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RESONANCE PHENOMENA IN THE ELASTIC SCATTERING OF PHOTONEUTRONS 
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T h e cross sections for the e lastic  scattering  o f photoneutrons h av in g  energies o f £ = 0 .1 ,  
0,2, 0.3 and 0Л  M eV b y  a tom ic  n u cle i h ave  been  m easured. R egu la r  v a ria tion s  of the cross 
sections h ave  b een  foun d  w ith  the change o f  E . B oth  for l ig h t  and h ea v y  elem ents the m axim a 
and m inim a are separated b y  energy in terva ls  o f the ord er of 100 keV . T h is resu lt is  in  co n flic t  
w ith  the ex p on en tia l decrease of energy in terva ls  betw een  le v e ls  w ith  increasing a tom ic num bers 
o f  the elem ent, a lthough  the character o f the varia tion s observed  m akes one suppose th a t they 
are due to the resonance in tera ction  of neutrons w ith  n ucle i. The h ypothesis  is  advan ced  th a t the 
surface la y er  o f  a ll n u cle i is  o f the sam e structure and th is  la y e r  is supposed  to 
co n s is t  o f  a -p a rtic le s .

Introduction

Numerous studies (1"n ) are devoted to 
the elastic scattering by atomic nuclei of 
neutrons having various energies. As a result 
of these studies, the cross sections (for the 
sake of brevity designated further as s) were 
found to vary in an irregular manner in pas­
sing from element to element, i. e. if о is 
treated as a function of the atomic number Z 
[a= /(Z )], and to vary apparently in a regular 
fashion when regarded as a function of the 
energy of the scattered neutrons, E [a=F{E)].  
These regular oscillations have a low ampli­
tude, about 0 .5 -10“24 cm2, when D, D neut­
rons having energies from 2.14 to 2.9 MeV 
are scattered; however, for medium energies 
ranging from 100 to 400 keV these amplitudes 
become as high as 5-10~24cm2, i .e .  lOtimes 
as large on the average.

The impossibility of changing the neutron 
energy over a wide range without disturbing 
the energy uniformity, unfortunately makes 
it difficult to carry out an investigation of 
the fluctuations of a within the energy ranges 
from 0 to 0.1 MeV and from 0.4 to 2.0 MeV. 
But without an investigation of these energy

ranges, it is very difficult to build up a 
definite theory of the observed variations 
of o. As far as wre are awrare, it wras only in 
M а с P h a i l ’s work (10) that an attempt 
was made to offer a theoretical interpretation 
of the variations of с  found for Mg and Al. The 
method employed by MacPhail to construct the 
phase curve seems,-on our opinion, to be much 
of an arbitrary matter. At any rate, this method 
could be justified only if it would be applied 
successfully to many elements and many 
measurements with these elements. The at­
tempt to employ this method in the measure­
ments described here had failed.

Although the number of cross sections 
measured by various investigators at various 
neutron energies exceeds 300, almost nobody 
took up a study of the variation of a even 
within the accessible energy ranges. The nu­
merous data available in the literature.refer 
almost solely to the domain of elements with 
small Z where several wide maxima and minima 
are observed within the energy range 2— 
3 MeV. As is knowrn, the intervals between the 
energy levels of the nuclei of these elements 
cannot be theoretically calculated on the 
basis of the statistical theory. Therefore, the
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sumption as to these intervals being able
0 become as high as several hundred keV 

:s merely probable without a strict foundation; 
-xparimental results that appear to support 
his postulate would be of a great value, 
•n the other hand, from B e t h e ’ s compu- 
ations based on the nucleus drop model (12),
- follows that for the heavier nuclei the varia- 
ems of a with neutron energy changing by 

-00 keV must vanish, because the energy inter­
vals of such nuclei are hardly above 10—100 eV. 
Thus, it is very desirable to measure the 
; oss sections о with monochromatic neutrons 

vi the region of the heavier elements. It was
■ itb this aim that the present work was 
mdertaken, it being an extension of the cross 
-eet.ion measurements made for six heavy
,cm eats already published (4). Further that 
vork shall be called Part 1 and the present — 
.-’art 2 of the study.

After Pari 1 had been published some in­
vestigators in their discussions called my 
ctention to the fact that the maxima observ- 
:i at energies of 0.3 MeV are questionable, 

v- so far as the method for determining this 
.::ergyfor photoneutron? ("R.aC, Be) is without 
::\nd foundation. This method consists in 
v .v in measuring a live radioactive detector 
: ■;henna!, neutrons is surroirr. one case
v a paraffin sphere 6 cm ip. :..er, and

1 '.vo other—by a para?Па so. . —'2 era 
... ''лат dor. As the radioa-live souree use 

made of UaG kw.va to have six v-iines 
v;:i energies above me i)i: db-v r.v'Tgy of
v' eiuduous (1.69. 1.75, i.S2, li.0), 2.20 

. :d 2.42 MeV). hi a sp?.'ial investigaiion 
- -bowel (!3) that with a paraffin sphere,

■ m in diameter, a sharp break punt is observ-
1 on the curve showing an increase in the 

.umber of thermal neutrons with increasing 
paraffin sphere diameter. This break point

undoubtedly due to the fact that with 
-ach a filtering paraffin layer for the photo- 
aeutrons ejected by the most intense -/-line 
vith 1.75 MeV energy, equilibrium sets in 
between the neutrons that have attained Iber­
ia al velocity and those absorbed in the par a£fin 
the maximum on Bjerge-Westcott’s curve). 
In this case activation is brought about mainly 
.y  these neutrons. The faster neutrons gene­
rated by the two lines coming next in intensity 
•with energies 2.20 and 2.42 MeV, will be, 
bv an amount of about 30—40 per cent 
mixed to the neutrons with 0.1 MeV energy 
generated by the line 1.75 MeV. With the

paraffin sphere 12 cm in diameter it was shown 
in Part 1 that the neutrons released by the 
v-lines with energies 2.20 and 2.42 MeV, are 
most of all responsible for the activation of 
the detector. The mean energy of these pho­
toneutrons is found to be 0.3 MeV, by compar­
ing the position of the maxima of the Bjerge- 
Westcott curves for photoneutrons (yRaC. 
Be) and (yThG", D). As well known, the 
energy of the deuterium photoneutrons has 
been determined with great precision and on 
the most recent data is 0.22 MeV (14). The ma­
xima of these two curves have been found 
with precision and are almost in exact agree­
ment, so that the magnitude of 0.3 MeV is 
the highest for this group of photoneutrons 
(y RaC, Be) *.

Besides the results of this special work, 
as outlined here, measurements of the angular 
distribution were made with two groups of 
photoneutrons (yRaC, Be) (15). As a result 
of these measurements it was found that group 
1 (energy 0.1 MeV) has a spherically symmetri­
cal distribution,, whereas the amount of neu­
trons in  group 2 (energy 0.3 MeV), emitted 
at the angle ?  ~  90J relative to the direction 
of the incident y-ravs, is by 42—3%  grea­
ter than al the angle ©=0°. This effect of 
non-uniform angular distribution for diffe­
rent nou.rou energies was for some time the'
i Ф: гало. Only quite recently M у er s and 

v :• n Л ■ t a ( ’ ') discovered a similar 
; j f f o r  ti'° photod v-'iV c-gra- ioii of dentcrium. 
W'i.i r er of ph o'. onenlroas (dose to

* Дз [ I he v-ritys is "2.20 and 2.'..2 M eV
and the b  v o f  the t ie 9 nucleus on  1 lie m ost
recent d;i + m m any earlier m easurem ents is
found to i l l  .[ V , the energy o f  photoneutrons, 
when em iti.A . fi ы  th? ground state, m ust be 0.51 ana 
0.7 M eV. The assertion  th at the energy o f these p h o ­
toneutrons does n ot exceed  0.3 M eV  is  based  on ly  on 
the above m entioned  com parison  o f the p os ition s  o f 
the m axim a on cu rves  o f  the В jrege -W estcott type. 
So far this in ference has never been  con firm ed  by  
a n y bod y ; h ow ev er, a sim ilar in ference as to ph oto - 
neutrons ( f  T h C ", B e), h av ing  an en ergy o f about 
0.4 M eV  instead  o f the u n iversa lly  a ccep ted  value 
0.9 M eV , has been  substantiated  b y  d irect m easure­
ments o f  the en ergy o f  reco il proton s in  an io n i ­
zation  cham ber w ith  a p rop ortion a l cou nter. These 
m easurem ents w ree carried  o u t b y  D . V . T im oshuk 
a t the N uclear L aboratory  o f the U krain ian  P hysica l 
T echnica l In stitu te , K h ark ov , b u t  h ave rem ained 
unpublished. The red uction  in  the en ergy  o f B e 9 
photoneutrons appears to be due to an e x c ite d  state 
w ith  en ergy  o f  the ord er o f  0.4 M eV , th is state a t 
presen t b e in g  s t ill undiscovered .
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the binding energy of the deuterium nucleus, 
the distribution is found to be spherically 
symmetrical, whereas with energy of 0.22 MeV 
about 90 per cent of all the neutrons are ejected 
at a right angle.

The evident asymmetry of the photoneut­
rons of the second group is an unquestionable 
proof that their energy is greater than that 
of the photoneutrons of the first group; but 
in separating these two groups the admixture 
of each one is probably as great as 40 per cent, 
so that о measured with these groups are not 
the true values. If al is less than c2 as for 
example, for Mg, by 1 .5-10-24 cm2, the diffe­
rence actually has to be greater because the 
admixture of neutrons of the first group di­
minishes o2 and the admixture of neutrons 
of the second group increases аг. However, 
in establishing whether a maximum exists, 
this fact is of no importance. It affects only 
its magnitude.

Experim ental procedure

The experiments were carried out by the 
method of passing a beam of neutrons through 
a scattering substance placed 9 cm away from 
the source and 14 cm away from the detector, 
when making measurements with the first 
group of photoneutrons. These spacings were 
10 and 18 cm respectively when measuring 
with the second group. As the neutron source 
use was made of a beryllium sphere 4 cm in 
diameter in the centre of which there was 
placed a small ampulla containing 200 mC 
of Rn in the measurements with the first 
group of photoneutrons and 200 to '100 mC 
of Rn in the measurements with the second 
group of photoneutrons. To avoid the intro­
duction of two corrections, one for the irra­
diation of the detector and the other for the 
decay of Rn, the irradiation was always car­
ried on for 8 hours and the activity of the

dysprosium detector was measured with a 
Geiger-Miiller counter continuously for 2 
or 2.5 hours. The counter background was 
measured within one hour prior to startinr 
the detector activity measurements and within
2 hours after they were over. To control 
the stability of the counter operation, the 
activity of a uranium standard was measured 
for 10—20 minutes. The background of the 
counter surrounded with 10 cm of lead, was 
6—7 readings per minute. The initial activi­
ties of the detectors were in various case? 
5—10 times greater than the background. 
An irradiation of a detectors both in presence 
and in absence of the scatterer, and all the 
measurements were completed within 24 hours. 
To avoid saturation of the 2.5 hour half-life 
of Dy, use was made of two identical cylindri­
cal detectors. To reduce the statistical error? 
the о values were, for each element and each 
group of neutrons, measured several times. 
These repeated measurements served also 
as a check of the measurement precision. The 
values of individual cross sections never depart­
ed from the mean values listed in Table 1 
by more than ± 2 0 % . In most of measurement? 
the deviation was only ± 10% . The correc­
tion to the neutron beams being non-parallel 
was calculated from the formula

This formula was derived in our previous 
papers. N  is the number of nuclei per 1 cm: 
of scattering matter, 8 — the thickness of the 
latter in centimetres, a — the number of the 
counter readings proportional to the number 
of neutrons that activated the detector in 
presence of the scattering substance, b — the 
same number obtained in its absence, and a.— 
the correction to the non-parallel direction' 
of the neutrons.

Tab l e  l

en ergy
(M eV ) L i В Mg s* N i* Zn As T l*

0 .1 0 .9 + 0 .2 4. 7 + 0 .  4 6 . 3 +  0 . i;) 1 .1 + 0 .2 5 .7 + 0 .5 5. 14-0 .4 8 .2 + 0 .6 1 1 .3 + 0 .8
0 .2 2 .2 + 0 .4 4 .2 + 0 .  5 3 .9 + 0 .4 2. 4 + 0 .3 6 .6 + 0 .5 4. 0 + 0 .4 6 . 3 + o . 5 6 .5 + 0 .6
0 .3 1 .0 + 0 .2 6 .5 + 0 .  5 8 .3 + 0 .6 1 .0 + 0 .2 6. 3 + 0 .5 6. 0 + 0 .  6 7 .0 + 0 .  6 1 0 .0 + 0 .8
0 .4 2 .3 ± 0 .5 2 .9 + 0 .  3 3. 6 + 0 .4 2 .3 + 0 .3 3 .6 + 0 .4 2 .8 + 0 .  3 5 .8 + 0 .7 6 -8 + 0 . /
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Discussion

In Table 1 and in Fig. 1 are presented the 
measurement results. The values of g  аз mea­
sured with photoneutron energies of 0.2 and
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0.4 MeV are taken from previous studies 
4 accomplished in collaboration with Prof. 

A. I. Leipunsky. The data, marked by aste­
risks, were measured in the present work 
for the second time. All the other values of 
a were measured in the present work. On the 
curves in Fig. 1 the triangles indicate the 
g  taken from the work of A m  a 1 d i and 
others (5) with (G, D) neutrons. As in those 
measurements the neutron energy ranged from 
0.1 to 0.18 MeV, the position of the points 
was determined within +50 keV. For some 
elements, for example, B, As, these a fall 
onto the minima of the curves, for other ele­
ments the position of a is intermediate. The 
points on the ordinate axis are a measured 
by G o l d h a b e r  and B r i g g s  (n ) 
with thermal neutrons.

It was mentioned in the introduction, that 
the inexact position of the first and third 
points on the ordinate (a) has no material 
effect on the question whether the maximum 
and minimum are real. Of greater importance 
is their position on the abscissa axis (E). 
In the objections to the results of Part 1 of the 
present study it was pointed out that to place 
the a obtained with neutrons of group 2 on the 
curve to the right of g  obtained with neutrons 
(yThG", D) cannot be justified and that

in reality this cross section must agree with 
the g  obtained with neutrons of group 1. In 
this case the maxima vanish and the curves 
fall off smoothly as required when the inter­
vals between nuclear levels are much less than 
100 keV.

The arguments and facts concerning the 
difference in the energies of neutrons of the 
first and second groups, as presented in the 
introduction, seem to rest on a sound founda­
tion. Besides, it can be pointed out that 
for some elements the difference in the cross 
sections as measured with neutrons of group 
1 and group 2 is much above random measure­
ment errors, so that it is absolutely impossible 
to dispose them at a single place on the curve. 
And finally, for some elements, both heavy 
and light ones (Gr, Ni, Li, S) c, falling on 
the maxima, were measured with photoneut- 
rons (yThC", D). In such cases the coalescence 
of the two a values obtained with the two 
groups of photoneutrons (yRaC, Be) will all 
the same not give rise to a curve that falls 
off monotonously.

Thus we arrive at the conclusion that 
the results of the cross section measurements 
presented in Table 1 and in Fig. 1 as well 
as the results of the Part 1 of the study cannot 
be accounted for by any reasonably founded 
regular errors. The existence of regular varia­
tions of a within energy intervals of the order 
of 100 keV is a real fact both for light and 
heavy elements. In the domain of light 
elements such variations were found also in 
the energy range of 2—3 MeV in the investi­
gations of А о к i (7) and M a c P h a i l  (10). 
The cross section determinations made by 
N о n а к a (16) for heavy elements by means 
of a (D, D) neutron source have also proven 
that the maxima and minima do exist. However 
Nonaka found the inter action of the neutrons 
with the nuclei to be inelastic, so that it is 
not clear whether in the 2—3 MeV range there 
exist regular variations of g  for an elastic 
interaction of the neutrons with nuclei. In 
the 0.1—0.4 MeV range inelastic interaction 
is entirely ruled out. Several investigators 
have shown that with such neutron energies 
the inelastic interaction is either very small 
or zero (6’17).

At present when a precise theory of the ato­
mic nuclei structure is lacking, it is impossible 
to set up a theoretical foundation for the 
variations of a found to have the form of reso­
nance phenomena. It is quite obvious that the
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mechanism of the scattering, responsible for 
the observed variations in с must be in prin­
ciple other than the mechanism governing 
the distribution of nuclear levels. As the lat­
ter mechanism is a consequence of the concep­
tion that the whole nucleus becomes excited 
by the energy of the incoming neutron, such 
a treatment will necessarily lead to the fami­
liar picture of the levels becoming closer 
with increasing atomic number Z, which rules 
out all possibility for maxima and minima 
to appear separated by energy intervals of the 
order of 100 keV.

However, it is now already possible to 
advance more or less probable suggestions. 
The principal feature of the phenomenon dis­
covered is, besides of the variations in a, 
also the monotonous increase of a with increa­
sing Z of the scattering element. The deepest 
minimum for any element with large Z lies 
above the minimum of any element with small 
Z . In other words, for all cross sections a there 
is a lower limit which rises monotonously 
with increasing Z. This limit can be with 
great probability identified with the geonie? ri- 
eal dimensions of nuclei. The existence of 
this boundary seems to be an Imii.'a1 ion
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' eŝ  ;
P ^ it;

i, . : . uv • >
TC of
‘v ide'
04 ti

ord<

hi,
The m ost 
. the Sri Г

Orob \ I)! (4

of the nuclei is made up of a-particles. It is 
well known that one of the difficulties, that 
hinders a nucleus model to be set up from 
a-particles as the stable constituents, is the 
great binding energy of a nucleon in the 
nucleus.

This energy is on the average the same 
as that in an a-particle. Inside a nucleus 
an a-particle would, therefore, burst. At the 
surface the conditions are other inasmuch as 
here the binding forces are in the first appro­
ximation unidirectional in their action, and 
the possibility for a-particles to exist in stable 
state is not precluded. In this case the centres 
of the heavy nuclei are taken up mainly by the 
s ur plus neutr ons.

Verification of this hypothesis would great­
ly simplify the building up of a rational ato­
mic nucleus theory, as it would involve a 
definite structure without depriving the nuc­
leus of its distinguishing features of a liquid 
drop. These features would become yet more 
distinguishable, because the surface energy 
which is quite analogous to the energy of the 
surface tension in a liquid drop would be less 
than the volume energy, as required by the 
liquid drop model of the nucleus. It seems 
that such a confirmation should be expected , 
uuiy i'nan farther ni^as-jremeul of 
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