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pbstract. An analysis of the total photoabsorption cross section
for nuclei ranging from 4e up to 238y has been performed in
the energy range 0.2-1.0 GeV. Mean total photoabsorption cross
sections have been obtained by summing up the contributions from
partial photoreactions, and found to follow an Al-dependence in
the 0.2-1.0 GeV range. A review of the available total
photoabsorption cross section data is also presented. Compari-
sons have been made with cross section values calculated by
considering both the guasi-deuteron and mn-meson photoproduction
mechanism of primary nuclear photointeraction.

PACS: 25.20.+y
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1. Introduction

The study of the total photonuclear absorption Cross
section, . oﬁ(k,A).of complex nuclei with mass number Az4 at
photon energies above the giant dipole resonance (GDR, k> 20
MeV) has been carried out over the past vears in different
laboratories [1-26] (see Table 1). The different experimental
methods which have been used to obtain the values of Oﬁ' are
the photon transmission technique, the photohadronic method, and
the detection of cross sections for selected hadronic processes
which are considered +to exhaust the whole absorption cross
section. A detailed description of these methods is given in
[27]. Depending on the energy range investigated and on the mass
number of +the nucleus of interest, detection of part of the
photohadronic processes [7,8,18] and of the multi-neutron
emission (8, 21,22,24] as well as photofissiSn measurements [2-
6,16,23,25] have been performed. Despite the rather large amount
of photoﬁuclear data accum&iated over the last decade by using
monochromatic (or guasi-monochromatic) photons, our knowledge of
_Oﬁ' is still restricted to a limited number of nuclei and
defined photon energy ranges.

At incident photon energies above GDR the nuclear
photoabsorption has been currently described by the so-called
quasi-deuteron mechanism proposed by Levinger [28,29].This pro-
cess of nuclear photoabsorption via correlated neutron-proton
pairs is the dominant one below the Jl-meson photoproduction
threshold ( k < 140 MeV), although at higher energies it still

contributes to some extent to the total nuclear photcabsorption.
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At energies above 140 MeV the interaction . of incident
photons with nuclei occurs through excitation of bound nucleons
and production of baryon resonance states.
In the range 140<k<400 ﬁev a rather large body of
experimental data on both light and heavy nuclei has led to an

A-dependence of the total cross section of the type
T b (1)
caﬁ_«u4. R A ' | )

with b ranging between 0.8 [13,14] and 1.1 [18]). Besides, in [22]
a linear dependence of-tﬂi upon A was found, at least for nuclei
with masses greater than 150.

At higher energies (k >2 GeV) the hadron-like behaviour of
photons and subsequent shadowing effects [30,31] give rise to an
A-dependence of the type (1), but with b < 1 [32]. A lack of
information there exists indeed in the inteé%al 0.4-2.0 GeV,
where a not totally well defined experimental situation [8]
prévents one from deducing a;y relationship between 0;_ and A.

Prior to the eighties, a great variety of photonuclear
reactions on complex nuclei were investigated by using brem-
sstrahlung of maximum energies up to about 1 GeV as photon
sources [33-66]. The reaction yields of these experiments were
measured by radiochemical methods (activation analysis of
irradiated samples) or, in the case of fission studies, by using
dielectric fission-track recorders and nuclear-track emulsion.

The use of the photon-difference method enabled .evaluation

of the absclute reaction cross section as a function of photon

energy. In many instances, however, the reported cross section
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represents only mean values referred to the ‘energy interval
investigated.

Above the GDR region, photoreaction yields have been curren-
tly interpreted in the framework of a two-step interaction model
according to which, firstly, a rapid intranuclear cascade develops
from collisions and/or reabsorption of photoproduced pions,
and/or from scattering of reccil nucleons. During the second
reaction stage the excited residual nucleus de-excites by a
mechanism of competition between fission and particle-evaporation
processes [67,68].

The present work originated from an attempt to evaluate,
for a number of nuclei throughout the Periodic Table, the total
absorption cross section by summing over the cross sections of
the partial photoreactions. For this purpose we collected and
handled together the whole set of available pﬂétoinduced reaction
cross sections in the energy_domain 0.2-1.0 GeV. Data obtained
with bremsstrahlung photo;s have been considered as partial
contributions of the different de-excitation channels to the
total inelastic cross section. This allowed us to obtain an A~
dependence of the average total cross section, 53 (mean value
in the energy range considered). Moreover for a number of nuclei
the total photoabsorption cross section, O (k) , measured by
using monochromatic photons is reported (Table 1) as a function

of energy and compared with calculated values.
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2. Evaluation of total nuclear photoabsorption cross section from

primary photointeractions

in the energy range 0.2-1.0 GeV the incident. photon can
interact either with individual nucleons or with correlated
neutron-proton pairs within the target nucleus. The total photoa-
bsorption cross section is therefore described by the sum of the
contributions of the two different interaction ﬁechanisms. For a
photon of energy k incident on a target nucleus (Z,A) it is

evaluated by

L(4-2)Z

Gk, A)= ZO,) (k) + (4 - Z)Op (k) + y

ok (2)

In (2) O; and . 6; represent the total photohadronic cross
section for individual "bound" proton and neutron, respectively,
i.e., the total photoproduction cross section of free nucleons
corracted for binding effects and Fermi—motion;'oﬁ' is the total
photodisintegration cross section of the free deuteron, and L is
the so-called Levinger's constant which measures the relative
probability of two nucleons being near each other in a complex

nucleus compared with that in a free deuteron.

2.1. A-~dependence of the mean total photoabsorption cross

secticn,

From (2), by averaging over the energy interval Q.2-1.0 GeV,

we obtain
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L(A—Z)Z—b-.?j.
4

The quantities O, and O} have been calculated ' from the

_E_'J(A)=zc_r;+(4—z)3;+ (3)
corresponding "free® cross sections taken, respectively, from the
papers by Damashek and Gilman [69] and Armstrong et al.[70].

For 0] we used up to 440 MeV the data compiled by Rossi et

al.[71], and above 440 MeV the values measured by Myers et

al.[72]. The average values result to be 32 = 260 pb

R —

Om = 234 pb ; ol = 17 ub.

The constant L has been recently evaluated as 73]

L =6.8 - 11.2 A=2/3 + 5.7 a=4/3, . (4)

Finally, by expressing Cross section values in mb, we obtain

BT (A) =0.26(0.10Z + 0.904) + 0.017L(1 - ZJAZ . (5

The Bﬁ(A)—.values calculated from (5) fqr all nuclei. along
the Periodic Table are reported in Fig.l. It\is worth noticing
that the Ox(4)-values plotted as a function - of mass numbexr
follow a gquite completely linear trend, as evidenced by the
result of a least-squares analysis
Gi(4) = (0.270£0.005) A mb (0.2-1.0 GeV). (6)

One can appreciate that for A=l (proton ox neutron)

&I ~ T (within~10% : cf. [70}), and & = Op

(within ~3%: cf. [69]). Moreover, for A=2 (deuteron), (6) gives

Eﬁ: = 0.540 mb, which value compares quite well with the average
value of deuteron total photohadronic cross section measured
by Armstrong et al. {70}. In addition , it is seen that the

contribution to Eﬁ; due to quasi-deuteron mechanism of primary
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photointeraction (lower curve) amounts to about 10% iﬁ the case
of intermediate-mass and heavy nuclei, and drops to 3-6%  for
the lightest ones.

An interesting feature is shown in Fig.2, where the quantity
Ol (k, 4)/4 is reported as a function of A at four given photon
energy values. As one can see, (ﬂ; also results proportional to

A, chiefly at higher energies and for more complex nuclei.
The linear dependence of O, on A is seen to hold
practically for all nuclei at energies greater than about 400

MeV, and for nuclei with A > 20 at lower photon energies.

2.2. Variation of total nuclear photoabsorption c¢ross section

with photon energy : the " Universal Curve"

In the last decade total photonuclear cibss sections above
the GDR have been measured  for a number of target nuclei by
uéing high-gquality mono;hromatic (ox quasi-~monochromatic)
photon beams (Table 1). These data are curréntly analysed Dby
considering the guantity o;'jA , i.e., by scaling the measured
cross section with the total number of nﬁcleons..It is noﬁ well
established {4,18,19,24,74,75]) that O, /A-values reported as a
function of the photon energy k result rather independent of mass
number. The trend of O (k,4)/4 vs. k has been reasonably well
fitted to the so-called "Universal Curve" proposed by Ahrens
[76,77], thus indicating an Bl-dependence of the total absorption

cross section in the A_yesonance region. The “"Universal

Curve”, which has been constructed by averaging the data from
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nuclei 7<A<238 at each photon energy, is reported in Fig.3
(dashed line).
Aiming to compare experimental oﬁ;p4 -values with those
calculated from primary photointeraction mechanisms, (2) is re-
written as

T (ke A A= AT + (1= AT + LA - Z NG ACL R . (7)

By averaging the %2- and A-dependent coefficients in (7) for all

nuclei along the beta-stability valley , one obtains
o\ ,z ' Z\ Z
()= (o) +[1- (2 0] 0 ®) + (L1 - 2) DOL () + (8)

where
<Z/A> = 0.43 + 0.03 , < L(l- Z/A) Z/A> = 1.49 + 0.12 . (9)

The smooth curve arising from this treatment is depicted in
Fig.3 (upper full line with hatched area). This\curve represents
th% expected variation of the total photoabsorption cross sec-
tion, averaged ovef the Periodic Table, as a function of energy:
and is seen to reproduce rather well the more prominent features
of the 4d-resonance ( maximum of 510 + 30 wub at 315 MeV, and
width of 240 + 20 MeV ). Also shown in Fig.3 is the trend ob-
tained by disregarding the primary quasi-deuteron photointerac-
tion (lower full line).

The trend defined by (8) allows one to obtain a rough esti-
mate of the total nuclear photoabsorption'cross section for a

given nucleus through the expression
r _

o |
Ol (k, 4) ™ ()X 4 . 4o
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3. Mean total nuclear photoabsorption cross section from partial

photoreactions

From a phenomenological point of view intermediate energy
photonuclear reactions can be classified as :
i) simple direct reactions : ( y,n) and ( y,p);
ii) multiple neutron photoproduction : ( y,xn) , x>1 ;
iiiy ®@-meson production : ( ¢, :rcox//,), ( a'c-l:‘-:,d/) and { y ,ﬂ_ic Ny:
iv) spallation reactions: ( y,xpyn ) with x> 1, y2-1 ; |

v) fission reactiong (yr F);

vi) fragmentation reactions ( y,fr).

The mean total nuclear photoabsorption cross section in the
energy range 0.2-1.0 éev can therefore be obtained by summing
up the contributions arising from all partial reactions i-vi),
i.eg

Oy = O(r,n) + O(y, p) +°O(y, m) + O(r, mp) + O(r, xpym) +

i i (1)
+0(r, F)+ O(7, fr)  »

where the O'’s represent mean values obtained in that  energy
range.

Cross section measurements analyzed in this Section have
been performed by using bremsstrahlung beams [33-66]. The mean
cross sections per photon were obtained from the corresponding
measured reaction yields. Where not explicitly determined by the
authors gquoted in the mentioned references, mean partial cross
sections have been calculated £rom the experimental yield

curves by a least-sguares analysis. In the energy range
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investigated, from about 0.2 to about 1 GeV (in most cases 0.3-
1.0 GevV) a pure l/k-dependence of the bremsstrahlung spectra
was assumed. '
The partial photoreactions listed above, as well as the
formulae derived from statistical treatments of the experimental

data, are discussed in some details in the following.

3.2. { y.,n) reactions

Reactions in which one neutron is lost from the struck
nucleus have been extensively and systematically studied mostly
in the energy iange 0.3-1.0 GeV (Frascati) and 0.2-0.8 GeV
(Lund). A compilation of experimental data can be found in ([56].

A least-squares treatment of the data enabled to obtain the
relationship [56]

SO(r,n) = 0.1044%"  mb, . | o (12)
ﬁhiﬁh gives a reaéonably goqd fit to the mean experimental cross

section values.

3.2 (_y.,p) reactions

As far as ( y,p) processes are concerned ,only a limited
number of experiments have been performed in the.energy range of
interest. The measured cross sections are affected by 1larxge
uncertainties. A comprehensive survey of available data is repor-

ted in [65]. The cross sections measured in the range 0.2-0.8
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GeV were analysed as a function of the number 2 of protons in
the target nucleus and found satisfactorily reproduced by the
equation O ( y.,p) = 0.115 z0:5 nmb. Aiming to evidence the
dependence of E( v.p) upon mass number A we reanalysed the data,

thus obtaining

O(y, p) = 0.0784%%° mb . (13)

3.3. { v,xn) reactions , x > 1

For a given number x of emitted neutrons, the relationship
between mean cross section and mass numbei has been derived
from data taken in the 0.2-1 GeV energy range. The data have
been compiled and analysed in [6;], which reports

By, xm) = 0,187 453 exp[—37A_°'924 (x - 1)5!4] mb . o - (14)

The above equation is valid for x ranging from 2 up to
Xp, the maximum number of neutrons which can be emitted from a
given target nucleus. By aésuming a loss of excitation energy
of about 10 MeV per evaporated neutron, and by using the average
values of nuclear excitation for the post-gascade nucleus cal-
culated by Barashenkov et al.[67], we succeedad in finding the
following dependence of Xy on A:

x, ~ 14447 (15)

For each nucleus under examination the mean total cross
sectisn for multiple neutron emission can thus be evaluated by

summing up all the partial cross sections for neutron emission

from x=2 up to the proper xy~value, i.e. ,

O(y,xm) = Z O.(r,xm)  ,x, = 1.44%%7 . (16)

x=2
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Tt should be noted, however, that (14-16)} cannot be used

for elements characterized by a low fission barriexr, and are,

therefore, valid only in the case of mnuclei with Ag 230.

3.4. Pion phdtoprqﬂgction reactions, ( v, xA#)

Reactions of the type ( y,iﬁxA/)r( yr whx# ) @and ( yrnxH)
are now being considered. When x=0 these reactions can be
considered as direct reactions in which one Jl-meson is emitted.
In the case of x>1 the term x represents the multiplicity of
nucleons eventually emitted from the residual nucleus left in an
excited state (E* > 0). Unfortunately only few  experimental
data , regarding moreover partial processes on a limited number
of target nuclei, have been reported [33,34,3%,39,40,42,49,50,57,

62]. In addition, the energy-rangeé investigated rarely cover the

0.2- 1.0 GeV interval. | B

For the purpose of the present work pion photoproduction
cross sections have been estimated by taking advantage of the
results of a Monte Carlo calculation ({78,791 which yielded

reaction probabilities, ij_(k,h), for ,;E’, P - , and -
production in 12 selected nuclei  (from ‘Li up to 209pj) at 15
photon energy values up to-1 GeV . These calculations were '
performed by taking into account the possibility of the
residual nucleus to be left in an excited state.

The cross section of the i-th partial meson photoproduction
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reaction is thus written as

Oi(k, 4) = O,(k, 4O (k, 4) | an

By taking for oﬁ' the values already discussed in Section 2, and
summing up allnfeaction probability values, we constructed for
the 12 nuclei investigated the curves representing total meson
photoproduction cross section as a function of energy. Finally,
from these curves we obtained the average cross section values
~in the range 0.2-1.0 GeV. These data are plotted in Fig.4, which
shows in a log-scale a quite completely lihear trend. A least-

squares treatment gives

G, (7, 7y = 0.0274%% mb . (18)

3.5. Spallation reactions, ( y.Xpyn}

These are photoinduced reactions in which a residual nucle-
us,the so-called spallation residual, is produced from the struck
nucleus by a nominal loss of x protons ( 1 £ X ¢ z/2) and y
neutrons (l< y € (A-Z)/2 ). A large amount of experimental data
has been accumulated in the past, the region of investigated
nuclei ranging from Al to Au. An almost complete list of photo-
spallation studies at intermediate energies can be found in the
papers by Jonsson and Lindgren [54] and Foshina et al.[80].

For target nuclei with A <90, spallation cross section

data have been systematized by using a standard four-parameter
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formula {80] . The formula, which allows one to estimate the mean
cross section for the production of a given spallation residual,

is written as
T, (7,p) = Oy exp[-B(x - 1) = K(x - Cay)’] , (19)

where 0 is the xratio 2/(A-%Z) of the target nucleus, and UM;

B, K, and C are parémeters. The values of +the parameters are

given by:
o, =15.7E%  mb, E < 21 MeV / W )
B =3.03E7%: E < 10 Mev/ ¥
| (21)
B =0.25 E> 10 Mev/ ¥ | >
where _
E = 447/4 MeV|# K =0.466,C = 2.30a~1.044., (22)

In this way the mean total photospallation cross section can

be obtained by summing up'all partial cross section values, i.e.,

z/2 (4-Z)2__

T =Y Y Ou(r,p) ,AS0. | (23)
. xum] y=l .

For nuclei with A»90 a good estimate of the mean cCross
section is provided by the photospallation systematics by Jonsson
and Lindgren [54]. In the energy range 0.25-1.0 GeV these authors
were successfull in describing the isobaric distributions of
spallation residuals (Ap, Zp) by means of Rudstam’s five-parame-

ter formula [81]
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ro O, APRY? - -
O-Z . (7: = 0 — — - 2 32 . :
» i Sp) 1-79[8PA _ 1] €xp [PAp Rlz.P SAP + TAP l ], (24)
with
P =524"%%
— —0.43
R = 11.84* 25)
S = 0.486
T = 0,00038

O, =03 mb.

Since in (24) the quantity OoR represents the total inelas-
tic cross section, in the present anélysis we thought it more ap-
propriate to use for 0y, the value 0.270 mb, which has been
obtained by averaging O, over the 0.2-1.0 GeV interval (see
(6)).

From (24) we thus cobtained

H

_ " ,
Gsyo, (720) = 4. 084140 exp [-P(4 - 4,) - B2, ~ (4.~ T4 | mb (26

and hence

O (7. ) =AZ§ Oy, (7.9) ,A2%0 27)

It has to be noted, however, that formulae {25-27) do not
apply to target nuclei with mass number greater than about 170,
in wview of the fact that forlheavy nuclei fission is known to
compete with spallation. On the other hand, photofission does
predominate for actinide nuclei as a consequence of the low

"fission barrier. It is not easy to define unambiguously the mass
regions where photospallation and photofission reactions take

place . One can try to delineate schematically these mass regions
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as follows o

particle evaporation particle evaporation fission

predominates and fission compete predominates
: 1 i N

] L4
170 230 A
mainly photo- photospallation plus photofission
spallation photofission only

One has to keep in mind that the A-values above reported are
only indicative, because theilack of experimental information
does not allow the marking of a clear division between the
different mass iegions. From the above considerations we were
led to use formulae (25-27) for the mass range $0-170 only. For
A >230, where the contribution of the spallation process
vanishes, only fission data have been considered (see next

section).

The trend of ©,{ vy ,sp) obtained from (20-23) and (25—27)

is shown in Fig.b5.

3.6. Photofigsion reactions, {( y ,F}

In the energy range 0.2-1.0 GeV photofission is a process
which, depending on the mass region investigated, competes with
multineutron photoprodﬁction and photospallation processes. For A
230 fission is indeed known to exhaust the total inelastic
reaction channel.

Despite the large number of photofission éxperiments repor-
ted in the literature, compilations and/or systematics of the
available data have not yet been published. The purpose of the
present work was to analyse all existing photofiésion data
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mass region from 56Fe up to 243pam and the energy range 0.2-1.0
GeV. The mean photofission cross section values are 1listed in
Table 2, and plotted in Fig.6 as a function of parameter 22/A .
Inspection of the figure reveals two distinct mass regidns corre-
sponding to different degrees of contribution of the photofission
cross section to the total photoreaction cross section. In the
first region ( %2/A > 30 , A 2185) where fission contributes
either significantly (30 < 22/A< 33) or predominantly (22/A

>33), a least-squares treatment of the available data yielded

— 100 . 74 > 30
o(7, F) = —— mb , /4 2 (28)
1+ exp[1.125(35.38 — Z [4)] A>185.
In the region 12< 22/A <30 (56<A<185)) photofission

does not contribute significantly to the overall inelastic cross
section. In this region , especially in the vicinity of the
minimum ( 22/A =23), photofission can be considered negligible
in respect to othef photonuclear processes . For nuclei with A

ranging between 56 and 185 cross section values have been taken

directly from the curve of Fig.6.

3.7. Fragmentation reactions,( y fr)

These are reactions in which the splitting of the struck
nucleus is accomplished by the emission of aggregates of massive
clusters of nucleons. Fragmentation reactions are expected to
occur during the fast intranuclear cascade stage of the reaction,
as a result of a localized heating of nuclear matter.’

Despite the fact that this type of photoreaction has been

observed to play a noticeable role at energies above 1GeV or so
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[82,83]), some indications exist that the fragmentation process
would be effective, at least to a low extent, even at photon
energies in the range 0.3-1 GeV [55,58,62]. The fragmentation
cross sections are of the order of tens of ub, as one can infer
from - [55,58,62,66].

It is worth noticing that fragmentation events would be
distinguished with much difficulty from those due to fission
events in experiments performed 6n intermediate-mass nuclei by .
using the current methods for detection of nuclear products
,i.e., activation analysis and mica and glass track-detectors.
The low cross section values expected for such reactions may be
considered at least as partially included in data obtained for

other photoinduced processes by the methods mentioned above.

3.8. Sum of the mean cross sections of the partial photoreactions

For nuclei throughout the Periodic Table the mean total
nuclear photoabsorption cross section , 0, (4):, can now be  ob-
tained from (11) by summing the cross section values for the
partial photoreactions discussed in the previous sections. 1In
doing so, it should be remarked that in the mass region 170%A
<230 there are not clear indications about the relative contrib-
utions of the two competing processes, fission and spallation.
It was not possible,therefore, to obtain reliable data for
nuclei located in that mass region, as well as for thorium.

The final result is shown in Fig.7, where the filled

circles represent the aﬁ'—values obtained for the
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different nuclei by means of the above described procedure. The
linear dependence of Eﬁ“ on A, clearly seen in Fig.7, |is
evidenced by a 1east-sqﬁares analysis which gives the full
straight line
Gl =(0.28£0.094 mb. (29)
Within the referred uncertainties the above trend rather
coincides with  Om = (0.270 % 0.005) A mb , which has been
evaluated on the basis of the primary photointeraction mecha-
nisms (see (6)).
As a concluding remark we point out that although the mean
cross section for some partial photoreactions behaves as 28 p
Q< 1, the mean total nuclear cross section exhibits an Al-

dependence.

3.9. The Dbehaviour of vpartial photoreactions throughout the

Periodic Table .

Results reported in the precedent paragraphs can be used to
evaluate the contribution‘due to photospallation reactions in the
mass region 170 <A < 230, and hence to study tﬁe trend of
partial photoreactions throughout the Periodic Table ( Fig.a).

In the case of spallation reactions it follows from (11) that
6- =_T_25-ﬂ N i=nsP,J_‘?7,.7f:Fp_ . } (30)

i.e., the mean photospallation yield can be obtained by subtrac-
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ting from the mean total reaction yield the sum of all other
contributions. This procedure allows one to draw the dashed
portion of the spallation curve plotfed in Fig.8. The prominent
features shown in Fig.8 are briefly remarked hereafter:
i) photospallation is by far the dominant process for intermedia-
te-mass nuclei; it amounts to about 30% of the total mean pho-
toreaction cross section in the region C~-Na, and reaches about
70% in the Br-Zr region ; for nuclei with A=®200 it decreases to
about 50%,but for more massive nuclei the contribution arising
from spallation drops dramatically;
ii) for heavy nuclei simple-direct processes such ( y,n), ( 7.pP)
and (y,n) are found altogether to contribute up to 18% ;
iii) ( 7 ,xn) reaction is the second important process occurring
in nuclei with 150 <A <200 ; iv) very light nuclei (A<10) are
seen to absorb photons through simple-direct ﬁiocesses.

From Fig. 8 it is possible to extract information about
the different contributions to the total cross section. As an
example, for a target nucleus loca£ed in the Co-Ni region we
have: photofission 2.6% ; direct ( y,p) reaction 3.4% ; total

r

T-meson photoproduction 5.0% ; multineutron photoproduction 11% ;

direct one-neutron photoproduction 16% ; total photoproduction

of spallation residuals 62% .
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4. EFneragv-dependence of total photonuclear absoxption CcCross

section

This section is devoted to a discussion on total nuclear
photoabsorption cross section, OJl(k, 4), as a function of the
incident photon energy, k. Experiﬁental data , expressed as

o] (k, A)/4 ; have been reported in Figs.9—16. for 4ge,61i, 7ri,
SBe,120,150,27A1, 48mpi , S59Ni, 54Cu,95Mo,1195n,Pb,235U, and 238y,
Also reported in Figs.9-16 are the corresponding gﬁ(ﬁ,AyA=;
values calculated by means of (7). These latter in all the
figures are represented by full-lines. A comparison shows that
neariy 45% of the overall data displayed in figures 9-16 agree
w1th calculated values within ~15% or less The best agreement '
not only in individual measurements but also in the cross section
trend, is by far verlfled with data taken for.Al, Ti, Cu and Sn
by Arends et al.[18].

The measurements for 6Li (Fig.9b) and 7Li‘(Fig.l(Ja) by the
Mainz group [l4] reproduce the calculated trends within 20% or
less. A satisfactory agreement between measured values and the
calculated ones is found for 6ri [14], 9Be [13,10], 12¢
(9,10,24], 160 [9,18], 27a1 (9,18], Ti [18]}, Cu [18], Sn [18) and
Pb [24,18]. For some nuclei (He, Be, C, Pb, 235y, 238y) the
values of O /A measured in the A_resonance region (300-320
Mev) differ from the calculated ones by 20-25%

At higher energies (k 2 400 MeV), good aqreement is
however found between measured and calculated values in the caees

of 98e [9,10], 12c [9,10,24], 160 [123,27A1[9], Pb [21,24], 235y
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[16,19], and 238y (1,4,16,45], although the cross section trend
for these nuclei is not completely reproduced in the entire
energy range.

Total photoabsorption cross section measurements by the
Khar‘kov group [7] result dn the contrary somewhat higher as
compared with those by other laboratories of with the calculated
curves (Figs.lla, 12a, 13a, and l4a).

Finally, data regarding the uranium isotopes should be
particularly discussed. Due to their very small values of fis-
sion barrier ( -5 MeV) the fission cross section for these iso-
topes 1is believed to represent the total photoabsorption cross
section  (see, for instance, [4]). As a consequence,
photoabsorption cross sections are currently achieved by
measuring photofission cross sections. In TFig.l6a-b _are
displayed the results of fission measurements gerformed for 233y
and 238y jisotopes. As one can see, the experimental trends from
all laboratories reproduée clearly the resonance-like shape
around 320 Mev. Differences exist, however, as far as
intensities are concerned, mostly between the measurements
carried out with bremsstrahlung beams [1,45,51]}

Quite good agreement is indeed observed in Fig.l6b when
comparing to each other recent data obtained by monochromatic
photon beams [4,6,16,19). At photon energies below ~.230 MeV and
above -360 MeV a large number of experimental points is found to
reproduce rather well the curve (full line) calculated by
summing the contributions due to both qﬁasi—deuteron and

photomesonic primary interactions. Such an agreement '
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nevertheless, fails to occur near the peak of the A-
resonance, where only the data by Wakuta et al.[45] are seen to
compare with the calculated trend. This behaviour may Dbe
indicative of a damping efféct due to the A-resonance. One
should consider, moreover, that in the energy region of the A
resonance other reaction channels begin to play an increasing
role for. the total photoabsorption process, as already discussed
in Section 3.9.

At higher energies (k > 500 MeV) data taken at Frascati
(filled triangles ([4]) and Mainz (filled circles [16]j do not
provide aﬂy indication of a resonance-like shape in the region
of the second béryon resonance ( ~710 MeV). As already pointed
out [4,16], this result seems to be indicative of a strong
damping effect, not yet completely understood, of the referred
resonance. The old bremsstrahlung data [1,45,51] do not allow
achievement of precise information in the energy range of the

second resonance. -

Despite the discrepancies in cross section data from
different experimental groups, a resonance-like trend of the
total photoabsorption cross section of complex nuclei has been
always found around 350 MeV, where the photoabsorption cross
section is dominated by the excitation of the - -A-resonance. In
this energy region the primary photointeraction via neutron-
proton pairs is also expected to contribute to total photonuclear
absorption, at least to a lesser extent. It is very difficult ,

however, to detect experimentally such a contribution. It can be

indeed of the same order of magnitude of the uncertainties asso-
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ciated with most of the total cross section measurements. On the
other hand, at photon energies above the A-resonance, both
paucity of data and measurement precision does not allow any
definite conclusions to be drawn about the features of the higher

baryon resonances in complex nuclei.

S. Summary and conclusions

In the course of the present work we reviewed and discussed
the total photoabsorption cross section for complex nuclei
throught the Periodic Table in the range 0.2-1,0 GeV. Nuclear
photoabéorptién has been described in the framework of two
primary mechanisms, namely, photointeraction with correlated
neutron-proton pairs, and excitation of bound nucleons to baryon
resonance states (Jvamesoﬁ photoproduction).

In order to investigate the behaviour of the total photoabsor-
ption cross section, averaged over the 0.2-1.0 GeV interval, as a
function of mass number, the contributions dué to the partial
photoreactions have been analysed and summed up. Experimental
data used in this analysis were those obtained by means of
bremsstrahlung beams.

The resulting mean total photoabsorption c¢ross sections have
been found to compare quite well with the calculated ones. This
study allowed us to conclude that the mean photoabsorption cross
section follows an al.dependence, even if the mean cross

sectioﬁs for the partial reactions were not found to follow such
a dependence. For light nuclei simple direct processeé like the

( y.n) and ( y,p) reactions are seen to predominate, whereas



CBPF-NF-059/93
—24—

photospallation results to be the most important reaction for
intermediate-mass nuclei. For the heaviest nuclei photofission is
by far the dominant mode by which nuclei de-excite following
photoabsorption, although the present analysis has indicated
that a non-negligible contribution to the total photonuclear
cross section comes from direct processes. In this context, we
felt it worthwhile to report a compilation of available
photofission measurements in the 0.2-1.0 GeV range (Table 2).

On the other hand, the variation of the total photoabsorption
cross section with photon energy has been discussed for a number
of nuclei from 4He up to 238y, For this study use has been made
of recent measurements mostly performed with monochromatic pho-
tons ,at Frascati, Novosibirsk, Khar’kov, Yerevan, Mainz, Bonn,
Saclay, and Glasgow. Comparisons have been made between cal-
culated and measured total photoabsorption st;éngth per nucleon,

_cang,which showsa trend rather independent from the mass numberx
for all nuclei investigatéd. Agreement has been found in many
instances between measured and calculated values, either in the

4 —resonance region or at higher energies. Nevertheless, the
trend of Cﬁs/h.is shown not completely reproduced for all nuclei
in the entire 0.2-1.0 GeV energy range. One should remark that
the contribution to total photoabsorption arising from the
primary interaction via neutron-proton pairs is not to be
disregarded in the region of Zl-resonance, as one can see from
inspection of Fig.3. In the case of 238y the present analysis has
indicated that simple direct processes such as ( y,n) reactions

are likely to represent a non-negligible contribution to the
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total photoreaction channel.

The problem of having reliable sets of measured = total
photonueclear cross sections at intermediate energies is a very
diff;cult task. Experimental difficulties there still exist when
measuring total nuclear photoabsorption. Formulae reported in
this paper may be used advantageously to obtain estimates of any
unmeasured total photonuclear cross sections. Moreover, the
possibility of' predicting cross section for partial
photoreactions éan be of use in planning future experiments.

It is hoped that the data discussed in this paper, together
with their phenomenological interpretation, may be helpfull for a

better understanding of the nuclear photoabsorption process.
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FIGURE CAPTIONS

Fig. 1.

Fig. 2'

Fig. 3‘

Fig. 4.

Fig. 5.

Figt 6.

Fig. 7'

Fig' 8'

Total nuclear photoabsorption cross section averaged
over the 0.2-1.0 GeV interval, G3a, plotted against mass
number A (upper line, (6)). The lower curve shows the
contribution from the quasi-deuteron mechanism of primary
photointeraction (second term in (5)).

Total nuclear photoabsorption cross section per nucleon,
UTAKA, plotted against mass number A for different photon
ehergy-values. The curves have been obtained from (2).

Average total nuclear photoabsorption cross section per
nucleon, <G$A/A>, plotted against photon energy. The
upper full ‘line with hatched area is the one obtained
directly from the photomeson and quasi-deuteron primary
photointeractions (8,9). Ther lower full line is the trend
obtained without the quasi-deuteron contribution. The
dashed line (taken from [76,77] ) represents a smooth
average of experimental data for nuclei 7 £ A < 238 (the
"Universal Curve).

Mean cross section for total pion photoproduction in the
0.2-1.0 GeV range, Gr( y,n), as a function of mass number
A. Points represent calculated results as described in
the text (Section 3.4).The straight line is the least- .
squares fit described in (18). '

Mean total photospallation cross section (0.2-1.0 GeV),
d:( v, sp), plotted against mass number A. The curve has
been obtained from (20-23) and (25-27).

Absolute mean photofission cross section in the energy
range 0.2-1.0 GeV, &( y,F), as a function of parameter
22/A of the target nucleus. Data points are those listed
in Table 2 (7th column), and the curve is an eye fit_to
the points. Values of g( y, F) for Matra [59], 154gm
[43], Matpy [64], and 174Yb [43] have not been plotted.

Total nuclear photoabsorption cross section averaged over
the 0.2-1.0 GeV region, oXa, as a function of mass mumber
A. Points represent GTArvglues as obtained by summing the
contributions from e various partial photoreactions
(see text). The full straight line is a least-squares fit
to the data points according to (29), and the hatched
area represents the related uncertainty. The dashed line
has been deduced from the primary photointeraction
mechanisms (see {6)).

The behaviour of the partial photonuclear reactions along
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the Periodic Table. The figure shows the trend of the
mean cross sections as a function of A for the indicated
photoinduced processes in the energy range 0.2-1.0 GeV,
The dashed portion of the (y, sp)-curve has been
obtained as described in the text (30}.

Fig. 9a-b.Total otomiclear absorption cross section per
' nucleon r /A, plotted as a function of photon energy k

A
for 4He a Ay 615 b. The full lines have been calculated

from (?) Experimental points in a have been taken from
[18] ; in b from [14]. '

Fig.l10a~b. The same as in Fig.9 for 7Li a and 9Be b.
Experimental points in a have been taken from [14] ; in ' b

fr.cn';l (13] (A), [10] (O), (18] (O), [9]1 (W), and [4]

Fig.lla-b.The same as in Fig.9 for 12c a and 160
Experimental points in a are from: [24) (A), (7] (O),
[10) (), [4] (@), and [9] (W); in b  from:
[181 (O), and [9] (A).

Fig.12a-b. The same as in Fig. .9 for 27A1 a and Ti b.
Experimental points in a have been taken from: [7] (A) '
[18] (O), and [9] ([O); in b from [18].

Fig.l3a-b.The same as in Fig.9 for Ni a and Cu ). Experimental
points in a have been taken from [7] ; in b from:
[18] (QO), and [8] (). ‘

Fig.l4a-b.The same as in Fig.9 for Mo a and Sn b. Experimental
points in a have been taken from [7] ; in b from [18].

Fig.15. The same as in ?ig.9 for Pb. Experimental points have

been taken from: [24] (O), [21] (O), [28] (@), and
{171 (V).

Fig.l6a~b. The same as in Fig.9 for 235y a and 238y b. Experi-
mental pointe in 2 have been taken from: [19] (O),
[16] (@), and [11] ([0); in b from : 1 (4),

[19] (Q), [45) (O), [16]) (@), [6] (M), [4] (A): and
[51] (dashed line).
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Table 1: Listing the experimental works on total nuclear photoabsorption cross section above the
giant resonance (E,> 20 MeV)
Laboratory Photon-source Energy range (MeV) | Nuclei investigated | Ref.
Frascafi Coherent bremsstrahlung 160-1000 B0 1
200-500 By 2
Positron annihilation 120-280 8 3
Tagged photons 200-1200 Be, C, 2tU 4
Novosibirsk Compton back-scattered 150-710 B, BTNp 5
photons
60-240 83y, BINp 6
Khar'kov Virtual photons 150-500 C, Al, Ni, Mo, W 7
Yerevan Tagged photons 250-2700 B COCi | 8
230-880 Be, C, O, Al 9
230-850 Be, C 10
310-3450 B, 1Y 11
Mainz Bremsstrahlung 10-160 Li, Be, C, O, Al, Si, 12
150-340 ’ 6Li, % Be 13, 14
178-330 " Be 15
Tagged photons 50-800 3He, B, 28] 16
Bonn Tagged photons - 215-386 . Pb 17
215-386 He, Be, C, O, Al, 18
Ti, Cu, Sn, Pb
120-460 os(], 238 19
Saclay Positron amﬁhjlation 25-140 Sn, Ce, Ta, Pb, U 20 I
145-440 Pb 21
235, 330 Al, Cu, Zn, Sn, Ho, 22
Ta, U
145-440 Pb 22
Tagged photons 40-105 sy, 1By 23
130-530 C,Fo 24
20-110 Th, 35(J, 28 25
éhsgow—Majm Bremsstrahlung 60-340 197A1n 26
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Table 2. Compilation of absolute mean photofission cross section in the range ~0.2 - 1.0 GeV.

Energy &(y,F)  Averagevalue
Element A A ZYA range {(mb) Ref.
(GeV)
Am 95 241 37.45 0.1-1.0 66 63
: 86420
: 0.1-1.1 106 60
243 37.14 0.1-1.0 76t 63
87£10
0.1-1.1 o8 60
Pu 94 239 36.97 0.1-1.0 80+ -~ 80%16 63
Np 93 237 3649 0.1-1.0 ™ 63
90£12
0.15-0.71 102 3
u 92 235 36.02 0.1-1.0 76t 63
0.2-1.0 69 6946 51
0.2-0.78 61 16
238 35.56 0.1-1.0 43 o1
0.25-0.15 68 - 45
0.15-1.0 517 43
0.2-0.85 38 44
0.2-1.0 41 51
0.3-1.0 67 55411 37
0.3-1.0 43 52
0.15-0.71 &3 5
0.3-1.0 60 35
0.2-0.78 65 16
0.22-1.0 34 4
Th 90 232 3491 0.25-0.8 30 45
0.2-0.85 29 44
0.2-1.0 38 3444 51
0.3-10 37 - 37
: - 0.3-1.0 36 35
Bi 83 209 32,96 0.3-1.0 6.5 35
0.3-1.0 7.8 36
0.2-1.0 7.6 59
‘ 7.540.5
0.3-1.0 76 47
o 78 4]
0.2-1.0 37 43
Pb 82 207.2 3245 0.3-0.9 3 48
0.22-1.0 36 59
0.3-1.0 .33 47
' 3.940.6
0.25-1.0 4 53
34 41
. 0.2-1.0 39 A3
T1 81 204.4 32.10 023-1.0 28 59
03-1.0 19 23104 46
2.1 41
Hg 80 200.6 31.%0 0.3-10 1.5 1.530.1 46
Au 79 197 3168 0.3-0.9 1.7 43
0.24-1.0 14 59
0.3-1.0 1.36 52
14402
0.3-1.0 1.19 : 46
0.25-1.0 1.5 33
1.25 41
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Pt 78 195.1 31.18 0.26-1.0 0.80 59
0.8010.07
0.80 41
Os 76 190.3 30.35 0.3-1.0 0.35 0.3540.05 4]
Re 75 186.2 30.21 0.28-1.0 0.29 ' 59
0.3240.03
0.34 41
W 74 183.9 29,78 0.3-1.0 0.65 36
0.4740.20 :
0.29-1.0 0.28 59
Ta 73 181 29,44 0.3-0.9 033 48
0.3-1.0 0.27 0.2910.03 59
0.27 41
Hf T2 178.5 29.04 0.31-1,0 0.14 _ 59
0.2010.06
0.25 41
Lu 71 175 23.81 0.13 0.1840.04 64
Yb 70 173 28.32 0.3-0.9 0.12 48
0.33-1.0 0.12 0.1310.02 59
0.16 64
174 28.16 0.2-1.0 037 0.37+0.07 43
Tm 69 169 28.17 0.34-10 . 6.8x102 © 59
0.1340.07
0.20 ) 64
Ho 67 165 2721 03-0.9 5,5x10°% 43
0.36-10  3.5x102 (8+5)x102 59
0.15 : 64
Dy 66 162.5 26.81 0.36-1.0  2.5x102 59
2.5x102
_ (0.21) 64
Tb 65 159 26.57 037-10 2.5x102 | 2.5x102 59
Gd 64 157.3 26.04 0309 5.3x102 ¢ 48
3.5x102
0.38-1.0  1.7x10? 59
Sm 62 150.4 25.56 0.39-10  l.4xi02 - 59
: - 2.5x102
2.9x102 64
154 2496  025-1.05 6.1x10?  (6,1+1.2)x102 43
Nd 60 144.3 24.95 0.3-0.9 1.3x10°2 48
0.41-1.0  1.0x10?  (1.140.2)x10% 59
9x10- 64
Ce 58 140.2 23,99 0.42-10  (9£1)x103 59
La 57 139 23.37 0.3-0.9 1.1x102 . 48
1.1x102
0.43-1.0  (1.0x10-%) 59
Sb 51 121.8 21.35 0.46-10 - 15x102  (1.540.3)x102 59
Te 52 127.6 21.19 0.47-1.0  12x102  (1.240.2)x102 59
Sn 50 118.7 21.06 03069  4.3x10? 48
. (3.041.3)x102
0.47-1.0  17x10% 59
Ccd 48 112.5 20.48 04710 22x102  (2.240.4)x102 59
Ag 47 108 20.45 0309  Ba4xl0? 43
. 0.47-1.0  2.6x10?  (5312.4)x10%. 59
~ 0.3-1.0 $x102 36
Mo 42 96 18.38 0.30.9 0.17 0.1740.04 48
Zn 30 65.4 13.76 0.52-1.0 0.3 0.3040.06 59
Cu 29 63.6 13.22 0.3-0.9 0.66 48
0.5140.15
0.52-1.0 0.36 59
Ni 28 58.8 13.33 0.3-0.9 0.58 48
0.4720.11
0.51-1.0 0.36 59
Fe 26 55.9 12.09 0.51-1.0 0.44 0.4440.0% 59

* Assuming 55 £ 11 mb for 23U,
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