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Calculations of particle energy spectra resulting from the photonuclear reactions at energies below the
meson production threshold have been carried out in the framework of combining the pre-equilibrium exciton
model and the quasideuteron model. A 2p-2h initial state in the exciton model is assumed because the
quasideuteron absorption is the dominant process in the energy region above giant resonance. With this
combined model the subsequent secondary interactions of the emerging particle with the rest of the nucleus
following the initial photon-nucleus interaction are appropriately taken into account. The experimental
difference energy spectra of fast photoneutrons from several elements (Al, Cu, In, Sn, Ta, Pb, Bi, and U)
at bremsstrahlung energies of 55 and 85 MeV were compared with the theoretical predictions. General
agreements in both spectral shapes and cross sections are obtained. The relative yields of the reactions (y, xn)
resulting from monoenergetic photons on '"I at 50, 100, and 150 MeV are also predicted reasonably well by
the combined model together with the conventional evaporation theory.

NUC LEAR REACTIONS Al(y, x), Cu(y, x), ~ln{y, x), Sn(y, z), Ta(y, x),
Pb{y,x), 2 ~Bi{y,x), U(y, x), E =55 and 85 MeV bremsstrahlung. C(y, x),

E =110 MeV bremsstrahlung. 71(y, xn), E& =50, 100, and 150 MeV. Pre-equi-
librium exciton, quasideuteron, and statistical compound nucleus models analyses.

I. INTRODUCTION

The statistical compound nucleus model has been
very useful in understanding the emission of par-
ticles in photonuclear reactions at low energies.
Earlier experiments on the energy spectra, angu-
lar distributions, and excitation functions from
various target nuclei indicated that most of these
particles are "evaporated" nucleons. " The basic
feature of the compound nucleus model as applied
to photonuclear reactions is that the nucleus is ex-
cited by the absorption of the photon via dipole in-
teraction. After the absorption, a compound nu-
cleus is formed which subsequently deexcites by
the evaporation of one or more particles.

In the study of the emission of photoproton from
heavier nuclei, "where the Coulomb barrier
strongly inhibits the emission of "evaporated"
photoprotons, it was found that the yield of higher
energy protons was anomalously larger than pre-
dicted by the compound nucleus model. Courant'
proposed a direct photonuclear effect to account
for these observations. He suggested that the pro-
ton is absorbed by only a small part of the nucleus,
perhaps only a single nucleon. A proton or neu-
tron may then be emitted without sharing its ener-
gy with the rest of the nucleus. For high energy
photons, the experimental results showed a con-
spicuous forward asymmetry in photoproton angu-
lar distribution, particularly for the higher energy
protons. ' The failure of compound nucleus model
to predict the forward asymmetry of the photonu-

cleon angular distribution led Levinger' to propose
the quasideuteron model, in which he assumed
that an incident photon is absorbed by a proton-
neutron pair in the nucleus. ~ny experimental
features of the high energy photoeffect for light
nuclei were explained by this high energy photo-
disintegration of the quasideuteron inside the nu-
cleus. ' ' Although the validity of the quasideu-
teron model has been further confirmed by the ob-
servation of angular correlation between coincident
neutron-proton pairs emitted by light nuclei, '"
this model only accounts for the process in that one
or two high energy nucleons are produced in the
primary interaction. The subsequent interactions
of the neutron-proton pair with the rest of the nu-
cleus after the absorption, which is important for
heavier nuclei, "were neglected. Gabriel and
Alsmiller" have incorporated quasideuteron model
into intra. nuclear cascade calculations to take into
account the effects of nucleon-nucleus interactions
following the initial photon-nucleus interaction.
The calculations based on these models gave rea-
sonably good agreement with experiments at high
photon energtes (40 (Fz (350 MeV). Later the
same mechanisms were successfully applied by
Barashenkov et al." in explaining the energy spec-
tra and angular distributions at photon energies
E& = 50 MeV-1.3 GeV.

The pre-equilibrium particle emission is now
understood as a dominant process in interpreting
both the energy spectra and excitation functions
resulting from the nucleon and a particle induced
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reactions. "" It is the purpose of the present
paper to apply the pre-equilibrium exciton model
to the photonuclear reactions at energies below
pion threshold.

For y-ray energies above 30 MeV, the quasi-
deuteron effect becomes significant. The process
can be described as one in which the incident pho-
ton is absorbed by a neutron-proton pair (or quasi-
deuteron) and that a composite nucleus is formed
in an initial exciton state (2p-2h state). For y-ray
energies in the region of giant resonances, an ini-
tial dipole particle-hole state is formed (1p-1h
state). This excited nucleus will then either emit
particles from this initial state or proceed to the
more complicated particle-hole states via the
residual two-body interaction until a dynamical
equilibrium is reached. During the nuclear equi-
libration, there is a certain probability for particle
emission from any exciton state. This model in-
cludes the contributions of particle emission from
the first and subsequent interactions.

Details of the models and their formulations will
be discussed in Sec. II. In Sec. III, the calculations
based on the exciton model together with the quasi-
deuteron model will be compared with the differ-
ence energy spectra of fast photoneutrons from
several target nuclei (Al, Cu, In, Sn, Ta, Pb, Bi,
and U) at bremsstrahlung end point energies of 55
and 85 MeV measured by Kaushal et al."and the
photoproton energy spectra from "C at brems-
strahlung end point energy 110 MeV measured by
Whitehead et al." Finally, the comparisons of the
relative yields of the reaction "'I(y, xn) at photon
energies 50, 100, and 150 MeV (Ref. 27) with the
predictions of exciton plus quasideuteron models
followed by evaporation is made.

II. MODELS AND CALCULATIONS

A. Pre-equilibrium exciton model

The pre-equilibrium exciton model, initially pro-
posed by Griffin" and extendedby many authors, ""
has been successfully applied to explain the energy
spectra and excitation functions resulting from
particle induced reactions. In this model, the nu-
clear equilibration process can be described as
follows. First, a composite nucleus is formed in
an initial particle-hole state (or simplest doorway
state) following the projectile-target nucleus inter-
action. 'Ihe initial particle-hole number generally
depends upon the nature of the projectile. This
composite nucleus then proceeds from this simpl-
est doorway state to a series of more complex
particle-hole states (or hallway states) via ener-
gy-conserving two-body residual interactions until
a statistical equilibrium is achieved. During this
equilibration process, a particle may be emitted

from each intermediate state. The probability for
particle emission depends on the probability of
finding the particle in a certain energy range within
an intermediate state, which is populated with a
certain probability, and the ratio of emission width
to total width of a given state. The probability of
finding the particle in a given state and a given en-
ergy range is generally determined by the state
densities. As in the Griffin model, the basic as-
sumption is that the intermediate states of the
composite nucleus are characterized by the number
of excited particles P andholes h (or exciton number
n) and by the excitation energy F. The .particle-hole
state density has the form"

where g is the single particle state density in the
equal spacing model of a nucleus and is related to
the level density parameter a by g = Ga/zz', A~ „ is
a correction term taking into account the first or-
der effect of Pauli-exclusion principle and is given
by A» =

& (p'+h'+p —Sh). If the pairing effect as
well as shell structure effect is considered, a
pairing energy 5 and/or shell correction S will
simply be subtracted from the excitation energy F.

of the system as in the compound nucleus model.
Furthermore, all the levels are assumed to be
populated with equal a Priori probability during the
equilibration process. This implies a statistical
or quasiequilibrium assumption at each stage. Re-
cently, Blann" has shown that the particle-hole
distribution functions derived from the considera-
tion of the kinematics for nuc1. eon-nucleon scatter-
ing in nuclear matter are identical to those ob-
tained using the Ericson formula, which is based
on a quasiequilibrium assumption.

During the equilibration process, each inter-
mediate state can either proceed via the binary
interactions by creating a particle-hole pair (Ap
= bJz =+1), by annihilating a particle-hole pair
(b p = Ah = -1), or simply by exciton-exciton scatter-
ing (ap =ah =0), or undergo particle emissions
with a certain decay width. If these transition
rates and particle decay rates are known one is
able to calculate the precompound reaction cross
sections.

The transition rates for the process Qp = Ah =+1,
bP = Ah = -1, and bP = Ah = 0 based on the first or-
der time dependent perturbation theory are"'"'"

(p h h)
F+ (pl hi +)

(2)
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r (p, h, z)~- P~h~z =

= —i»!~gph(p+ jg —2),

val in terms of particle-hole state densities + of
Eq. (1). A8(c) in Eq. (5) is the emission rate into
the continuum for a particle P at energy e and is
given by"'"

~ (P h E) o(P, , ) &s(~) = o8(e)~a P'8(~)/gBV, (6)

=
@

I» I'g(gz -C, ,.)
p(p —1) + 4ph+ h(h —I)!

p+h

where C, „=-', (p'+h') is the correction for the first
order effect of Pauli-exclusion principle, (M ! is
the square of the average two-body transition ma-
trix element (we assumed)M!'=(M!', =(M!'

r„ I', and I', are the transition widths
from (p, h) state to (p+ 1,h+ 1), (p —l, h —1) states
and remaining in a given (p, h) state, respectively.

In the following, a general pre-equilibrium form-
ulation is given which includes complex particle
emission. In this paper, however, only nucleon
emission is included in the calculation because the
complex particle emission represents only a small
fraction of the total yield.

The general expression for the pre-compound de-
cay probability per unit time of a particle P with
channel energy e from a state with P particle and
jz hole is given by"'"'"'"
&8(P,h, E, e)de

e(P -Ps, h, U)
,p

&'E', ff (p)r (pB 0 E U)d 8( )

2S8+1
( )

(u(p -p8, h, U)

where Bs is the separation energy for particle P
and I'8(P, h, E) is total decay width for particle P
at state (P, h). The total particle decay probability
per unit time A, (P, h, E) or total particle decay
with 1;(P,h, E) from the (P, h) state is simply the
sum over all possible decay channels, that is

r, (p, h, z)
Ps

~ r„(P,h, z)
h

=g A„(p, h, z), (8)

where the summation is generally taken over n, P,
d, t, 'He, and 'He particles.

From Eqs. (2}-(8), the total width of an inter-
mediate (P, h) state, can be determined as follows:

where V is the laboratory volume and will be can-
celled by a same volume in pe(e), v8= (2e/p 8)' '
is the velocity of the particle P having a density of
states ps(e) = (V/4v'g')(2SS+ 1)(2p8)' e'~' in the
continuum. "'"

The total decay probability per unit time for par-
ticle P from the (P, h) state can now be obtained by
integrating Eq. (5) over the channel energy c, i.e.,

r, (p, h, z) '-'s
E}

0

&u(p8, 0, E —U}
(5) r(p, h, z) = r, (p, h, z)+ r (p, h, z) + r, (p, h, E) .

where Sz, p8, and g8 are the spin, reduced mass,
and the inverse reaction cross section for the
emitted particle P, U and E are the excitation en-
ergies of residual and composite nuclei, Ps is the
nucleon number of the emitted particle. The factor
BB(P),"which is a pure combinatorial probability,
gives the probability thai P8 nucleons chosen at
random from among the p excited particles has the
right combination of protons and neutrons to form
the outgoing particle P and ye is the formation
probability for the particle P in the composite nu-
cleus to have the right momentum to undergo
emission as an entity. yz is equal to unity for nu-
leons and is generally less than 1 for complex par-
ticles and decreases with increasing nucleon num-
ber Ps and the composite nucleus mass number
A." The quantity in the first bracket of Eq. (5)
gives the particle populations in each energy inter-

The average life time of a given (P, h) state has the
form

k
I'(P, h, E)

= [X,(P, h, E)+1 (P, h, E)+A, (P, h, E)j

The transition probabilities (or branching ratios)
from a given (P, h) state into (P+ 1,h+ 1), (P —1,
h —1) states or undergoing particle emission are
r, (p, h, Z}/r(p, h, Z), r (p, h, z)/r(p, a, z), and

r, (P, h, E)/I'(P, k, E), respectively.
With the "never come back" assumption (the as-

sumption to neglect the I' term), the probability
of populating any intermediate state starting from
(P„h,) initial state is given by



PRE-EQ UI LIBRIUM PARTICLE OECA Y IN. . . 1815

P(p, a, z)= Q r, (p', a', z)/r(p', a', z),
po

5p'=+ 1

where P' -O'=P, -h, and P(P„h„E)=1. With this
assumption, the pre-equilibrium decay probability
for a particle P with energy between c and e + de
can be obtained by summing from initial (p„h,)
state to the most probable (P, h) state, that is

ls'o(E, c)de

Ws(p, h, E, e)de I;(p, h, E)"
~ r, (p, a, z)/a r(p, h, z)

(12)
or written in an alternative expression

p

Iq'" (E, e)da = g Wq(P, h, E, e)dp v ppo (P, h, E),
P =Pp

Dp=+z

with

such as

I' (P, h, E) 1,(P —l, h —l, z)
I'(P, h, E) I'(P —l, h —1,E)

or

r, (p, h, z) r, (p+l, a+1, z) r (p+2, a+2, z)
I'(P, h, E) 1 (P+ l, h+ 1, E) I'(P+2, a+ 2, E)

I' (P+ l, a+1,E) etc.I'(P + 1,h + 1,E)

may be neglected in the pre-equilibrium component
because they require so many transitions. As a
matter of fact, these terms are extremely small
so that they can be neglected in the pre-equilibrium
stage. From Eqs. (14) and (15) and ignoring other
contributions, the time spent by the composite nu-
cleus in a given particle-hole state at the pre-equi-
librium stage can be written as"
Tpl o (P& h& E) = T(P& h

& E)P(P& h& E)

r, (P, h, E) I' (P+ 1,h+ 1, E)
I'(p, h, E) I"(p+ l, h+1, Z)

hippo (P, h, z)=
( )

P(P, h, z)
Py

= T(p, h, E)P(p, h, E), (14)
Finally, the fraction of pre-equilibrium emissions
is determined by

hP' =+1

I', (P, h, E)
r(p, a, E)

I' (P + 1,h + 1, E)
I'(p+ 1,h+ 1, E) (15)

where r8(p, h, z, e) =h Ws(p, h, E, e) is emission
width for particle p with energy e from (p, h)
state, and I'(p, h, E) is given by Eq. (9). The fac-
tor in the first bracket in Eq. (15) represents the
branching ratio for particle emission of the type
considered, the factors in second and third brack-
ets were defined previously, and the second term
in the last bracket gives the transition probability
from (p+ l, h+1) state back to (p, h) state. Terms

where r pEo(p, h, E) is the time spent by the com-
posite nucleus in the (p, h) state at pre-equilibrium
stage.

Taking into account the "come back" contribu-
tions while disregarding the other possible higher
order contributions leads one to a simple closed-
form expression for the total pre-equilibrium de-
cay probability of a particle P with channel energy
~ 25.

pro
) g ~rs(p, h, E, e)de I;(p, h, E)

r, (p, h, z) „r(p,a, z)
Ap=+1

r, (p', a', E)

s-&v
I,"'(z, ~)de-

v 0

p

c(pihi E) pFQ(pi hi E) i
p= 0

Qp=+y

and the fraction of equilibrium emission is F&o(E)
= 1 —F p„o(E). Note that the fractions defined above
are for the emission of a single particle only.

8. Quasideuteron model

Photonuclear reactions may be grouped into
three classes according to the incident photon en-
ergy, namely the "giant resonance" region, the
region between the giant resonance and the "pion
threshold, " and the region above the pion thres-
hold. In each energy region, there is a character-
istic type of event. In the giant resonance region,
the incident photon interacts with the dipole mo-
ment of the target nucleus and the nucleus deex-
cites by emitting particles or y rays via the com-
pound nucleus mechanism. In the energy range
between giant resonance and pion threshold (40-
150 MeV), where the wavelength of the incident
photon is comparable to the internucleonic distance
in the nucleus, the absorption of a photon by a neu-
tron-proton pair (or quasideuteron) appears to be
the main process. For the region above pion
threshold, the interaction between a photon and an
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individual internuclear nucleon associated with the

pion production competes with the photon absorp-
tion by a quasideuteron.

The quasideuteron mechanism proposed by
Levinger' is now thought to be a dominant process
for the absorption of high energy photons. For
photon. energies above the giant resonance, this
process becomes significant because it results
from the interaction of the photon with a two-par-
ticle cluster rather than a single nucleon. The in-
cident photon interacts with a neutron-proton pair
rather than proton-proton and neutron-neutron pair
because they have no dipole moment and the elec-
tric dipole absorption in the photoelectric effect is
dominant at high photon energies. According to
Levinger, ' the high energy photodisintegration in-
volves a large momentum transfer between the two

nucleons and therefore requires the two nucleons
to be close together where the forces are strong.
This is true whether the photodisintegration occurs
in a complex nucleus or in a free deuteron.
Levinger showed that the cross section for disin-
tegrating a neutron-proton pair in a complex nu-
cleus is proportional to the cross section for the
photodisintegration of a free deuteron. The pro-
portionality constant a is the probability that the
two nucleons will be close together in the complex
nucleus relative to free deuteron. By neglecting
the difference between the singlet and triplet neu-
tron-proton cross section, the quasideuteron cross
section is given by

NZ=L ~ gD7 (18)

where the coefficient L, called "Levinger parame-
ter, " is essentially a measure of the excess of high

momenta in quasideuteron as compared to that in

free deuteron. A value of 6.8 for L is obtained by
Levinger while Garvey et al. ,

' obtained a value of
10.3 for L. NZ is the number of neutron-proton
pairs in the nucleus and OD is the free deuteron
photodisintegration cross section which is given by

(z„-&)"/z, '. (18)

0~ reaches its maximum at twice of deuteron bind-

ing energy, i.e. , OD= 2.3 mb at photon energy E&
= 28 = 4.452 MeV. Because of the healing of the
two-nucleon correlations at large internucleon sep-
arations, the reduction of quasideuteron process
at energies below 100 MeV has been taken into ac-
count by multiplying Eq. (18) by a damping factor
e " y." In our calculations, a different quenching
factor (1 —e 0'i )' '0) has been introduced into Eq.
(18)." With this quenching factor, the expected in-
tegrated cross section up to pion production thres-
hold was exhausted.

A number of experiments have been performed
to verify the validity of this model at incident pho-
ton energies above giant resonance. The measure-
ment of energy spectra and angular distributions
of the high energy photonucleons tended to confirm
the quasideuteron model, although a number of dis-
crepancies appeared to exist between the experi-
mental results and theoretical predictions. ' Con-
vincing evidence for the quasideuteron model was
further supported by the measurements of neutron-
proton in coincidence. ' The agreement between
experimental results and the quasideuteron theory
indicates that the absorption mechanism above 40
MeV is dominated by the absorption of photons by
correlated pairs of nucleons. Since the introduc-
tion of quasideuteron model, a number of calcula-
tions and modifications have been made. """
The effect of scattering of the emerging nucleons
by the target nuclei after the photon absorption was
also considered. However, the effects of second-
ary interaction of neutron-proton pair with the rest
of the nucleus after absorption which are particu-
larly important and severe for intermediate and
heavy nuclei have generally been disregarded.

Recently, effects of rescattering have been taken
into account by incorporating the quasideuteron
model into the intranuclear cascade model with

great success. ' '" The successful applications of
quasideuteron plus intranuclear cascade models in
the photonuclear reactions and the preequilibrium
exciton model in the particle induced reactions
lead us to combine the quasideuteron and exciton
models to interpret photonuclear reactions. From
the exciton model point of view, the high energy
photonuclear reaction {above giant resonance and
below pion threshold), can be described as a pro-
cess that the incident photon is absorbed by a neu-
tron-proton pair (or a quasideuteron) in the target
nucleus, forming an initial 2p-2h state (or more
strictly a one-proton-particle-one neutron-partic-
le-one-proton-hole-one-nuetron-hole state). This
excited nucleus then equilibrates through a series
of residual two-body interactions leading to more
complicated particle-hole states. During nuclear
equilibration, there is a certain probability for
particle emission from each intermediate state.
From these particle decay probabilities, the in-
formation on the photonuclear reactions can be ob-
tained. The process is, in fact, analogous to the
particle induced reactions and therefore can be
treated in a usual way.

C. Calculations

1. Monoenergetic photon induced reactions

The statistical compound nucleus model predicts
that the particle energy spectrum from a nucleus
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excited with monoenergetic y rays is

dog(zy)
( )

rs(zy, c)
Z r(E)

= c,(z, )fP(z„,~),
where g, (E&) is the photoabsorption cross section
at photon energy Ez. The summation v is over all
possible modes of disintegration of the excited nu-
cleus. 1 ~(E„,~) is the decay width of particle P
with channel energy ~ and is given by the mell
known expression

(21)

S~-Bs
r,(z„)= r,(z„~)d~;

0
(22)

here the notations are the same as those defined in
Sec. IIA. p(U) snd p(E„) are the level density of
the residual and compound nuclei at excitation en-
ergies U and E~, respectively.

In analogy with the compound nucleus model, the
energy spectrum resulting from the photonuclear
reaction in the pre-equilibrium stage can be writ-

'd,
' =dc'8' (E„)/«+ p Epvg(-z„)]«'8'(E, )/«

= c,(E„}~ Is(E„,~), (24)

where EpFQ is the fraction for pre-equilibrium
emissions as defined in Eq. (IV). The above ex-
pression is for single particle emission only. If
energy is high enough so that multiparticle emis-
sion becomes possible, the energy spectra result-
ing from further emissions must be added in addi-
tion to Eq. (24). The general expression for the
energy spectra with multiparticle emission from
the pure evaporation process has the form

ten as
PFQ vrv

=(x, (z„)f8 (E„e), (23)

P EQ.
where I8 (E&,e) is given by Eq. (15). In the giant
resonance region, "an initial particle-hole number
of 1p-1h is appropriate in accordance with the pho-
toabsorption process being due to dipole interac-
tion. For the photon energy in the range 40 ~Ez
~ 150 MeV, 2p-2h is taken due to the quasideuteron
mechanism.

The total emitted particle energy spectra can be
obtained

dos (Ev) rs(zy, a) g Y ~ r„(zy, e') rg(zy —&' B„,e)-da'

Z„r„(z„), Q„r.(z„} E„r,(E, - ~ B„)-
g„r„(z,) Z„r„(z, ~ -B„)

= v, (zq)I'Bo(E„,e), (25)

where the first term represents the spectra due to first emission, the second term from second emission,
etc. , 8 is the binding energy of emitted particle at each cascade stage, and the summation is over the
particle decay channels which are possible at the preceding stage of evaporation cascade. The multiparti-
cle emission in the pre-equilibrium stage may become possible for high incident energy. However, the re-
sulting spectra have generally a softer component similar to the evaporation one.""Therefore, it is not
too serious to treat further particle emissions following the precompound emission by the evaporation pro-
cess. The final total energy spectra for particle P can be written as follows

Z, I', (Ez —e' -8„)

= c.(z„)f,(z„,~),
where IB (Ez, e) is given in Eq. (25).

(26)
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2. 8remsstraMung-y induced reactions

In the case of an incident bremsstrahlung-y
spectrum, the particle energy spectrum has to be
integrated over the y-ray spectrum appropriately.
The energy distribution of emitted particle per nu-
cleus excited with cross section cr, (Ey) by a spec-
)rum with K(E„,Eo) quanta per cm per MeV inter-
val at energy E& and a maximum energy Ep is
given by

g
Y8(E„a)= dos(Ey )/d~K(Ey, EgdEy

~thr

Ep
(y3(Ey)Is(Ey) ~)K(Ey) Eo)dEy ~

thr

(27}

where d(ys(Ey)/da is either taken from Eq. (24) or
Eq. (26). The yield resulting from the pre-equi-
librium decay only is given by

Fg~ ( Et),= f n, (3q)l/( (Eq, )(((Zq, 3$3Ey,
Ethr

(23)

where E,„„represents the reaction threshold. In
the present calculations, the total photoabsorption
cross section for Ez ~ 40 MeV is either taken from
experimental data or approximated by Lorentz-
shaped resonance lines:

c.(E„)= Q o.E„'r.'/[(E. ' E„')"E„'r.'], (29)
%= 1

where the Lorentz parameters E, o, and F are
the resonance energy, peak cross section, and
full width at half maximum, respectively. The
quasideuteron cross section given in Sec. II 8 was
used for the photon absorption in the region 40 ~ E&
«150 Mev.

The thin target bremsstrahlung spectrum which
results from the radiative scattering of fast elec-
trons in very thin target is given by Schiff '

K(3~, 3,)=
&& (,)

—
(
', — )() W(0) ~ ( ——tan '(1)

+ ——,1 (1n+b') + 3 tan '() —,+-
p

(30)

and

2EE Z'"
5 0

111E„mpC

mCE0 y + (gl/3/Ill)3
M(0) 2EQ

where E, is the energy of the incident electron, E
the energy of the scattered electron, E&=Ep E
the energy of the radiated quantum, mpc' the rest
energy of an electron, and Z is the atomic number
of target material.

III. RESULTS AND DISCUSSION

The neutron energy spectra at 6V.5 resulting
from 85-55 MeV bremsstrahlung-difference photon
spectra" indicate that a sizable yield of fast neu-
trons above 10 MeV is present in all the spectra.
These fast neutron yields cannot be explained in
terms of evaporation mechanism alone. Gabriel
and Alsmiller" have made the comparisons be-
tween these data and the intranuclear ca.scade plus
quasideuteroo models with good agreements.
'Iherefore, these data should provide a reasonable
check for the validity of the combined pre-equilib-
rium and quasideuteron models at this energy
range over a wide range of nuclei.

Due to the difficulty of coupling the angular mo-

mentum effect in the pre-equilibrium exciton mod-
el, the calculations can predict only the angle-in-
tegrated energy spectra, . It is important to com-
pare the theoretical predictions with the angle-in-
tegrated energy spectra or a single energy spec-
trum at some angle which represents an average
spectral shape. In the case of (P, x) reactions, "
the data generally show that any single energy
spectrum between 60 and 90 has approximately
the same spectral shape as well as the average in-
tensity as the angle-integrated energy spectra.
Therefore, the neutron differential cross sections
at 67.5' of Kaushal et a/. "have been multiplied by
43( (or the calculated spectra divided by 4w) before
comparing with the present calculations.

The absolute yield of the neutron difference spec-
trum due to 85-55 MeV photon difference spec-
trum, according to Kaushal et al, was expressed
in terms of an effective cross section (d(y/de) f(

for production of neutrons of energy ~ by photons
in the difference spectrum. '

dajs„„o,(Ey )I/)'(Ey, e)K( Ey, E„E»E„„)dEy
Id~, „,- iso K(E„,E„E„E„.,„,}dE„

+rlorrrl

(33)

where
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K(Eq, E„E„E„,)=K(E~,E,)

K( Enorm r Ei)
K( E

K( Enormr En)

&norm Ey &2

=K(Eyr E,),
&g «g (34)

IOO

II 8
Sn

L= 12.6
I0.6
6.8

Two bremsstrahlung spectra are normalized for
equal photon numbers at E, = 18 MeV. "'"

The approximations made and the parameters
involved in the present calculations are summar-
ized in the following:

(a) The experimental difference neutron energy
spectra are those with neutron energies greater
than 10 MeV. The statistical compound nucleus
model predicts a relatively small cross section
above this energy. Hence, we have neglected the
evaporation contributions in the present calcula-
tions.

(b) In the pre-equilibrium exciton model, the
particle decay channels have been limited to P and
n emission only because the complex particle
emission represents only a small fraction of the
total yield.

(c) The inverse reaction cross sections needed
in Eqs. (5) and (81) are either approximated by the
formulas taken from Ref. 32 and 38 or from the
optical model calculations using a global set of
parameters taken from Ref. 39 for n, P, d, t, and
'He, while parameters for the e particle are taken
from Huizenga and Igo." No essential differences
between these two types of calculations were found.
Hence, for simplicity, the empirical formulas
from Ref. 32 are used for inverse cross sections
throughout the present calculations.

(d) One of the most critical parameters in the
model is the initial particle-hole number. If the
quasideuteron absorption process is the dominant
process in the energy region considered here, a
2p-2h state must be used as initial exciton state.
As pointed out in Secs. II A and II 8, the initial
particle-hole number in the giant resonance region
is 1p-lh, due to dipole interaction. For the sake
of simplicity in the calculations, however, we used
2p-2h initial state in the calculations over all
bremsstrahlung photon energies, instead of using
1p-1h state over the giant resonance region. Of
course, one should treat with different initial par-
ticle-hole state in different energy regions. Such
a calculation was also performed, but no signif-
icant differences were observed.

(e) 'Ihe average square of the transition matrix
element IM I', which plays an important role in the
exciton model, has been approximated by an em-
pirical formula developed by Cline": IM I'

N
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I
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I I I I

20 50 40 50
NEUTRON ENERGY (MeV)

I

60 70

IO'

I00

Ky=0
—L =12.6—L = l0.6

-'- L = 6.S

ro

Q IO

IO

I

IO

I I I I

20 30 40 50
NEUTRON ENERGY (MeV)

I
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FIG. 2. Same as Fig. 1 except X& =0 ~

FIG. 1. Differential neutron energy spectrum at 67.5'
resulting from 55-85 MeV bremsstrahlung difference
photons on ~~San. The cross section has been divided by
NS/A. Calculations are for I- =6.8, 10.6, 12.6, and for
Ky =100.
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=K4 'E ' with K~=190 and K =1450 MeV' for nu-

cleon and n particle induced reactions, respective-
ly. The same empirical formula has been assumed
for the photonuclear reactions and the scaling fac-
tor K~ is treated as a parameter. It is obvious
that the scaling factor K&, in fact, determines the
relative branching ratio between the particle emis-
sion and internal transitions due to two-body inter-
actions. An assignment of K&=0 means that the re-
action will occur only via the first interaction (di-
rect interaction) and no secondary interactions
follow. For the photonuclear reactions analyzed
here, various values of Kz have been chosen such
that good agreements between calculations and data
are obtained over the entire nuclear mass range.

(f) Different values of quasideuteron constant L
have been used previously. " Recently, Gabriel"
has shown that L might be energy and nuclear mass
A dependent. In this calculation, the energy and
mass dependence of L is not clear because another
parameter, K&, is also involved. Calculations
with different L values for '"Sn are shown in Fig.
1. The corresponding L values are shown for each
curve with the scaling factor K&= 100. No essential
differences exist except for a very large or small
value for L." This may be checked further by
setting K~= 0 and varying L values, as shown in

Fig. 2. On the basis of these curves the value of
L between 6.8 and 12.6 seems to be reasonable.
In all of the calculations presented here, a value

IO IO

L=6.8
Ky=O

K y=50
00

0

lo
-l

IO
Sn-

IO IO

IO
-I

IO

N[g IO' -'

IO
-I

IO

IO

n

IO

Iel
Ta

IO

IO
2 I I I I

fO 20 30 40 50 60 70 0 IO 20 30 40 50 60 70

NEUTRON ENERGY (MeY)

FIG. 3. Differential neutron energy spectra at 67.5 resulting from 55-85 MeV bremsstrahlung difference photons

on various target nuclei. The cross section has been divided by NZ/A. All calculations are for L =6.8 and X„=o and

100 except Sn.
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FIG. 4. Effective cross sections for production of fast neutrons with energies greater than 10 and 30 MeV by 55-85
MeV photon difference spectrum. The corresponding theoretical calculations are for X& =0, 100 and for L =6.8.

of 6.8 is used for quasideuteron constant L.
Figure 3 shows the results of calculations com-

pared with the neutron difference energy spectra
at 85-55 MeV difference bremsstrahlung photon
spectrum for the target nuclei "Al, "Cu, '"gn,
118Sn 181Ta 207 Pb 209@i and 235U For each far
get nucleus, two curves corresponding to two dif-
ferent values of the scaling factor Kz are presented
with L = 6.8 and 2p-2h initial particle-hole state.
For the case of '"Sn, four different values for K&

are shown. Good agreement in both spect:ral shape
and magnitudes is obtained with K&

= 100 and con-
firms the importance of pre-equilibrium decay
process. Further evidence can be seen from the
comparisons of effective cross sections for pro-
duction of fast neutrons with energies greater than
10 and 30 MeV by the 85-55 MeV photon difference
spectrum with the calculations as shown in Fig. 4.
The short dashed and long dashed curves are taken
from Ref. 11, calculated using the quasideuteron
model of I evinger and the modified quasideuteron
model with optical attenuation included, respec-
tively. The calculations reproduced the general
trend of the cross section data. However, the ef-

fects due to secondary interactions, which arepar-
ticularly important for heavier nuclei, were not
included in those calculations. The importance of
these effects was also pointed out and estimated by
Gabriel and Alsmiller using intranuclear cascade
model. From the results of present calculations,
as shown in Figs. 3 and 4, a value of 100 for K&

and 6.8 for L gives good agreement. A nonzero
value for Kz thus indicates the importance of sec-
ondary interactions.

Figure 5 shows the result of this calculation
compared with the experimental photoproton ener-
gy spectrum from ' C at bremsstrahlung end point
energy 110 MeV. " The angle integrated energy
spectrum shown in Fig. 5 is obtained by fitting the
original data of Whitehead et al. to the expression
A. +g sin g+C sin'g cosg+D sin'g cos g. To make
the comparison, the calculated cross section was
normalized per equivalent quanta"

d&x Jo Ov (Ey)Ie(Ey, e)K(Ey Eo)dE„
de@ (1/E )j OEqK(Ey, E,)dE„

0

The good agreement between theory and experi-
ment suggests that the pre-equilibrium exciton
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FIG. 5. Angle-integrated proton energy spectrum re-
sulting from 110 MeV bremsstrahlung photons on ~2C.

Calculations are for I. =6.8 and E =0 and 100.
y

model plus quasideuteron model give a good de-
scription of photonuclear reactions at the energy
range considered here. Some discrepancies be-
tween the theoretical predictions and the data are
expected because of the approximations made and
the approximation of total photon absorption cross

section by Lorentz shape with parameters taken
from Ref. 42. Generally, the dipole sum rules are
exhausted for heavier nuclei but not for the lighter
nuclei because the (y, P) reaction becomes impor-
tant for light nuclei and is not included in Ref. 42.
In the case of ' C and Al, the total photoabsorp-
tion cross sections are taken from Ref. 43.

Table I shows the total cross section for the pro-
duction of various residual nuclei on "'I resulting
from monoenergetic photons at various photon en-
ergies. " In this comparison, no multi-pre-equi-
librium emissions are considered. The multipar-
ticle emissions are assumed to be due to evapora-
tion as mentioned in Sec. II C. The calculations
are performed in the following way. The excitation
energy spectra resulting from pre-equilibrium
emission is calculated according to Eq. (15) with
a computer code PREQEC,"which allows one to
perform calculations for- a variety of nuclear re-
actions such as particle, monoenergetic, and
bremsstrahlung y rays, as well as electron in-
duced reactions. Then the excitation energy spec-
trum for each residual nucleus resulting from the
pre-equilibrium emission of a particle and the
fraction for pure evaporation as determined ac-
cording to Eq. (1'I) were used as input for the
evaporation calculations with the code EVAPOR. '
This code allows one to calculate the yields for all
possible residual nuclei in the evaporation cas-
cades and the resulting energy spectra for n, P, d,
I, 'He, and 'He particles according to Eq. (26). In
the present calculations, the particle separation
energies were obtained either from the tabulations
of Ref. 46 or from a semiempirical mass formula
of %iong and Pong" for those not listed in the tabu-

TABLE I. Total cross sections for the production of various residual nuclei resulting from
monoenergetic photons on

Photon
energy
(MeV)

Type of
reaction

(mb)

Expt.
cross section

Ratio
to

(7 3n)

INC +quasi-
deuteron models

from Bef. 12
Ratio to (y, 3n)

Present
rvork
ratio

to (y, 3n)

50

100

150

o(y, 3n)
a(y, 4n)

o(y, 3n)
cr(y, 4n)
~(V, 5n)
o(y, 6n)
o{y,7n)

o(y, 3n)
cJ(y, 4n)
o(y, 5n)
e(y, 6n)
o(y, 7n)

2.0
2.4

0.52
1.0

0.56
0.39

0.53
1.0

0.36
0.20

1.0
1.2
1.0
1.92

1.08
0.75

1.0
1.89

0.68
0.38

1.0
5.98

1.0
1.39

3.30
4.52

1.0
1.76

3.0
3.59

1.0
1.87

1.0
1.95
3.09
3.19
3.08

1.0
1.95
3.10
3.24
3.51
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lations. The level density parameter a = gn'/6 is
taken tobe A/8, i.e., g=3A/4w' MeV ', where 4
is the composite nucleus mass number. The pair-
ing energy which was taken into account in the
evaporation calculation only was obtained from
Ref. 48 and the level density is taken to be p(E)

E-2 2vcE

The comparison was made on a relative basis by
normalizing the calculated cross section to the
(y, 3n) cross section. Reasonable agreement is ob-
tained, though some discrepancies exist. As
pointed out in Ref. 2V the monoenergetic photon
data are not very accurate. Moreover, the effect
of photopion production, which may become possi-
ble for 150 MeV, has been neglected. Hence, the
present comparisons serve only as a guide in un-
derstanding photonuclear reactions in terms of the
combined models.

CONCLUSIONS

In view of the overall agreement between the
theoretical predictions and the experimental data,
one sees that the quasideuteron model together
with the pre-equilibrium exciton model gives a
reasonably good description of the nuclear equilib-
ration process for photonuclear reaction at energy
region below pion threshold. The success of the

pre-equilibrium exciton model with the assumption
of 2p-2h initial state in the photonuclear reactions
further confirms that the quasideuteron absorp-
tion mechanism is a major process in the high en-
ergy photonuclear reactions. The pre-equilibrium
exciton model is useful for the medium and heavier
nuclei. Any discrepancy for lighter nuclei should
not be surprising.

The comparisons presented here are for neutron
and proton energy spectra only. The validity of
this combined model is yet to be tested for other
types of emitted particles. For this reason, the
measurements of complex particle energy spectra
resulting from monoenergetic y rays, as well as
bremsstrahlung y rays over the wide energy range
which is kinematically allowed and complete angu-
lar distributions are particularly interesting. Al-
though the model is crude, the successful applica-
tion to various nuclear reactions is encouraging.
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