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MULTISTAGE EMISSION OF GAMMA-QUANTA IN REACTIONS OF 

NEUTRON CAPTURE BY NUCLEI AT MEDIUM ENERGIES 

F. A. Zhivopistsev, V. A. Ivanov, l,Uld Hurelsukh Sar-Odyn• 

The possibility of describing a nonequilibrium gamma spectrw:n in the ( n, "I) re­
action at £.,. = 14.l Me V using the quantum model of statistical multistage com­
pound processes (SMCP) and statistical multistage direct processes (SMDP). 
It is shown that a consistent description of experimental data can be obtained 
for the (n,"() reactions at e.,. = 14.l MeV on 03Nb and 133Cs nuclei if contri­
butions from lSDP, 2SDP, SMCP, and equilibrium gamma emission are taken 
into account. 

l. INTRODUCTION 

A nonequilibrium gamma spectrum obt&ned in the (n, r) reaction at medium energies (En > 10 MeV) 
was investigated theoretically (1-3] within the framework of the phenomenological exciton model (EM) of 
pre-equilibrium decay. However, even if the quantitative description of experimental data in the EM is 
satisfactory, its physical interpretation is still an open question in many respects, because the EM. suffers 
from the. following serious disadvantages [4]. 

1. Uncertainty of the unified averaged square of the matrix element of the intranuclear transition ( V
2

) 

(free parameter) and of the density of one-particle states (g), when statistical multistage direct processes 
(SMDP) and statistical multistage compound processes (SMCP) are considered simultaneously. 

2. Improper application of the detailed balance principle, use of the unobservable cross section of inverse 
reaction of the excited nucleus. 

3. Infeasibility of a consistent consideration for a one-stage direct reaction. This implies the uncertainty 
with respect to the initial number of excitons (No) chosen to match the experiment. In particular, for the 
(n, r) reaction No is either 1 or 3. The choice of No = 1 contradicts the notion of absorption cross section 
as determined through the imaginary part of the optical potential. Therefore, the EM serves at present 
mainly for the orientation and parametrization of experimental data and can be used only to describe minor 
deviations from the equilibrium spectrum. A thorough, systematic, and quantitative description of diverse 
mechanisms of the multistage nonequilibrium emission of secondary particles (including gamma,.quanta) is 
the m&n requirement to the construction of different versions of a unified quantum theory of statistical 
multistage nuclear processes. 

In the present paper we investigate different multistage mechanisms of emission of gamma-quanta 
in reactions of capture of fast neutrons by nuclei ( n, z;) within the framework of quantum formalism of 
SMCP+SMDP (the relative roles of lSDP, 2SDP, SMCP +multiple emission in reactions (n, n'r)+(n, 2n'r)). 
The reaction ( n, r) was discussed in the literature only within the context of the phenomenological EM (the 
m&n disadvantages of such approach were pointed out above); the contributions of various mechanisms of 
multiple emission of secondary neutrons were left out of consideration. The calculations of the spectra of 
gamma,.quanta in the reactions (n, :r), performed in this work, are, actually, the first attempt to analyze 
the reactions (n, "'1') within the framework of quantum approach (SMCP + SMDP formalism). 

2. ANALYSIS OF MULTISTAGE MECHANISM OF THE (n, "I) 
REACTION IN THE SMCP + SMDP QUANTUM FORMALISM 

Two types of the multistage nuclear reaction are considered in the SMCP and SMDP quantum formalism 
[ 4-6]: via bound ( b) and unbound ( u) intermediate states, when at least one nucleon is found in the continuous 
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spectrum. In the description of SMCP, instead of the perturbation theory (as in the EM), use is made of the 
strong bond approximation (fN+2(E) > DN(E), where fN(E) is the width, DN(E) is the spacing between 
the levels of the N -exciton state, E is the energy of excitation of the intermediate nucleus). 

An important feature of the SMCP quantum formalism, in contrast to the EM for an equilibrium 
process (EP) with the number of excitons N, is the use of the relation riV = r~; the equilibrium number 

of excitons N = ./'IiE, where g is the one-particle density (g = A/13 MeV- 1). For the contribution of the 
SMCP (including equilibrium processes) to the differential cross section of the A( n, 7 )B reaction proceeding 
by the scheme n +A - Y - B + 7, according to the SMCP + SMDP quantum theory [6], we have: 

d (SMCP)(,. <') N d1/SMCP)(<l.N)(t: <') 
lTn,.., G.n,....,. = E E n,..,(N) n,o;-y 

d£, No=3 <l.N:0,-2 d£, 
( 1) 

where 
dO'(SMCP)(<l.N)(£ £.,) 

·.~(N) ., - .. (SMCP)(.M ,. )ry(E )rT(<l.N)(E ") d£.., - n o,vn N n N,l>f ,.,_..,, (2) 

En= t:. + B.(Y) is the excitation energy, B.(Y) is the bonding energy of the neutron, O'(SMCP)(N0,t:.) is 
the cross section of formation of the intermediate nucleua Y by the neutron with the energy t:. in the input 
bound 2plh state (No = 3) (in contrast to the EM, where the experimental crosa section of the reaction 
.. J;P(t:.) = .. ~SMCP)(No, t:) is used instead of .. ~SMCP)(N0 , t:,.)), which is wrong when the contribution of 
SMDP is taken into account [6], and the total absorption cross section is specified in the form 

(3) 

where p<6l(3, En) is the density of connected 2plh states; Va is the volume of the nucleus: Va= (4,.-/3)~, 
Ra = raA113 , ro = 1.4 fm; V~6(En) is the averaged square of the matrix element of the intranuclear 
transition (u) - (b). 

The lifetimes of N-exciton states {r~(E0 )} in (2) satisfy the system of algebraic eq11ations 

with the boundary conditions 

r~\E.) = r)il(En) = r}{.l = o, 

N = y'2g(Y)En, 

·N =No,Na+2, ... ,N, 

g(Y) = Ay Mev-1 
13 . 

The total width of the N-exciton state fN(En) in (4) is defined by the relations 

fN(En) = r~1 (En) + r~l(En) + r1(En), N =Na, ... , N - 2; 

rN(En) = r1(En). N = N(n). 

The widths rl¢Nl(En), t!..N = ±2 are calculated by the formula 

(4) 

(5) 

(6) 

where v!, (En) is the averaged square of the matrix element of interaction and p~)( <l.N) (En) are the densities 
of the available states of composite systems in the intranuclear ~itions (b) - (b) with t!..N = ±2 [5, 6], 
p~)(<l.N)(En) = pl¢Nl(En) (En .;; 30 MeV). 
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The total decay width r1(En) is defined by the expression 

E.-B.(Y) 

r1(En) = 2:: 2:: j dt:.r<:~l(En,t:,), 
c:p,n,'Y O.N 0 
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(7) 

where rJS~N)(En, f:c) is the differential partial decay width with emission of the particle of type c = n, p, r 
(emission'of composite particles being neglected) (6], 

c=p,n; 

c=7; 

AN= 0,±2, 

AN=0,-2. 
(8) 

For the densities p~~[("'N\Ua) = il,J"'N)(U8 ) (c = p,n) of the available bound states of the finite nucleus 

(B) for the intranuclear transitions (V~0(En) with AN= 0, ±2) use is made of expressions derived in (5, 6]. 
Within the given calculation method one can easily obtain formulas for p~~~(.>.N)(U8 ) (AN= 0, -2): 

(o)/(o)(U )=N (Y)p('l(p,h,Ua) _Ng(Y)(U"h)N-1 
PN,7 8 g (b)( h E ) - E ' P ~ I I\ ph 

(o)/(-)(U ) - ph (p - l)!(h - l)! ('l(l 1 E - U ) 
PN,7 B - p(b)(p, h, En) p!h! p ' ' n. B (9) 

X pl'l(p- 1, h - l,UB)::: hp(N - l)(N - 2) (~h) (UPE~:- 1 ) N-.. 

In (8) and (9) p(t:o) = 21rVR(2mc)312t::I• /(2.-!i)3 • P.(t:.) is the permeability for the particle c = p, n; 
Pc(t:,) = (cr~•'(£,)/cr~Pt(t:,)], where cr~P'(t:,) are the reaction cross sections in the optical model; 
p(t:.,) = 4.-VRk~/(21r)3cli, s is the spin of the particle of type c = n,p,r; Ep,h = En - Aph; Up,h = 
En - Aph - B.(Y) - t:,. 

·The total cross section of gamma.-quantum absorption by the nucleus, by analogy with (3), is defined 
by the relation 

(10) 

where P1(£..,) is the density of'finite bound states, V~(t:;.) is the averaged square of the matrix element 
of electric dipole transitions (t:., °' 30 MeV). In the shell model the giant dipole resonance is interpreted 
as a lplh excitation, and if we neglect the difference in the energies of lplh excitations (the giant dipole 
resonance is formed mainly by a group of close one-particle transitions occupying a comparatively narrow 
energy interval), then for P1(E:.,) we have 

From (10) the.estimate for ~(t:.,) is as follows: 

(11) 

In this case ,,.7 (t:.,) is calculated using approximate parametrization (7] 

NZ fat:_; 
cr,(t:.,)::: 53.2. A [(t:~ - Ea)•+ (rat:.,)2] (mb), (12) 

where Ea::: 78 A1i 3 MeV, fa= 6 MeV. 
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It should be pointed out that formulas (8) for the decay widths r,lJ~N)(E.,&,) in the quantum formalism 
of the SMCP differ appreciably from the corresponding formulas in the EM. The latter are defined through 
cross sections of the unobservable inverse reaction <Tinv on the basis of the detailed balance principle, whose 
applicability conditions, strictly speaking, are not fulfilled for N < N (the condition of emission of particles 
from nonequilibrium states). · 

Within the framework of the SMDP quantum formalism [4-6] we shall consider the multistage direct 
mechanism of neutron radiative capture, which differs from the SMCP mechanism whereby the neutron, 
upon emission of a gamma-quantum, passes from a state in the continuous spectrum (entrance channel) or 
from an intermediate unbound state into the bound state inside the nucleus before its energy has time to 
become redistributed among the nucleons of the nucleus and give rise to the bound state of the nucleus. For 
the lSDP contribution to the reaction cross section within the quantum formalism of the SMDP we have 

(13) 

Accordingly, for the 2SDP contribution (stage 1 is nuclear interaction (V •• is the transition (u) - (u)); 
stage 2 is the electromagnetic interaction (V.,)) we have 

where 

(N2 + z2) [(N) 2 (z) 2 ] R.., = 5.. A2 + (1 - 5.,.) A 5,,. + A 5,,p . 

. -2 -2 -2 
For averaged squares of the matrix elements {V.,,(En), v •• (C..), V;o(En)} we used parametrization 

(obtained from an analysis of reactions with nucleons (&N < 30 MeV) within the SMCP + SMDP formalism 
[6] and of the decay width of one-particle states of giant resonances (8]) reduced to the form 

v~,(E.) = v!,/(kzRR) 2(2•N + 1), 

v~.(&n) = V~6(En)(~} 
v!,(En) = k,A- 3 E; 1

, 

1 •N- -- 2' 

-2 -7/3/ V;o = koA 5.3, 

k; = 120 MeV3
. 

3. RESULTS AND DISCUSSION 

k 2 _ 2mE. 
B - 1i2 ' 

ko = 400 MeV3
, 

Figure 1 illustrates the results of calculating the nonequilibrium gamma spectra of dtr • ., / d&., within 
the framework of the SMCP + SMDP quantum formalism (see Section 2) on 93Nb and 133Cs nuclei at 
the initial neutron energy&. = 14.l MeV with consideration for the lSDP, 2SDP, SMCP and equilibrium 
process contributions ( N = N) (equilibrium gamma emission). Flom the results of analysis of nonequilibrium 
gamma spectra it is evident that in this formalism one can reproduce experimental spectra fairly well [l, 9] 
for&., > 14 MeV. To make the description more exact, it is necessary to calculate in the rigid part of the 
spectrum the contributions made to the cross section of neutron radiative capture (by the isolated states 
of the finite nucleus) and to consider the direct mechanism in & more proper way without the averaging 
procedure. 

We do uot present & comparative analysis here because there are no publications on the analysis of 
(n, z7) for different quantum models; there are only & few publications on the analysis of (n, 7) within the 
framework of the phenomenological EM, but the latter model is obviously uncapable of yielding & thorough, 
systematic, and quantitative description of various mechanisms of the multistage gamma emission. 

In contrast to earlier calculations in the phenomenological exciton model [1-3] for the (n7) reactions, 
which should be regarded only as a certain form of parametrization of experimental data (the main disadvan­
tages of the EM are pointed out in Sections 1 and 2), by using the SMCP+SMDP unified quantum formalism 
one can obtain more reliable and complete physical information on various mechanisms of multistage emission 
of gamma-quanta. 
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Fig. 1 

Gamma-quantum emission spectra for the 93Nb(n>r) (a) and 133Cs(n>r) (b) reactions at 
&n = 14.1 MeV. Circles: experiment (9] (a) and (l] (b); continuous curve: the total contri­
bution of lSDP + 2SDP + SMCP. 
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