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BESONANCE PHENOMENA IN THE ELASTIC SCATTERING OF PHOTONEUTRON®
WITH ENERGIES OF 0.1, 0.2, 0.3 AND 0.t MeV BY ATOMIC NUCLEI

By T. GOLOBORODKO

Institute of Physics, Academy of Sciences of the Ukrainian SSR

( Received March 15, 1946)

The cross sections for the elastic scattering of photoneutrons having energies of E=0.1,
0,2, 0.3 and 0.4 MeV by atomic nuclei have been measured. Regular variations of thecross
sections have been found with the change of E. Both for light and heavy elements the maxima
and minima are separated by energy intervals of the order of 100 keV. This result is in conflict
with the exponential decrease of energy intervals between levels with increasing atomic numbers
of the element, although the character of the variations observed makes one suppose that they
are due to the resonance interaction of neutrons with nuclei. The hypothesis is advanced that the

surface layer of all nuclei is
consist of a-particles.

Introduection

Numerous studies (*!!}) 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, 7. e. if o is
treated as a function of the atomic number Z
[s=fZ2)], and to vary apparently in aregular
fashion when regarded as a function of the
energy of the scattered neutrons, E [¢ =F(E)].
These regular oscillations have a low ampli-
tude, about 0.5-10-%* e¢m?, 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-** cm?®, 7. e. 10 times
as large on the average.

The impossibility of changing the neatron
energy over a wide range without disturbing
the energy uniformity, unfortunately makes
it difficult to carry out an investigation of
the fluctuations of ¢ 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

of the same structure and this layer is

supposed to

ranges, it is very difficult to build up =
definite theory of the observed wariations
of 6. As far as we are aware, it was only in
MacPhail’s work (*) that an attempt
was made to offer a theoretical interpretation
of the variations of ¢ found for Mg and Al. The
method employed by MacPhail to construct the
phase curve seems; on our opinion, to be much
of an arbitrarymatter. At any rate, thismethod
could be justified only if it would be appiied
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 ¢ 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 whereseveral widemaxima and mirima
are observed within the energy range 2—
3 MeV. As is known, theintervals 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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~ssumptlion as to these intervals being able
become as high as several hundred keV
s merely probable without astrict foundation;
;.\'perimental results that appear to support
“his postulate would be of a great wvalue.

m the other hand, from Bethe’s compu-
ations based on the nucleus drop model (12),
- follows that for the heavier nuclei the varia-
wns of ¢ with neutron energy changing by
. JU keV must vanish, because the ecnergy inter-

s of such nuclei are hardly above 10—100eV.
fhus. it is very desirable to measure the
ross sections ¢ with monochromatic neutrons
1 the region of the heavier elements. It was
with  this aim that the present work was
mdertaken, it being an extension of the cross
@ction measurements made for six heavy
sements already published (4). Further that
vork shall be called Part 4 and the present—
Zarh 2 of the study.

After Part 4 bhad been published some in-
wostigators in their discossions called wmy
“lention to the fart that the maxima observ-
{ gios of 0.3 MeV are questionable,
S 20 far s the melthod Ter determining ihis
ergy for photoneatrons (YRa(, Be) is without
fom dh This m@;iﬁ(\d consists  in
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smnber of thermal nenirons with incressing
caralfin sphere diameter. This break poing
: undoubtedly due to the fact that with
-ach a filtering paraffin layer for the photo-
meulrons ejected by the most intense y-line
~ith 1.75 MeV energy, equilibrium sets in
cetween the neutrons that have attained ther-
zal velocity and those absorbed in the paraffin
the maximum on Bjerge-Westcott’s curve).
Inthis case activation is brought about mainly
2y these neutrons. The faster neutrons gene-
rated by the two lines coming next in intensity
~ith energies 2.20 and 2.42 MeV, will be,
oy an amount of about 30—40 per cent
mixed to the neutrons with 0.1 MeV energy
cenerated 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
y-lines with energies 2.20 and 2.42 MeV, are
most of all responsible for the activation of
the delector. The mean energy of these pho-
toneutrons is found tobe 0.3 MeV, by compar-
ing the position of the maxima of the Bjerge-
Westcoit curves for photoneutrons (yRaC,
Be) and (yThC”, D). As well known, the
energy of the deuterium photoneutrons has
een determined with great precision and on
the most recent data 1s 0.22 MeV (**). 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 photoneuntrons
(v Ra(C, B} *

Besides the resulis of this special work,
w3 ontlined here, measurements of the angular
distribution were made with two groups of
photoneutrons (yRaG, Be) (). a result
of these measurements it was found that group
nergy 0.1 \'I(\V) has aspherically symmetri-
ol dis mrsw,on vhoereas the amount of neu-

nogroud 2 (mmr 3 03 MeV), eritted
ive to the direction
—3%, grea-
This GHQ‘
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{ ;1‘:1&3 2,42 XMeV
5 muclens the most
raeont (<\f i 1‘ ¥ many ier H]“'WUI’GIH“H[% is
fuumx t0 he 1.65 MeV, the energy of photoneutrons,
when emitted from the ground state, must be 0.51 and
8.7 MeV. The assertion that the energy of these pho-
Loneutrous does not exceed 0.3 MeV is based only on
the above mentioned comparison of the positions of
the maxima on curves of the Bjrege-Westcott type.
So far this inference has never been confirmed by
anybody; however, a similar inference as to photo-
neutrons {y ThC”, Be), having an energy of about
0.4 MceV 1nstead of the umversany accepted value
0.9 MeV , has been substantiated by direct measure-
ments of the energy of recoil protons in an ioni-
zation chamber with a proportional counter. These
measurements wree carried out by D. V. Timoshuk
at the Nuclear lsaboratory of the Ukrainian Physical
Technical Ingtitute, Kharkov, but have remained
unpublished. The reduction in the energy of Be®
photoneutrons appears to be due to an excited sfate
with energy of the order of 0.5 MeV, this state at
present being still 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 ¢ measured with these groups are not
the true values. 1f o, is less than ¢, as for
example, for Mg, by 1.5-107%¢ em?, the diffe-
rende actually has to be greater because the
admixture of neutrons of the first group di-
minishes s, and the admixture of neutrons
of the second group increases s,. However,
in establishing whether a maximum exists,
this fact is of no importance. 1t affects only
its magnitude.

Experimental 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 c¢m 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-
duetion 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 #
Geiger-Miiller counter continuously for 3
or 2.5 hours. The counter background was
measured within one hour prior to starting]
the detector activity measurements and withiz
2 hours after they were over. To contro:
the stability of the counter operation, thz
activity of a uranium standard was measured
for 10—20 minutes. The background of ths
counter surrounded with 10 cm of lead, wa:
6—7 readings per minute. The initial activi-
ties of the detectors were in various cases
5—10 times greater than the background.
An irradiation of a detectors both in presence
and in absence of the scatterer, and all th=
measurements were completed within 24 hours.
To avoid saturation of the 2.5 hour half-lif¢
of Dy, use was made of two identical cylindri-
cal detectors. To reduce the statistical errors
the ¢ values were, for each element and eack
group of neutrons, measured several times.
These repeated measurements served alsc
as a check of the measurement precision. The
values of individual cross sections never depart-
ed from the mean values listed in Table !
by more than +209,. In most of measurements
the deviation was only +4109,. The correc-
tion to the neutron beams being non-parallel
was calculated from the formula

1—*111 1—a
lajby—a *

==
)

(1

This formula was derived in our previous
papers. IV is the number of nuclei per 1 c¢m?®
of scattering matter, 8 —the thickness of the
latter in centimetres, ¢ —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 o —
the correction to the non-parallel direction:
of the neutrons.

Tabhle 1
Neutron ‘ ¢ 10 cm™
energy ;
(Me\g"\j Li B P Mg S Ni* Zn As Tl*
| |
0.1 0.940.2 | 4.740.4 | 6.5£0.5 | 1.140.2 | 5.740.5 5.140.4 8.240.6 | 11.3-40.8
0.2 2.290.4 | £.2£0.5 | 3.930.4 | 2.4£0.3 | 6.6+0.5 A 0F0.4 6.300.5 6.50.6
0.3 1.0£0.2 | 6.530.5 | 8.3-0.6 | 1.0H0.2 | 6.34£0.5 6.010.6 7.040.6 | 10.0F0.8
0.4 2.3£0.5 | 2.94£0.3 | 3.6:£0.4 | 2.340.3 | 3.6F0.4 2,8-0.3 5.820.7 6.8--0.7
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Discussion

In Table 1 and in Fig. 1 are presented the
measurement results. The values of s as mea-
sured with photoneutron energies of 0.2 and
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0.4 MeV are taken from previous studies
accomplished in collaboration with Prof.
A. 1. Leipunsky. The data, marked by aste-
risks, were measured in the present work
for the second time. All the other values of
¢ were measured in the present work. On the
carves in Fig. 1 the triangles indicate the
¢ taken from the work of Amaldi and
others (°) with (C, 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 ¢ fall
onto the minima of the curves, for other ele-
ments the position of s is intermediate. The
points on the ordinate axis are ¢ measured
by Goldhaber and Briggs (1)
with thermal neutrons.

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

in reality this cross section must agree with
the s 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 (Cr, Ni, Li, S) o, falling on
the maxima, were measured with photoneut-
rons (yThC”, D). In such cases the coalescence
of the two s 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 ¢ within energy intervals of the order
of 100 keV is a real fact both for light and
heavy eclements. In the domain of light
elements such variations were found also in
the energy range of 2—3 MeV in the investi-
gations of Aoki()and MacPh ail(*).
The cross section determinations made by
N onak a (*) 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 interaction of the neutrons
with the nuclei to be inelastic, so that it 1is
not clear whether in the 2—3 MeV range there
exist regular variations of s 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 (%), ‘

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 s 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 ¢ 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 wvariations in o,
also the monotonous increase of ¢ with increa-
sing Z of the scattering element. The deepest
minimum for any element with large Z lies
ahove the minimum of any element with small
7. In other words, for all cross sections o there
is a lower limit which rises monotonously
with increasing Z. This limit can be with
great probability identified with the geomeiri-
cal dimensions of nuclei. The existence of
this boundary seems to be an indication

that the processes of elastic scaitering (and

qu”o Doss sible olther Drocesses, too)  occur

S01 ab the surface laver of & nuelens, the

thickness of which is probub Iy of the order
1

of the effective radivs of action of nue lmw fo"
ees, T sueh be the case
must for all of the nuclel he
stitulion.
Thesecond hiypothesis that can be advanced

as to the

will already

seems the sy

structure nt 55115 surface laver,
he less evident. The most probable
pposition that the surface layer

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
surplus neutrons.

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 int a liquid drop would be less
than the volume encrgy, as required by the
liquid drop model of the nucleus. it seems
that such a confirmation should be @\p cted
only {from further measurement of the cross
seciion for elastic scattering. Theoretical com-
pulutions, nemo based on « staiistical theory,

can |l amn oxtmate. Because of the
LN noss f bullding ny a prevcise theory
of the nuclous, Z.e. of o ,"mi” an exact solu-

vion of the many-boedy problem, “the impression
13 created that only one way is left over for
investigating the nuclear strueture, the setiing
up of semi-empirical models and verifying
them byv exparimoent.
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