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The n'-y angular correlation is investigated for 14-MeV neutrons scattered inelastically by 
carbon nuclei at angles ,Jn = - 24 o, 40°, and 135°. 

1. INTRODUCTION 

IN recent years many investigators have studied 
the angular correlation between inelastically scat
tered nucleons and de-excitation y rays. It was 
the purpose of these investigations to elucidate the 
mechanism of inelastic interactions between nu
cleons and nuclei. In most instances fast protons 
were scattered by relatively light nuclei such as 
C, Mg, and Si. [1- 5] Protons offer a number of 
methodological advantages over neutrons for these 
experimental studies. However, the utilization of 
neutrons is of decided interest. [6- 10] A compari
son of the inelastic scatterings of protons and neu
trons having comparable energies furnishes addi
tional information about the mechanism of the 
process. We therefore measured the n'-y angu
lar correlation in the inelastic scattering of 14-
MeV neutrons by C12, for which experimental data 
on inelastic proton scattering is available. [1- 11 ] 

The use of a neutron beam, unlike protons, enables 
the study of inelastic scattering by all, including 
heavy, nuclei at relatively low energies. Meas
urements on C12 are also of methodological im
portance for determining the possibility of similar 
investigations in experimentally more complicated 
cases. 

Data on the angular correlation between inelas
tically scattered nucleons and y rays are fre
quently used to determine whether a process in
volves a compound nucleus or a direct nuclear in
teraction mechanism. [11 - 12] In the case of a com
pound nucleus an exact calculation requires that 
we know the specific contributions of the levels 
through which the reaction proceeds, but in most 
cases this is impossible. In practice therefore 
either a case involving a single level is studied or 
the existence of many levels is assumed whenever 
permissible. 

Several authors have investigated angular cor
relations based on different hypotheses regarding 
the mechanism of direct nuclear interactions. All 
results are in qualitative agreement concerning 
the symmetry of the correlation function. [11 , 13•14] 

The agreement of the direct-interaction theory 
with experiment is usually regarded as a confir
mation of this mechanism. The problem is actu
ally more complicated, because it is not clear 
whether a compound-nucleus mechanism might 
not lead to the same relations in some instances. 
A more reliable conclusion is derived from the 
contrary: qualitative disagreement with direct
interaction theories can be regarded as an indi
cation that the reaction takes place through a com
pound nucleus. 

2. ANGULAR CORRELATION BETWEEN A 
NUCLEON AND A GAMMA RAY 

We shall now consider the angular correlation 
in the case when as a result of scattering a 2+ 
level is excited, after which a y ray is emitted 
in a transition to an o+ ground state. This occurs 
in the C12 nucleus, which can be excited to a 2+ 
state at 4.43 MeV. We shall consider the angular 
distribution in the reaction plane. Let the incident 
beam form the angle cp 1> while an inelastically 
scattered nucleon forms the angle cp 2, relative to 
an arbitrary axis lying in the reaction plane. The 
probability of photon emission at the angle By in
dependently of the inelastic scattering mechanism 
is [2, 15] 

f (Oy) =a+ b sin2 2 (Oy- 80 ) + c sin2 (ey- o;,). (2.1) 

Here a, b, c, 80, and 80 depend, as a general rule, 
on the scattering angle ( ,Jn = cp 2 - cp d. The angu
lar distribution will not change if the reference 
axis is rotated through an arbitrary angle a, i.e., 
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ey is replaced by ey + a; hence 

Oo (<:pi+ a, <:fl2 + a)= Bo (<:p1, <:p2) +a. (2.2) 

From the foregoing we have 

Oo (((Jr. <:fl2) = - Oo (- <:fl1, - ((l2) + n:rt I 2, (2.3) 

where n is an arbitrary integer ( 0, 1, .... ). Since 
the period of the function sin2 2 ( ey- e0 ) is 1r /2, 
Eq. (2.3) reflects the obvious fact that when the 
signs of the angles 'Pt and qJ 2 are reversed the 
sign of e0 is also reversed (up to a whole number 
of periods). The same applies to the angle e0, 
except that mr /2 must be replaced by n1r. How
ever, in accordance with experimental findings 
for the ( p, p'y) reaction in carbon, [t] we shall 
assume that the third term in (2.1) can be neg
lected, i.e., that the coefficient c is small. 

The requirements (2.2) and (2.3) will be satis
fied if 

(2.4) 

We shall assume that when e0 is expanded in pow
ers of the nucleon scattering angle .9n = qJ 2 - qJ 1o 

the third and higher powers can be neglected. Then, 
if the direction of the incident particle is taken as 
the reference axis (i.e., qJ 1 = 0), 

(2.5) 

In this case a1 is not entirely arbitrary. Indeed, 
both Jn = 1r and Jn = - 7r represent the same case 
of nucleon scattering backward. Therefore the 
condition 

a1:rt = -a1:rt + m:rtl2 or a1 = ml4, (2.6) 

must be satisfied, where m is a positive or nega
tive integer. Thus, if e0 is a linear function of the 
scattering angle, we can represent it by a simple 
formula that can be tested experimentally: 

(2.7) 

The linear dependence of e0 on Jn cannot be 
regarded as theoretically justified; therefore (2. 7) 
must be tested experimentally. If (2. 7) is assumed, 
additional limitations on the magnitude of m can 
be obtained by making some assumptions regarding 
the mechanism of the process. Let us assume that 
in an inelastic process the nucleon spin is unim
portant and that the nucleus has zero spin in the 
ground state. We also assume that at the instant 
of interaction the system consisting of a nucleon 
and a nucleus has a completely definite orbital 
angular momentum l. In the c.m. system this in-

FIG. 1 

termediate state is not affected if the momentum 
of the incident particle is reversed ( p1 becomes 
Pi in Fig. 1 ). These cases will be equivalent 
classically if the collision parameter d1 is re
placed by di (Fig. 1). 

If it is assumed that the direction of the inelas
tically scattered nucleon p2 is given, we arrive at 
the following two conclusions: 

(a) The scattering angle is Jn or Jn - 1r with 
equal probability (Fig. 1). 

(b) The angular distribution of y rays should 
not depend on whether the scattering angle is Jn 
or Jn -11". 

It is important that (b) follows from (a), although 
the converse would be false. It follows directly 
from (b) that m in (2. 7) must be an even number. 

Let us now consider the special cases of cor
relation for m = 0, 2, and 4. We then obtain 

sin2 2 (8y- n:rt I 4), if m=O; (2.8) 

sin2 2 (6y- 'frn /2- n:rt/4), if m=2; (2.9) 

sin2 2 (6y- 'frn- n:rtl4), if m=4. (2.10) 

In the first case the angular distribution of y radi
ation is obviously given completely by the direction 
of the incident particle (symmetry about 90°; maxi
mum or minimum intensity at the angle 1r /2 for 
n = 0 and n = 1, respectively). In the third case 
( m = 4) the analogous picture is not related to 
the direction of the emitted nucleon. 

For intermediate values of m the e0 axis is 
determined by the directions of the incident and 
scattered particles, the angle Jn being divided 
in a definite ratio. Thus for m = 2 the angular 
distribution of y rays is symmetric about Jn /2. 
This relation is regarded as characteristic of 
direct nuclear interactions. Indeed, in this case 
the angular distribution is given by the direction 
of transferred momentum. If only a small frac
tion of the primary-particle energy is expended 
in nuclear excitation, its direction forms the angle 
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J.0 = ( ~ -71" )/2; addition or subtraction of 7r /2 in 
this case does not change the angular distribution_!> 
The theory of direct nuclear interactions in the 
so-called adiabatic approximation [i4J gives, as 
we know, e0 = ( 7r- en )/2. 2> This is well verified, 
in particular, by the inelastic scattering of protons 
from c12 excited to the 2+ level. 

Equation (2.9) does not contain the assumption 
of direct nuclear interaction. Equations (2.8)-(2.10) 
were derived assuming that the intermediate state 
has a definite orbital angular momentum l (which 
occurs in reality if a definite compound-nucleus 
level is excited). The same result is obviously 
obtained if the intermediate state is a superposi
tion of states of given parity. However, if the 
parity of the intermediate state is not given, the 
result is not clear beforehand. We shall consider 
qualitatively the simplest scheme of direct nuclear 
interaction. Let us assume that an incident nucleon 
interacts with only a certain region within a nu
cleus. If the energy transferred by the interaction 
comprises only a small fraction of the initial nu
cleon energy the direction of the transferred mo
mentum forms the angle ( ~ -71" )/2, as already 
mentioned. The direct-interaction process results 
in a state of definite parity ( 2 + in the considered 
case); therefore cases I and II in Fig. 1 must lead 
to an identical angular distribution of y rays. We 
must therefore have symmetry about the direction 
( J.n- 7r) /2; consequently, the simplest scheme of 
direct nuclear interaction leads to (2.9). 

3. EXPERIMENT AND RESULTS 

The n' -y angular correlation in the reaction 
c12 (n, n'y)C12 was measured with the geometry 
shown in Fig. 2. The D + T reaction was the source 
of 14.2-MeV neutrons, which were emitted from the 
zirconium -tritium target perpendicular to the beam 
of 150-keV deuterons bombarding the target. 

Figure 3 is a block diagram of the apparatus. 
Scintillation counters were used to register the 
coincidences of 4.43-MeV y rays (from the 2+- o+ 
transition in C12 ) with neutrons scattered at given 

1>Eqs. (2.8) -(2.10) were obtained assuming that 80 is repre
sented by (2.5). If the more general formula (2.4) is used for 
eo, the sines in (2.8)-(2.10) must include the additional func
tion f(tJn), which is an odd periodic function of t1n of a degree 
higher than the first; for example, 

f (fY nl = ~cmn sin2m+12nfY w 

2>The replacement of !10 = (tJ- rr)/2 by eo = (rr -11)/2 is 
insignificant if the sign of ey is reversed at the. same time, 
negative By being replaced by the positive value. 

FIG. 2. Diagram of 
apparatus for measur
ing n'-y angular corre
lations. d!711!!l!I!IJA n' 

0 #JJ2112@ .. @--Nai(Tl) 

lm 

FIG. 3. Block diagram of apparatus for registering n'-y 
coincidences. CF- cathode followers, 1- fast (double) coin
cidence circuit, 2- variable delay line, P A- proportional 
amplifiers (with pulse shaping at output), 3- triple coinci
dence circuit, G-gate, AA-amplitude analyz~r, S-scaler, 
ND- neutron detector. 

angles. The y rays were registered by a 40 x 40-
mm Nai(Tl) crystal. 

The neutron detector had to satisfy the follow
ing requirements. Low sensitivity to y rays was 
needed along with sufficient sensitivity to neutrons 
to permit at least a rough analysis of the fast
neutron spectrum. The detector was to be used 
in a fast coincidence circuit. These requirements 
were satisfied by a layered scintillation detector [7] 

consisting of three round plates, 3.3 mm thick and 
85 mm in diameter, made of an organic scintillator. 
The plates were separated by Plexiglas layers 6 
mm thick. This detector, in which the scintillator 
fills one-third of the volume, is 7% efficient for 
14-MeV neutrons. Its amplitude resolution for 
6-14-MeV neutrons is about 15%, while the aver
age size of pulses due to electrons generated by 
hard y rays is reduced to a very small fraction. 
When confined to the registration of pulses repre
senting 6-14-MeV protons the probability of reg
istering 4.4-MeV photons is reduced by a factor 
of about 100. 

A graphite cylinder 6.5 em in diameter and 15 
em long was bombarded. Protons having energies 
< 5 MeV were cut off in the coincidence measure
ments in order to eliminate any contribution from 
inelastic neutron scattering with C12 excitation to 
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Neutron scat- Proton scat-
tering angle 

8,, deg b tering* angle e,, deg b (n-S)/2, 
1'tn in (n, n'y) 1 + b/2 'l'tp in_ (p, p' y) 1 + b/2 deg 
reaction, deg reachon, deg 

-24 100±13 1.40±0.50 102 
30 70 •• 30 75 1.55 75 
40 82±10 0.65±0.15 70 
45 45 63 0.73 67.5 

110 110 36 1.00 35 
125 125 

I 
29 27.5 

135 o.w±U~ 135 22.5 
150 150 I 14 1.33 15 

*p1-'Y correlation data for up to 16-MeV protons in [1]. 

**Measured in [ 8] 

levels above the first level. 3> For obtuse angles 
of neutron scattering the energy threshold was set 
somewhat lower, at 3.5-4.5 MeV. The background 
was determined from the coincidence count in the 
absence of the graphite cylinder and comprised 
40-50% of the total coincidence count. 

The angular distribution of y rays was meas
ured in a plane determined by the n and n' direc
tions for fixed neutron scattering angles of 40° and 
135°. Measurements for a -24° scattering angle 
had been performed with annular geometry in 
earlier work; C7J all results are shown in Figs. 
4-6. The experimental data were compared with 
the formula 

f{oy) = I -+ b sin2 2 (gy- e,). (3.1) 

The values of b and e0 computed by least squares 
are given in the table along with the theoretical 
values of e0 = (1r -Jn)/2 and the data of [1] on the 

. 
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FIG. 4. Angular distribution of 4.4-MeV y-rays in the re
action C12(n, n')C12 for neutron scattering at the angle "n = -24°. The continuous curve represents the experimental 
fonnula (3.1); the dashed curve follows from the theory of 
direct interactions. [ 11 ] 

3lThe inelastically scattered neutrons could include a cer
tain number accompanying the excitation of C12 to 7.6 MeV. 
However, the excitation of this level is unlikely and does not 
lead to y-ray emission,[••· 17 ] so that the n'·y coincidences 
are not affected. 

10 

40 50 80 100 12(/ 140 160 180 200 220 
81, deg 

FIG. 5. Angular distribution of 4.4-MeV y-rays in the re
action C12(n, n'y)C12 for neutron scattering at the angle "n = 40°. The continuous curve represents the experimental 
formula (3.1); the dashed curve follows from the theory of 
direct interactions.["] 

N(O) 

14fl 12fl !flU 8fl 6tl &0 2fl (J ·2tl -40 -oo 11;. deg 

l2fl tflfl 80 60 &fl Zll o -zo ·40 ·60 ·80Br:J, deg 

FIG. 6. Angular distribution of 4.4-MeV y-rays in the re
action C12(n, n')C12 for neutron scattering at the angle 
iJn = 135°. Curve !-predicted by direct-interaction theory;["] 
curves 2 and 3- y-ray distribution in the reaction C12(p, p' y)C' 2 

for ~P = 150° and 110°, [u] respectively. y-ray directions are 
measured from the direction ~R of the recoil nucleus. 

inelastic scattering of 16-MeV protons. It is seen 
that for acute nucleon scattering angles the values 
of b and e 0 measured for inelastic proton and 
neutron scattering coincide within experimental 
error. For neutrons we also have the data in [B]; 

here for 14-MeV neutrons scattered by carbon at 
30°, eo=70 (seethetable). 

We know that the angular distributions of both 
inelastically scattered neutrons [S, 17 ] and protons 
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[ 18] are peaked sharply forward and are identical 
within experimental errors. [6] Because of this 
directivity the y-ray angular distribution for an 
unfixed direction of neutron emission is determined 
mainly by the neutrons scattered within a narrow 
cone. Indeed, this angular distribution [6, 19] is 
given by (3.1) with the parameter e0 = 90° corre
sponding to zero effective scattering angle. This 
agreement between small-angle inelastic proton 
and neutron scattering indicates that the scattering 
mechanisms are identical. The data for inelastic 
proton scattering by carbon are in good agreement 
with the direct-interaction hypothesis, [11•13] which 
would not lead us to expect any appreciable differ
ence between proton and neutron scattering; there
fore the results obtained here serve as an addi
tional proof that this mechanism plays a fundamen
tal part for scattering angles Jn < rr /2. 

The situation differs in the case of neutron scat
tering at 135°. Figure 6 and the table show that the 
y-ray distribution is practically isotropic for neu
tron scattering. For protons (see the table) the 
quantity b is in any event of the order of unity for 
both acute scattering angles and angles > rr /2. It 
was impossible to ascertain beforehand that some 
unmonitorable background did not mask an aniso
tropic part of the y-ray angular distribution in our 
measurements. In order to estimate the possible 
error associated with such a background we ob
tained the ratio of scattering cross sections at 
135° and 40° from the y-ray angular distributions. 
The ratio o-(40°)/o-(135°) = 1.8 ± 0.4 is in good 
agreement with [6]. 

We cannot likewise assume, apparently, that in 
the case of neutrons the direct process is supple
mented simply by another scattering mechanism 
(e.g., via a compound mechanism) giving an ap
proximately isotropic angular distribution of y 
rays. The relative contribution of this additional 
process would have to be especially great for large 
scattering angles. However, the angular distribu
tion for inelastic neutron scattering would be con
siderably more isotropic than that of protons; this 
does not occur. It is not clear from a theoretical 
point of view why in [9] isotropy of the azimuthal 
n'-y correlation was found in a plane perpendicu
lar to the beam when 14-MeV protons were scat
tered in carbon. Thus the problem of determining 
the scattering mechanism requires additional ex
perimental and theoretical study. 

4. CONCLUSIONS 

Our data for the inelastic scattering of 14-MeV 
neutrons in carbon and a comparison with similar 

data for protons show that for scattering at acute 
angles the mechanism depends very little, in any 
event, on the kind of nucleon. In the case of large 
angles the results for neutrons and protons exhibit 
a difference which must be studied further to deter
mine its cause. 
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