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ELASTIC SCATTERING OF NEUTRONS BY ATOMIC NUCLIEL

T, A, Goloborod'ko

éﬁote: The following represents excerpls taken from an article that appeared
in Uspekhi Wizicheskikn Nank, Velune 37, to L (April 19L9), pages L=l 58

As [ar as pessible the excerpted portions piven here either refer to purely
fussian sources or express the author's comments of) related foreign sclen=
tific works, Omitied here are the authn's sunnsries of forelen (mostly
Ameriean), articles dated 1935 to 190, The introduction and craclusinn

are piven in {ull, however, Farts omitted are indlcated by 8 gerles ok dots,

thus o o o o 1_71

AL the Gdeomer developiient stage recently alisained by steouic nueclear science,

vl

the problem of systematidzohtlinlng the hape experinental moterdal and hul=
erous theoretical works segttered Lhronghout the papes ol scientiile journals
hos sssumed Lirat buporbances Sueh an exposition is all the more importent,
an nuelestr physies bocame 3 repular selentitic diseipline,

Far @ clesr expositlon of auy seience, pyutenstivation by gubdivision
and unification by general idesy are necessary. !ucelear physics does not
yei possess such gnlid systemaviration snd thds meles the exposition more
diffieult. 1n the author's opinion Uie mezt notural way, sl leasl ab piee-
sent, sheuld be the oivisien Lused on the intersetiien ol vuriens purticley
Wit atemie nuelei (slpha=particles, Geuterons, protong, neutrons aho PEtons )
Approximately sueh a subdivisien s used In the well known menspraph by

{ivingston and pethe /1.7,
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Anather serious dil iculty in expositien is the unreliability ol the
facteidescribed, & generally acknowleaged strict theory does not axlst,
and many conclusions derived Ivom experimentel data will later prove te be
erroneous, However such a situation 18 unavoidable,

The selence of the nueleus is not as delinite a syslem as, vor example,

‘he statisticel theory of gwses, At this stape oi development the most
reliability belenge to exoerimental results, 11 these experinents are pers-
rormed with maximum possible aceuracy. At the present time, thercfore, maxinum
atLention should be paid to the systematlle expositlon of tie most reliable
experimental Yacts, sssncisting them in such & way 45 to Tacilltote the con=
cert 0y 8 peneral criterion or a cohesive notien,

T4 seems Lo the auther that ihe elastice seatlerine of neutrons by atenlc
nueled oy 8t the present bime be placed in saeh & bection of puelesr physices,
T the abovesmentionsea monoglarh, pulddshen in 1937, Mirtle space is glven
to i, biegauae L cxoerimentel upierigl wes scaree o bt time, ot dure
g Whe more Lhan past Len yesli, o Lreet amonnt e work hus been cone in
this s dvdld, deading o very interesting and unexpeetod regulis.

1., Same General Gonvepbs end riemises

- i
R LIRS
aecupatbely

A8 ig enerolly known, the many =bedy problem counat i alveo
In either elussieal er ousntum mechanies. Mevertheleas this problen eould,
until now, be selved more or lesd guccessiully: in autronouy und the otomle
pystem by mesns o the perturbatisn theory, oand in meehonies of poges by

means af the intreduetion of statistieal lows, These fumalisy Hethods proved

to Le ihapplicsble in the theory ol the atomie nueleus,
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wor a successful application of statistical laws 1t 1s necessary to
deal with a system consisting of a large number ol particles., Fut the most
complex nuelel possess harely over 200 particles, Sueh & number is defin-
14ely Loo smell ior a successful application of statlstical laws in physics;

ard 17 the nuaber of perticles, as in lipat rucled, dis only 1020, even an

= ——

ap roximale application ds entirely lapossible, 11 we %uruhrr teke dnlo
considerotion the fact that, in applying stutistical laws, we lenore right

ol the stert any notdon of structwre o tee nuelesl wysien, 1L becones ob=

TR SR,

A vious thal we can expect by means o: tee stetlstical theory to obtaln only

roughly approxiscte solations in some cases.

o Loe obly Lond the metand of small perturbations camnot be fully used,
Peganse anmy verbiele Joinlng tie nucleus interacts with all oleer nuelear
porlicles with the same foree thwt blods then topeiher,

cherefore o rolior nopeless picture 18 crested, tor @ suceessiul solution
a1 e el e voblom some entirely new methods of mulicm Lieal anslysie
shande be lrevented, oy aiter creeting varions nuelesr nodels thelr experi-

wntil veriitertion ghould be performeds 11 Ls possible thot sueh methods

TR YT

will be  eune 4 the futare, but for iine Ledng lhey wre unaveiluble, and
Gie enly pessibility is Lo apply the uousl Samiliar methods. These are
gpplied in the modern nucleur theory. Recause 0i the abave=-mentioncd rea=
sens e should consider the conclusions of thig threry .ith grest cure, for
Lhey mey be either entirdly erronous, or only rouphly approzimete, Taking
there difficulties into sccount, we mey assume that the empirical method

wild be more productive than the logieal derivetions of a theory based on

daubtiud preeconceptions,
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DA SHERE R

After N, Bohr indicated the necesslty of dealing with the Inany =body
Problem in any interaction ol rarticles with the nueleus, mdgt, vlgner,
Rethe and Flaceck /2, 3, L7 and other theoreticians crested the "diepersion
theory" of scattering, still trying to apply the perturbation method, This
theery had little success, The applicalion of the basie eaquation to dif=

ferent rartleular cases involved clfficulties, due to the already mentioned

b fundamental wm:MUxMMjcw.hmﬁmupm
) hereupon Fohr, brenkel and weisslkend L5, 0, 17 and otuers constructed

a statistleal theory of e nucleus, eonsicering it to he an evaporsting
Miovid drop,  lhe transiticr ol tie initisl nucleus, arter capture of the
; external psrticle, into a conmpound rucleus is thought to Le likenee to the
: teating of the dropj the velesse of tie Farticle s likened to evaporation,
Thila theory is stmple Aabhentically, wund Lnerelore enjoyed nore 1 ropress
tran the disrersion Wieory; ar proviously sale, however, this theory ivem
the start docs not tuke into sceeunt any notlon of structire in the nucleus
ano s eompletely inapplienile to Lpht nueled, This theory gutisfeetorily
cxnlaing chenemeus of dntersetion of hewvy nueled with hiph=encryy particles,
hecante inm sueh & esse ihe internal strueture of the nucleus plays a muceh
Gnuller vele than In the intersetion of low=eneryy puriicles, (Notes The
sutirely unsslisseetery siete of the madern nuelesr theory is clearly
enararierized by the werds of the mout famous oxpert of this theory, Hethe,
in ave of his last artieles ....),

T4 may cusily be seen that in the case ol elestie veattering of low=enerpy
neutrens appreximately 0,03 eV to 3 MeV), mostly used in the numerous expeYi=

ments deseribed in this artiele, the applieation of the theory of the
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evaporeting liquid drop appears to be very douwbtful, In this pearly unique
case the dispersion theory vas applied with some success, We shall give a
short exposition of 1is conclusions in order to compare it thereaiter with

experimentzl resulls,

2, Theoretical Interpretution of Hastic Scattering of Neutrons

Tn accordance with the ideas ol N, Rohr (Note: fwo original articles
Ly Mohr were translated and published dn this journal UFN, /9, 10/, This
theory is slso fully expounded in ine articla by Rethe /I17), every nuclear
process may be described in the Ifellowing wWay « » o v o o [ﬁcte by trans=
1stor: Here the suthor gocs into a mathematic discussion of Rohr's theories
of 1935 and follows the exposition given in on srticle by Bethe, Rev rod Phys.
9, 69 (1937), mentioned in the Billiogrephy here/.

3, Scattering ol Neutrons by Atomic Nuclel; Ixperinentel Dala.
A, ‘The Telation ¥ = £(A)

3ystenatic siudy of the intersction el neutrons with atomic nuelei staris
with the voluminous work of Tunning et alii with the measurement ol the
"gbsorption® cross=-section of thermasl-energy neutrons Z:3_7. )
Zﬁnta by translator: Here the author deseribes ihe experiments perforned
Ly Dunning et olii, Phys. Fev. 148, 265 (1935); Mitehell and Murphy: Fhys,
lev 17, 8BL (1938); L8, 653 (1938)) M, Goldhaber and Briggs, rroc. Hoy. Soc.
A 162, 127 (1937). tt€ also appends o table of cross scctions of seattering
of glew neutrons by utemic nuelei, obtained by 1he above=mentioned selentists

and published in the urticles reforred 1o above./
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The results of these works are represented in Teble II, Figure l. Full
evidence 15 given of the irreguler scattering of ¢~ from element to element,
as was found with thermal neutrons, but the amplltude of fluctuation is
considerably esmaller., Therelore the first verifications showed that with
decreasing neutron energy fluctuations in 6" appear, but the general
tendency of monotonie increase holds. Therefore from these experimentsl
resulis seme empiricel rule in the functionsl relation O = £ (a) takes
shape. In order to confirm this rule il provec of e:treme luportance to
investigete with all possible completeness the scattering of neutrons of
intermediate energy, let us say irom 0.l to 0.5 MeV, These investigations
were mostly performed by Soviet physicists /33-387.

The mosl convenient sources ol uniform neutrens in the specilied encrgtﬁ
sotde interval sre miclesr reactions i (c,n), ¢ § mev), ( ¥ hct, Be)
end ( xh fwC,Be), The three last have & rather small intensity as compared
with the first oource; however, photonecutrens of this origin possessan
importent auality: their energy blurring, produced by different output
directions relative te the direction of the )5‘ -guantum, reaches cn the
gverspe only 15%, while in the case of neutrons, obtained by bombarding
various targets in discharge tubes with deuterons, the energy blurring, due
10 varicue couses, reaches O.1 MeV and more.

therefore photoncutrons appear io be the most suitable for such measure=
ments. (ﬂote: Due to some strange misunderstanding V. N, Kondrat'yev pretends
in his article [E‘IJ that photoneutrons huve the yreatest energy uncertaintiy.
This statement 18 entirely erronous)s The first verificatlon was performed
with neutrona from the resction ( \'ThC",D). The Lindiny energy of the

-b =
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deuteron, according to agreement reached after many investigations 59-143 s
has recently been set equal to 2.18 MeV. On the other hand it was established
that in the \f -spectrum of ThC" above 2,18 MeV only one line with an
energy above 2,623 MeV 1s present (the presence of the line with ~3 MeV
energy in the amount of ~2 = 3¢ is doubtful 4%-1:97). Therefrom i1 15 easy

to find that photoneutrons » Yo which we shall refer further ag the second
group, have an energy of 0,22 MeV. 4As a source of neutrons lor messurements

a small sphere 5 cm in diameter filled with heavy water was used; an amount

el nearly 100 mC of RaTh was located in its center, As the detector an
ertificially radioactive element (Dy, Rh s Or Ag) wae used, For maximun
activation it wes placed in the eenter ol a paralfin sphere 13 cm in diameter,
The activity of the detector was measured by Ceiger-Miller counter with a
scatierer located between the source and deteetor, and also without it,

These data, used in a teneral formula with a correction for nonparallel
neutrens, scrved for the computation of crose sections, The results of messure-
nents are pgiven in Table 1I, Figure 1,

Statisticel errors of measurements, due in ihe weak gource, average 10=-
15%, We sese Lrom Figure 1 that the asumed empirical rule is completely
com{irmed by messurements. The general tendency to monotonie increase is
kepi, and the megnitude of fluctustions of O’ assumes an intermediste place
between Bluctuations obtained by thermal neutrons (D,D),

A secend verification of rhoteneutrons ( 5" ThC",Be), performed by a
methed similar to that in the preceding work, shows the 8ame regularities,

The energy of these photoneutrons is agreed to be O.) MeV, fhe binding
energy of the beryllium nucleus » 48 well as the binding energy of the deu=
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teron, are nowadeys solidly esteblished quantities. On the bassis of many
determinations /39-437 1t is accepted to be 1,63 MeV, Therefore photo=
neutrons from this reaction should have 0,88 Mev /(2,623 = 1.63) % 7, but
in a special work by the author [Eﬁ? 1t is shown that this energy does not
surpass 0.4 MeV, The decrease is orebgbly due to the existence in the
beryllium nucleus of an excited energy level of the order of 0.L5 MeV, not
Yyet known at the present time, We shall further refer to these photoneutrons
as the L=th group. 4As seen from Figure 1, the amplitudes of ¢ {luctuations,
megsured by thece photoneutrons, are less noticesble then those observed

by scettering of phatoneutrons of energy 0,22 MeV, but they nevertheless
remgin higher than with neutrons (D, D),

Verifications with photoneutrons ( X‘Rac, Be) were performed too, [ut
in the speeified case, the study of the denendence O = I(A), these measure=
ments elffect bul little the general picture, Their meaning will appear more
clesrly when we start o study the functionel reletion O = £(E), where E
is the energy of secattered neutrons. The values of O found are represented
in Table TI.

Amgldi et alii /B97 performed & voluminous and accurate work with neutrons
(CyD)s Ve shall refer to it in detail while expounding the resulis of
neutron scettering by protons. The method used in the work was that of
vegeing neutrons. Ihe obtained velues of (= are given in Table II, Figure 1,
togelher with measurcments of pheoteneutrons. '

Terminaiing this review of experimental works in the sludy of the re=

lation @ = £(A), we may make some conclusions, First of all, by analyzing

these data, we note a nuite clear "attenuation" of o~ fluetuations, which

-8.
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we have already mentloned. The cross gectlons measured by Dunnihg lie well

on a straight line, even within the limits of statistical errors,
case however

In this
» ve should keep in mind that the neutrons (In, Be) are non=
uniform, and it is auite Possible to admit that the measured G represent

averaje values, If we could Sevarate uniform groups of thig neutren spect-

rum and measuwre seattering of each group, probably

we would obtain the
sane fluctuations as for neutyons (D, D),

Tt 1s easy to notice thet a number of values of O

neans of

y 88 measured Ly
these neutrons and distributed on one and the othe

stralght line of Dunning, a

I side of the

‘¢ nearly eoual. Assuning that such a relation

would be justified for &~ measured by uniform neutrons in an energy interval

3=5 MeV and vhat the amplitudes of fluctuations will be of tue sae order,

we come to the econelusion that the cross sections messured at seatiering

ol any cnergy Irom O to ~5 MeV will have

the limit marked on Figuro 1 by
the line A,

We do not know the cause of the observad sharp {luctustions in o » but

the mosat probable reason eould be ihe resonance interaction of the neutrdn

with the nucleus, 1In thig essumption we have to tske into account the fact
that in the sestiering, charscterized by cross sections digtributed within

the limits of error of feasurements along the btraight 4B, the rescnance

intersetion is completely absent, This is in agreement with the conclusione

of the theory, showing that for sulficiently hiph heutron energles the widths

of energy levels start to overlap among them (see seetion 2 and also the

article by Welaskopl et slid ZEQ?). Under such eonditiong the dependence

-9-
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of @ on the nuclear ra }dﬁﬁhaé a sinple forms @& = nRe. By computing

here from R, for the start of the limit AB and R, for its end, we obtain:
J

e
Fl w h.7-1513 cm and RE = 121073 om,  These values coincide well with
nuclear radii, computed on the hasis ol other data.

Therefore Lhe line AB indlcates the geometrical boundary of nuclei., In
reallty thls boundary should have the shape of a curve slightly convex toward
the axls of abelssse in its middle part, because the wost solid muclei occupy
the mlddle part.

Necently the G of neutron scattering with an energy of 90 MeV was
measured. Unlortunately these messurements stop with G—Cu' Anong heavy
elements only S was measured, As seen from rigure 1 these 6 in the
regdon ol 1ipht elements have velues lying below the limit AB, those of Cu
and Zn somewhat hipher, These fluctuatlons already cannol be explained by
resonance effects, Lut Lt 1o qulte elvieus tiat al such great energlos the
neutrons ean freely truverse the superfieisl layer snd penetraie the depth
of the nueleus, PFor ihe delerminslion of ihe nuelesr boundary it would
nrobsbly Te mest eonvenient to make systemaileal measurements of the S~of
neutrons scaliering with an energy ~i3 = 10 MeV,

In Figure 1 the dotied lines parallel io Ab charscterize the averape
values of €7 for neutrons of cach energy used in the messurements, On the
various sides of these lines, the number of © values messurcd with neus=
irons of speeified cnergy is approximutely eousl, 'The yradusl lowering of
these lines with inercase of neutron energy indieaiws without doubt that
the resonant fluetuations deecrcase repularly with inersase of energy of

the secattered neutrons snd the values gs"approach A, It is interesting

a0 =
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to note that the line characterizing the avorage & values measured with
neutrons (C, D), agrees accurately with the line of photoneutren ( %‘ThC",
Be) of 0. NeV energy,

This |dijises our suspleion that the neutron energy (C,D) used by Amaldi.
ot alil. was higher than the value indicatod by them,0.,1 - 0,18 Mev,

The oceurring increase ol ogseillation of T~ with e decrease of energy
of scattered neutrons does disapree completely with the conclusions of the
seatlering theory, As we saw in section 2 the theory predicts for slow
nentrons a monctonous inerease ol §° , according to formula (6). fhis
relatlen should s1ill be Justified for ncutrons of g energ%? . ‘ju 1 eV,
Fesonant osellletions sre admissible by the theory, but as it was shown in
the derivatlon of 6‘{@8 they cannot tﬁ;;éggg more then 10% of the full
valnue of eross sectlons,

The obaserved empirical rule of incresse ol resonanti interaciions with
deerease ol cnergy of scattered neutrons clearly conl?udiets the rough
fuclear model ol structure~less liocuid drop., It is 93258b3633ﬁ§”tnat it is
eonnected with @ still unknown atructure of the atomic nucleua. Pelow we
sholl discuss several such siructursl models, ror time being, by terminating
our conelusions we muy sgy that the efforis of many investigators whe have
measured the cross sections of elustic secattering were noet done in vuin,
but led to interesiing rules, which will be doubitlessly solved compleiely
in further investigutions ). (g@fggcently new plienomena of resonant
seattering were found /Bl=537, In the case of some clements huving high

eross secvions of caplure (Ag,Mi,Co,Mn) of the resenance type, also high

.ll-
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cross sections of resonant scattering were observed, It 18 possible that

i
this phenomenon will show a strong eonneotionw&e« the indiceted rule).

B, The Relation O = £(E)

This functional relation wae most clearly determined after measurements
of the cross sections of photeneutron scattering ( %‘ RaC,Be), which could
be divided into two groupsa.

Tt 1s known that in the g-spectrum of TtaC, 6 lines ol various intensity
ave found above 1,63 MeV (Table ITI). Ky use ol the strong energy dilference
between the strong second line and the [ifth and sixth lines, we msy separate
neutrens inte a group ercated by the second ﬁ‘-line (group 1) and a grouwp
produced by the ),\-lines 5 and 6, by surrounding the detector (Ag,Ih,Dy or
berie camera) by paraflin layers of varlous thickness. It was f{ound experi-
mentally [_@7 that in the case of a paraffin sphere 6 cm in diameter maximum
actlvity of the detector, loceled in the center ol this sphere, is observed
for neutrons of the firot group. In the cese of a L0-cm sphere neutrons
ol the firot group are moutly phuorbed by the poraffin on their way to the
detector and the setivation iu mainly produced by the neutrons of the 5 and
6 \d\ ~lines, The separation of these close groups by the ssme way ie no
more rossible. It is cesy to Iind that the unergy of' neutrons of yreup I
nearly exactly esquals 0.1 MeV (1.75-1.63)% = 0,107, Computation of neu=
tron energy of the follewing mixed group pives values 0,51 and 0,71 MeV,
but it was found experimentally by comparison with uniferm phetoneutrons
( B‘Th@" ,D) thst the averaye neutren energy of this group does not exceed
0.3 MeV, This decrease of energy, 8s with neutrons ( {*rhe, e), is explained

by the sxistence of an excited energy level ot B%B near 015 MeV,

e12 =
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Such separation led to the possibility of measuring the O of neutrons
of the four groups corresponding te energies ~0.,), 0.2, 0.3 and 0.4 Mev,
and also of obteining for many elements L points of the curve o= (5.
The experimental method did not differ in principle from the formerly accepted
one. Complete results of measurement are represented in Table II, and
typical curves for some elements are shown in Figure 2,
Resides these data with photoneutrons, less numerous studies were performed
on the relation O = £(E) for neutrons (D,D) by Aoki /857 and MacFaill /567,
Feoulis for Si and Mg are represented in Figure 2, and full data in Table IV,
The yariation of neutron energy (D,D) in these works were obtained by vary=
ing the anglc between the directions of deuterons and neutrons, Therefore,
_‘.?:’J.zshown in Table IV, the energy interval 0,63 HeV may be investlgated.
,,"\ i’unexg\y &1«3&&*{%@3 secording to data Ly Aoki, reached 120 keVy it was con=-
siderably less, ~ L0 keV, in iacFeill's.

Study ol the curves of Mgpure 2 lesds to e eonclusion that in contrast
to the disorderly irreguler veriation of (57 as s function of A, we have
here fully regular vsriations, thus indicatlng the distribution of resenunce
levels in nueled,

However, it boeomes immediutely obvions thetl Lhese resonance processes
do not fit within the framework of existing nuelear theories. 48 ig familiar
from tethe's /577 and other writers' computations, the intervals (D) between
vesonance levels snd bhe widths of these levels (T') ore very small in heavy
nueled, The values D vary aecording Yo an exponential law and depend on

he atomie weipht of the ¢lement and on the eneryy ol the seattered neutrons,
In heavy clements D does not execeed a fri:tion of a volt, and T is of the

order of 0,001 eV, - 13 -

RESTRICVED

Declassified in Part - Sanitized Copy Approved for Release 2012/03/12 : CIA-RDP82-00039R000100190002-9



Declassified in Part - Sanitized Copy Approved for Release 2012/03/12 : CIA-RDP82-00039R000100190002-9

S TRICTED

Tt is fnlly obvious that, in the acatt?ﬁ}ng‘of neutrons differing in
energy by 0.1 MeV and having an energygiiu;;éaéegf 20 keV, it 1s impossible
o expect resonance phenomena in such close levels. Under such conditions
the probability of falling on a separate level eouals the probability of
hitting with Q football between tvhe lines ol a diffraction grating or of
obtaining by this greting a dispersion ol radio waves several meters long.
Hocguae ol overlapping by the energy glﬁriiaéwhf scatiered neutrons possessing
a ¢ reat number of energy levels, we may expect only a monotenic decrease of

@"  with increasing E. Fut on curves of Figurc 2 we see that the intervals
of [luctuatlons and amplitudes do not essentially diitfer in the region of
light nuclei, where energy intervals of D ~ 150 keV and more are possible,
from the region of heavy nuelei; the enly explenation of this phenomenon
may be the assumption that resonance levele divided into intervals of
hundreds of thousands of eleetron-volis, may exist without excepilon in all
nueled,

Aneiher typieud maxk ol tue observed phenemena, to wileh we have glready
called attention, is maintenance ol the genersl monoionie lnerease of on
during transition Lfrom lipht to howvy clemonts. The minimume of heavy clo=
ments dn not surpass a certain limit, determined on rigure 1 by ihe line AB,
AL the end of the previous scetdon we assumed that this line nearly corre-
sponds to the boundary of nuelel, II this assumption is justilied, we
should now assume that in all elements the external shells of atomie nuelel
have nearly the same siructure as light nuclel.

tntil new our eonelusions seomed to be the most probable explanation of
the open phenomenon of "anomalous" secattering, Now we shall introduee a

hypothesis, which although less sure than the one previeusly expressed,

T
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neverthsless seems to be rather probable, If we sssume 1t possible, as
sugpeated by many writers, that light nucled censist of alphe particles,

we should also assume that the shells of heavy atoms also consisi of alpha
particles. Therefore this hypothesis automaticaelly divides the heavy nuce
leus into an internal part, namely a sube=nucleus consisilng mostly of super-
fluous neuirons, and into a shell consisting of alpha particles. During
exclilation of the whole nucleus the sysiem of levels may approach thet
predicted {rom statistical theories; but interaciion of nuclel wich neutrons
(or other particles) ls also possible, when he internsl sub=nucleus does
not take part in ihis process, From the linuid=drop point of vliew such
interaction may be considered as a local heating of the nuclear surface.

We do nol exclude the possibility tiet during elsstic secattering the neutron
interscts with a geparate nuclesr particle (alpha-pariicle, proten), which
{for some reasen is more weakly Lound to the nucleus,

As already mentioned in Uhe computstions of @ , all investigators
agsumed Lhet Lhe maln process durdng tnhe passage of ncuirons througli the
elements sludied 18 vurely elsstie scattering without loss of energy (lote:
In the ease of elostie eollisions of neutrens with greeatl masses of atomie
nuelei ihe enerygy less may be neglectid), ‘thie assumption 1s Jjusiified ]
for nevirens of encrgy up to 0,5 MeV, It has been experdmentally verified

13;7. But during seaivtering of neutrons (D,D) with an energy of ~2,5 MeV,

as shown by Wonaka /887, hard $eradistion is observed emitted by the e 7
sesiterers The appearance of this radistion muyy be aseribed snly to the ‘
excitation of atemic nuelel, and not to sbsorption, Letwsuse Lhe measured G
uppears 10 be of the same mugnitude as messured Ly Aoki. Also observavk

are fluctuations similar to those=féund in the worls of Aoki and MacFaill,
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The anguler distribution in the scattering of neutrons (N,D), econsidered
in the computation of ¢’ as spherically symmetrical in the leberatory
coordinate system, proved to be sharply esymmetrical, at lesst in the case
of some clements, [Tranglatorie Note: Resulis of Aokl /B/ are maniioned
confirmed by Kikuchi /B97; the results by Barschall end Ladenburg /607 are
also described 7.

These results do nov distort much the relations ¢ = £(a) and & = £(L).
Changes which have to be intreduced in the O found are small and possibly:
do not exist in all elements (probably wostly in heavy ones), The general
menotenic increase of & remaine, which indicates that processes of not
only clastic, but also nonelastic seatbering occur mainly, and perhaps
exclugively on the surface of atomic nuelei.

As is well known, Niels Rehr supgested a demonsirative model to illustrate
ihe formatien of & compound nNUEleus oo [Traﬂalatnr'a Vote: heference 1s
made Lo NWicls Iehr's works listed in the bibliographx?.

Graban aud Wilson /B, 627 came to the same conclusionss...

As seen from Jable IT, ihe functional relatien 0" = £(E) was studied
in delail only within the energy intervel 0.l =0y MoV, In the interval
2 = 3 MeV, measuremenis of heavy clements are nesrly unavailable; besides,
the measirements of Honake &d Larschall hed o be corracted for inelestic i
seattering and for ssymmeiry of angular distridbution., Regions from O to
0,1 MV und from O, to 2 MeV were for a long time empiy. Only auite
recently two works appeared in the litersture which widened a little the
region 0,1 = 0.1y MoV in both directions,

=16 =
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In works by Russell et alii /B37 photoneutrons from artificially radio-
active elements were used.e.

Rarschall et alid /Bu/ used neutrons from the reaction (Li;p)eses

ke Seattering of Heutrons by Protens

Ay Theoretical Premises

The theory of the deutrens was created, as is well lmown, by Pethe and
Pederls, and was based on the unique postulate of small radius of action of
rmelear forces, (Note: This theory is expounded in an excellent way in
the monograph by rethe and lecher, "Nuclesr Physics", transleted into Rus-
sion in 1538 and published in Khar'kov.)

Many exnerimentel results, to be doseribed below, sharply contradict the
Pothe=Pelerls deuteren theoyy, and theoreticiens had to introduce several
changes, Wwe shall now discuss itwo ol iliems

vorae et alil /B17 introduccd a gpecisl polentisl function eees

ghare wnd Stein /B97 conaidered the potential well ¢ses

The Felhe=Feicrla theory as well as contenperary meson theories of the
dentevon, lesding to forces nosseosing smsll radius of aciion, probubly are
enly a pertjeuler cese of & future more penersl theory which will take into
seeount the experimentslly found possibility of setion of nuclear forces i

at eonsicerably greater distances,

B, lLxperimentel Duata g
Al'ter the introduetion of the second (sinpulet) level of the deuteron '
experimenters worked long to verify the fellowing formyla
(15)

S JT_"“' 3/”“!'5') +("' 0";4‘»)

M {t‘ :Ef/?; Z‘ [ EB/"
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The first experimentsl resultoby Goldhaber (70) disagreed sharply with this
formalae sees

The second work by Tuve et alil [7'3;7 was also in this connection «reee

The third work by Leypunskiy et alii /T3/ wes performed also with photos
neuterons, but not from the reaction ( X\Thc",n), but from the reactlon
( S\I?aC,Ba). Neutrons, obtained from the lasl source are, a8 Seen previously
not wniform, Silver, located in the center of' a water sphere 13 cm in dia-
meter, wes used as ihe detecter, The authors admiited thai the neutrons
had an average energy of 0,15 MeV, They found, by uweing a paratfin scatierer,
the valne A = 1.5 4 0,6 cm, which corresponds to ¢” = 9.5-1022" cma.
Athough this velue 15 below the theoretical one, it still aprces with 1t
within the limits ol experimentsl errors,

iy comparing theze two results we may make the Lellewing conclusienss
1) Goldhaber's measuremonts conlain some orror which is difiicult to find;
2) both resulis (aleo ithe third one, by Tuve) are correcl, the difference
betwesn Lhem being possibly explained by differont neutron energy, i.¢.
formila (15) i6 not correct, A1l speciulists perferred vhe {irst explana~
tien, because during three years no verifications of these importent devia-
tions were made,

In 1939 Amaldi et alil [127 in their alrveady mentioned werk, besides
meosuring the @7 of 38 various elementis, thoreughly measured G'H obtaining
the velue 3.3-102L' nmz; which is in exeellent apreement with the result of
Oolghabers
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Tn view of the inportence of this problem for the theory of the deuwteron
and for the whole theory of the atomic nucleus and because of some strange
further consequences of this vork we shal). enalyse it in more detallesesrere

E@fex‘ence 15 made Lo Analdits work ﬂl?]j

Tn ovder to geb out of tne difficulty o'::'ea’ted bg Lhe nentioned works,
it wa!{firat necessary ‘o repeat he negsurenents LY Goldhaber with greater
accuracy., This Wed done by the writer of this article [7_5_7. Teble TI
ghovie SH found by scettering with HQO. The velue O = (5.0 1.0)-152’4(::1\2
15 in better agreenent with Goldhaber's value than with the theoretical one.
However this result is unrelisble, hecause the messurements were done with
poor eﬂ)erimental geometry of the enuipment. Alter sepsration of photo=
neutrens into two groups ( f\\ 1‘(5@,115) s deseribed in the previous section,
and after many nensurenents of cross goctions with four Lroups of photo=
neutrons, negsuremants of four volnes of g of hydrogen wert persormed.

The periormance of guch work noturaslly was 8 verilication not only of Gold=
haber's resulis, put slse of all ether worke in the interval 041=04ls MoV,

The main eondition governing ihin work was the neceasity of stteining
the preatest possible decrcase of the golid angle from the sestierer on the
dutector, Turing sestiering of neutrons by hravy aloms iho computations
mey be perfornd by assumption thet they ure spuericelly sywn@trically
diptributed, and thot the eerrection introduced in the noutrons reaching
the detector after their seattering 18 not bip., Iut during seatiering by
protons this correction inereases strongly, because tha neutrens procaed
mostly giruight ghesd after seattering. For this reuson in the specified
whrk the digtance between the source of photoneutrons snd the detector Wus

mode & far 8o possible = 4O et with the amouni of path ~ 100 mC used

-19 =
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for the work it was necessary to repeat the measurements meny times with

the scatterer and without it, in order to reduce ststistical errors,
Meagurements performed with a width of the paralfin scatterer eoual to 0¢5 em
to 1 om practically showed ne difierences, and {inal computations led to

the valne @'+ 3.Ov10-2h cme, which 18 in good agreement with data by Gold-
haber, Amaldi and others with former resulis.

The same measurements with neutrons of the first group, as expecled,
spreed with measurements by Leypunskiy and others, Verificatien with group
77T led to the seme resuli as obtsined by group L. This indicated thaet the
mdninum se long sought for on the Dreit=-Wipner curve bs probably very narrov,
and & devietion to one or another side leads to values of 5, rsther close
Lo the theoretical ones, ihis circumstence confirme our idees en the rea=
son for the divergence of two ™ values by Amaldi and others.

Megsurenents with photoneutrons ef the group IV led again to a smell
value af @ = 3.2~10'2h cme. This result, found for the Lirst time for
neutrons of this energy, wae coniirmed in tho work by vood and (inldhaber
[T67 who found &= 2.6-1()-2h omz. Fegulin of these measurements are
represented in Table VI, and Figure by

This verification of formwle (15) wes the luotl made in 6=year period.

Tn 1647 two works appeared, among which one wod made with phoetencutrons [727
obtuined frem reactions (Na,be,D), (Mn,Be,D), (Ga,le,D), (La,Be,D)s The
anpli ed measurement methods were pimiler te ithose used in the aquoted work

by iussel ol alii. ‘The messuremenis of ¢’ with a peraffin scatterer, as
geen from fipure i, do not diverge mueh from the theoretical eurve.

o 20 =
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In the second work Bennett et alil Z?§7 used reactions (Li,p), (C,D)
and (D,D) in order to obtain suitable neutrons. During bambardment of a |
thin lithinm target with protons of varlous energies it was possible to
obtain neutrons with energies from 0,35 to 0,97 MeV, By using the second
reaction, neutrons with energies of 1 to 2 MeV were obtained; and from the
third one, 2.6 to 6 MeV. Tesults of Measurement made by the use ol an ion=- i
izing camera are repregented in Table VI and are plotted on curve Figure i,

By analyzing all data of o H meesurements starting with the first work
by Goldhaber and ending with the two last ones, we may make two conclusions:
1) #nomelous diserepancies of points outside the curve expressing the relation
(18) exist probably only in the range of smell energles, nearly up to 0.5 MeVy
2) The last dats on photonoutrens meke again the reality of anomalous dis=
crepancies doubtiul,.

lLet us first anolyre the second conclusion, ihe energles of photeneuirens
(Na,) and (MEY,D) ave nearly cauel to 0,27 end 0,22 MeV respectively; or,
taking into sccount the possibility of decreasc ol neutron energy in the
source itself, av oupgestid by the writers, we see they sre equal to 0,22
and 0,17 ¥oV. I we had to desl only with one work (e.g. with the first
work by Goldhsler), we probably would not be bLold enough to stote that the
difference of 5000 eV leads to such a sharp anomely in the value of 77,
Put, as we have seen {rom analysis of all previous works, ilie anomalous
value of (T~ stubbornly appeared in four works, and it wes meosured more
than 10 times by the auther of this artiels, while its average value did f
not differ more tvhen 204 from each sepsrate messurement of 7. It is x

sulte obvieus thst such amazing ceincidences cannot be aceldental. On

-2l - -
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basis of the last dats by Wattenberg /777 we mey conclude that the range
of the @&~ discrepancy is rather narrow and of the order of 10 - 15 keV,

Sources (Ge,D) and (Ga,Re) supply neutrons of energies 0,16 and 0432 MeV
(or Q.13 and 0,27 MeV), The first snd the second energy are nea energles
of growps I and II of photoneutrons (RaC,be), The velues ¢ as scen from
the corrceponding table and from Figurc i agree here well, and we have
nothing move to say on this matter. Infortunately, among photoneutrons
obtsined {rom artiiicially radioactlive sources there are none with energies
near 0. MeV, i.es to the group IV of photoneutrons (The",Be); but in the
fellowing work we find neutren energies (Li,p) 0,35 and Q.L6 MeV and two
eross seetions meesured by these neutrens that do mot diverge Irom the
theerctical curve, 1herefore, ior neutron enerpgles neer 0.l MeV, probably
the same anomaly repeats Ltoell us for energy 0,17 or ~ 0.2 MeV.

ihepefare a detailed anglyusls ol ilic results ol 41l the vworks leads us
Lo conclude thut on the curve illustroting the relation 0= (L) ve cap
abserve two sharn minimum in the peglons ~ 0,2 and 0.l MeV and a maxi-um
between Lbem, Wwe 3till do nol possess 8 theoreldcel cxplunation of this
phenemenen in the literature; however, the writer of this griicle gotv a
private repert by M. Denge, who sttempted with the help of lieek to explain
it by introduction of & third level P (virtual)e. Four vulues of crosu
sections, computed b him are represented in Table VI,

Considering the [irst cenclusion, we may Bay that it is rather probabla,
but we cannot gusrantee thuat similar diserepancies of @ will net oceur
during further resesrches in other regions.

AL present we are unable to muke a definite conelusion on the reality of

the doseribed sromaly, Many speeislists share the point of view that this

.20 -
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anomaly does not exist, A definite solution of this problem may he found

only after further and more accurate research,

5, Agular Distribution of Meutrens Imring Thelr Scattering by Protons,

To verify the correctness of our concepts on the nature of nuclear forces
and the law of thelr action, the simplest method is to study the interactlon
of neutron with proton, as two elementary partlcles. 1Thls study consilsts
firat in the investigation of the relatlon G = f(E), and secondly in the
investigation of the angular distribution of neutrons during scatiering
by protons, ‘he sngular distribution is the mosl sensitive indicstor of
the details of ine potentisl woll; i.e. of the details of nutuel interaction
of noutren with proton, IL the nuclear forces may be representied in the
form of a deen and narrow potentlial well, then the sestlering of all neu=
trong will be practically apherical symmeiric in a central system ol co=
ordinates,

Lvery devicilon Lfyom spherieally symmetric distributden, fixed expori-
menbally, will be an iaporta v faet, becauwse iy mey be oxplained only by
the assurptien that the action of nuclear forces extends distances fnr
above (1 = 2)'10'13 cine

It may he seen from the preceding how important it is, topether with
relation (15), to study anguler distribution., It wus studied by many experi-
menters over a leng rerisd of time after the diseovery of the neutron;
us seen below, however, succeus did not secompsny ihe experimentery,

In one of the first works Meitner and Filivp, using a neutren source
(n,Be), measured in a wilson camera 100 tracks of recoll protonss They
divided these trueks inte § groups according to sngular intervuls and found

a sphericully symmetrieal distributien,

=23=
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The next work in this connection was performed by Auger and HMoncd-Herzen
VAETETEE

Contradictory results were found by F. Kurie /B07..vvs

Studies of a similar nature vere conducted by Dunning /BL, B27 ...

Wider allied measurements vere performed by Harkins et alii /B37 «uevs

All this research can be peneralized into one group. Characteristic
1s the use of sources that give neutrons of nonuniiorm energies, Simui=
tenously with the iniltisl part of the neutron speetrum, contalning neutrons
averaging 0,2 to 0.l MeV, a central part with energies ol the order of 3 =
g gV exists; and the end of the spectrum contains a small amount of high=
energy neutrons, leplecting the last part, we see that in all researches,
gxcept that by Dunning, the angular gistributien of neutrons ol two ranges,
ovarlapped oaeh other.

The second proup consista ol rather aceurate regearches with s wilson
Cloud camira, of the angular distrivution of uniiorm=-energy neutrons (D,D)«
The most extensive and sccuraie work waa perfermed by Dee and Gilbert L8y
vens

In the second work Sonner /057 used o terget of P205 * DpOes

In the third work kruge et alii /B67 used the cyclotren ses

In the fourth werlk Lampsen et alil ZEZ7 chooed the inethed of rhotographie
erulsionsee

In 19L0 appesred a werk by Darschall and Kanner /[B87, and in 1946 the
author of this artvicle /B97 also putlished his work., We shall discuss the
1aot work after a eriticsl anulysis of results of the mentioned worke whieh

stinmylated it. A8 for the work by burschsll and Kenner, es they themselves
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indicated, thelr investigation was started not to verify the angular dils-
tribution which they consider correct, Wt to verify a method sugpested
by them for detemmining this distribution by a lonlzation camera.

Table VII gives full swmmary ol all works according te year. At firet

aiﬁht it becomes evident that the most accurate measurements always lead
ta spherically symmeirical distribution; therefore for all neutrons of
energles up to 15-20 Me¥, we should consider this law of gcattering as
verified.

Nevertheless, upon more thorough analysis some doubts in the absolute
aceuracy of this conclusion arise, The faet that the strongest divergence
is observed in works of the first group, in which nenuniform neutrons were
used, moy be explained, as done by e>perimenters, by the sssumption of
gystematlic errors orlginating in the nonuniformity; we may assume, however,
that the asymmetry is real, It may exist for a distribution of neutrens
of low cnergy ol the order 0,2 =0l MeV and vanish for higher=-snergy neutrons,
Such ideas arime upon analysis of the rcsulis by “onod=Herzen, Xurie and
larkins. In these works the anomalous scattering seems to be ereated by
low=cnorgy neutrons, It overlaps the strong background of fast neutrons
having symnciricol distribution, and ito port 1is so small that in ihe pene
ersl distributien the devistions lie within the limits of errors ol messure-
nent,

It is natural that, for the exjerimental verification of this suggestion,
the best method would Le to wesken the effeet of fast neutrons by separating
the slow ones and studyilng thelr distributien,

-2~
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Such a method as seen in works on measurercnts of 0~ vas effscted by
£iltering the neutrons by peraf{in layers of various thickness, In this
case it was applied rather suceessfully. Tn the study of angular distribu-~
tion 4ts application, as may be expected, will be sti11 more effective,
because 1t is necessary to separate neutrons differing in energy by several
million clectron=volts.

on the hasis of these concepts experiments on angular distribution in
the beginning of the speetrum (Re,Re) were performed,

T4 was found in 8 specilal investigation that this pert consiets of a
wniferm group with an energy ~0.2 MeV, The method of ring-shaped scatterers
was chosen for measurements. Bh located at the center of a paraffin ball
5 en in diameter was used as the detector. IU g quite evident that for
fast neutrons not only ig this psraffin ball & secatierer, but also neutrons
nosgessing energy of the order of 0.2 eV colliding witi it are consioerably
glowed down to thermal velocliies, or nearly 89, grd actlvate the detector.
For the study of peattering wnder a certain angle, use was @lways made of 8
senarate ring=shaped seatierer ol definite diameter, Jocoted between source
and detector, Sueh a mothed secured morae accuracy of messurements than
in the shifting of the scaitercr from source to detector, or viee versa,
heeanse the neuirons traverss the sume poth Lefore and aftexr scattering,
During neasurements with angles 25°, L5® and 6B° the distance between psource
and detector wus 20 cm, and dubing measurencnis with preater sngles, it
was reduced to 10 and 6 em, ‘The anpular distribution of neutrons ab
seatvering by carbon wes measured separately, and the velues found were

deducted from the general affect with a pavaffin scatierers The secuttering
T
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i .; by carbon, as expected, was Very gmadl; namely, ~ 10% of the general, effect,
The results of these measurements are represented in Table VIIL and Flgure 5,
together with data by Monod-Herzen and Harkins, As seen from this figure
our agsumption of the existence of asymmetry of scabtering in the region ol
low energiecs was enbirely justified, lLhe results agree completely with the
data by these investigators, but the asymmetry, blurred in their measure=
ments by the large number of Ifast neutrons, appears much sharper in our
measurements,

As seen from Table VIIT, regular {luctuations in neutron geoattering were
unezpec%ay observed for anglee greater than 90°, This eifect vsnishes in
the distribution ol higher=energy neutrons (which 18 achieved by an increase
of the size of the pareffin bell surrounding the detector) and appears
again in digtribution of lowor=energy neutrens, Ihis counter seattering
in Lhe laboratory system of coordinates doeos not sproe with the ususl con=
copt of elastic interaction of two bodles ol condl mass, and in order lo
verily its oxisteneo, further veceorch 18 neCeLSLTY.

A peneral conclusion derived from & eriticel unalysis ol &l experiments
on angular distribution scems rother apparent. In the energy ronge 0.2 =
0.4 MeV & sharp asymmetry of noutren seattering by protons exials. In the
energy range 2 = 3 MeV Lhe scattering dees not deviate fyom o spherieally
symnetriesl one in a centrul coordinate BYsLEM. the lew of action ol nuce
lear forees is probably near the suggestion by share und Stein, Huelear
forces near vhe center are strong snd decrsase ropidly with distance, but

w27 =
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later on their decreass alows down and the actlon of weak foreces probably
extonds distances probably 10 to 20 times greater then the width of the
potential well,

6, Interaction of High=Energy Neutrons with Protons

During scattering of high-energy neutrons (of the order of 15 MeV and
above, the wavelenygth of which is comparable with the width of the central
potential well) deviations from spherical symmetry of sngular distribution
and irem the relation & = f(I), expressed by formula (15), showld be
observed. Tho {imt O measurements with neutvons (Li,D) having an energy
around 1% MeV, perfomed by Roberts et alii /507, 1cd to the valne &=
0,62:20°% enfyanrs

Anglal el sliid [517 measured the angular distribution of neulrons, using
reactions (11,D) and (ByD)esses

The study oi the asymmelry of the angnlar disiribution of neutrons and
the devistion of § from the relstion (L5) assumes impertance in cennsetion
with the meson thuory or the deuteren ond ol nuclesr forees in yenersl, as
developed by wny theoretieiuns. A8 18 known, in srder te obitaln a correct
order of mapnitude oi binding ol nueleens in ihe nuclevws iy 13 neeessary
to intreduce & new particle with a mass of the orcer ol 200 cleetlren mass
(m)e Thin eherpeless psrticle was named "neuirette". 7The theory el nucluar
forees using only the novtretto for cxehionge forces among nucleons Vus
developed by Hethe /827, It was nsmed the "menirsl theorys After the
diseovery of the mesen in cosmie rays, theeries were ervatecd which took
into secount ithe exchonge smong mueleons Ly purticles of three tyves with

T
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=

e
e

| ]

RS

masses of the order of M0 m, Two of them possess positive and negative
charges, and the third one is neutral, These theories were named "symmet-
ricall,

As shown by Farita and Schwinger ﬁg] the symmetrical and the neutral
theories should lead to dilferenl values of I ‘he symnetrical theory by
eller nnd Fopenfeld ﬁg7 leads in the case of 1) MeV neutrens to the value
R = 1,63 ﬁ§7. This value contradiets strongly thet hy Awaldl et alii,

By comparing their results with the theoretical ones, these wrilers con-
clude that they agree rather well with dats Ly Feretid /587, derived fron
the neutrel theery by Fethe [9'37. Sueh & conclusion, excluding from the
interaction meehanism governing nuelear particles ihe known and observed
charpged mesons, naturedly could noi saiisly physieists und proveked new
excorimental axd theoretlesl work,

fy bembording 14 with 1@ JeV gcuterens, Sherr /917 obisined neutrons
2

with an energy of 25 MeV. lie Lound the vulue G = (0,39 4 O.Cl,’j)-l(..)-gh [

The theoretiral value of § computed from data of ihe Sy'fém‘:’bl‘i(?&l th@o,ry
) 1
):l

: - 2
by Fordte and delndnger /87 for sneh newtren cnegy, eoucls 04395010 “em;

. . R TR -,
computed frem vhe neutrel theory the value is G & 089010 Yemts Therus

fore the toung velue of O aprees bebter with tre symmetrical theory.

Aveno ot 6lid /G87 reocrten the meosurements by Amldi et wlil with
pnentrens of three cnergies: }31 = 1.1 VeV, resction (Be,D); EZ B 12,5 MeV,
reaetion (B,D); sné EB = 13,8 MoV, resction (Li,D), Thoreuphly messuring
tive variation of neutron intensity by mears of a complicsted urrangement
of three Geipgor=uller eounters, set for volneidencves, they found the

- 09 -
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correspending values:

G = (LT3 0,06)010°% o 6, = (069 1 0412)e10724 ¢nf; and

6; = (0,69 & 0.019),10-2h ch' By analyzing the previeus theoretical
and experimental dats they conclude that their results agree hetter wiih
ithe data of the neubral theory,

The last theorctlesl research indicates that for a more complete clari-
Meation of tne problem further investigations of neutron scattering are
necessary with energies of the order of .00 = 200 MeV, FProbally such measure=

mants, quito realizable in recent Limes, will help in conpletely solving

this interesting but confusing problem,
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