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The ( n, 2n) reaction is treated as a stripping reaction. The angular distribution of the 
center of mass of two neutrons simultaneously emitted as a result of direct interaction is 
computed. It is found that it is important to take into account the interaction between the 
emitted neutrons in the final state. As an example, the angular distributions are calcu
lated for the reactions Be9 (n, 2n) Be8 and Pb208 (n, 2n) Pb207 corresponding to the 2.9-
and 1.63-Mev levels of the final nuclei. It is shown that it should be possible to elucidate 
the mechanism of the ( n, 2n) reaction and determine the characteristics of the nuclear 
energy levels by investigating the angular dependences in the spectra of neutrons emitted 
from targets irradiated with neutrons. 

1. INTRODUCTION 

EVER since Butler1 showed the possibility of 
using reactions of the stripping and pick-up type 
to obtain data on the spectroscopy of the nucleus, 
there have appeared a large number of papers con
taining valuable data on the characteristics of nu
clear states. The angular distributions of these 
types of reactions differ in their sharply pro
nounced structure, which allows one to obtain in
formation on the relation between the spins and 
parities of the initial and final states of the nuclei 
that take part in the reaction. Data which are 
identical from the viewpoint of different formal
isms have been obtained for the angular distribu
tions of the products of these reactions.2 Thus, 
the stripping and pick-up reactions have occupied 
an important place in the methods of nuclear spec
troscopy. 

At the same time, it has been shown that the 
Coulomb scattering of the products of these reac
tions lead to appreciable disparities with the re
sults based on theories that do not take into ac
count the effect of the charge of the particles. The 
Coulomb scattering of the deuteron and proton 
waves in the ( p, d) and ( d, p) reactions lead, in 
the case of light and medium nuclei, to a shift of 
the angular distribution maximum towards the 
larger angles, to a broadening and lowering of 
these maxima, and, in the case of heavy nuclei, 
to a complete distortion of the shape of Butler's 
angular distributions. These effects are especially 
strong at comparatively low incident particle en-
ergies. 

In the present work, the ( n, 2n) reactions are 
considered as reactions of the pick-up type. It 
has been shown previously that the energy distri
bution of the products of reactions in which several 
particles are emitted, among which are two neu
trons, has a narrow peak, which is caused by the 
interaction of these neutrons in the final singlet 
state. a-s If the strong interaction of neutrons of 
small relative energy is taken into account, one 
can speak of the possibility of a pick-up mechan
ism, i.e., the simultaneous emission, almost in 
the same direction, of the two interacting neutrons 
as a result of a direct interaction between the in
cident neutron and the nucleus. An analogy with 
the (n, d) and (p, d) reactions occurs in the 
case of the ( n, 2n) reaction, also because the 
direct interaction in reactions in which two nu
cleons are emitted is essentially of a surface 
character. 6 

It is possible that in the distribution of the 
total momentum of the two emitted neutrons 
there appear peaks corresponding to the energy 
levels of the nucleus A - 1 in the reaction 
A ( n, 2n) A - 1. As shown later on, for specific 
examples, the dependence of the area of these 
peaks on the direction of motion of the center of 
mass of the two neutrons has the same character 
both in the stripping and in the pick-up reactions 
(see also reference 7). 

Thus, taking the (n, 2n) reactions, instead of 
the (n, d) and (p, d) reactions, one may expect 
to obtain the characteristics of the energy levels 
of medium and heavy nuclei from the shape of the 
angular distributions, since the Coulomb effects 
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in the ordinary pick-up reactions have a large 
value for such nuclei. Neudachin drew the atten
tion of the authors to this fact. 

2. CALCULATION OF THE ANGULAR DISTRI
BUTIONS 

The effective differential cross section of the 
(n, 2n) reaction, under the assumption of the si
multaneous emission of both neutrons with rela
tive energies in the interval between Enn and 
Enn + dEnn as the result of the direct interaction 
calculated in the Born approximation, cas the same 
form as in ordinary stripping theory:ll 

do = 1-'-noMn~-'-2n k2nknn [B (Q) ]2 
dEnndO.td0.2 16n21i2[L~ kno 

x V~A2 ( 1 E b I+ 2n:n z2r2 z-2[j'(za)-g1 (xa)j(za)]2 3: 2 
, 

where (1) 

!Jon0 =MnMi I (Mt+Mn), !.l.n = MnMf I (Mt + Mn), 

Mi and Mf are the masses of the initial and final 
nuclei; kno• k2n, and knn are the wave vectors of 
the incident neutron, of the center of mass of the 
two emitted neutrons, and of their relative motion; 
E and Eb are the energy in the c.m. system after 
collision and the binding energy of a neutron in the 
initial nucleus; di11 and di12 are elements of the 
solid angle for the vectors k2n and knn; e2 is a 
dimensionless normalized width; l is the orbital 
angular momentum of the picked-up neutron; a 
is the radius of interaction; 

g1 (xa) = (t)1 . :, (rhl1) (ixr)) I 
rh1 (txr) r=a 

is the logarithmic derivative at the boundary of 
the nucleus expressed in terms of spherical Hankel 
functions of the first kind; K = 21ln I Eb I )112/ti; 
the function jz(za) is the same as in reference 9. 
The interaction in the final state of the two neu
trons emitted as a result of the reaction is in
cluded in the matrix element in the integral 

~ V nne'Qprp2n (p) dp. 

Here p is the vector between the neutrons and the 
final state, V nn is the interaction potential of the 
neutrons in the final state expressed in the form of 
a potential well of depth V0 and radius Po= 2.65 
fermi. The radial part of the wave function of the 

two neutrons has the form 7 

rp~1J =A sinkp I p (p <Po), 

The coefficient A and the modulus of the wave 
vector k are found by matching the logarithmic 
derivatives of the functions cp~i] and cp~~ at 
p = Po· These values depend only on the choice of 
the form of the interaction between the neutrons, 
the scattering length, and the magnitude of the 
relative energy of the two neutrons; as is the 
generalized scattering length; 

e: = 70 kev is the interaction energy of the neutrons. 
In formula (1) the integral given above takes the 

form 
Po 

B = ~ sinQ Qp sin kp dp. 
0 

The energy distribution described by expres
sion (1) has a narrow maximum caused by the in
teraction of the two neutrons in the final singlet 
state in the region Enn = 0 to 160 kev. The mag
nitude of k weakly depends on the relative energy 
of the two neutrons and is equal to 11.04 x 1012 

cm-1• 

We list the values of A2 for different values of 
relative energy of the two neutrons Enn: 

Enn, Mev 0.02 0,04 0.06 0.08 0.10 0.12 0.14 0.16 
A2x1022, cm2 298 237 159 139 114 97 84 60 

The angular distribution relative to the motion 
of the center of mass of the two interacting neu
trons for the angle J. in the c.m. system of the 
two neutrons and the final nucleus is obtained by 
integrating the energy distribution over the nar
row region Enn from 0 to 160 kev for each J.. 
By comparing the absolute values of the cross 
sections for transition to different levels of the 
final nucleus, we can determine the relative val
ues of the normalized widths. 

3. REACTION Be9 (n, 2n) Be8• EXAMPLE OF 
CALCULATION 

As an example of the use of this method of cal
culation, the angular distributions have been plotted 
for the center of mass of the two emitted neutrons 
from the ( n, 2n) reaction on Be9, at an incident 
neutron energy of 14 Mev, for the 2.9-Mev excited 
state of the Be8 nucleus. 

In Fig. 1a are shown the angular distributions 
for an orbital angular momentum of the picked-up 
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FIG. 1. Angular distriblltion of the center of mass of two 
interacting neutrons from the reaction Be9(n, 2n) Be8 for the 
2. 9 Be8 level at an incident neutron energy of 14 Mev. a) l = 1, 
dotted curve was calculated according to Butler's theory; 
b) l = 0 and 2. 

neutron equal to unity. This cast3 agrees with ex
periment, since the neutron is probably picked up 
from the p shell of Be9• It is seen from the fig
ure that the angular distributions have a marked 
dependence on the radius of interaction a. Since 
the final state of the two neutrons is unbound, the 
maximum of the angular distribution is somewhat 
different from the maximum on Butler's curve 
(dotted curve in Fig. la) for the emission of a 
bound state ( dineutron ) . The angular distributions 
for l = 0 and l = 2 (curve in Fig. lb) are con
siderably different from those shown in Fig. la. 
Comparison of the curves of Figs. la and lb shows 
that the angular momentum of the picked-up neu
tron can be determined from the experimental an
gular distributions by comparison with their cal
culated angular distributions, just as is done when 
the usual Butler curves are used. 

4. REACTION Pb208 (n, 2n) Pb207 • EXAMPLE OF 
CALCULATION 

The interaction of two neutrons in the final 
state distorts somewhat the shape of the usual 
Butler curve (Fig. la), especially at large angles. 
Therefore the angular dependence for the reaction 
Pb208 ( n, 2n) Pb207 , with an excitation energy of 
1. 63 Mev for the Pb207 , was calculated with only 
those terms of our formula similar to Butler's 
formula taken into account. The radius of inter
action was obtained from the formula 1.4 x 10-13 

Al/ 3 em. In this case the orbital angular momen
tum l = 6 is uniquely determined, since the levels 
of Pb208 and Pb207 have been studied in detail, and 
their spins are equal to o+ and 1% +. The levels 
neighboring on the investigated level of Pb207 , 

namely, 0.89 and 2.34 Mev, are sufficiently far 
apart, and the angular distribution for them is 

determined by orbital angular momenta of differ
ent parity. The calculated curve is shown in Fig. 2. 

FIG. 2. Angular 
distribution of the cen
ter of mass of two in
teracting neutrons 
from the reaction 
Pb208(n, 2n) Pb207 for 
the 1.63-Mev level 
at an incident neutron 
energy of 14 Mev (in 
arbitrary units). 
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The maximum of the distribution lies at an angle 
large enough for experimental measurements to 
be conveniently carried out. The value of the ef
fective cross section at the maximum is approxi
mately one order lower than the value of the cross 
section at the maximum of the angular distribution 
for l = 1. 

5. POSSIBILITY OF EXPERIMENTAL VERIFICA
TION AND CONCLUSIONS 

Special investigations to reveal the marked pe
culiarities in the angular distributions of neutrons 
from the ( n, 2n ) reaction were not carried out. 
It is almost impossible to obtain directly by experi
ment the distributions of the total momentum vec
tor of the two neutrons, except for individual cases, 
for example, the reaction Be9 (n, 2n) Be8• How
ever, the energy distributions of the emitted neu
trons can be investigated. 

The peak of these distributions, which is due to 
the interaction of the two neutrons at small rela
tive energies, should occur when En is equal to 
half the maximum energy of a neutron from the 
(n, 2n) reaction for an infinitely heavy nucleus, 
and, when the energy is Mf/2Mi times the maxi
mum for a finite nucleus. It should be mentioned 
that there is a possibility of erroneously determin
ing the energy states of the nuclei from the peaks in 
the energy distributions of inelastically scattered 
neutrons, since these peaks may be caused by the 
(n, 2n) process with simultaneous emission of 
two neutrons in the same direction, and not by the 
(n, n') process. 

The spectra of inelastically scattered neutrons, 
taken at different angles with respect to the direc
tion of the incident neutrons, contain neutrons pro
ducedas a result of the investigated process in 
the ( n, 2n) reaction, statistical processes in the 
(n, 2n) reaction, the cascade process in the 
( n, 2n) reaction, the ( n, n') process, and, finally, 
the accompanying reactions, for example, (n, pn ). 
It is possible that the great majority of neutrons 



A P P L I CAT I 0 N 0 F T HE ( n, 2n) REA C T I 0 N IN N U C L E A R S P E C T R 0 S C 0 P Y 1315 

in the spectra owe their origin to the enumerated 
competitive mechanisms. Independently of this, 
one can determine the effect of the simultaneous 
emission of two neutrons in the same direction, 
since in this case the neutrons will be concentrated 
in a narrow region (of the order of hundreds of 
kev) of the spectrum corresponding to a definite 
state of the final nucleus. 

The experimental problem consists of investi
gating the angular dependence for the narrow en
ergy region of the neutron spectrum corresponding 
to the investigated state of the nucleus A - 1 for 
the reaction A (n, 2n) A -1. In this case, one may 
expect a typical angular dependence similar to that 
shown in the figures, which allows one to deter
mine the characteristics of the investigated levels 
or groups of neighboring levels, if the experimen
tal method employed does not have the required 
resolving power. 

The investigation of the spectra of inelastically 
scattered neutrons was not sufficiently complete 
to find any experimental confirmation of the above 
discussion. Rosen and Stewart10 have shown that 
the probability of direct interactions in the (n, 2n) 
reaction on some medium and heavy nuclei at an 
incident neutron energy of 14 Mev was 10- 15%. 
The angular distributions of the emitted neutrons 
in the energy interval 4 - 12 Mev, as shown in 
that work, resemble the angular distributions in 
the ( n, d) and ( p, d) reactions. In the work of 
0' Neill11 the spectrum of neutrons inelastically 
scattered on lead was measured for an incident 
neutron energy of 14.8 Mev. The maximum ob
tained at an energy of En = 2 Mev may be due to 
the interaction of neutrons from the ( n, 2n) re
action. 

The experimental difficulties of the problem 

we are treating are offset by the possibility of 
elucidating the mechanism of the ( n, 2n) reaction 
and determining the characteristics of the states 
of medium and heavy nuclei, and also of determin
ing more accurately the states of the light nuclei. 
Of special interest is the determination of the 
characteristics of active nuclei which cannot be 
investigated by other methods, and also the inves
tigation of secondary excited levels of even-even 
nuclei in order to consider the question of the 
splitting of these levels into a number of states 
with different angular momenta. 

The authors thankS. S. Vasil'ev for discussion 
of this work. 
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