating nucleons of types j and j’ from, re-
spectively, the target nucleus and the primary residual
nucleus;
Uj-B/,
f )\j/(m/,Ej/,Uj)Ej/dEj/
0
U;j-B), (5)

{ Ajr(m', 40, Uj)dej

Ej/(m/, Uj) =

is the average energy of a j'-type nucleon emitted at
the m/-exciton stage of the preequilibrium cascade
in the primary residual nucleus; and m = m(E,) and
m/ = m/(U;) are the average numbers of excitons in
the thermal-equilibrium states of the target nucleus
and the primary residual nucleus.

By using the detailed-balance principle, Cline and
Blann [10] obtained an expression for the emissive-
decay rate \;(n,e;, F) in the form

25 +1
Aj(n, e, E)de; = 213 E j (6)
; w(n —1,Uj)
X O-}nv(gj) w(n,E) ’ dEj’

where s, u, and a”“ (¢j) are respectively the spin,
reduced mass, and mverse—reaction cross section for
a j-type nucleon of energy €; emitted in a continuum
and w(n, F) and w(n — 1,U;) are the densities of n-
and (n — 1)-exciton states in, respectively, the initial
and the final nucleus.

The probabilities of intranuclear transitions are
usually estimated in the first order of perturbation
theory. This yields [21—23]

Fl(n7E) :27TM2(E)W+(TL7E)7 (7)

where M?(E) is the average square of the two-body
transition matrix element and w4 (n, E) is the average
density of final states accessible in the n — n + 2
transition.
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The average square of the matrix element, M?(E),
was approximated by the expression

E
9 Lires
M (8)

where FE is the dipole-resonance energy and the
factor B! takes into account the empirical energy
dependence of the square of the matrix element [11].

M?(E) =

The constant M? was determined from rela-
tion (7), in which the dipole-resonance spreading

width Ths = TH(2, Fres) was estimated on the ba-
sis of expression (9) (see below). The densities of
states w(n, F), w(n —1,U), and wy(n,FE), which
appear in expressions (6) and (7), can be calculated
on the basis of the Fermi gas model. On one hand,
this choice of density of states correlates with the
method proposed by Chadwick et al. [9] for estimating
the parameters of the quasideuteron photoabsorption
model; on the other hand, it permits taking into
account the effect of the energy dependence of the
density of single-particle and single-hole states (in
particular, the vanishing of the density of single-
hole states at energies in excess of the Fermi energy,
er ~ 35 MeV) on the dynamics of the develop-
ment of the preequilibrium cascade. A procedure
for calculating Fermi gas densities of particle—hole
states is described in [29].!) A method for calculating
the probability of multiparticle neutron evaporation,
P(k,E; Z, N), from the compound-nucleus state was
also proposed there.

2.2. Giant-Dipole-Resonance Component
of Photonuclear Reactions

2.2.1. Cross sections crg))R(E,,), T=T.T>.
According to the aforesaid (see Introduction), the T«
and 7~ components of the giant dipole resonance can
be calculated within the semimicroscopic model pro-
posed in [5—7]. The spreading width of an individual
dipole resonance can be estimated by means of the
semiempirical formula [7]

r es GI(GO/RO)[Eres
where
1(6) = [1 = 3¢(L+72€2/3) /(1 + w%€%)] /(1 + 2¢?)

is a dimensionless factor that determines the depen-
dence of the spreading width on the diffuseness of
the nuclear surface [31]; agp and Ry are parameters
that characterize, respectively, the diffuseness and the

— A(Zo, No)orr]?,  (9)

YIn [29], a factor of 1/2 is missing in expression (25), which
determines (with allowance for the two-component compo-
sition of the nucleon system) the normalization constant for
the density states w(n — 1, U).
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radius of the Fermi distribution of the nucleon density;
Es is the resonance energy; A is the energy of the
first excited state of the nucleus being considered
for the isospin of T' = T% [this energy is introduced
in (9) in order to take into account the shift upward
of accessible 2p2h states to which the 7% resonance
decays]; and G is a normalization constant.

In the present study, the parameter Ry was set to

1.07AY3 im (in accordance with electron-scattering
data). The energy A was estimated on the basis of
the change in the Coulomb energy and the binding
energy of the nucleon system upon going over from
the {Zy, No} to the {Zy — 1, Ny + 1} nucleus. The
remaining parameters ag and G were fitted to exper-
imental values of the dipole-resonance widths for a
large number of nuclei (with allowance for the width
with respect to nucleon emission—see below). This
eventually yielded the values of a9 = 0.685 im and
G =0.0328 MeV~1.

The dipole-resonance width with respect to nu-

cleon emission, ].“rTeS, can be calculated by formu-
las (3) and (6) at n =2, the substitution B, —
By, + A(Z', N")drr. being necessary for the neutron
channel of of T -resonance decay. This substitution
makes it possible to take into account the decrease
in the T- -resonance width with respect to nucleon
emission because of the shift upward of (n —1)-
exciton states whose isospin is 72 = T + 1 (where
T is the ground-state isospin of the {Z’, N’} residual
nucleus). We note that it is unnecessary to introduce
any other changes in expressions (3) and (6), since,
for the T- reaction channel, the densities of states
w(n, E) and the cross section " (e,) decrease to
the same degree in relation to their total values.

2.2.2. Probabilities W((;Dk(lpkn, E,). The pree-

quilibrium decay of giant dipole resonances can
proceed via nucleon emission from a 1plh col-
lective doorway state. This state is formed in the
region of the dipole-resonance maximum. Above
(and below) the maximum of the 7' giant-dipole-
resonance component, the contribution of the primary
collective excitation to the dipole-state wave func-

tion decreases in proportion to the ratio ¢ (E,) =

aéTD)R(EV)/max(agD)R(EV)). Taking this circum-
stance into account, we represent the probability of
the emission of [ protons and k& neutrons from the T'

giant-dipole-resonance component in the form

Wé?Rapkn E ) = gD (E,)

mo,mE)
<2 Z T (m, E,) + Tl (m, E,)

Jj=n,p m=mo
Am=2

(10)
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Ey—Bj—A(Z',N")§jndr1s,

X / Ag-T) (m,ej, Ey)
0
x ST — 85,k — 6, Us; Z', N')de;

i (1 — () + ¢D(E,) DD (mo, m, Eﬂ»)

x SU1, K, Ey; Zo, No),

where mg = 2; T" = T} + §n071. (T} is the ground-
state isospin of the {Z’ = Zy — 0, N' = No — d;n}
residual nucleus formed upon the emission of a j-type
nucleon from a target nucleus); and $(*) (l,k,E;Z,N)
is the probability for the evaporation of [ protons and &
neutrons from the compound state of the initial or
the residual nucleus having an isospin T'=T., T
and an excitation energy E (S =0 at [ or k£ smaller
than 0).

In calculating the quantities Ag-T)(m,sj,E),

D1 (m, E), 1M (m, E), and D) (mg, m, E) (with
allowance for isospin conservation), not only do we
introduce corrections mentioned at the end of Sub-
section 2.2.1, but it is also necessary to make the sub-
stitution wy (n, E) — wy(n, B — A(No, Zo)orr. ) in
Eq. (7).

The probabilities ST (I,k, E; Z, N) satisfy the re-
cursion relation
E-B,

/ EPU;W (ep)

0
x w(Uy) ST (1 = 1,k,U,; Z', N)de,
E—Bn—A(Z,N")érry,
+ / EnO'iT?V(En)
0
x w(Up — A(Z, N')or1.)

SOk, E; Z,N) = [ (11)

x STV k—1,U,: Z, N’)dsn]
E—B,
X [ / spa;,m’(z—:p)w(Up)dep
0

E—Bn—A(Z,N")o7r.,

+ / Enair?v(gn)

0

—1
X w(Un - A(Za N/)éTT>)d€n] )
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where T" =Ty + dr ; Uj = E — Bj — €5 (j = p,n);
Z'=7Z—1; N =N —1;and

w(E) < (E+41/a) %exp (2VaE)  (12)

is the nuclear-level density, with a being the level-
density parameter. In the following, we assume that

ST (1, k,E;Z' Ny = 6,0P(k,E; Z',N')
for Z/ + N' < Zy+ Ny — 1,

STV (1, k, B, 2/, N') = 6 P(k, E; Z',N')
for Z'+ N' < Zy + Ny — 2.

This means that we disregard the emission of protons
in the T and 7% reaction channels, starting from,
respectively, the primary and the secondary residual
nucleus. This assumption seems quite reasonable
since the bulk of protons are emitted in the region
of the maximum of the 7% giant-dipole-resonance
component at relatively low excitation energies of
the nucleus. At the same time, it permits employing
the recursion relation (11) to calculate the nucleon-
emission probabilities appearing in (10). In turn,
this makes it possible to calculate the probabilities

W (Ipkn, E) at 1+ k =1,2,3,... and [ = 0, 1.

3. APPLICATION OF THE MODEL
TO DESCRIBING THE CROSS SECTIONS
FOR THE PHOTONUCLEAR REACTIONS
ON Mg, Fe, Sn, AND Ta NUCLEI

3.1. Details of the Computational Procedure Used

The quadrupole-deformation parameter 3 of the
nucleus being considered is the only free parameter of
the semimicroscopic model developed in [5—7]. It was
estimated by using data on the static quadrupole mo-
ments of this nucleus [32]. The inverse-reaction cross

sections o"(e) and o,/ (e) [see Eqgs. (6) and (11)]
were calculated on the basis of the approximate ex-
pressions quoted in the monograph of Barashenkov
and Toneev [33].

The level-density parameter a, the average num-
ber m of excitons in the thermal-equilibrium state,
and the constant M? determining the rate of intranu-
clear transitions are the intrinsic parameters of the
model being considered. Methods for estimating M?
were discussed above (see Subsection 2.1.2). The
remaining two parameters were estimated in just the
same way as in [29].

The calculations involved evaluating the cross
sections for the (v,lpkn) reactions, [ =0,1,2 and
k <12, on 20Mg, HFe, 1121181191248 5 181,
nuclei in the energy range 7 < E, < 140 MeV with
a step of 0.1 MeV. In addition, the spectrum of

Vol. 72 No.3 2009
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G, mb
25+

20

15

10

415

(v, n) + (v, np)

25

. . p)

Ey, MeV

Fig. 1. Comparison of the calculated and experimental photonuclear cross sections for the (v, n) + (v, np) and (-, p) reactions
on the 2Mg nucleus in the region of the giant-dipole-resonance maximum: (points with error bars) experimental data
from [34, 35], (solid curves) calculated total cross sections, (dashed curves) contribution to these cross sections from the 7%
giant-dipole-resonance component, and (dotted curves) results calculated for the total cross sections upon the substitution

M?* — M?/2.

primary protons was calculated for the 2Mg nucleus,
and the result was then transformed into partial
cross sections for several groups of levels of the final
nucleus 2°Na.

3.2. Discussion of the Results

The basic results of our calculations are presented
in Figs. 1—8. These data make it possible to as-
sess the degree of applicability of the model to light,
medium-mass, and heavy nuclei and to study the
contributions of various photodisintegration mecha-
nisms, as well as to analyze the impact of isospin
effects on the relative yield of protons and neutrons in
the region of the giant-dipole-resonance maximum.

In Fig. 1, the experimental cross sections from [34,
35] (points with error bars) for the (v,n) + (v, np)
and (v, p) reactions on the 2 Mg nucleus are con-
trasted against their calculated counterparts (solid
curves). The dashed curves represent the contribution

PHYSICS OF ATOMIC NUCLEI Vol. 72
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of the T- giant-dipole-resonance component to the
theoretical cross sections. This figure shows that, in
the region of 7% resonances (E, 2 20 MeV), this
component exhausts a significant part of the cross-
section sum o(v,n) 4+ o(y,np) and makes a dom-
inant contribution to the (v,p) cross section. The
theoretical curves fail to describe the intermediate
structure of the experimental cross sections, since

the calculation of the photoabsorption cross sections

aéTD)R(EV) relied on the semimicroscopic model that

was developed in [6—7] and in which the effect of
single-particle dipole transitions on the structure of
giant dipole resonances was disregarded. At the same
time, the calculation reproduces fairly well the global
features of the cross sections being considered (in
particular, the relative yield of protons and neutrons).

For Mg or other light nuclei, there is unfor-
tunately no experimental data on cross sections for
(v,lpkn) (I + k =1,2,3,...) photonuclear reactions
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= )

16 20

1
28
Ey, MeV

Fig. 2. Partial cross sections for photoproton reactions on the 2 Mg nucleus that correspond to the population of individual
groups of states of the final nucleus: (a) results for the population of the ground state and the first excited state, (0) results for
the population of a group of levels characterized by an average energy of 3 MeV, and (c) results for the population of a group
of levels characterized by an average energy of 4 MeV. The points with error bars represent experimental data from [35]. The

notation for the curves is identical to that for Fig. 1.

at high energies E., and this is an obstacle to in-
vestigating the possibility of applying the model in
question (without further refining its parameters) to
light nuclei in the energy region above the giant dipole
resonance. In particular, it is not certain that the
estimate of the parameter M? on the basis of an anal-
ysis of experimental giant dipole-resonance widths
(see Subsections 2.1.2 and 2.2.1) is correct for light

nuclei, in which case Fles ~ Frles.

The calculations revealed that the cross sections
for photonuclear reactions on light nuclei in the giant-

PHYSICS OF ATOMIC NUCLEI

dipole-resonance region are only slightly sensitive to
the choice of value for the parameter M?2. Indeed,
a decrease in this parameter by a factor of two in
relation to the estimate following from relations (7)—
(9) leads to only an insignificant change in the cross
sections calculated for the (v, n) 4+ (v,np) and (v, p)
reactions on the 26 Mg nucleus (compare the solid and
dotted curves in Fig. 1).

In [35], the partial cross sections for the photo-
proton reactions occurring on the 26 Mg nucleus and
involving the excitation of individual groups of levels

Vol. 72 No.3 2009
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o, mb

30

20

10 -

417

(Y. n) + (v, np)

120 -

E,, MeV

Fig. 3. Calculated and experimental photonuclear cross sections for the (y,n) 4 (v, np) and (7, p) reactions on the **Fe
nucleus in the region of the giant-dipole-resonance maximum. The points with error bars represent experimental data from [36,

37]. The notation for the curves is identical to that for Fig. 1.

of the final nucleus ?*Na (specifically, the ground
state of this nucleus and its first excited state, as
well as groups of levels whose average energies are
3 and 6 MeV) were estimated on the basis of an
analysis of proton spectra in the reactions induced by
bremsstrahlung photons. The exciton model, which
deals with continuous level densities, disregards shell
effects. Therefore, it is able to describe real nuclear-
level densities only at rather high excitation ener-
gies, in which case nuclear levels are condensed.
The ground state of the 2Na nucleus and its first
excited state are separated from the other states of
this nucleus by an energy gap of about 2 MeV. Taking
this circumstance into account, we determined the
partial cross sections of interest by integrating the
spectra of primary protons from Mg with respect
to the energy U = E,, — B), — ¢, of the final nucleus
over the intervals [0, 2], [2, 4] and [4, 8] MeV. The
results of these calculations are given in Fig. 2 (solid
curves), where they are contrasted against experi-
mental data from [35] (points with error bars). The
dashed curves represent the contribution of the 7+
giant-dipole-resonance component to the theoretical
cross sections, while the dotted curves correspond
to the calculation of partial cross sections with the
parameter M? reduced by a factor of two. This figure
shows that, in just the same way as in case of the
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total cross sections, the results of the calculations
depend only slightly on the choice of value for the

parameter M?.

In Fig. 3, the calculated cross sections for the
(v,m) + (v,np) and (v, p) reactions on the **Fe nu-
cleus are contrasted against their experimental coun-
terparts from [36, 37]. In relation to Mg, a consid-
erable increase in the yield of protons with respect to
the yield neutrons is observed here (compare Figs. 3
and 1), which is explained by a relatively low proton
threshold in %*Fe (B, — B, = —4.5 MeV versus B, —
B, = +3 MeV in 26Mg).

Having performed a separation of neutron yields in
multiplicity, a group from Saclay measured the cross
sections o;(E), 2 < j < 10, for reactions involving
the emission of j or more neutrons and any number
of charged particles into a continuum and occurring
on nuclear targets from natural mixtures of some
isotopes at energies in the range 25—132 MeV [38]. In
the model being considered, such cross sections can
be expressed in terms of the (v, Ipkn) cross sections
introduced in Section 2 [see formula (1)] as

(13)
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Fig. 4. Cross sections o (E, ) for the photonuclear reactions occurring on tin nuclei and involving the emissionof j, 7 + 1, . ..
neutrons and an arbitrary number of charged particles: (points with error bars) experimental data for a target from natural
tin [38], (solid curves) cross sections calculated for the 'Sn nucleus, (dashed curves) quasideuteron components of the
theoretical cross sections, and (dotted curves) contribution of secondary preequilibrium processes to the quasideuteron

component.

Figure 4 displays the theoretical cross sections
oj(Ey) (solid curves) calculated for the 19 Sn nucleus
whose mass number is the closest to the average
mass number of a natural target from tin. They are
compared with experimental data (points with error
bars) obtained in [38]. The dashed curves represent
the total quasideuteron component of the theoretical

cross sections. The dotted curves stand for the con-
tribution to this component from processes involving

the emission of two preequilibrium particles. From
this figure, one can see that the results of the calcula-

PHYSICS OF ATOMIC NUCLEI

tions are in fairly good agreement with experimental
data. A systematic excess of the calculated cross
sections above the respective experimental values in
the energy range 60 < E, < 120 MeV may be due
to the fact that, in this energy range, the theoreti-
cal photoabsorption curve goes markedly above the
experimental data from [38], primarily because of the
quasideuteron component (see [29]) calculated within
the model proposed in [8, 9]. The inclusion of sec-
ondary preequilibrium emission made it possible to
improve somewhat agreement with the experimental

Vol. 72 No.3 2009
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Fig. 5. Calculated photonuclear cross sections for the (v, Ipkn)

Il
140
E,. MeV

80 100 120

reactions on the '°Sn nucleus: (solid curves) total reaction

cross sections and (dashed and dotted curves) quasideuteron and giant-dipole-resonance components of these cross sections,

respectively.

data in relation to the calculation reported in [29],
where we took into account only primary preequilib-
rium processes, and, what is more important, revealed
that, at high excitation energies, a dominant con-
tribution to the quasideuteron reaction component
comes from processes accompanied by the emission
of more than one prequilibrium particle (compare the
behavior of the dashed and dotted curves in Fig. 6).
In addition, one can see a shift of quasideuteron nu-
cleon emission toward a smaller number of emitted
particles, with the result that the role of giant-dipole-

PHYSICS OF ATOMIC NUCLEI Vol.72 No.3 2009

resonance emission becomes more pronounced for
o;(Ey) corresponding to large values of j.

The total set of cross sections calculated for the
1980 nucleus is displayed in Fig. 5. In the two upper
panels, the cross sections calculated for the (v, Ipkn)
(I+k=1,2,3,...;1=0,1) reactions (solid curves)
are given along with their quasideuteron and giant-
dipole-resonance components (dashed and dotted
curves, respectively) in the energy range 7 < E, <
140 MeV. From an analysis of these data, one can
conclude that the giant-dipole-resonance reaction
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sections. Figure 6¢ shows the ratio of the total proton and neutron yields.
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Fig. 7. Calculated and experimental photoneutron cross sections for the (v, n) + (v, np), (v, 2n), and (v, 3n) reactions on

the *®Ta nucleus. The points with error bars represent experimental data from [41]. The solid and dashed curves stand for,
respectively, the calculated cross sections and their quasideuteron components.

component plays a dominant role both in the neutron
and in the proton channel of tin disintegration near
the reaction threshold and at low excitation excitation
energies of the nucleus (E, < 40 MeV), but that it
then decreases fast with increasing energy, especially
in the proton channel. The lowest panel in Fig. 5
shows the calculated cross sections for (v, 2pkn)
reactions. It should be noted that, within the model
considered here, the emission of more than one proton
is considered only in the quasideuteron reaction
channel (see the discussion of the quasideuteron
and giant-dipole-resonance reaction components in
Subsections 2.1 and 2.2).

Fortinisotopes, we studied the effect of the change

PHYSICS OF ATOMIC NUCLEI
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in the isospin of the nucleus, Tp = (N — Z)/2, on
proton and neutron photoemission. For this purpose,
we calculated the total photoproton and photoneutron
cross sections for 1121181245y puclei,

Mw
M8

o(v,tot. p) = o(v,lpkn; E,), (14)
I=1 k=0
2 o0

o(v,tot. n) = ZZU(’YJP/?”; E,), (15)
1=0 k=1
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Fig. 8. Effect of the T component of the giant dipole resonance on photoproton emission from 2 Mg, *9Sn, and **! Ta nuclei.
The solid and dashed curves represent, respectively, the total photoproton cross sections and their 7% giant-dipole-resonance

components.

and the ratio of the total yield of protons to the total yield of neutrons,

2 o0
Yp/Yn =Y lo(y,lpkn; E,)

=1 k=0

These data are displayed in Fig. 6. In Figs. 6a and
6b, the cross sections for the reactions
H2,118,1245 (4, tot. p) and 12181248 n (4 tot. n) (solid
curves) are given along with their 7 and 7% giant-
dipole-resonance components (dashed and dotted
curves, respectively). Figure 6a shows that photo-
proton emission from the 7% giant-dipole-resonance
component is dominant in the region of low energies

PHYSICS OF ATOMIC NUCLEI

[e.e]

(E, <30 MeV). Therefore, the maximum of the
photoproton peak undergoes a shift toward higher
energies, while its area decreases with increasing
isospin of the nucleus, as is predicted in the theory
of the isospin splitting of giant resonances [39, 40].
A gradual decrease in the width of these peaks
as one moves along the '2Sn — 124Sn chain is
also worthy of note. This is due to a simultaneous

ko(v,lpkn; E,). (16)
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increase in A(Zy, Ny) [see Eq. (9)]. At the same
time (see Fig. 60), the photoneutron cross sections
for different tin isotopes differ only slightly from one
another, since, in the giant-resonance region, they
are determined by processes involving the decay of
the T. giant-dipole-resonance component. From
Figs. 6a and 60, it also follows that, at high excitation
energies of the nucleus (E, > 40 MeV), proton and
neutron emission is due primarily to quasideuteron
photodisintegration.

Figure 6c¢ illustrates the ratio of the proton and
neutron yields for various tin isotopes. This figure
shows that, in a comparatively narrow energy re-
gion around the maximum of the 7% giant-dipole-
resonance component, one can expect commensurate
yields of protons and neutrons, even though proton
emission is strongly suppressed by the Coulomb bar-
rier. This commensurability is due exclusively to the
impact of isospin effects.

Among the nuclei considered here, that of 8! Ta
was the heaviest. In Fig. 7, the calculated cross
sections for the (y,n) + (v, np), (v,2n), and (v, 3n)
reactions on the ®'Ta nucleus in the energy re-
gion E, 2 40 MeV (solid curves) are contrasted
against their experimental counterparts (points with
error bars) [41]. The dashed curves represent the
quasideuteron-component contribution to the the-
oretical cross sections. Figure 7 shows that the cross
sections being considered are determined primarily
by processes caused by giant-dipole-resonance de-
cay. Quasideuteron photoabsorption plays a signif-
icant role only in the formation of the cross section
o(vy,3n).

In the high-energy region (£, > 40 MeV), basic
features of the behavior of the neutron and proton
cross sections for the ¥'Ta and '”Sn nuclei are
approximately identical (see Figs. 4 and 5). However,
the proton yield is seen to decrease substantially with
increasing mass number A.

Our investigations have revealed that isospin ef-
fects have a crucial impact on the formation of pho-
toproton cross sections in the region of the giant-
dipole-resonance maximum both in light and in heavy
nuclei. This is demonstrated by Fig. 8, where the
total photoproton cross sections for Mg, 1?Sn, and
181Ta nuclei (solid curves) are given along with their
components (dashed curves) caused by the decay of
isospin-T- dipole resonances.

4. CONCLUSIONS

Our calculations have demonstrated that the
model considered here makes it possible to obtain
a satisfactory description of cross sections for pho-
tonucleon reactions occurring on medium-mass and
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heavy nuclei in the energy range between 7 and
140 MeV.

For the light nucleus Mg, we have obtained
qualitative agreement between the theoretical and
experimental data in the giant-dipole-resonance re-
gion. However, the question of whether the model in
question (at the above choice of parameter values) is
applicable at high excitation energies of nuclei has
remained open. In order to test the model further, it
is necessary to measure cross sections for (v, Ipkn),
k+1=1,2,3,..., photonucleon reactions on light
nuclei in the region above the giant resonance.

A strong impact of isospin effects on photoproton
emission in the region of the giant-dipole-resonance
maximum has been demonstrated for all nuclei con-
sidered here. Among other things, it has been found
that not only for light but also for medium-mass
nuclei may the proton yield in the region of the giant-
dipole-resonance maximum be commensurate with
the neutron yield.

[t has been shown that, at high excitation energies
(B, 2 100 MeV), quasideuteron photodisintegration
accompanied by the emission of more than one pree-
quilibrium particle prevails.
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