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Predominant around 14 MeV where most measurements of the total 
reaction cross sections have been performed, (the n,2n) reaction has been a 
long standing favourite source of inspiration for experimenters, evaluators 
and systematizers. Every aspect of these reactions was thoroughly analyzed 
and effects like shell closure, isotopic and isotonic effects were repeat
edly examined. It would thus appear that after twenty years of intensive 
studies, there would be little room for further investigation of this reac
tion. We shall, consequently, sketch in this paper only the very few prob
lems that still carry some interest. Fortunately for physicists, these are 
not minor ones, since they comprise : 

- the understanding of <"he mechanism of (n,2n) reactions, 
- the Csikai-Peto effect, viz., generally speaking, the isotopic and isotonic 
effects in the systematics of (n,2n) cross sections. 

1. THE MECHANISM OF (n, 2n) FACTIONS. 

It was known for many years that even the simplest closed form 
evaporation formulas can account for the total (n,2n) cross sections in a 
wide range of energies and nuclei with: n better than 20 to JO Z.of the exper
iment . 

'Permanent address : Institut "Rudjer Boskovic", Zagreb, Yugoslavia. 
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We are, thus, at present, interested in the difference, which, in the light 
of recent investigations (1,2) appears to be negative (that is the compound 
nucleus evaporation formulas appear to overestimate the experimental values). 
Several mechanisms are proposed to account for this difference, some re
maining in the frame of the statistical model [such as «estimating the rel
ative values of T and I in the region of U » S (n)l, some adding new 

Y n " ex J ° 
mechanisms, such as direct or preequilibrium contributions. The two kinds of 
mechanisms act in different stages of th« (n,2n) process and thus modify 
different components of the (n,2n> cross section. The former[(r £ r around 
V £ S(n)] means essentially the abbandon of the Weisskopf assumption. The 
latter mechanism,on the other hand, acts on the primary spectrum by hardening 
it; thus it reduces the fraction of neutrons capable of giving rise to the 
emission of secondary neutrons. 

Ve shall examine both of these mechanisms with respect to the sim
ple compound nucleus evaporation model as a basis. In this sense we should 
first define our basis, i.e. the compound nucleus model to be used in the 
calculation. 

l.l Compound Nucleus Model Calculations. 

Every nuclear physics student is familiar with the fact that under 
the assjraptions that : 

(a) we neglect the emission of charged particles 
(b) the emission of a second neutron takes place whenever it is energetical

ly possible (the Weisskopf assumption) and 

(c) the logarithm of the nuclear level density w(U) at a given excitation 
energy U, 

S (U) - log u (U) 

can besatisfactorily expressed in terms of a Taylor expansion by keeping 
only the zero and first order terms, i.e. that ; 

«<«>-» » « i - < « „ » - «>$ I . . . 
| max 

then the cross section for the emission of one single (and no more then one) 
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neutron after the nucleus is bombarded with a neutron of energy E is given 
by (3) 

(-..•)*.» h * ^ ^ 1 - 1 - | - ^ ( J H ( i .D 

Here 0 is defined as : 

dS(U) (1.2) 
e(u) du 

which is the well known thermodynamic relationship between the entropy and 
the temperature; hence the denomination of 8 as nuclear temperature (we note 
that here 0 has the dimensions of energy, while kT rather than the tempera
ture T, has the dimensions of energy in thermodynamics). The quantity a 
stands for the reaction cross section of the nucleus with a neutron of ener
gy E . It is visible that when the energy difference E - S(n) becomes much 

n n 
larger than 8, o(n,n') will represent only a small fraction of o . The 
rest is then o(n,2n) , the cross section for the emission of two consecutive 
neutrons given by the obvious expression : 

o(n,2n) - o n e I 1 - fl • — ) exp C-^-\ [ 0-3) 

where U_ - t - S(n). K n 

Stringent as they may seem at first sight, the above three assump
tions appear to be quite well satisfied for neutron energies E several MeV 
above the (n,2n) threshold Q(n,2n) • S(n) and.below the threshold of 
three paiticle emission. This means that for a wide range of nuclei (heavier 
nuclei in particular) Che simple closed form expression (1.3) gives the 
general trend of the (n,2n) cross sections quite well. An obvious consequence, 
for instance, is that the essential parameter governing o(n,2n) is the excess 
energy U R (see insert fig.I) and that meaningful comparisons of cross sec
tions can be done only at comparable values of IL. It has taken about 15 
years to nuclear physicists to realize this trivial point. 

- 17 -
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1.P. DeparturesJYqm Simple CompoundJiucleus 

Evaporation P^dietiqns. 

In order to systematically study the departures from compound 
nucleus model evaporation predictions, we present here the cross sections 
calculated systematically for about 80 nuclei in the excess energy range 
U_ - 5 - 7 MeV (4). The reasons for this choice of U_ are twofold ; K K 

(1) Q (n,2n) = S(n) being, in general, 8 - 9 MeV, the region of U R £ 6 cor
responds roughly to 14 - 15 MeV incident energy, where a large number of 
experimental data exist; 

(2) It can be shown that the compound nucleus evaporation calculations of 
the type described below are rather independent of the cltoice of Vro cru
cial parameters : the density parameter a and the neutron inverse cross sec
tions o. (n) ; this "flatness" (in a two parameter plane) of the calculated 
(n,2n) cross sections makes them very suitable for a systematic comparison. 

Figure I gives the results of the systematic calculation which is 
presented in more detail in the contribution by Holub et al. to this Confer
ence (4). We find the above results rather gratifying, as they show that in 
this most frequently encountered energy region (U R • 6 ± 1 MeV) a simple 
a priori compound nucleus calculation renders the experimental values at 
least as well as any of the ad hoc empirical, semiempirical and quasiphenome-
nological formulas. The distribution of the relative differences between 
experimental and evaluated cross sections as given by the formulas of 
Pearlstein (5), Adam and Jeki (6) and Chatterjee and Chatterjee (7) respec
tively and the calculation of Holub et al. is given in fig. 2. Although the 
sample of experimental results is somewhat limited, one would be tempted to 
seriously question the usefulness of empirical expressions in view of the 
global success of simple a priori (that is without adjustable parameters) 
compound nucleus calculation. It is clear, however, that this conclusion is 
limited to the above convenient region of U_. We shall see that right above 
the (n,2n) threshold the discrepancy with experiment b«:omes more severe. 

A more thorough examination of fig. I reveals that the bulk of the 
data lies below the unity line. This means that, except for the region around 
A • 150 (which, let it be noted en passant, is the region of deformed nuclei) 
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the simple statistical model evaporation calculations of ref. (4) overesti
mate systematically the experiment. This fact was observed earlier by Holub 
and Cindro (2) for the ratio points of experimental data vs. the Pearlstein 
estimâtes (5). 

A least square fit analysis of the data points in fig. 1 gives a 
straight line : 

o / a - - 0.000061 A + 0.92 exp stat 

58 (the very low point for A « 58 corresponding to Ni was arbitrarily omitted). 
2 

A x-analysis gives a similar results. The pertinent question to be asked is 
whether the above discrepancy between the experimental and calculated data is 
significant. In other words, could a suitable change cf parameters bring the 
calculated values in accordance with the experiment or does one need an ex
tension of the model. 

The first possibility is discussed in the contribution by Holub et 
al. (4). While it is likely that drastic and erratic changes of input para
meters for each individual nucleus could bring the ratio points to or close 
to unity, the overall conclusion of ref. (4) is that no systematic variation 
of the parameters applied in a smooth way to all the nuclei could shift the 
least square line up to unity. The only exception, i.e. the only parameter 
capable of moving up the bulk of the data points would be the reaction cross 
section o around 14 MeV, which was taken from Mani et al. (8). Although a 
systematic uncertainty in the optical model cross sections of ref. (8) is 
not unconceivable, there is no other independent evidence for the need of, 
say, a decrease of a by 10 Z. Besides, this decrease would even worsen the 
disagreement around A - 150, and, moreover, its effect on the calculated 
cross sections may be more complex : a consequent decrease of a. (n) values 
used .it neighbouring energies would soften the primary neutron emission spec
trum and thus tend to increase the total (n,2n) cross sections. Thus expla
nations calling for an extension of the model appear to be more likely. 

Straightforward extensions of the simple evaporation model can be 
obtained by dropping some of the simplifications used in the calculation. A 

19 



- 6 -

commonly employed extension consists in dropping the Veisskopf assumption, 
i.e. making r competitive with T in the region of U y S(n) by, e.g. •y n ex T» 
treating explicitly the effects of the angular momentum in the model. 

1.3.1. Corrtgetitivity^qf T _£_rftgjfeggy^g£.g£gÊgg-gfgr-£%g-3gH£gff! 
ei^ss^on_^hT^skold. In the evaporation calculation of ref. (A) the assump
tion that a neutron is emitted whenever energetically possible was not stric
tly applied. T was calculated from the Weisskopf single particle formula 
(9) : 

r 
Y 

1 fE 3 
; | n E u (E - E )d E (1.4) 
Y U ( U = E ) J y n Y Y 

The symbols in the expression (1.4) are self-explanatory. The normalizing 
coefficient C is calculated Y 
excitation energy U • S(n) . 
coefficient C is calculated from the experimentally estimated width at the 

It appears, however, that the above estimate of T is unsufficient 
to account for the gamma decay of unbound states near the neutron emission 
threshold. Now an underestimate of this probability would mean an overesti
mate of the very low energy part of secondary emission spectrum and, conse
cutively, an increase of the (n,2n) cross section. It should, at the same 
time, produce a decrease in the corresponding total (n,n*) cross section. 
Hence, the same compound nucleus theory which overestimates the (n,2n) pro
cess should, when applied to inelastic scattering, give (n,n*) cross sec
tions smaller than the experimental ones. This fact was checked by Abboud et 
al. (10) who found that experimental (n,n') crosssections for several nuclei 
measured above the neutron emission threshold were actually larger than the 
ones calculated by the compound nucleus evaporation model. 

In order to account for the discrepancy Decowski et al. (II) per
formed a complete compound nucleus calculation including the effects of 
angular momentum. The recent investigation of the spin distribution of states 
populated in a nuclear reaction at high excitation energies and the introduc
tion of the concept of yrast levels made this approach possible. The under
lying idea was that the states where the gamma decay competes successfully 
with the particle emission are states of relatively high angular momentum. 



Let the incoming neutron, which brings in several units of angular 
momentum (up to about 5 - 6 for a 14 MeV neutron on an A » 100 target) ex
cite a state of high angular momentum. As the first emitted neutron carries 
away little angular momentum on the average (low energy),the residual state is 
likely to be a high spin state. Its spin cannot be carried away by the 
(again low erergy) second neutron; hence the possibility of the gamma decay 
competition. For excitation energies much above the neutron emission threshold 
this effect will be smaller since the second neutron will have more energy 
available. 

113 204 The results of the calculations of réf. (Il) for In and Pb 
are shown in fig. 2. It appears that e.g. the inelastic scattering to a given 
isomeric state is considerably increased. It is not possible however, to es
timate the contribution of the gamma decay of unbound states to the total 
inelastic cross section from the curves on tig. 2. In an earlier calculation 
Decowski et al. (12) estimate this contribution to 260 and 120 mb for, re-

go lie 
spectively, Y and In target nuclei at 16 MeV neutron energy. These val
ues are larger than the overestimates of the experimental values by the sim
ple evaporation calculations of ref. (4). 

It is clear that crucial to the above interpretation is the behav
iour of (n,n') and (n,2n) cross sections around the (n,2n) threshold 
(E y S (n)). A point in favour of the assumed competitivity of r and r is n *v * y n 
the experimental observation that (n,2n) reactions appear at bombarding en
ergies by 0.5 - 1 MeV higher than the (n,2n) threshold (14, 15, 16). The 
same is true for (n,3n) reactions, which nay explain the failure of simple 
evaporation calculations of (n,2n) cross sections just above the (n,3n) 
threshold. These observations would then delimit the range where the T vs 
r competitivity is effective to 0.5-1 MeV above the particle emission 
threshold. 

1 . 4 . ^£_£î;£££25£_2£_îî2!i£2îfîli^î!ii*2_E r o c e s 8 e 8 • 

As mentioned in the introduction nonequilibrium processes may con
tribute to the emission of primary and secondary neutrons in the (",2n) 
reactions. Their influence will be felt as a reduction in the value of the 
cross section as compared to the one calculated from the simple evaporation 
model. 
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There are two formally different ways to treat the nonequilibriure 
processes : the inclusion of direct transitions to collective states of the 
nucleus and the inclusion of prcquilibrium processes using one of the exis
ting models. We shall discuss now some results obtained by the two above 
approaches. 

1.4.1. Th^_^l^_q^f_d^re2^t_^!7^^sion : It is natural to include 
direct processes in the calculation of (n,2n) cross sections, since we know 
that they are present in the inelastic scattering of medium energy neutrons. 
Enhanced direct transitions to low lying levels of the residual nuclei will 
partially deplete the low energy part of the evaporation spectra and thus 
reduce the fraction of primary neutrons capable of giving rise to the emis
sion of secondary neutrons. Typical values of angle integrated cross sections 
for the inelastic scattering of medium energy neutrons on the first 2 levels 
of some Se, Nd, and Sm isotopes are shown in Table I (15). The analysis shows 
that the scattering is largely due to direct processes,Hauser-Fesbach type 
calculations for the above processes giving typically values of a few milli-
barns. It appears thus that direct (non evaporative)scattering of, say, 14 
MeV neutrons to only the low lying collective states amounts to a few hundred 
millibarns. This number is by itself sufficient to account for the difference 
between simple evaporation and experimental (n,2n) cross sections at this 
energy. 

TABLE 1 

Angle integrated cross sections for the inelastic scattering of 
medium energy neutrons to the first 2 state. 

Nucleus Se 8 2Se , 4 2Nd , 4 8Nd , 4 8s« , 5 2 s « 

Energy (MeV) 6 8 6 8 7 7 7 14 7 14 

o (2*) mb 204 184 254 209 65 224 178 
— .... 

76(a) 286 182(a) 

(a) Estimate based on parameters used to fit absolute angular distributions 
at 7 MeV (Ch. Lagrange, Priv. Comm.). 
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A schematic model for inelastic scattering based on direct transi
tions was developed recently by Lukyanov et al (16). The direct transition 
amplitude was calculated under the simplifying assumption that its main 
contributions come from the external region of nuclei. Using plane waves for 
the elastic scattering wave function and a simple asymptotic form for the 
radial dependence of the bound state nuclear wave fune'.ions, they ob
tained the direct part of the angle integrated neutron emission spectrum un
der the parametrized form : 

o D (e,En) - y -|- . (E n - e) (1.5) 
n 

where E and c stand for incident and outgoing neutron energies, respectively. 
It was found that this expression fits well the forward peaked part of the 
spectrum. The isotropic part of th« spectrum was fitted by a Maxwelian shape : 

a M (e,E ) « a e exp (- c/0) (1.6) 
n 

The above decomposition of the spectra is shown on fig. 4 for the 
93 

neutron spectra of n • Nb at incident energies of 14.4 and 9.1 MeV respec
tively. Table 2 shows the numerical results of ref. (16) for a number of 
nuclei at 14.4 MeV. The fraction n of direct inelastic emissions (col.6) is 
given as : 

< o D > 
n - - D M 

< a > * < a > 

The cross section o(n,2n) in column 7 of table 2 is the (n,2n) cross section 
calculated in ref. (16) as one half of the integrated experimental cross 
section for the emission of all neutrons (dots in fig. 4) and the value of 

ft M 
the energy integrated inelastic cross sections (< o > + < a >)*. The compa
rison with experiment (col.8') is rather unsatisfactory . Column 9 gives the 
simple evaporation results of ref. (4). 

• a (all neutron emission) • o(n,n.) + o(n,n„) % c(n,n') + 2 o(n,2n), where 
o(n,n') stands for purely inelastic (no second neutron) emission. It would 

D M 
thus appear that the above value of (< o > + < o >) is equal to o(n,n'), 
which does not come out clearly from ref. (16), 

- 23 -
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I54ME 2. 

Direct + compound analysis of angle integrated spectra (refs. 16 and A) at 14.4 MeV. 

Nucleus ° 2 ab/MeV 
e 

MeV 
y 2 mb/MeV 

< o D > 
nib 

< a M > 
mb 

n 
X 

Calc. 
o(n,2n) (16) 

mb. 
o(n,2n) exp 

mb. 
Calc. 

o(n,2n) (4) 
mb. 

89v 72 1.17 0.34 235 1240 16 1120 860 (a) 995 

9 3Nb 84 1.18 0.28 193 1470 12 1040 1380 (b) 1596 

5 2Cr 51 1.21 0.49 338 940 26 110 350 (c) 585 

5 6Fe 31 1.43 0.50 345 790 30 480 440 (d) 837 

5 9Co 52 1.25 0.39 270 1010 21 480 790 (e) 814 

(a) Re£.(l4) (b) Ref.(l3 ) 

(d) Neutron Cross Sections, BNL-325 (1966), 

(c) M. Bormann et al. , Nucl. Phys. Al15 (1968) 309. 

(e) Average taken from values reported in Z. Body, INDC (Hun)-lO (1973), 

o 
• 
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The crudity of the calculation of ref. (16) and the absence of 
experimental inelastic spectra does not permit to conclude whether or not 
the inclusion of the direct component distributed over the whole range of 
the spectrum corresponds to reality. Thus we shall now discuss the other 
method of including nonequilibrium processes, that is the use of existing 
preequilibrium models. 

1.4.2. Ppeeqitilibptitm processes ,in_[n&2nl_reaation8. It is not our 
aim to discuss the preeiuilibriumprocesses in any detail since they will be 
treated separately. We shall only show the role they may play in multiple 
nucléon emission at medium incident energies (E -v 10 - 20 MeV). 

Let us illustrate this role by the results on 14 MeV neutron bom-
93 bardment of Nb where both experimental data and calculations exist (17). 

The underlying idea is to assume that in the primary emission of nucléons 
both preequilibrium and equilibrium processes are present; the secondary emis
sion is also influenced but in different way. A decomposition of the total 

93 I 
neutron spectrum from 14.6 MeV neutron bombardment of Nb li.e. neutrons 
from (n,n'y), (n,2n), (n,pn) and vn,np)|is shown in fig. 5. The summed theo
retical spectrum was obtained by adding a preequilibrium term to the usual 
Weisskopf-Ewing evaporation. This term was obtained using the method descri
bed by Cline and Blann (18) and with the nucléon collision rate parameters 
+ NN NN 
A » A /5 where A wet-, given by the free nucleon-nucleon collision rates of 
Kikuchi and Kawai (19). This choice is equivalent to scaling the preequilibrium 
contribution; it is significant that it agrees with independent estimates from 
the analysis of proton spectra (18). 

An important point stemming from the analysis of ref. 17 is that 
the role of preequilibriumin the secondary emission is quite UPJ*igible (at 
least for medium energy incident particles). Thus its effect tliould be exam
ined in the primary emission spectrum only. 

A simple way of obtaining a rough idea of the preequilibrium part in 
the tot il emission of neutrons is to fit the emission spectrum with an ansatz 

of the form : 
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o (c) « a (e) * o (e) 

- Kl< En> e-°inv ( E )- e x p(-f") + 

I l m ' 2 

V I u • K,(E_) e.o. (c). > I 
2 ^ l t t V f^E + S(n) m* 3,5/ n ' J 

. m(m - !) (1.7) 

where U and E + S(n) stand for the excitation energies of the residual and n 
compound systems, respectively. The fitting using the above ansatz is per
formed for neutron energies c higher than a given energy c.. < t . • E - S(n) 
^mission of secondary neutrons impossible). The variable parameters in the fit 
are K., K» and T; the range of T was nevertheless restricted to values compa
tible with existing evaporation analyses. 

Thus the physical quantity obtained by adjusting T, K. and K, to 
fit the higher energy part of the emission spectrum ;s the spectrum ox the 
primary emitted neutrons, o(n,n.;e). Let it be kept in mind that this quantity 
should not be identified with the experimental angle integrated spectra shown 
in figs. 5 and 7, where all emitted neutrons (primary and secondary) are près-
ent. The values of T, K. and K_ obtained from the neutron spectra of Ti at 

93 E * 14 MeV and Nb at E - 14.6 MeV by using the ansatz (1.7) are shown on 
93 

table 3 (20). A comparison with values for Nb obtained in an earlier anal
ysis (21) (same experimental data, same ansatz) shows that the determination 
of T, K. and K, is far from being unambiguous. Thus che above described method 
ofobtaining the preequilibrium contribution has to be taken with more than a 
grain of salt. 

A byproduct of the above analysis are the values of the matrix ele-
i i 2 ment |M| extracted by the comparison of the energy integrated preequilibrium 

part of (1.7) with the complete Griffin formula (24).These values are compared 
in table 3 with values suggested from independent analyses of Gadioli (22) and 

i i 2 Kalbach (23). As well as the values of T and K, the values of |M| obtained in 
ref. (20) should also be taken as indicative. 

Starting frcm the above numbers it 13 possible, under certain as-
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sumptions, to calculate the (n,2n) cross sections. We take the calculated 
integrated cross section for the emission of primary neutrons : 

o(n,n.) » o(n,n') • o(n,2n) + o(n,np) • a(n,na) + ... 

and the experimental cross section for the total neutron emission 

o(n,n ) « o(n,n') + 2o(n,2n) • o(n,np) • o(n,pn) + o(n,na) • a(n,an) + 

the latter obtained from, e.g. integrating the experimental neutron spectra 
(17, 25). Their difference : 

o(n,nt) - o(n,n,) - o(n,*n) 

gives o(n,2n) assuming that o(n,pn) and o(n,an) are negligible. The values 
Aft 01 

of o(n,2n) for Ti and Nb calculated using the above method and with 
fitted values of T, K. and K. obtained from table 3, are shown in table 4. 

93 
The calculated value for Nb at 14.6 MeV (1265 mb) somewhat underestimates 
the experiment (1444 ± 104 mb). We remember that simple evaporation calcula
tions of ref. (4) (1610 mb) overestimated the experiment. The part of preequi-
librium vs. compound emission is estimated in ref. (20) to 10 1 vs. 90 % for 
Nb and to 8 1 vs. 92 X for Ti. These numbers refer, of course, to primary 

emission ; as, however, the secondary emission proceeds essentially by evapo
ration only, these numbers give an indication of the preequilibrium contri
bution to (n,2n) cross sections also. 

A somewhat different approach in establishing the preequilibrium 
contribution in the (n,2n) cross sections was adopted by Bayhurst et al (14). 
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TABLE 3. 

2 
Values of T, K. tnd K 2 and |M| obtained from fitting the expression (1.7) to neutron emission spectra (ref.20) 

Nucleus 
€ t h ' 

- E n - S W 
€ f i t 
MeV 

T 
MeV 

*1 
MeV" 2 

K 2 
MeV~2 x 2 

_ _ _ _ _ _ _ _ _ 
|M| 2 

Calc . 

|M | 2 

Gad (a )* 
|M| 

Kal. (a) 

4 8 T i 2.4 3 .4 1.6 0 .17x 10" 4 0.35 x 10~ 3 13.5 4.3 x I 0 " 5 6.8 x I 0 " 5 6.3 x 10" 5 

9 3 Hb 1.8 8 .2 1.24 0.045x10* 4 0.34 x lO* 3 1.1 x 10" 5 

* 
0 .96x l0" 5 1.05xlO" 5 

9 3 Hb 5.8 6. 1.3 0.054x10" 4 0.38 x 10~ 3 3.1 1.2 x 10~ 5 0.96x10" 5 I . 0 5 x l 0 " 5 

9 3 Nb< b > 5.8 5.8 1.24 0.03 x l O " 3 0 .62x 1 0 " 3 

* 48 93 
'Incident neutron energies for Ti and Nb, E - 14 and 1:4.6 MeV respectively. 
(a) |M| Gad - 8/ A

3 MeV2 (ref. 22), |M| Kal - 190/A E MeV2 (réf. 23) 
(b) result from ref. 21. 

. ^ ^ :-,=.(. i*»^J^^4$#i&^^-J9i>'<* *"« '"•^fc^w^^^^^&ftj^ W^ààmî'Ff'&SV'* -J* *-&&&&%&* •v'm *} K »*?•*&\1_1-E».. 
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These authors have fitted excitation functions of (n,2n) reactions from 
threshold to 28«MeV for several nuclei fey adding a*preequilibrium term to the 
evaporation formula. Their calculation differ from the one in ref. (4) in 
the values of o. (n) and a different estimate of ? . Moreover, a different inv Y 
set of level densities vas adopted and the effects of angular momentum were 
explicitly taken into account for outgoing (primary) neutrons leaving the 
(first) residual nucleus with an excitation U < 2 MeV. A sample of the 
results of ref. (14) is shown in fig. 6. Table 5 compares the values for the 
compound nucleus (n,2n) cross sections given in ref. (14) with those of 

I CO 
refs. (4) and (5) for Tm .it E - 10 - 18 MeV. Even when taking into ac-

n 
count the above mentioned differences in the calculations, the comparison is 
surprising, since the low values of a (n,2n) quoted in ref. (14) are ob
tained without an apparent scaling factor. 

TABLE 4. 

Values of a(n,n.), o(n,n')apd o(n,2n) deduced from the fitted 
values of K , K 2 and T from table 3 (ref. 20). 

Nucleus, E 
o(n,nt) 
exp. 

o-(n,n,) 
calc. 

o(n.n') 
calc. 

o(n,2n) 
calc. 

o(n,2n) 
exp. 

4 8Ti, 14 1576 ( a ) 1259 955 304 

9 3Nb, 14.6 2910 * a* 1655 412 1265 1444+104 ( b ) 

(a) obtained from the angle integrated spectra of refs. (17) and (25). 

(b) ref. (13). 
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The absolute value of the preequilibrium contribution was calcu
lated in ref. (14) by using decay rates A reduced by a*factor of \ as 

NN compared to the values of \ obtained from the free nucléon interaction 
matrix elements of Kikuchi and Kawai (19); the corresponding factor was 5 
in the calculations of Hermann et al. (ref. 17). The calculations of ref. 
(14) show, in general, an increasing contribution of preequilibrium proces-

169 ses at higher incident energies. For Tm the contributions of equilibrium 
and preequilibrium emissions become equal at E t 19 MeV (Fig. 5). 

TABLE 5. 

Compound nucleus cross sections o (n,2n) for Tm calculated from 
refs. (14), (4) and (5). 

E n (MeV) oc(n,2n) mb. E n (MeV) 
Ref (14) Ref. (4) Ref. (5) 

10 1250 1523 1308 

12 1650 2100 2006 

14 1650 2200 2186 

16 1500 2167 1885 

18 1000 1336 813 
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Ab ovo preequilibrium calculations. While ordinarily the analysis 
of spectra and excitation functions is performed by comparing an incoherent 
sum of equilibrium and preequilibriutn components to the relevant physical 
quantities, it is tempting to undertake a complete preequilibrium calcula
tion equivalent *o stating frhat»th* squil«fcnuor i-S"<*e «efid»of »««*mig*"«' •" ••• 
equilibration process. A complete calculation based on, say, the exciton 
model should thus be abl5 to account for both preequilibrium and equilibrium 
features of a reaction. Without discussing in detail the possible difficul
ties of such an approach, we present here some preliminary results obtained 
by Bersillon and Faugêre (27). 

The crucial point of such calculations is the representation of the 
time evolution of the particle emission rate. In the exciton model, this 
quantity can be obtained by solving the set ot coupled equations known as 
"master equations" (24). We can, conveniently, represent these equations by 
a flow diagram, where each considered configuration (n = (2p,lh) « 3 to 
n =||2gE ) is represented by a box. W (p,h) represent the energy integrals 
of the particle emission probabilities w(p,h,-,) for each particular box. 
The time evolution of a reaction corresponds in this schematic model to the 
time evolution of the population of the different boxes leading to emission 

1 PK,oM 

* , 

I 
» >• 

w 
* • • 

w 
rates characteristic of each given instant. At the time the emission of the 
particle(s) has taken place the population of the boxes should be zero (100 % 

emission), 

This problem could be treated in two ways. The master equations can 
be solved numerically by taking finite time intervals At. This was done, for 
instance, by Cline (28) and by Cline and Blann (18) by taking time intervals 
At of the order of one percent of the mean transition time. The temporal 
evolution of a typical reaction shows a gradual shift from the harder pre
equilibrium to softer "Maxwelian with a tail" emission spectra. 

Recently Bersillon and F auge re (27) have attempted to solve analy
tically the master equations. The example shown in Fig. 7 is the emission of 

93 
primary neutrons following the, 14.6 McV neutron bombardment of Nb. The 
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initial configuration contained n = 3 excitons, P(n ,0) = I, the decay 
o 2 2 

rates X where those of Williams (29) with |M| = 8/A3 MeV (22) and the 
single particle level density parameter g " A/11.8 MeV . 

• ^Ttïfe sp"eTtfum of*fflfe primary emitted neutrons is shewn rfP*twc —•-
-22 -22 

instants : t. » 61.10 s and t ? = 10 000.10 s corresponding, respective
ly, to roughly 24 Z and 100 Z emission. The evolution of the spectrum towarcs 
a "Maxwelian with a tail" shape is quite visible (notice the log scale I). 

It is instructive to compare, even partially, these results with 
experiment. The points and crosses on fig. 7 represent the experimental to
tal emission spectrum (all neutrons). Only primary neutrons are, however, 
present for energies e > 5.8 MeV. The curve t- fits this part of the spec-

—18 trum quite well. The equilibration time t« • 10 s is not unreasonable 
either. A more extended set of analyses is, however, needed before a defi
nite judgement could be rendered. 

2. THE CSIKAI-PETO EFFECT hZVISITED. 

In 1966 Csikai and Peto (30) made the observation that a regularity 
exists in the (N-Z) dependency of (n,2n) cross sections at a given excess 
energy U . Taking the existing data for U_ » 3 MeV and using the simple 
Weisskopf formula (1.3) to adjust some other data to U_ » 3 MeV, Csikai and 
Peto observed that for constant values of the neutron number N the (n,2n) 
cross sections for U_ « 3 MeV plotted against N-Z lie on straight lines ap
proximately parallel to each other (except for N • 28) and this irrespec
tively of Z being even or odd. Thus a simple empirical formula was deduced 
giving : 

o(Z ± AZ, N) - o(Z,N) • m(UR)AZ (2.1)-

with m - 231 for U_ - 3 MeV and all values in millibarns This so called 
Csikai-Peto effect was extensively used by «valuators and recommended values 
of (n,2n) cross sections were given on the basis of the above expression. 

The newly obtained values of (n,2n) cress sections for a wide range 
of incident energies and in particular the measurements on series of isotopes 
like the ones presented at this Conference (13) permit, at present, a crit
ical revaluation of the original observations which led to the expression 
(2.1). 
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Let us first say that simple evaporation formulas like the Weisskopf 
one (e.g. 1.3) are unable to reproduce the Csikai-Peto trend, as they give ^ 
the (n,2n) cross section essentially as a function of only one parameter, the 
excess energy U . It is nevertheless plausible that at residual excess ener- ? 
gies U R midway between the (n,2n) threshold and saturation (the latter rough- f 
ly coinciding with the (n,3n) threshold) there should be a rising effect on I 

| (n,2n) cross sections as (N-Z) increases : neutrons are more likely emitted J 
when their relative fraction in the nucleus increases. Trends in cross sec- \ 

i 
tions for series of isotopes shown in ref. (13) exhibit this fact rather | 
clearly. I 

| 
Figures 8 and 9 show what would be the Csikai-Peto effect for a f 

number of isotones around H * 50 and 82 respectively and for a set of values f 
of the residual excitation U_. The (n,3n) threshold lies normally 7 - 8 MeV ; 
above the (n,2n) threshold ; U_ » 3 MeV is thus midway between the two. It 
appears that the cross sections for given values of N and U have a mounting 

K 
tendency, but the latter is rather irregular, the slopes varying with both 
U R and N. Besides,the scatter of experimental points is such that substantial 
variations of the slope of the lines passing through data points are permit
ted. 

I 
The data shown in the figures 8 and 9 are from recent compilations | 

of Body (31) and Kondaiah (32) and from a few recent measurements of (n,2n) f 
cross sections. We have not included in the data any adjusted values i.e. ! 
we have not scaled the (n,2n) cross sections at different values of U_ by the f 
use of the Weisskopf formula (1.3). f 

Thus, 10 years later and with a larger number of experimental data 
available, we can say that while the original observation of Csikai and Peto 
still stands in the sense that (n,2n) cross sections for U_ - 3 MeV rise when 
plotted vs.(N-Z), the regularity of the rise and the generality of this state
ment (hence its applicability for evaluation purposes at U_ 4 3 MeV) is cer
tainly not borne out by experiment. 

il 
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3. CONCLUSIONS. 

We have briefly discussed two kinds of problems related to (n,2n) 
reactions. The first one relates to the reti-.tion mechanism. We have seen 
that the (n,2n) cross sections are reproduced tc whitin about 20 Z by a sim
ple evaporation formula, at least for energies well V>ove the (n,2n) but still 

below the(n,3n) thresholds. The difference can be accounted for either by 
making the model more sophisticated (effects of T and T») or by adding 
nonequilibrium contributions. It is possible that, e.g. near the (n,2n) 
threshold, both of these mechanisms are present and necessary. It is our feel
ing, however, that the inclusion of preequilibrium processes has the advantage 
of giving a unified view of the process. 

As to the observed (N-Z) regularities in (n,2n) cross sections known 
as the Csikai-Peto effect, it appears that a more extensive analysis of data 
do not bear out their generality. 

The authors are indebted to G.Mosinski for a number of numerical 
calculations and constant ass- itance in writing this paper. 
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FIGURE CAPTIONS. 

Fig I. Ratio of experimental and simple evaporation (n,2n) cross sections (réf.4) 
for values of the excess energy U centered around 6 MeV (AUD « ± 1 MeV). 
Dotted is the unity line ; the full line is a least square fit of the form 
aA + b. 

Fig 2. Distribution of relative differences between experimental and evaluated 
(n,2n) cross sections as given by the calculations of Pearlstein (5), 
Adam and Jeki (6), Chatterjee and Chatterjee (7) and Holub et al (4), 
respectively. 

113 
Fig 3. Comparison of the experimental cross sections for the In(n,n') and 

204 
Pb(n,n') cross sections to isomeric states of these nuclei (triangles) 

and the ln(n,2n) and Pb(n,2n) cross sections (circles) with calcu
lations, (a) : compound nucleus formation cross sections ; (b) : (n,2n) 
cross sections ; (c) neutron total inelastic cross sections ; (e) and (d)t 
cross sections for the formation of an isomeric state with and without the 
gamma decay of unbound states, respectively. The shaded areas thus corre
spond to the integrated cross sections originating from the gamma decay of 
unbound states (ref.ll). 

Fig 4. The angle integrated total neutron spectrum and selected angular distribu
ai 

tions from 14.4 MeV neutrons + Nb : experimental points, result of the 
calculation (solid line), contribution of direct processes (curve 1) 
(from ref. 16) . 

93 
Fig 5. Computed neutron emission spectrum from Nb + n (14.6 MeV) compared with 

the experiment (dots) ; dashed line : preequilibrium, dashed - dotted 
line : equilibrium and full line;total spectrum, respectively (from ref.17). 

Fig 6. Calculated and experimental cross sections for Tm(n,2n) Tm. The 
upper part of the figure shows the fits of an equilibrium plus preequili-
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brium component for three different values of k, the scaling factor for 
the transition rate \ in the preequilibriurs model. The lower part of 

n + 2 
the figure shows the decomposition of the fit(fullcurve)into the equili
brium (short dashed curve) and the preequilibrium component with k = 4 
(long dashed curve) (Ref. 14). I 

Fig 7. The result of an ab ovo calculation obtained by salving the master 
equations of ref (24). The points and crosses represent the angle inte
grated total neutron spectra from the interaction of 14.6 MeV neutrons 

93 with Nb. The two lines (t. and t„) represent calculated primary emis-
. -22 

sion spectra at instants of time corresponding to 61 x 10 s and 
-22 10000 x 10 s, respectively (Ref. 20). 

Fig 8. The (N-Z) dependency of the (n,2n) cross sections at various values of the 
excess energy U for several isotones around N • 50. Notice the cl anges in 
the vertical scale. 

Fig 9. The (N-Z) dependency of the (n,2n) cross sections at various values of the 
excess energy U R for several isotones around N » 82. Notice the changes in 
the vertical scale. 
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