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reaction cross sections at intermediate energies was made in order
to obtain their dependence on the mass number At' The results were
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the cross sections of the elementary processes Y + n > n + T°
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1. Introduction

Above about 0.1 GeV photons interact with nuclei giving
rise to different kinds of reactions such as direct reactions ,
fragmentation, spallation and fission.

Direct reactions originate from the ejection from the
struck nucleus of a very small number of nucleons and/or pions
leading to a residual nucleus with an excitation energy not suff-
jcient to "evaporate" other particles. Such reactions may be
ascribed to a fast process that does not affect the rest of the
nucleus. The (y,n) and (y,p) reactions are among the most remar-
kable examples of these processes.

In the region of intermediate energies (0.1-1.0 GeV) two
models have successfully been proposed in order to explain the
photon-nucleus’ interaction pattern: the Levinger's quasideuteron [T]
and the photomesonic [2] interaction mechanisms. Following the
quasideuteron model, the photon is absorbed by a neutron-proton
pair within the nucleus and the cross segtion of most processes is
strictly related to that of the deuteron photodisintegration, O »
and to the number of "quasideuterons" in the target nucleus. The
quasideuteron contribution is important at energies up to 0.5 GeV,
and becomes negligible above this energy value, due to the smallness
of the cross section of the deuteron photodisintegration.

At incident energies higher than or equal to the threshold
of m-meson photoproduction on single nucleons (about 0.15 GeV) ,
.the experiment shows that the slopes of the yield curves become
steeper the higher is the energy of the incoming photon, and broad
resonances have been observed corresponding to the resonances

found for single and double pion photoproduction. Another mechanism



of absorption has to be invoked, therefore, which is related to
the pion photoproduction. Photonuclear cross sections must hence
be connected with the total inelastic cross section, Op s of the
vy-nucleon interaction.

The photomesonic model suggests, as the primary inter-
action, the photoproduction of a real or‘virtua1 m-meson from a
single nucleon, followed by the two-step cascade-evaporation pro-
cesses [2-5] . This mechanism becomes dominant as the energy
increases.

Direct reactions, such as (y,n), represent a rather
conspicuous contribution to the total y-nucleus inelastic cross
section. As a consequence, knowledge of the dependence of the (y,n)
cross section on such parameters as photon energy and target mass
number can give valuable information about some scarcely known
aspects of photon absorption and clarify, to some extent, the
mechanism of the interaction of photons with complex nuclei.

Since the experiment made by Baldwin and Klaiber [6] in
1948 using bremsstrahlung from the General Electric 100-MeV Betatron
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many attempts have been made to measure photoneutron cross sections

to measure the yields of C and

Cu(y,n)62Cu reactions,
covering very wide ranges of either energies and mass number of
target nuclei.

The present status of measurements of single-neutron
photoproduction cross section is characterized by a striking
difference in the number of experiments, those made at the lower
energies beiﬁg considerably more numerous than at the intermediate
and higher energies. Moreover, the use of almost monochromatic
radiation produced by annihilation in flight of positrons, and of

monochromatic gamma-rays from particle-induced reactions, has



provided a very large contribution to the comprehension of the
Tow-energy processes, since it allows cleaner experiments than

does the use of bremsstrahlung. Excellent feview articles collect
all known data on photoneutron cross section in the giant resonance
region [7-9].

Unfortunately, the same is not true of the high-energy
reactions, for which almost monochromatic beams have not yet exten
sively used for a number of reasons.

From all these facts it is readly understood how rela-
tively poor information 1s‘present1y available on (y,n) reactions
at energies above 0.1 GeV for both the scarcity of experimental
data and the considerable conflict that there exists among the
results from different laboratories. As far as this conflict is
concerned, one should keep in mind that the cross sections given

by the different authors are in general mean cross sections cal-
'cu]ated from bremsstrahlung yield curves over wide energy ranges,
and the difficulties inherent in using a bremsstrahlung spectrum
to excite a nuclear reaction very often prevent one from obserVing
a finer structure of these curves. On the other hand, whatever

the method of computation, small changes in the yield curve can
introduce large fluctuations in the calculated cross sections[10].

A number of papers have been published [11-33] on (y,n)
reactions in light and more complex nucléi in the energy range
0.1-1.0 GeV. In spite of the above-mentioned discrepancies, a ge-
neral trend of increasing cross section with increasing mass number
of the target nucleus can be deduced from the analysis of the data
published in the literature from 1964 onward.

Some effort has been made to relate the (y,n) cross

sections to.that of pion photoproduction. de Carvalho and cowor



kers [16] attempted to find a connection between the number of
neutrons of the target nucleus, the cross section of pion photo-
production, and the transparencies of the nucleus to pions and

recoil nucleons. Calculated values of nuclear transparencies [34,35],
however, did not entirely corroborate this point of view,especially
in the case of medium-weight and heavy nuclei, and the conclusion

was drawn that the cross sections calculated in this way represent
only lower limits for the (y,n) reactions.

Researchers at Lund [36,37] were able to relate the (y,n)
cross section to the number of loosely bound neutrons in a few
upper shell ("valence neutrons") in the nucleus. However, their
ca]cU]ations were restricted to a small number of light nuclei
only. |

In recent years Monte Carlo calculations have been deve
loped which also considered the (y,n) reaction. One of these cal
culations covers the bremsstrahlung energy range 40-350 MeV [38],
making thus impossible a comparison with the data from experiments
at higher energies; the other [39] is restricted to one target
nucleus only (]97Au) as far as the (y,n) reaction is concerned, and
the calculated yield doeé not seem to reproduce satisfactorily
enough the experimental results.

The decision as to which method of adjustment and/or
comparison of the experimental data is preferable depends on
whether the method chosen is suitable in providing the most general
understanding of the phenomenon under investigation or not. Also,
it should be able to give rather detailed information about the
mechanism effective in producing the reactions considered. Further
more, a test of its suitability might be the accuracy with which

a cross section of a (y,n) reaction for any element can be calculated.



We believed that a very useful method would consist in
handling the available data on (y,n) reaction in a statistical
way and then, from the gross trend thus deduced, inferring some
relationships between nucleaf parameters and y-nucleus interac-
tion cross sections on the basis of theoretical models.

Also, the aim of this work was to carry out a Monte
Carlo calculation on the cross sections of (y,n) processes for
target mass numbers between 12 and 238, at photon energies from
0.2 GeV up to 1 GeV and to compare the experimental cross sections
with the calculated ones.

It is to be hoped that a study along these lines will

contribute to our understanding of direct reactions.

2. Statistical Treatment of the Available Data

A total of 29 noteworthy cross section measurements are
available to date for the (y,n) reaction at energies between
0.1 GeV and 1.0 GeV. They regard 14 different target nuclei,
rather well distributed throughout the periodic table.

In some cases only bremsstrahlung acfivation yield curves
have been published, therefore the absolute cross sections (per
photon) have been calculated by drawing Jeasf squares fits through
the experimental yield values and by assuming a pure 1/k depéndence
of the bremsstrahlung spectra upon the photon energy k.

Before entering into a more detailed discussion on the
experimental data and their arrangement, we believe it worthwhile
to make some specifications about the symbolism used. Yields are

expressed as cross sections per equivalent quantum and denoted



by the symbol o The UQ values are functions of the bremsstrah-

lung end-point energy EO. The.cross section per photon, O\ > also

denoted as "absofute cross section", depends on the photon energy k.
The relation between OQ(EO) and ok(k) is given by the

integral equation of the type

0q(Eg) = % o (K)n(K,E )dk (1)

where Q is the number of "equivalent quanta" (which represents the
number of fictitious photons we should have if all the incident
energy were equally distributed between photons of the maximum
.energy Eo) and n(k,Eo) is the spectral density distribution of
the bremsstrahlun used. Since we are interested in the measurement
of the mean values of O in the energy'range from about 0.1 GeV

up to about 1.0 GeV ( in most cases 0.3-1.0 GeV), n(k,Eo) can be
approximated as Q/k and, consequently, the mean cross section

Ek in the energy range Eé—E; can be expressed by

- OQ(ES) - OQ(Eé)

o, = s (2)
k Tn(ES/EL)

Eé-Eg being an energy interval within which the trend of GQ
versus ]nE0 may be approximated by a straight line.

In evaluating the mean cross sections per photon, Ek R
in such a way, one disregards, in some way, the background contri
bution to the measured yields due to the giant resonance region,

which in the case of (y,n) reactions is relevant. This contribution

strongly depends on the actual shape of the bremsstrahlung used,



thus different experimental arrangements may lead to remarkable
different values of the measured oQ cross sections. Besides, the,
exact knowledge of the shape of the (y,n) cross section resonance
curves in the low energy region is not so straightforward, since
in most cases the reported curves (see, for instance, Ref. [9])
are the sum of (y,n) and (y,pn) processes. Also, the quasideuteron
contribution from the end of the giant resonance up to about 70 MeV,
is hardly evaluable. As a consequence, the low-energy tail con-
tributes to an extent which is very difficult to be evaluate. We
decided, therefore, to disregafd such corrections and use Eq. 2

in calculating the mean cross sections in the energy range

0.3-1.0 GeV. Of course, the cross séctions thus obtained are
slightly overestimated, as will be proved by the results of the
Monte Carlo calculation.

Table 1 reports the experimentally determined mean cross
sections for each target nucleus, with the energyvrange covered by
the measurements.,

As a first approach, all these data were plotted against
the target mass number, At’ on a log-log graph and a straight line
fitted to them by means of the least squares method [407]. Only
two points were disregarded in this fit, in view of their very

!

large deviation from the mean, namely, the cross sections relative

14 103

to N and Rh. The extremely small value of the cross section

13

of the ]4N(y,n) N reaction finds an explanation in the low proton

13 13

separation energy of N (about 1.9 MeV) which makes N very

unstable to proton emission. A small energy transfer to the rest

13

nucleus during the photon interaction may easily excite N which

12

will then decay to the stable C nucleus. No explanations have

been found for the very high value of the cross section of the



]Oth reaction.

103gh (v,n)
From the straight line, the following mass number de-

pendence of the mean cross section Ek was found
rd

0.81

= 0.104 At‘ mb s (3)

Ey-k
with a correlation coefficient r = 0.80.

The good correlation we obtained in Ref. [40] between
the logarithm of Ek ‘and the logarithm of At’ strongly suggested
that a linear ‘dependence between these two variables should have
been valid. As a consequence, a more refined least squares analysis
was carried out by using the method of successive iterations with
data rejection, i.e., after each iteration, all those experimental
points whose deviations from the calculated values were larger
than two times the standard deviation were rejected. A total of
four iterations was needed (for the 5th iteration, all the re-
mainder points fell within two times the standard deviation) ,
with only 20% of the experimental points having been rejected.

A correlation coefficient r = 0.94 has been obtained in such a
way. The deduced At-dependence of the calculated mean cross

section per photon was found to be

(0.880 = 0.012)

; m (4)

Gp = (0.083 + 0.008)A

where EF denotes, henceforth, the value calculated from this fit.
Both Equations 3 and 4 give an At-dependence of o(y,n)

of type

- b :
o = aAt s (5)

with the exponent b higher than 2/3 (which would arise from a
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surface pion production model [41,42]). A recent paper [43]

~correlates the trend of direct reactions with a volume production

model [44,45] and with more recent experimental data on pion

photoproduction [46,47]. The same conclusions have been reached

by Heimlich et al.[48] for the electroproduction of negative pions.
Figure 1 shows the trend of EF(y,n) versus the target

mass number, A as calculated from Eq. 4. The straight line has

£
been back-extrapolated up to At = 1 for reasons which will be
clear in a next section of this paper. The shade& area represents
two times the error in the calculated EF values, as deduced from
the fit errors in the coefficients a and b. The figure also
reports the experimentally determined cross sections for the

sake of comparison.

The relationship between EF and At’ found by a simple
statistical treatment of the available experimental data, will be
soon compared with trat obtained by a stochastic treatment of the
interactions that lead to a (y,n) reaction.

The next section will describe the essentials of the

Monte Carlo calculation which has been performed in order to

obtain the cross section of the (y,n) reactions.

3. Use of the Monte Carlo Method in the Study of the (y,n) Reaction

There are in the literature several papers concerning the
use of the Monte Carlo method for intranuclear cascades initiated
by high-energy incident protons on complex nuclei [49-52]. In the
absence of self-consistent theories covering the field of high-

-energy nuclear reactions, the Monte Carlo method turned out to be
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a powerful tool in obtaining a number of important nuclear para

meters which characterize the post-cascade pucleys. Howevar, 1n
the case of photons as incident particles, only a few applications
of this method have been developed [38,39,53,54]. As the elemen-
tary y-nucleon (y-quasideuteron) and the subsequent particle-nu
cleon collisions are at present well known, the Monte Carlo
method is entirely adequate in estimating the yields of specific
photoreactions. In fact, Barashenkov et al. [39] were successful
in carrying out a Monte Carlo calculation of photon-induced intra
nuclear cascades. A satisfactory agreement was observed between
calculated and expehimenta] data.

In this section we describe briefly the successive steps
of the Monte Carlo calculation used in order to obtain the proba
b%]ities of (y,n) reactions for complex nuclei ranging between
12C and 238U

(0.2-1.0 GeV).

, and for incident photons of intermediate energies

3.1. The Nuclear Model

We assumed the target nucleus as described by a degene
rate Fermi gas of nucleons confined within a nuclear potential
spherically symmetric of radius given by roAl/3. Different values
of ro, were assumed according to the mass range of the target
nucleus [55]: r = 1.4 fm for Ay <305 r; = 1.3 fm for 30 < A, < 100;
and r = 1.2 fm for A_ > 100.

0 t
According to the Serber's model [3], thé high-energy
particle reaction can be described by two independent step mecha-
nism. In the first one, a rapid intranuclear cascade is initiated

by the incoming particle, and successive interactions take place
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between individualized nucleons. In the course of the calculation,
we assumed classical trajectories in describing the scattering
between particles [56]. During the fast cascade stage, there is a
possibility for some particles (nucleons and/or mesons), as well as
some nucleon aggregates (nuclear clusters) [57], to escape the nu
cleus. Absorption of nucleons and reabsorption of mesons can also
occur, thus resulting in a transfer of a fraction of the incident
energy to the target nucleus. In the second step, the excited resi
dual nucleus loses its energy by the evaporation of a number of
particles until a cold spallation residual is reached [58]. For
heavy nuclei, fission can also take place as a mechanism of de-
-excitation competitive with particle evaporation.

| In the present calculation we have taken into consideration
only the development of the fast cascade step, since it is expected
that a (y,n) reaction will take place during those intranuclear cas
cades which lead to residual nuclei with an excitation energy not
so high as to permit the evaporation of other particles.

We considered the following primary interactions:

st {y e - )
( y+n > n+ q° (7)
y+n > p+oa (8)
Yy +p > p+ (9)
Y+p > n+a (10)
photomesonic Yy+n > n+a o+ (11)
interactions Yy +n > n+a° & q0 (12)
y+n > p+1 4+ q° (13)
Y+p + pt+a o+ (14)
y+p > p+ 1% + qg° (15)
Yy +p > n+ o4 0 (16)
\.

In writing Eq. 7-16 we disregarded the intermediate steps via the
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formation of nucleon isobars, only taking into consideration the
products of the decay of these isobars.

Being the mean-free-path of intermediate-energy photons
in nuclear matter (~ 140 fm) large with respect to the nuclear
sizes, we were led to consider the nucleus as transparent to pho
tons and, therefore, look at each point of the whole nucleus as
an equally probable primary interaction point source. For the
sake of simplicity, a reduction of the spherical nucleus to a
bidimensional geometry was made [49].

As has been pointed out by Gabriel and Alsmiller [38]
it is very difficult to evaluate the number of quasideuterons
within the nucleus when this latter is subdivided in three dis-
tinct regions having different nucleon densities. On the other
hand, such é subdivision would lengthen to a very great extent
the computing time for the calculation of the paths travelled by
the meson and recoil nucleon or by the photodisintegrated nucleon
pair within the nucleus in their escaping.

From the above considerations, we decided to treat the
nucleus within the framework of a constant nucleon density.

The photoproduced particles which result from the
primary interaction can yield different kinds of secondary reac

tions. We have taken into account the following ones

N+ N v )0 (17)
: K )0 v N+ o (18)

’ m o+ (0N N+ N (19)
LR VA Vi (20)

as the more representative in describing the cascade step.
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3.2. Input Information

The total cross sections for the primary interactions
were taken from Refs. [1,59-62]. In contrast with the assumption
of Gabriel and Alsmiller [38] who consideréd the Levinger's factor
L as being a constant for all the nuclei under investigation, we
assumed an At-dependence of L as indicated in Table 2. The angular
distribution for the reactions (6) and (19) was considered isotro
pic in the center of mass (CM) system. The differential cross
sections for reactions (7-10) are those reported in Refs. (59,63],
while for reactions (17-20) are those of the paper of Metropolis
et al. (50]. For interactions of type (18) we have made the
assumption that the total momentum was equally distributed bet-
ween the produced particles in the CM system. The mean-free-path
of the various particles in the course of a cascade was calculated
following Refs. [34,35]. The total cross sections used in calcu-
lating the various nucleon-nucleon collision probabilities were

those of the paper of Bertini [51].

313. The Course of the Calculation

The calculation itseif was performed following the

general way described by Metropolis et al.[50]. Only events of
the type

> X + n (21)

leading to residual nuclei with an excitation energy below the
appropriate cutoff energy (see Table 3) were recorded. As result,

we obtained the different probabilities for the above reactions as
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defined by the ratio between the number of interactions yielding
one-neutron deficient residual nuclei and the total number of
iterations. The standard treatment of each case, viz., a fixed
incident photon energy on a fixed target nucleus, involved about
ten thousand incident photons. ‘About hundred cases were analysed
in the present calculation. The following target nuclei were

12 ]9F, 23 55Mn, ]03Rh, 197 238

selected: c, Na, Au and U. They
were chosen in order to give a moderately good coverage over
complex nuclei of the periodic table.

The choosing of the first interaction point, the type
of interaction and, in the case of photomesonic interaction, the
target nucleon, was performed following the general procedure
described by Rudstam [49]. The dynamics of successive collisions
was treated relativistically in the usual manner [64,65]. The
distance of travel, d, of the various particles was determined

according to

d = - AE;)Ing (22)

where & is a random number in the interval 0-1 and X(Ei) is the
mean-free-path of the particle i with kinetic energy Ei in nuclear
matter,

The calculation was carried out by using the IBM/370
computer of the CBPF. The general course of the calculation,
described in detail in the fluxogram of Fig. 2, has been program-
med for the cascade step of any type of photonuclear reactions.
For simple (y,n) reactions, two remarkable simplifications have
been made. At incident energies higher than or equal to 0.2 GeV,

the kinematics of the quasideuteron photodisintegration leads to a
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neutron and a proton both with kinetic energies larger than the
cutoff energy of the struck nucleus. In view of this, they either
escape the nucleus simultaneously or, if one or both are absorbed,
give to the nucleus an energy sufficient to permit the evaporation
of other particles. In any case, an event different from (21) would
be registered.

In the case of double-pion photoproduction a large amount
of energy is generally transferred to the nucleus and this will
result in the emission of a number of particles during the evapo-
ration stage. As a consequence, the contribution of this process

to the (y,n) probability can be assumed as almost negligible.

4. Results of the Monte Carlo Calculation

4.1. (y,n) Reaction Probability

We define the (y,n) reaction probability, @n(k,At), as
the ratio of the (y,n) reaétion cross section to the total ine-
lastic cross section. Of course, this probability is a function
of the photon energy k and the target mass number At'

The values of @n have been obtained by means of the
procedure already discussed in the preceding section (3.3) and‘
are listed in Table 4, which also reports the mean values En s
averaged over the energy range 0.3-1.0 GeV.

In Fig. 3 the trends of @n versus the photon energy

12C and 238

for the nuclei U are shown. The curves exhibit very
broad bumps centered around 0.5 GeV. The same behaviour is also
observed for the remainder nuclei we considered.

Plotted in Fig. 4 are the mean values En, in the energy
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range 0.3-1.0 GeV, as a function of the target mass number At'
The straight Tine through the calculated points is a least

squares fit which gives an At-dependence of the form

o (k,A

. -0.14
] = 0.234 A} (23)

t)

12

with an estimated error in En ranging between 3% ( "C) and 6%

(238U). By - back-extrapolating the straight line one obtains the

value for At = 1.

4.2. The (y,n) Cross Section

Above the threshold of pion photoproduction, the (y,n)
cross section is related to the total inelastic cross section in

the following way
O(k’At) = [?t oJfa + L(NtZt/A;C)od sijén(k,At) s (24)

where the expression in brackets represents the total inelastic
cross section, which accounts for the photomeson (the first term
in the sum) and the quasideuteron interaction mechanisms. The
quantities 6 and §', which also depend on At and k, are factors
related to the nuclear excitation, according to the type of inter
action, and are very close to unity at energies below 1 GeV. The
values of o ,o(k) have been taken from Ref. [66] and those of
oq(k) from Ref. [1].

By using the S probabilities of Table 4 we Qot the
values of c(k,At) for (y,n) reactions, which we shall denote by

the symbol Ime and are listed in Table 5.
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In Fig. 5 the trends are reported of oM for the two

12 238

nuclei C and u. )

By least squares fitting the mean values EMC(0.3-1.OGeV)
taken from Table 5, the straight line has been obtained which is
shown in Fig. 6. The At-dependence of EMC has the following
expression

0.860+£0.012
t

Gyc = (0.063:0.006) A

mb . (25)

Also in this case an exponent higher than 2/3 and very close to

the exponent of Eq. 4 has been found.

5. Discussion

5.1. Comments on the Treatment of Experimental Data

The relatively large number of experimental data on the
(vys>n) reaction, covering the regions of light (12 < At < 31) ,
medium-weight (31 < At < 103) and heavy (103 < At < 238) nuclei,
allowed a good statistical treatment to be made, which led to Eq. 4.
Only mean cross sections per photon were used, due to
the lack of a large number of experimental values of cross sections
per equivalent quantum at the different bremsstrahlung energies
for each target nucleus. Owing to this fact, a square shape of
the bremsstrahlung spectra has been assumed in calculating the
mean cross sections per photons (see Eq. 2) and consequently these
cross sections are slightly overestimated (see also section 2).
In the case of the ]ZC(y,n)]]C reaction, for which a

larger number of experimental data were available, it was possible

to determine the trend of o, as a function of the photon energy ,
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by resolving Eq. 1 (see Ref. [27]). However, the resolution of
this integral equation gives strongly oscillating solutions due
to its mathematical structure [67].

We wish also to point out that, by extrapolating Eq. 4
to At = 1 a cross section value of 0.083 mb is obtained, which
is very close to the mean cross section values of the elementary
processes y + h s+ (c = 0.070 mb) and y + n>n + 7°
(c = 0.096 mb). Such an agreement can be considered reasonable

if we recall the large errors involved in the primary cross

section measurements and in the coefficient of Eq. 4.

5.2. A Deeper Insight into the (y,n) Reaction Probability

Equation 23 of section 4.1 gives the At-dependence of
the mean value of the (y,n) reaction probability 6n' The coeffi-
cient 0.234 of Eq. 23 must represent the mean (y,n) probability
for a target having At = 1. For At = 1, two types of target have
to be taken into consideration, i.e., either a proton target or
an (idealized) neutron target and therefore the interactions we

must consider aré the following

+

Y+ P>+ (proton target) (26)

and
vy +n->n+ 7° (neutron target) (27)

In both cases, in fact, the photoproduction of a single neutron
is obtained.

The mean probabilities of these processes are obtained
from the mean ratios between the cross sections of each process

and the total inelastic cross section per nucleon, via the photo
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mesonic mechanism of interaction. These ratios are found to be
0.36 and 0.24, respectively, and are in good agréement within
the limits of errors, whicﬁ are quite large, with the value 0.234

arising from Eq. 23 (see Fig. 4). One should consider, though,
.that the first elementary process showed above (Eq. 26) is effec
tive in giving a direct (y,n) reaction for At = 1 solely, since
for At > 1 it may contribute to the (y,n) reaction only through )
an indirect way. On the cohtrary, the other process (Eq. 27) will
contribute in any case to the (y,n) reaction. As a matter of fact,
we found an extrapolated value which is very close to the mean
calculated probability for the second process. This result is
easily explained if one keeps into consideration the higher
escaping probabilities of uncharged paftic]es.

As has already been said, the (y,n) probability o, is

a function of the target mass number and photon energy. Let us

write this function as

8, (kALY = ¢(AIn(k) (28)

i.e., as the product of two functions, each depending on one va-

riable only. Further, let us assume ¢(At) be of the form
_ a0
o(Ay) = AY
In this way, Eq. 28 becomes
ol
d,(ksAL) = AY n(k) . (29)

By using for o(y,n) the expression of Eq. 24, we obtain
oy ")=<E\ ° +LNtZt GT@(k'A)> 30)
’ £ QT L TR 9] WloR) > (30)
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Being Ntzt/At roughly approximated by 0.25 At , and the Levinger's

0.28

factor by L = 2.68 Ay (see Ref. [40]), Eq. 30 becomes

S(vsn) = Ay <{§df'+ 0.67 AD-28 oé} 3, (KAL) > (31)

from Eq. 29 gives

and substituting @n(k,At)

G(y.n) = A2 <E’JP +0.67 AY-28 cd:[ nk)> . (32)

At this point, we can disregard the second term in the expression

within brackets, since it represents only 5% of % for ]ZC and
12% for 238U, thus obtaining

_— +1]

o(v.n) = AL <op(kin(k)> (33)

<10Jf(k)n(k)> being now a function of the photon energy only. By
comparing Eq. 33 with Eq. 25, it can be written with a satisfactory

degree of approximation

< k k) > = 0.063 mb
q}p( )n(k) m (34)

o +1 = 0.86
whence, a = - 0.14.
Fina]]y, Eq. 29 may be rewritten as
-0.14
@n(k,At) = At n(k) (35)
from which
n(k) = 8, Ag T (36)

Values of n(k) have been calculated for different nuclei, as a
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function of the photon energy, by means of Eq. 36 and by using
for @n the values listed in Table 4. At each energy n(k) was in
effect found approximately constant for all target nuclei under
investigation, thus supporting the idea of considering n as a
function of the photon energy only. |

In Fig. 7 the trend of n/k is shown as a function of
the photon energy. By least squares fitting the points in the
figure a straight line has been drawn from which the following

equation is obtained

n(k) = 1.25 k exp [- k/O.SS:I , (37)

k being expressed in GeV. The function n reachs its maximum at
0.55 GeV. This means that the (y,n) probability should also reach
a maximum at the same energy. This behaviour has already been
found for ®, » as shown in Fig. 3. An explanation of such a
trend may lie in the fact that the mean-free-path of the photo-
produced particles increases from 0.3 GeV up to about 0.5 GeV,
and the increased mean-free-path enhances the probability of a
(y,n) reaction via a direct process. Above about 0.5 GeV the
double-pion photoproduction, instead, lowers considerably this
probability, since this process certainly contributes to the
total inelastic cross section but it does not contribute markedly
to the (y,n) process in view of the high excitation energy given
fo the nucleus.

The mean value of n between 0.3 GeV and 1.0 GeV turns
out to be 0.237 which agrees quite completely with 0.234 of Eq. 23
for At = 1 (see also Eq. 36).

5.3. Comparison Between Experimental and Calculated (y,n)
Cross Sections

*

The most general re]atidnship between the (y,n) reaction
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cross section and the total inelastic cross section is given by
Eq. 24, which is valid for any target nucleus and for energies
above the giant resonance region.

By means of the Monte Carlo method we succeded in
calculating the (y,n) probability @n(k,At) and thus in deducing
the cross sections of (y,n) reactions. These values, listed in
Table 5, are shown in graphical form in Fig. 5, where the trends

12

for C and 238U only are reported for the sake of clearness.

]ZC taken from

Figure 5 also reports the trend_of o(y,n) for
Ref. [2{]. A satisfactory agreement between the calculated and
experimental curves has been found. |

A more simplified expression of o(y,n) can be establi-
shed by disregarding the quasideuteron contribution to the total

inelastic cross section and by using Eqs. 35 and 37,which give

oc(vsn) = 1.25 o pk exp[— k/0.55] A-88 mb (k in Gev) , (38)

where oc denotes the cross section calculated in this way.

Mean values of the cross sections per photon of the (y,n)
reaction have been calculated by means of Eq. 4 (least squares
fit of the experimental data), Eq. 24 (Table 4), and Eq. 25 (least
squares fit of the Monte Carlo calculated points). We also cal-
culated the mean cross sections per photon by means of Eq. 38.
The results are summarized in Table 6.

From the analysis of Table 6 it can be concluded that
only a few experimental va]ueé are not well reproduced by the
calculated cross sect}ons, namely, 'ON [23], Sun 7],
as [22], '3 Q9] and 1?71 [14] . In the other cases,

experimentally determined cross sections are reproduced within a
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factor less than or equal to two.

The fact that the accuracy in predicting (y,n) cross
sections varies within a factor two might seem to be rather a bad
agreement, but it should be remembered that the range of values
covered is quite large (a factor of more than 25) and the same
is true of the range of nuclear masses (10-240). Moreover, the
experimentally determined cross sections are quite often very
uncertain and the precision with which the four different equations
(Eqs. 4, 24, 25 and 38) predict (y,n) cross sections is probably

better than the uncertainty factors would indicate.

5.4. Mass Number-Dependence of the Cross Sections

A number of papers attempted to correlate the yield of
pion photoproduction with the mass number of the target nucleus.
Early measurements of charged pion photoproduction from nuclei

showed an A§/3

-dependence of the cross sections upon the target
mass number A, and this dependence was related [41,42] to a sur-
face production mechanism (surface production model). Fdrther
experiments have shown, on the contrary, that the phenomenon
actually exhibits an Ai/4—dependence and this has led to a volume
production model [43-45] which also accounts for a more or less
strong reabsorption of pions within the nucleus.

More recent experiments [46-48] seem to confirm the
predictions of the volume production model. Shramenko et al.[47],
by using known values of nuclear transparencies [34,35], found
an 0.88-dependence for the photoproduction of nT- and 7 -mesons.

Above about 0.2 GeV, a (y,n) reaction may originate via

the photomesonic interaction mechanism only, the quasideuteron
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mechanism being energetically ineffective in producing a (y,n)
reaction.

Taking into account the primary interactions (7-16)
listed in section 3.1, it is clear that both neutrons and protons
do contribute to a (y,n) reaction and thus the cross section of
this process must depend on the mass number At and not on the
neutron number Nt only.

By means of quite different method we obtained the

following mass number dependencesof o(y,n): A2.88 from the statis

tical treatment of the experimental data and A2'86

from the Monte
Carlo calculation . The conclusion can be therefore drawn that
also in this case, the volume production model is adequate. in
describing the mechanism of interaction leading to a (y,n) reac-
tion. Such a conclusion is clearly shown by the trends plotted

in Fig. 6.

6. Conclusions

We wish to summarize briefly the most interesting
results that have been obtained in the course of this work.
i) In spite of the fact that the Monte Cario calculation has
been carried out by using monoenergetic photons as incident
particles, a good agreement has been found with the experi
mental mean cross sections deduced from bremsstrahlung yields.
ii) The cross sections of (y,n) reactions increase with increa-
sing the target mass number At in the energy range 0.3-1.0GeV.
iii) The (y,n) reaction probability decreases with increasing the
target mass number At in the same energy range.

iv) The (y,n) reaction probability reachs a maximum at about 0.55GeV.
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v) The quasideuteron mechanism of interaction does not contri
bute to the (y,n) reaction at energies above 0.2 GeV.
vi) Double- and multiple-pion photoproduction play an almost
negligible role in producing a (y,n) reaction.
vii) Both neutrons and protons are sources of primary interactions

which may lead to a (y,n) process.

The present paper is only a part of a systematic work
aimed to study in detail the (vysxn) (x > 1) reactions, as well
as the (y,yp xn) (spallation) reactions with tHe aid of the Monte
Carlo calculation. Future work will be devoted to the study of
the (y,xn) (x > 1) reactions and the results will be the argument

of further communications.
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“Table 1 - Mean Experimental Cross Sections for (y,n) Reactions at Intermediate
Energies
Target Energy Range Cross Section R
Nucleus (GeV) Laboratory (mb) ef.
]ZC 0.2 - 0.72 INS, Tokyo 0.85 £ 0.10 12
0.3 - 1.4 PTI, UAS 0.4 + 0.1 13
0.3 - 1.0 Frascati 1.18 = 0.20 15
g.2 - 1.0 Lund 0.6 + 0.1 21,27
0.3 - 1.0 Frascati 0.9 0.1 32
T4y 0.32 - 0.62 Lund 0.11 + 0.05 23
165 0.3 - 0.8 Lund 0.6 0.1 23
0.3 - 1.0 Frascati 1.27 + 0.20 2?
19¢ 0.3 - 0.9 Lund : 0.42 + 0.10 23
0.3 - 1.0 Frascati ) 1.33 + 0.20 24
0.3~ 1.0 Frascati 1.30 £ 0.10 30
2353 0.3 - 1.0 Frascati 1.60 + 0.20 30
31
P 0.3 - 0.8 Lund 0.2 =+ 0.1
0.3 - 1.0 Frascati 1.6 + 0.1 2
52y 0.3 - 1.0 Frascati 2.5 % 0.5 33
55n 0.1 - 0.8 Lund £ 0.5 17
.0.3 - 1.0 ) Frascati §.2 + 0.6 31
0.3 - 1.0 Frascati + 0.5 33
59¢o 0.2 - 0.8 Lund + 0. 18
0.3~ 1.0 Frascati + 0. 33
75
As 0.3 - 0.9 Lund 8.7 + 1.0 22
0.3 - 1.0 Frascati 4 ¢ i 33
103gn 0.4 - 0.9 Orsay 13 + 5 19
127, 0.15 - 0.80 Lund 0 =+ 14
- 0.8 Lund * 20
0.3 - 1.0 Frascati 5 33
197 0y 0.3 - 0.9 Lund £ 2 25
0.2 - 1.0 Frascati & = 3 33
238y (3 0.3 - 1.0 Frascati 10 £ 5 26
(a) ;gere is in literature another measurement of the reaction
8U(Y,n)237U (Ref. [28]), but the reported values are 13 * 5 mb

in the enekgy range 0.2-0.5 GeV and -4 * 15 mb in the energy range
0.5-0.7 GeV.
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Table 2 - Dependence of the Levinger's Factor, L, on the Mass
Number, as Used in the Present Monte Carlo Calculation.

103 197 238

23 55 Rh Au Y

12 19 Na Mn

Nucleus C F

L 5.5 7 7 9 11 12 12

Table 3 - Values of the Cutoff Energy and Related Nuclear Characte
ristics Used in the Present Monte Carlo Calculation.(A11
Energies in MeV).

Nucleus Fermi Energy Average Binding Coulomb Energy Cutoff
Energy of at Energy (*)
Protons Neutrons Loosest Nucleon Surface 9

12 24,6 24 .6 7.7 2.3 345
19

F o 23.7 25.4 7.9 3.1 35.6
23

Na  23.9 25 .3 8.3 3.6 36.5
55

Mn . 23.7 26 .1 8.7 6.5 39.8
1030y 26.71 30.9 . 8.6 10.4 47.5
970y 28.9 37.7 7.9 16.1 57.3
238 2g.2 38.4 7.5 17.6 58.4

(*) The cutoff energy’was calculated as the average Fermi energy
of neutrons and protons plus the average binding energy of

the loosest nucleon plus the Coulomb energy at surface.



Table & - The (y.n) Reaction Probabilities, g (k,A,),

as Obtained by

*
the Present Monte Carlo Calculations ( ).

K(GeV) 12¢ 19F 23, 534n 103pn 197y 238,
3.2C 0.007 + 0.062 0.012 + 0.003 0.012 + 0.003 0.019 + 0.004 0.025 ¢+ 0.005 0.034 * 0.005 0.038 + 0,006
5.25% 0.0¢2 + 0.00% 0.079 ¢ 0.008 0.077 = 0.008 0.062 = 0.007 0.027 &£ 0.005 0.052 = 0.007 0.053 * 0;007
7. 30 0.152 + 0.011 . 0.134 £ 0.010 0.7130 # 0.010 0.1310 = 0.009 (0.096 + 0.009 C(€.C85 = 0.008 0.085 + 0.008
0.32 0.169 = 0,0fi 0.147 = 0.010 0.147 = 0.010 0.116 = C¢.010 0;108 + 0.009 0.091 £ 0.009 0.087 + 0.008
0.3% 0.162 # 0.0%%7 0.747 £ 0.010 0.149 # 0.011 0.133 + 0.G10 0.116 + 0.010 0.104 + 0.009 0.101 + 0.009
D.4¢  0.161 £ 0.011 0.747 £ 0.010 0.143 # 0.010 0.154 £ 0.010 0.119 + 0.010 0.106 + 0.009 0.108 * 0.009
0.4% 0.180 + ¢.012 0.170 + 0.0711 ©0.170 + 0.011 ©0.153 + 0.011 0.135 £ 0.010 0.137 + 0.010 0.139 = 9.011
0.50 0.163 £ §.014 0.747 £ 0.011 0.129 # 0.011 0.136 = 0.011 0.123 + 0.010 O0.114 + 0.010 0.113 = 0.011
0.55 0.173 = 0.0%4 0.165 £ 0.012 0.166 + 0.013 0.152 + 0.01'2 0.145 + 0.012 (0.133 + 0.012 0.129 + 0.011
G.60 0.167 + 0.014 0.163 £+ 0,012 0.158 + 0.013 0.13% + 0.012 0.134 + 0.012 0.119 + 0.011 0.116 * 0.0M
0.65 0.158 + 0.014 0.153 + 0.613 0.149 + 0.013 0.128 + 0.012 0.123 + 0.012 0.107 + 0.C11 0.107 * 0.011
0.76 0.17% £ 0.014 ©0.163 £ 0.013 0.159 # 0.013 ©0.7139 = 0.012 0.133 + 0.012 0.114 £ 0.0117 0.110 = 0.0}
0.80C 0.167 £+ 0.014 0.166 + 0.013 0.164 + 0.013 0.140 £ 0.072 0.125 + 0.012 0.111 £ 0.011 0.107 # 0.011
0.90 0.144 + 0.014 0.137 £ 0.013 0.131 + 0.013 0.114 =+ 0.012 0.104 + 0.0712 0.085 x 0.011 0.084 = 0.011
1.0 0.148 = 0.0%4 0.135 x 0.012 0.135 i‘0.013 0.114 + 0.012 0.108 + 0.0710 0.085 + 0.010 0.082 = 0.070
(*%) ’
6n 0.161 £ 0.013 0.151 = 0.012 0.148 + 0.012 0.132 + 0.011 0.121 + 0.011 0.106 £ 0.010 0.104 * 0.010
(*) The guoted errors are statistical only.
S TF. represents the mean value of 0 GeV.

‘' ‘The symbol 7,

gn(k,At) in the energy range 0.3 - 1,

_ES_



i *
Table £ - Calculated (y,n) Reaction Cross Sections (mb) ( ).

12 19 23 197 238

_178_

k(GeV) 12¢ F Na Mn Rh Au v
:0.20 0.12 £ 0.03 0.15 % 0.05 0.17 + 0.06 0.29 £ 0.10 0.75 + 0.26  2.08  0.73  0.81 + 0.47
0.25 0.43 + 0.12 0.62 £.0.19 0.73 = 0.22 1.55 + 0.46 1.33 + 0.40  5.00 + 1.50  6.13 £ 1.70
0.30 0.94 + 0.25 1.24 + 0.33 1.61 + 0.40 2.46 + 0.86 5.77 + 1.44 10.09 + 2.52 12.14 + 3.00
0.32 1.08 + 0.25 1.49 * 0.37 1.79 + 0.45 3.57 + 0.94 6.34 + 1.58 10.50 + 2.62 12.15 + 3.00
0.35 0.69 £ 0.25 1.32 % 0.33 1.62 % 0.40 3.61 £ 0.90 5.99 + 1.49  10.51 & 2.62 12.30 + 3.00
0.40 0.62 + 0.17 0.88 £ 0.21 1.06 + 0.25 2.90 + 0.70 4.25 + 1.02 . 7.42 + 1.78  9.09 + 2.00
0.45 0.51 + 0.17 0.76 £ 0.18 0.93 + 0.22 2.05 + 0.49 3.44 ¢ 0.83  6.82 + 1.64  8.32 & 2.10
0.50 0.39 + 0.09 0.56 + 0.12 0.60 * 0.13 1.56 + 0.3¢ 2.67 + 0.59  4.82 + 1.06  5.75 + 1.24
0.55 0.44 + 0.13 0.67 + 0.15 0.82 + 0.18 1.82 + 0.40 3.28 + 0.72  5.84 + 1.28  5.80  1.20
0.60 0.47 + 0.13 0.70 * 0.15 0.86 * 0.19 1.83 + 0.40 3.33 + 0.73  5.66 * 1.25  6.26 + 1.20
0.65 0.45 + 0.13 0.70 + 0.15 0.82 + 0.18 1.69 + 0.37 3.06 + 0.67  5.08 « 1.12  6.10 + 1.20
0.70 0.51 ¢ 0.14 0.77 £ 0.19 0.92 + 0.23 1.91 + 0.48 3.43 + 0.86  5.63 + 1.40  6.57 + 1,20
0.80 0.50 + 0.4 0.78 + 0.19 0.94 * 0.23 1.91 * 0.48 3.20 = 0.80  5.42 + 1.11  6.31 £ 1.20
1.00 0.39 £ 0.11 0.56 £ 0.17 0.69 + 0.20 1.38 ¢ 0.41 2.44 + 0.73  4.88 + 1.46  4.32 + 1.30
Guel ] 0.56 £ 0.13 0.80 £ 0.16 0.96.: 0.20 2.00 & 0.43 3.57 % 0.75  6.28 £ 1.20  6.94 & 1.20

(% ’

‘") The cross sections listed in this Table were calculated from Eq. 24. The quoted errors result from a
combination of errors in the elementary cross sections and in the_(y,n) reaction probabilities (see
Table 4). | '

LAY -
{ ‘The symbol © represents the mean value of ths cross sections in the energy range 0.3 ~ 1.0 GeV.
MC
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Table 6 - Comparison Between Experimental and Calculated Mean (y,n} Reaction Cross Sections
{(mb) at Intermediate Energies.

Experimental

Nzgggﬁz Cross Section Calculated Cross Sections
Ref. 5, Go(Eq. 4) Ty (Table 5,Eq.24) T, (Eq.25) T (Eq.38)
12¢ 12 0.85 + 0.10
13 0.4 £ 0.1
15 1.18 £ 0.20  0.74 + 0.09 0.54 + 0.13 0.53 0.52
21,27 0.6 + 0.1
32 0.9 0.1
Ty 23 0.11 ¢ 0.05 0.85 0.61 0.59
16
0 23 0.6 0.1 095 o .68 066
29 1.27 + 0.20
19¢ 23 0.42 + 0.10
24 1.33 £ 0.20 1.11 + 0.15 0.80 + 0.16 0.79 0.77
30 1.30 + 0.1C '
23y, 20 1.60 £ 0.20 1.3 : 0.2 0.96 + 0.20 5.53 0.90
31 . \
P 23 0.9 0.1 1.70 1.21 1.17
33 1.6 + 0.1 :
52 '
cr 33 2.5 1+ 0.5 2.69 1.88 1.83
T 17 7.7 + 0.5
31 .2 % 0.6 2.8 + 0.4 2.0 0.4 1.98 1.91
33 3.5 =+ 0.5 .
59
Co 18 3.3 £ 0.5 3.00 v 2.10 2.04
33 3.0 + 0.5
75,.
As 22 6.7 + 1.0 3.71 2.58 2.51
33 + ] .
103
Rh 19 13 + 5 4.90 + 0.75 3.57 + 0.75 3.39 3.35
127, 14 10 + 6
20 £ 7 5.89 4.06 3.94
33 +
197 .
Au 25 4 ¢ 9 & 1 6.28 + 1.20 5.92 5.74
33 kS .
238
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FIGURE CAPTIONS

Fig.

Fig. .

Fig.

Fig.

1

The experimental (y,n) cross sections versus the mass
number of the target nucleus, At' The straight line is
a least squares fit of the experimental points. The
shaded area represents two times the statistical error.

The dashed line represents an extrapolation up to At=1.

Experimental data are taken from: 2\ , Ref.[17]; M ,

Ref. [13]; W , Ref. [14]; [ ], Refs. [15,19,24,26] ;
N/, Refs. [17,18,20-23,25,27); (O , Refs.[29,30,37];

<>, Ref.[31]; @, Ref. [33].

Block diagram of the course of the Monte Carlo calcula-

tion of photonuclear cascades.

The (y,n) probability, @n(k,At), versus incident photon
energy. The points represent the results of the present
Monte Carlo calculation. For the sake of simplicity,

12 238

only the (y,n) probabilities for C and U are shown.

The curves are eye fits through the calculated points.

Plot of the mean value of the (y,n) probability, En(k,At),
in the energy range 0.3-1.0 GeV, versus the mass number
of the target nucleus, At' The points have been calcula-
ted from the values Tisted in Table 4. The full line is
a least squares fit of the calculated points. The dashed
line represents an extrapolation up to At=1. The symbol
x represents the ratio of the cross section of the
Yy + p > n + 1" reaction to the total inelastic cross sec
tion. The symbol P represents the ratio of the cross

section of the vy + n > n + 7° reaction to the total ine



Fig.

Fig.
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Tastic cross section.

Trends of the (y,n) reaction cross sections as a function
of incident photon energy. The points are taken from Ta-

bie 5 (for the sake of clearness only the cross sections

238 12

of U and C are'shown). The full lines are eye fits

through the calculated points. For comparison, it is

12

also shown the experimental trend for C as reported by

Andersson et al. [27] (dashed line).

At-dependence of the (y,n) mean cross section, EMC‘ The
points are the calculated cross sections listed in Ta-
ble 5. The straight line marked A2'86 is a least squares
fit of the calculated points. For the sake of comparison,
the trends are also reported for a surface production
A§/3) 1

model ( £)-

and a volume production model (A

The energy-dependence of the (y,n) reaction probability,
n(k). (For details see text). The points are calculated
values of n/k. The straight 1ine was obtained by least
squares fit. The error bars are statistical uncertain-

ties.
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