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ABSTRACT

A semi-empirical four-parameter formula ié proposed in order to systematize
intermediate-~ and high-energy photon- and electron-induced spallation cross
sections and bremsstrahlung-induced spallation yields of medium weight nuclei.
Analytical expressions for the parameters are obtained from parameter-values

. calculated by best-fitting of experimental data. We extend the same treatment
to bremsstrahlung~induced spallation yields, and we verify that analytical
expressions of the same form can be applied to estimate spalla:ibn yields. Such,
a four-parameter formula has shown to predict reliable values of unknown
spallation reaction cross sections. The reproducibility of the experimental
data by the preseﬁt formula is comparable with or better than those by other

semi-empirical formulae with a larger number of parameters.

Key-words: Spallation reactions; Medium-wéight nuclei; 0.075-5.0 GeV bremsstra-
hlung; 3-16 GeV electroms; Calculated yield distributions.



CBPF-NF-035/87

INTRODUCTION

_The study of photospallation reactions has been made by
measuring the yields of the radioactive products mostly by the
activation analysis tecﬁnique, A systematization of these measure-
ments was carried out by JONSSON and LINDGREN [1] by using the
CDMD (charge distributions and mass distribution) RUDSTAM's five-
~parameter formula (21. - _ |

The aim of the present work is to extend the four-para-
metex formula presented in a previous paper by us in a study of
proten-induced spallétion yields [3] to photon-, electron-, and
bfemsstrahlung;induced spallatioﬁ_reactions. This four-parameter
- formula was deduced in a statistical f&amework.of-the spallation
process proposed by GUPTA et al. [4). If the statistical aspect
of this process is the relevant one, we believe that the formula
which has been épplied-to proton—induced spallation yields should
also work well when applied to photospallation yields. This
formula gives the formation cross section of a product nuclide
{Z,4) through a nominal loss of =« protﬁns and ¥ neutrons from

a target nucleus (z,,4,) as

Glz,y) = o, expl-Blz-1)-Kw%] , w =az=Coy , (1)

where o B, ¢ and X are parameters to be obtained by best fitting

M!
the experimental data, and

t
0 § ———— . (2)
4t-z

The parameter o, is the factor which normalizes the dis~

tribution with the measured cross sections and represents the cross
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section at the peak of the isotopic curve (one proton lost); this

cross section is generaiiy not measured. The parameter B_ gives

the rate of decréasing of the cross section for the &ifférent iso-

topic distribution curves; it is related to the slope of the

yield-surface ridge as introduced by'HALPEﬁN et al,[5]. The.para—

meter X gives the width of the distribution described by equation

(1) and has dimension of (number of §;otonsf-2. The pafameter c

- is related to the coeficient of "aﬁegagé retention” of chargeﬁ

particles due to the Coulomb potential barrier of the target nucleus.
A slight modification iﬁtroduced into formula (1) will

suffice to describe the main character@stics of photon- and electron-

~induced spallation reactions. The-médification consiéts of changing

the expression for a in equation (2) into a neﬁ oné of the form

O = et (3)

which is appropriate‘to-thé photoreactions under -study. As before
[3], the same limiting condifions have been imposed to product
nuclides, ﬁe consider as true spallation reactions only those for
which emission of at least one proton and one neutron occurs,‘and'
product nuclides must have mass humber greatgr than or equal to,.
at least, half of the original nucleus, i.e.,

A

z ..
-i-'c"- Y J A Z"”‘t‘ L] (4)

Z : 3

The present four-parameter formula, in its preliminar form, was

tested by us in an analysis of bremsstrahlung-induced spallation

nat

yields of Cu [6) by taking expefimqntal data by BACHSCHI et al.[7].

Very encouraging results were then obtained.
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SYSTEMATICS

The available intermediate- and high-energy photon- and

. electron-induced spallation cross sections have been compiled and
used to construct approximate cross section distributions with
equation (1). These data are mainly for intermediate-mass target
nuclei, although there are a few measurements for some heavy target
nuclei [8,9]. Héwever, values of the parameterslobtained from curve
fitting for these_latter data did pot give the expected spallation
pattern and this fact makes difficult to obtain a reliable spallation
- systematics covering -the region of heaviest target nuclei.

The electrospallation cross section were included in the
present analysis for, according.to the céncept bflvirtual photons,
an electron-induced reaction can be treated as a photonuclear re-—
action as proposed by WEIZACKER [10] and WILLIAMS [11] and developed
by BARBER {12]. NOGA et al. [13) established a very practical
relafionship-which allows to calculate the cross section ratio of .

these two processes. The relationship reads

o : E -1
Q m 0 '
E_ = ('2-3') [_ln (m—e") - 0.5] . {5)

Hexe, o = 1t/137, % is the cross section per:equivalent photon;

o, is the creoss section per electron, E is the incident electron

0
energy, and m, is the electron rest mass. The experimental confirm-
ation of this ratio has been made -from measurements of induced -
-activities by using mainly monoisotopic or quasi-monoisotopic target
elements. Recently, BATII et al. [14] suggested the utilization of
foils of a single element with a different isotopic composition

which are submitted to simultaneous irradiation of high-energy
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electron beams. By this method, ‘they have obtained good agreement
-with predictions following the cascade-evaporative model and a
fivé-parameter RUbSTAM's formuia.

We have also included bremsstrahlung spallation data,
although they are dependent of tﬁe specific.irradiation condition.
For these cases, we are able to establish relationships for the
parameters between the c%racteristics of.the target nucleus and
the bremsstfahlung end-point energy.

The four parameters of formula (1) have been determined

by least-squares fitting the experimental data, and taking the

qguantity
e
n [+ I )
Reeipe) , 21 7 (n-ty? (6)
i=1 a.
7
as an indicator of the goodness of fitting. In equation (6), Gie

and'aic'denote the experimental.and calculated cross section, res-
pectiveiy, forlthe formation of the residuall(zi,Ai); and n is the
final number of measurements fitted to the semi-empirical distri-
bution. Details of the calculation proceduré can be seen in our
previous paperl[3]. The paramete;-values Qo obtained are listed

in Tables 1 and 2, together with the standard X°-values.

DEPENDENCE OF PARAMETERS WITH IRRADIATION CONDITIONS

Photospallation and electrospallation cross sections

The parameter o, (expressed in pb) has shown to be

M
related to incident mean photon energy {or incident electron
energy) per total mass number of the target nucleus, € = E/At

{expressed in MeVAﬂW, as shown in Fig. 1-a. We found , from a least- .
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- =squares fit, the following expression to estimate oM—values:

A

-1.356  (ub) if e ¢ 21 MeV/)N

o 15712

" n

o 248 (ub) if €

Yy

y 21 MeV/N .

The values of parameter B are plotted versus e in
Fig. 1-b, where we can see that iB  decreases with increasing of
¢ up to 10 Mevﬂﬂ} for € > 10 MeV[N}'B has a constant valﬁe'of

0.25. An expression for B has been deduced as

3.03 71+ 06

ks
fl

if e 5 10 MeV/N
| (8)
B = 0.25 if ¢ » 10 MeV/N .

The parametexr X is related to the standard deviation,

-1/2

s = (2K) » of the isotopic distributions, or of the "reduced"

distribution

c(x,yi . eB(x-1] Y . (9)
As shown in the Fig. 1-¢, the values of s are distributed nor-
mally around a constant value and, therefore, the parameter X has
shown to be independent of the irradiation conditions. A mean
value X = 0.466 * 0.060 (proton number)”2 units has béen found.
Finally, the parameter ¢ has shown to exhibit a Qlight
increase with increasing the ratio a of proton to neutron of the
struck nucleus (Fig. 2). This parametex has shown to be independent
of the irradiation conditions, and the relationship betweeén C

and a obtained by least-squares fitting 6f available data is given by .

€ = 2,300 - 1.044 . (10)
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Bremsstrahlung-induced- - spallation yields

In the case of bremsstrahlung-induced yields, we have
obtained analytical expressions for parameters B, ¢ and X from

data listed in Table 2, If ¢ = Ed/At (MeV/N ), we have

B = 3.0/¢ for ¢ < 10 MeV/N

(11)
B = 0.30 for € > 10 MeV/N .

The trend of parameter B can be seen in Fig. 3-a.
As expected, the parameter X was obtained to be cons-
tant, and a value X = 0.479:0.098 has been deduced (Fig. 3-b).
Finally, the dependence of parameter ¢ with the ratio

a= Z /N, (Fig. 4) was found to be

C =2.71a - 1,44 . (12)

DISCUSSION

Within large uncertainties which result for the values
of parameters, the analytical expressions obtained are much the
same either for spallation mean cross section dafa or for brems-

strahlung yield data, except for the parameter o In general,

M
the calculated distributions fit the'experimental points very
closely. As an example, a "reduced" distribution is shown in
Fig. 5 for mean cross sections of photospallation residuals of
>9¢o target nucleusiaﬁrrgporte@_in-Ref, [211.

The four-parameter formula of the present work can be

used to predict values for the -most probable mass number of
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t
Z, irr the formula already deduced in our study of systematics of

‘isotopic distributions. It suffices to change from Z, + 1 into

t

proton-induced spallation yields [3]. Also, it is.péssible to
derive other important quantities related to the spallation pro-
cess such as the mean nominal'nﬁmber‘of.nucleons-lost by the struck
nucleus, the charge- and mass-yield distributions, the total |
spallation reaction cross sections, and the ¥/Z charge-dispersion
curves, as discussed previously'[ql. |

By means of the xﬁ-driterion we can. compare the degree
of performance of the present forriula with the systematics carried
out by JONSSON and LINDGREN {1]. Thgse.authOrs used RUDSTAM's
five-parameter CDMD formula, accofdiﬁg to which thé'yields of a
product nuclidé of charge number Z  and méss number 4 from a
given target nucleus 4, is given by |

5 pg/3

0(2,4) = —LEL exp[%A-R|Z-3A+TA | :I; (13)
1.79(e - - 1) .

where o, P, R, S and T are free parameters. The parameter G0 is
fhe.total inelastic yield, the p&rameter P defines the slopé of the
yleld-mass curve, R gives the width of charge distributiohs, and

S and T locate the most probable charge of the distributions. Ffom
the ‘analysis of photospallation daéa,the authors [1}] obtained
simple expressions to calculate valﬁes of the different parameters.
In the case of mean cross sections per photon, in the range

- 250-1000 MeV, the expressions are:

g

R

0.3 4,  (mb)

t

P {14}

fl

5.22 A;
o ? = 0.00038 .

R = 11.8470-93
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A comparative study between the, systematics of the present work
and that by JONSSON and LINDGREN [1] is presented.iﬁ Table 3. For
such a comparison, we have used formula (1) with the'epressions
(3,7,8,10), and X = 0.466. .In the case of bremsstrahluhgéinduced
| spallation yields, the xﬁ—values have been calculated from para-
meter-values reported in Ref. [28] aﬁd formula (13), while our
xi-data have been. obtained from:formula {1) and pafameter-values
. taken from Table 2. Results are presented in Table 4. From iﬁspection
of xg-values shown in Tables 3 and 4, we can see that the performance
of fqrmula (1) is comparable with or better than that exhibited by
a RUDSTAM's formuia [equation (13)].

It should be noted that in the case of bremsstrahlung-
- —induced spéllation reactions the product yieids are strongly de-
péndent of peculiar experimental conditions, such as radiator
thickness, beam collimation, geometricai arrangements, and others,

in such a way that the parameter o may not result the same if the

M
fields of a given reaction are obtained at diffexent laboratories.
We can, however, make use of formula (1i with parameterévalues
givén by equations (11) and {12}, and the value X = 0.479 to
describe the yield distributions of spallation residuals. In this
case, the normalizing factor Oy is dgtermined from eéxperimental
data. As an example, Fig. 6'shows_the"“rgduced“ distribution of
spallation residuals measured by ARAKELYAN et al. [29] in the

interaction of 4.5-GeV bremsstrahlung with 60

Ni, Here,with o, = 6.2 mb,
a very good agreement is obtéined between experimental. and calcul-
ated "reduced” yields (about 80% of experimental data have been
reproduced within a‘factdr of 2)..

Recently SHIBATA et al. [30) have analyzed the dependence

of parameter P of RUDSTAM's formula with incldent bremsstrahlung
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or kinetic energy of various nuélear projectiies. They showed

that "the trends of the slobe of the mass yield curves are very
similar, with values'of P for photosPallation.feéctions-larger'
than those fdr.particle-induced spallation. The same behaviour is
noted for parameter B8 of foimula (1) if we compare the trends
of B obtained for photospallatién iﬁ the present work and for

proton-induced spallation as reported in [3].

CONCLUSIONS

A semi—empiridal_fourQPérameter formula has been Pro-
posed to systematize cross sections angd yields_of electron- aﬁd |
'pho;on—induced spallation residuals.‘The formula has shown to be
very suitable in reproducing experimental data. It can be used
advantageously for predicting relative ylelds and cross sections
not available fréﬁ exﬁeriment..ExprESsions,for the different para-
meters have been deduced,‘which allow to extend the use of the
formulé to both target nuclei angd incident energies not considered

in the present systematics.
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FPIGURE CAPTIONS

Fig.'1.a) Plot of parameter o versus electxon or mean photon in-

cident energy per total numbeg of nucleons available, ¢ = E/At'
Symbols refer to target nuclei as indicated. The figure has been
constructed from data of Table 1. The line is the trend for Oy as
defined by equation (7). b) plot of parameter B versus e. Points
represent values of B as they are listed in Table 1. The line is
the trend for B as defined by eqﬁation {(8).” c¢) plot of standard
deviation s of the "reduced" cross section distributions versus
€. 'Points represent data listed in Table 1. The straight line is

a least-squares fit through the points.

Fig. 2. Dependence of parameter C on proton to neutron ratio

a = Zt/Ht of the struck nucleus..For each -target nﬁcleus the value .
of € (points) 1s the average value of the C-values for different
.irradiation energies op.that nucleus as given in Table 1. The line
is a least-squares fit through the points. (eguation (10)).

Fig. 3.a) Plot of parameter B versuys . incident bresmsstrahlung

maximum energy per mass number of the target nucleus, & = EolAt.
Symbols refer to_ target nuclei as indicated. Data are taken from

Table 2, and the line is the trend for B as defined by equation (11).
b) Plot of the standard deviation s of the “"reduced" yield distrib-
utions versus ¢ from values of parameter K listed in Table 2. The
straight line is a least-sguares fit throuéh the points.

Fig. 4. The same as in Fig. 2 for bremsstrahlung induced spallation
reactions. Data are from Table 2 and the line is defined by equation
(12). '

Fig. 5. "Reduced" mean cross section distribution of spallation

59Co. The

"reduced" experimental cross sections {(points) have been obtained

residuals produced by irradiation of 0.3-1.0 GeV photons on

from data listed in Ref. [21). The parabola results after parameters
o, Bs K, and C of equation (1) having been determined by least-
-squares fitting (Table .1).

Fig._G; Comparison between calculated and experimental "reduced"”
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yield dist_ribution'of spallét.ion_residuals pro&uged by incident
4.5=GeV bremsstrahluhg onlﬁoni. The curve has been obtained from
equation (1) with parameters B, and ¢ estimated,'re-sp'e'ctively,
by formulas (11) and (12) and K = 0.479. The best o, ~value has

. M
been calculated from yield data of Ref. [29].
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Table 3. The quantity Chi-squared per-degree-of-freedon (xi) for
different systematics of electron- and photon-induced
spallation reactions,

2

xy-values
Target  Irradiation’ JONSSON and This work, . This work,
nucleus cordition LINDGREN. [1], 4-paraneter, + 4—parameter,
' S-parameter, tion (1 i 1
tion (13) equation (1} equation (1)
nat '
€l ~0.2-1.0 GeV photon 757.4 8§7.9 12.6
ly 0.25-0. 40 GeV photon 287.6 48.9 62.6
0.25-0.58 Ge¥ photon 1698.6 59.3 22.9
0.25-0.80 GeV photon 794.6 99.0 80.9 °
0.20-0.58 GeV photon 509. 1 13.2 5.3
0.3 -1.0 GeV photon 125.2 13.7 10.7
Mn 0.3 1.0 GeV photon 146.4 4.3 3.5
Mtpe 0.3 -1.0 Gev photon 158.3 20.3 40
3.0 GeV electron 811.0 62.0 43.8
5.0 GeV electron 1481.1 99.0 83.2
16.0 GeV electron 661.6 4.0 3.0
16.0 GeV electron - - 1.6
%o 0.3 -1.0 Gev photon 126.4 10. 4 0.82
Blga 4.0 Gev electren 896.8 18.2 12.6

+va1ues of parameters °M" 8, ad ¢ are those calculaﬁed, respectively, by
equations (7), (8), amd (10), and X = 0.466.

-{\Ialues of parameters Cpgr B, X, and ¢ are .those listed in Table 1.
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Table 4. The quantity Chi-squared per-degree-of freedom (xi) for
different systematics of bremsstrahlung-induced spallation

ytelds.
_ 2
: . : X ~values
Target Incident maximum JONSSON and ¥ This work,
nucleus bremsstrahlung enerqgy LINDGREN {28], 4-parameter,
E, (ceV) 5-parameter, equation (1)
equation (13)

Sty 0.100 884.6 9.3
0.125 2092.1 - 31.1
0.150 131.4 17.2
0.200 74.6 20.8
0.250 36.5 10.3
0.325 105.6 47.7
0.400 7.4 9.0
0.500 505.8 75.4
0.640 172.0 118.4
0.800 343.2 206.1
1.000 "252.1 28B.6
2.000 7.6 14.8
3.000 10.1 11.8
4,000 0.45 0.86
5.000 45.7 43.0

5Mn 1.000 30.8 36.1
2.000 0.83 1.2
3.000 14.2 13.8
4.000 11.4 11.5
5.000 29.5 9.5

Patee 1.000 43.5 29.2

P, 1.000 21.7 24.0

natey 2.000 15.6 11.4
3.000 7.1 8.1
4,000 6.0 5.5
5.000 6.7 6.4
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