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1. INTRODUCTION

At 14-MeV neutron laboratory energy, primary reactions like (n,p ), (n, n) and
(n,a) are quite prominent. The (n,y) reaction can be ignored when particle emission is
possible. The data of (n,p) and (n, a) type reactions are important for making estimates
of radiation damage (Qaim, 1971) A study of the induced activities per gm per neutron
flux for calcium and Fe, Cu, Zn, Sr, Ba, and Pb trace elements in bone using the 14-MeV
primary reaction cross-sections are described in this work.

The EXIFON code (Kalka, 1991) is based on an analytical model for statistical
multistep direct and multistep compound reactions. It predicts emission spectra, angular
distributions and activation cross-sections including equilibrium, preequilibrium as well
as direct processes. The model is restricted to neutron, proton and a-induced reactions
with neutrons, protons, alphas and photons in the outgoing channels. Multiple particle
emissions are considered up to three decays of the compound system.

The estimation of the value of induced activity per unit neutron flux per gm of
bone sample can be readily made for a reaction, which produces activity of appropriate
half-life for laboratory measurements using these computed cross-sections. These
estimates may be useful for the study of neutron activation analysis with conventional
14-MeV neutron generators, when experimental cross-sections are not available; either
because the abundance of some of the isotopes is very low or the cross-section for the
desired reaction is of the order of few millibarns which makes their experimental
measurements difficult.

2. BRIEF DESCRIPTION OF THE CODE

2.1. Total Emission Spectra of the Process (a,b)
It can be expressed as:
doab (Ea) /dEb = doabSMP (Ea) / dEb + doah°MC (Ea) / dEb (2.1)

The first term denotes the statistical multistep direct part (SMD). Besides particle-hole
excitation, collective phonon excitations are also considered. The second term
symbolizes the statistical multistep compound (SMC) emission, which is based on a
master equation. Both terms together (SMD+SMC) represent the so-called first-chance
emission process. In that case the following abbreviations are used:

E : the excitation energy of the composite system
= Ea+ Ba,

Ea . the kinetic energy of the ingoing particle,

Ba : the binding energy of the ingoing particle, and

U : the excitation energy of the residual system
=E-Ev-Bp
:Ea+ Ba —Eb'Bb

= : the kinetic energy of the outgoing particle,

Bo : the binding energy of the outgoing particle,

2.1.1 SMD Cross-section
This cross-section is a sum over s step direct processes,
doab SMP (Ea) / dEb = X doap’(Ea) / dEb (2.2)
with
S = Np= Nhn
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Np and Ny are particle and hole number.
Detailed description of the equations describing the processes are given in the code
report.
2.1.2 SMC Cross-section
This cross-section has the familiar form (b=n, p, &, g):
doa,b>MC (Ea) / dEb= 02°MC (Ea)  ((tn(E)/N) X Gnp®Y(E,Ep))-  (2.3)

where
0aoMC (Ea) : acts as a normalization constant and is given by

0a5MC (Ea) = 02°oM (Ea) -X O'a,cSMD (Ea) (24)
0:"M (Ea) : the optical model cross-section

tn(E) satisfies the time-integrated master equation
-hdnno = Gn-2M)(E) ™ tn2(E)+ Gn+2O(E) ™ tn+2(E)- Gn(E)N(E) (2.5)

N is the exciton number
= Np +Nh (particle and hole numbers),

No =23

N = 01.4gE

g - is the single particle state density,
Gn : is the damping width.

2.2 Total Emission Spectra of the Process(a,xb)
In that case a third term is added to the two terms in equation (2.1) and the equation
becomes

dO’ayxb (Ea) / dEb = dUa,bSMD (Ea) / dEb + dO’abeMC (Ea) / dEb + dO’ayxb MPE (Ea)/ dEb (26)
The last term, the so-called multiple particle emission (MPE) includes the second-
chance, third-chance emissions. It can be summarized as

doaxp MPE (Ea) /dEp=X dO’a,cb(Ea) /dEp + X dO’a,cdb(Ea) [dEp+.... (2.7)

In which case, for example, for a second-chance process (a,cb) and ¢ 1g the following
master equation has to be solved:

dO’a,cb(Ea) / dEb =90 dEc(dO’a,c(Ea)/ dEc) X (tN-l(El)/h)

.(Z GN-1,6ONY(E1,Ep)-) (2.8)

Here the master equation has to be solved for each intermediate excitation energy E;,
given by
E1 =E-EcBc

= Ea +Ba - Ec'Bc
The escape widths in the last equation are calculated using the residual excitation energy
U, given by
U = E1- Ep-Bp

= Ea+Ba‘ Eb‘Bb' EC'BC
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2.3. Activation Cross-sections
The following (model-independent) relations between the optical
model (OM) reaction cross-sections are satisfied (at each incident energy Ea )

O’aOM =X 0ab
Oa,b =X 0ahc (2.9)
0'a,bc =X 0abcd

with the total first-chance emission is given by
0ab = 0abMP+ 07 pSMC

In this code, the activation cross-sections are given by

Oa,by = 0ab- S O'abe,
0'a,chg = 0acb- S 0achd (2.10)

where b,c,d £y
For example, the (n,p) activation cross-section has the form

O'n,pgy = On,p~ O'n,pn -0n,2p- O'n,pa (2.11)

2.4. General Features

The physical units are : energy in MeV, Length in fm, cross-sections in mb. Incident
energies are in LS, emission energies in CMS. The emission energy bin width AEp
depends on the incident energy : AEx = 0.2 MeV (for Ea< 25 MeV) ;  AEp=0.5 MeV
(for 25 MeV > Ea < 50 MeV) ; AEp = 1.0 MeV (for Ea> 50 MeV ), Incident energy bin
widths AEz used for excitation functions are taken as any multiple of AE,

In a calculation the following parameters can be changed : strength of residual
interaction, radius parameter, Fermi energy, phonon width and the global Optical Model
parameter set for protons. In addition the pairing shift can be modified. The pairing
energy has the most influence on description of emission spectra.

The calculated cross-sections at 14-MeV neutron energy are listed in tables 1 through
7 for the isotopes of Ca, Fe, Cu, Zn, Sr, Ba and Pb respectively, along with the available
experimental data (Molla, 1977; Pepelnik, 1985; Csikai, 1993; Avrigeanu, 1988; Bostan,
1991; Tan,1995; Filatenkov, 1997; Baba, 1996; Gledenov, 1997; Vonach, 1991; Ikeda,
1991a; Yamada, 1990; Nakajima, 1991; lkeda, 1991b; Bhuiyan, 1995; Kasugai, 1995;
Nakajima, 1996; Nesaraja, 1997; Garuska, 1991 and Takao, 1998). The results are
reasonable within experimental errors with only very few exceptions (**Ca(np),
457Fe(np), ®3Cu(np), Zn isotopes). In fact, the experimental cross-sections for >’Fe are
discrepant among themselves (55mb, 135mb ). The very low abundance does not allow
for precise measurements.
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3. INDUCED ACTIVITIES
The induced saturated activity (Khanchi, 1984, 1988 and Aggarwal, 1991) in
micro-Curies per unit neutron flux per gm of the biological samples containing #z Xn
for the experimental investigations is given by the relation:
(0.693 x no. of atoms of “z Xn X o) or (n.e) (CM?) X isotopic abundance x elemental
concentration in bone) / 3.7 x 10* T12(seconds)
where
Az XN . the isotope under consideration whose proton number is Z, neutron
number is N with A = N + Z atomic mass unit (amu)
And 1 amu = 1.6605 x 102* gm
T12 = phys. half life of the residual nuclei formed in the (n,p) or (n,a) reaction. Roberto
(1983) reported average values for the trace elements in bone. These are listed in table 8.
The induced activities for these trace elements have been listed in table 9 for all
the (n,p) and (n,a) reactions including just the isotopes with appropriate half-lives for
laboratory measurements.

These computed activities for bone in micro-Curies/gm/neutron flux may provide
useful estimates for carrying out the experimental investigations (Khanchi, 1989)
with 14 MeV neutron generators having fluxes of 108 — 10 neutrons per cm? per sec.

Also these computed activities can be very useful in designing the experiment for
estimating the irradiation time of such samples by activation analysis, for trace elemental
analysis.
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Table 3. Copper Isotopes
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Table 5. Strontium Isotopes Table 6 Barlum Isotopes
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Table 7.Lead Isotopes Table 8. Elemental concentration in bone
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Table 9. Evaluated Induced Actlvmes
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B Table 9. Evaluated Induced Activities (continued) .
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