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ON ELASTIC NUCLEON SCATTERING BY-NUCLEI 

G .A. -Leksin 

A great deal of well-known experimental- data·point out that 

high energy (E '?- 100 MeV) nucleon-nucleon collision may be_redu-· 

ced in most cases to the nucleon oollisi~n with~a~separate ~ucl~on 

of the nucleus or to a number of such collisionij. When ezamining 

this phenomenon one may consi'der that a) the cro~s-section of two 

nucleon interaction is equal to the cross section in free nucleon­

nucleon collision; b)'the nucleons in the nucleus do not interact 

at the moment of collision.-One can take irito account:the result­

of nucleon interaction by tltHHJm~rig the· nuclear wave function to b_e 

l\1p1 ('1.) or the nuo le on momentum distribut-:i.on function -of the nuc­

leus to be N (:k:), S\lOA ?.n approach to the problem of ··nucleon- iiuc~ ·_ 

l~us collisionwqs called- the impulse approximation~ At~ present 

the sufficient conditions o·f th~ :lll)pulse approximation application -­

are ·:p.ot k:inmn~ '.tt :\.~r nepf.rnsary, at least, that the wave length of. 
. . 

in,oitdE:nt nucleon and. the effeq:t,iVf:? radius of interaction' were les~ 

than the distance between nucleons-in the nucleus. 

The impulse approximatioJ1 wa~ successful in calculating high­

energy nucleon-dautron elastic scattering. This made it pos.sible 

to maRe an attempt to apply it for the cabulations of the angular 

dependence of the differential cross sections of elastic nucleon-nuc­

let\s scattering,. Such calculations are of certain· interest from the 

methodical standpoint and make it posnible to draw some physical 

conclusions which are apparently.independent on the use of a number 

of simplifying assumptions. 
-) 

, If a nucle ori characterized by the radius ·vector · 1, 0 is' in-
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cident on the nucleus consisting of A·nucleons and the position of 

each of them is· givan by·· the radius. vector ~i then such a system 

1s convenient to be considered in·Jakobi coordinates~ 

- r--= -Go -· 1:.0.+ 1,t ... ,-, ·E'tt ~ · -- -. :-9'. -- , · """'' ;_,f,, 
R ::: . A : 1 l,. . R -::-A.. ) -X =. 1.o - . R. i l.t = 't~ - ~ 

,,4" 

Th~,- ~yste.m Hamiltonian is written in" the form~ · 

. p 2· . . .. a ·> ·· l , ; : " , · · . · · . · ; ' · 

H~==. R + . Px , P1,i. L ( , _:_ ...:., · ( ) 
, .. ·')rn(·A+1) .... 2.·rn ~-t L "1,._;.. + .lit· 1.()•+LVit(X,1.·) _,,, ·· 1

_.:. . "' ', At I i c;. I.. l ' ' t . . . . 

,, 
-~}; ::, .. ---Here, PR') . Pt< and 

__,,_, 
PiL are the momenta conjugated with coordinates· 

~ - --R,, x'.~ndr respe_ctiveiy; · U, (rl .) is._:the interaction potential 

between the nucleons-inside the .nucleus which determines the formr . " . . . . ~ ~ . 

. ~;.... ->,. . 

·:of .the· .nuclear wav,e. function 'f si (1.) > · VL (x -. '1.l) · is the interaction 

poten,tial_.of a~:incid.ent nucleon with i"'.:"nucleon of the nucleuso The 

systen_i .of sp_i11Iess particles is being considered"' It· may be expected 

·that. ·more. exact calculation will lead only to. small changes in the 

region 'of. the appli_cation -of the impul_se approximationo In· expression 

(1) the: Coulomb interaction term is absento It· leads to a certai~ re­

duction of the calculated .cross sections of. proton elastic scatter­

ing by nuclei in_ the region of small scattering angles • !::.· 5 = 10°. 

The matrix element.of- elastic scattering process is of the form: 

. Jf, ~ _(tl;:J.JdXd'tcy•' <X '.i',>v._ (X ~ ~l )'l'~H (Xi,), 
. . . .. , 1, . RK . . . . 

(2) 

Whe e ·,·__,;·-.;;:.•.· r ' . . . · p· ·x ·_ , . . ~~· . .,,, 
· · · I H --, ·· ·., tpf<X, .. 

~51H. ~ e, ., f~ (~) l ~tll<·-::: ~ · 't'5}('1.) 
' . ; '. ' .:, '• 

In accor~anoe .with main concepts on which the iljpulse .approximatfon · 

is based _the nuclear wave, function- may be .presented as the product 



- J -

of the wave functions of individual nucleons in the ·nucleus':. 

After the transformations fully analogous to those given inl 1l, ·ex~. 

pression (2) assumes the form 

(J) 

if the wave function in the nucleus is normalized,i'.for·-I~1,The·f1rst 

brackets in expression (J) are .(with the. accuracy up -t·o ·a constant: 

factor) the .nucleon-nucleon scattering amplitude - ONN -,with 

the change. of the momentum q, . o This amplitude :would -not _ibe _'cal-

culated .under the special assumptions on the potential fo~m;:, it>must 

be taken directly from the known experimental .'data ;-on free pr_otcin­

proton and proton~neutron scatterings. Then the differential'.nµcleon 

elastic scattering cross sec;gion (eog~ a proton one) on the nucleus 

.. with the charge 

formula 

Z and the atomic nuliber A is expressed by the 
' . ~. : : . 

where S(q) equals the s4uare of the second bracket in expression 
a 

( J) ·k _ · 4 A 
· '· - t A +. 1 ) ~ 

is the ratio of solid angles in the two nucleon~ 

(}entre--of;_mass-system and in the nucleon and nucleus centre-of-mass-

system, I is the interferential term 

(5) 
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~:t.i.e, a.ng+e, <?+ proton scattering in:. the p~oton an~ nu_c'.1.et1s 
J; ;,. t • , . • ~ : , • ' • ,v • •, ~ ' ,. • '•' ' ,, • , ' ,L • -

centre-of-mass-system and the angle of nucleon scatterin on free 
* ,. 

nucleon Spp -::: 0 Ph in the ·two nucleon centre-of-mass-system are 

connected•by:the relation,. 
~ "1.-. e PP 8p A : . ' · 

Sth-=\JKSin-
2. a. 

-~: c;., 

(6) 

Foz:.mulas (4)-(6) transit into.corresponding formulas for'tlie case 

of proton deutron elastic scattering obtained in paperlII if Z = 1, 

;1.A ~=.\2 b'.!,When: deduc·ing iformula :( 4 )-:the•i'multiple 'sc:fatte'riri.'g "and'.'t'he 

:;9\b.sqrp;tio.n r1bf ·".inc_ident · nucl'eons i.insi'de the target. nucleus· '<Vere·,· •' 

!i J-.m.ot taken into account d ,.These reffects seem not t:o, 'be1'_very es··stirit:tal 

~-- :for .t:he .. estimation of the magnitude of the ;nucleon' :'·elastic· 'sciatt'er-
•. 

.... , ing 1cross,<section,.Jby~ ligh ·nuclei/ Tn· ··or·der :to''make: -numericari-' ·;cal.Cu­

.lations , Qile· must.;-ne·gl'.ect, ·the. interference: term· about·,,,the' niagn'.ittfde 

'\..,',O;f';r~hich' .oner.may; ;,principle. judge; tf, -iC0mp~re the,·restiltS''·Of -:the·;·c·a.1-

, .. cu•lationsf with· ,the experiment o 
" C, • ,:; ,;oc ~j 

i i: .. ! '; , \ ., . "~· t • . , --
i' :· ~-

, § 2. The comparison of the results of the calculations with 
. -· ,::_,:",.: :;;".~::; __ ·: 

the experiment ·on proton elastic scattering at J4O MeV on carbon 

}$.s}been made to illustrate the possibility of applying the for­

mular obtainedo 

The experimental data1 2 1 are given in Figo 1 ';rhe di;ff~:rential 
~\:·.::,t~:_; _ _.~~:~•;·.:,: . ~· :· ; ...... :i:. ~ ~ r :-•• : ,:,.. ~ •• • ;_:,.~ ;f,~!./,:J · ·:.:--~·,:,.,' ·~_-:.-·~!S~:·f:· 

proton elastic scattering cross secti.on on carbon as well as on_ .. · , 
\,~•~ ; ,'"<~ • / ~ ~•~ ~ :.";·• ·•• = • • • !,,. ,i,f:h• •') •! 1•. ·• '_,. •- ,:. 

other nuclei is characterized by the rapid diminishing wi.th th~ tn-
··,~- · ", ".·· <- ~ \, 5 t~ ·:' ·, •:;: ~ '. : .. ,:~;~. :-r;_, ·, < ~ ;-~ • •: "• _:·.~ :· J;::~ ·•.•.~: ·7,':··•:·.\,'• ',·,:~ •.;,;}_..,.,:,; ~ ;.~.' :; 

crease of the angle of an outgoing proton at htgh energie~ of inci-
~. •. ~ ~ C • ~-:=:,; ;,•:.•·,'.'-•~ 

dent protonso As the authors point ont (2) the presence of the dif-

fraction minimum and maximum is not excluded which can be· clearly seen. 

in protciri scattering by the nuclei h•e·av:ier than' carbon. It i~ pos­

sible that in th·e considered case i.h~ diffraction picture is smoothed 
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' . 
out at the expense of the incomplete separation of the elastic pro-

cess from the quasi-elastic proton scattering on. individual nucleons 

of the carbon nuclei as well as at the expense of finite angular 

resolution of the apparatuso 

The calculations of the differential elastic scattering cross 

section hate been made under diffeient ansumptions on the nucleon 

wave function in the carbon nucleus: 

1) Bethe=Pearls wave functimn: ~ e -ol1. / 1, In this case the 

nucleons in the nucleus are distributed by momenta in the following 

way: 

(7) 

·.? l 
-d. "t. 

2) The wave function ~ --- e. corresponds to Gaussian mo-

mentum distribution: 
a 

i< 

N (k) - 8 - r1.~ 

where in (7) and (8) d 2 h2
-=-?.. M·· 16 MeV ~ 

(8) 

J) The wave function is constant inside the nucleus and is'equal 

to zero outsideo 

4) More real case of the constant nucleon density inside the 
' 

nucleus and.the falling density outside has been considered at the 

different character of the density change and at different dimensions 

of the region where it occurso 

It must be noted first of all that the results of the culcu­

lations (namely the sticking factor S (q) are strongly_dependent 

on the form of the nucleon wave function in the nucleus. 

· Fig0 2 illustrates this dependence for the enumerated cases. 

Curve IV is drawn by assuming the linear density falling from the 
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maximum to Oat the distance of lolOl) cmo In Fig~ 2th~ angle of 
. ~ ) . 

outgoing protons is plotted versus the sticking factor (the lat-

ter is done in logo s~ale)o 

Sharp difference of the curves makes it possible to do some 

remarks on the nucleon wave function inside the nucleuso By the 
- -

way~ the knw?gn calculations.of quasi=elastic scatteringlJI are much 

less critical to the form o:f 't' (?) or 
9 . 

N (k)o An appreciable dif-

ference can be observed only on the tails of the proton energetic<spec"'."' 

trum scattered from the nucleus at the eiven angle (or nn the tails 

of the cotresponding "stripping-curves"), where.su6h a comparison 

1s not, apparently~ reasonableo This is due to the violations of ne­

cessary conditions of t~e impulse approximation validityo 

The wave ·functions of the forms (7) and (8) give too great va= 

. lues S(q) for the anglestlO = 15° o The presentation· of the nuc-

leus in the form of a ball with the ·constant density and.with sharp 

edges leads to the minima of the differential cross sections fal­

ling 'to zero as well as in the case of the diffraction on the abso­

lutely black nuoleuso The curve of type IV gives~ apparently~ better 

agreement' with experiment o The minimum on curve IV .·has the depth de-

pende~t first of all on the r~lation o! the dimensions of the cons­

tancy region .and -che wave function dimi'nshingo If w·e consider the 
.s/ ' ~ 

dimentions of the nucleus edge to be constant when passing to l~reat 

A~ the experimentally observed ooepening of the diffraction minima · 

in· scattering on intermediate and heavy muolei becomes 'qualitative­

ly clearo 

We can judge about the' agreement of the calculations with ex=­

perimental data from the curves of'Figo· lo Curve 1 in Figo r corresponds 

to curve IV in Figo 2~ · and i(:nlT.Ve II is callulated under the a.ssumpt- , 

,1ons of the linear diminishing of density~ beginning from-the centre 

l 
l 



of the nucleuso Here and· above the dimensions of the nucleus have 
' '. ' ' ' 3' 

· been calculated by the formula.• R ='lo~ 
- -13 

. , -where 'l ~ L 2 • 10 - CM. 
f ' 

Further sele«tion of the parameters and the very form.of the wave 

function diminishing is hardly reasonalhle in the.frame of appro­

ximate estimationo 

§ Jo Thus the rcsul ts of the given calc.ula tions point 
~ ' . . 

out, apparently, to the constanc,ey of the nucleon.w4ve function in-

side the nucleus and its diminishing :in the- region-1,10-:-lJ, cm· bn 
C . ···.. . .. _·· . . 

the boundary of the nucleuso· This conclusion coin~ides with the· re-

sult of the analysis of fast electron scattering by nucleus·, ( E::? 1 
' • ~ ! ·, • ' 

BeV) which points. out the constance of charge density ins··ide, the 

nucleus and its slow di@inishing on the boundaryo It is.probable 
:· . . -

' •. . 

that such density distribution is correct not only for .P~otons ... poss-
- ,-

essing the charge, but also for neutrons in the nucleuso Density 
~ <:. :-~ 1 

distribution inside the nucleus estimated in the preseilt note is 

also in agreement with the form of Sacsen=Wood potential ·!adi~!~ 

·dependence which.is widely used in the calculations based on the 

nuclear optical modelo Th~ coincidences of the qualitative'coriclu-
,r, ·-

' ' 
sions which vwere spoken about in the present note and we11· 0:known 

concepts about the character of nucleon distribution in nuclei make 

it possible. ih .their turn to extend the -region of the i1npulse ap-
' .. 

proximation application for the ca~e of nucleon elastic scattering 

by nucleio 

However, the question of the character of nucleon momnntum dis­

tribution in nuclei is openo In the aforementioned paperlJI devoted 

_ to the analysis .of .experimental data on quasi-elastic proton-proton 

scattering the Gaussian nucleon momnntum distribution is preffered 
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be.cause it is considerably inriched with high momentum.components o 
:The .authors -of. the paper I 4 I who analysed t_he deutron .pickup ,.,had .. to 
int_roduce · Bether-Pearls distribution on which is still richer with 
high momentum componentso But i~ the present note the distributions 
pomparatively poor with high momentum components were obtairiedo The· . . 

cause of such a discrepancy is, apparently, as follows:the.peoulai'i-
tJes of nucleon motion in nuclei (correlati_ons) connected with the 
interactions i,atQ:t:a.ctj.on!i in the groups involving two, three or lar-
ger number of nucleons (fragments> play a big role i.n the process 
of quasi-elastic scattering and deutron outgoing from the nu~lei 

. whereas above we_ considered the nucleon motion in the average field 
of all the nucleons of the nucleus o • 

The authors of the paper1 5 1 arrived at the conclusion about 
_the presence of the correlated nucleon groups in the nucleus on 
the basis of the analysis of nucleon momentum distributions in the 
nuclei obtained in different experiments o The calculation of nucle-· 
on elastic scattering by nuclei may contribute to the number of 
the considered experimentso It seems, however, that it is more' rea- · 
sonable to speak not about the nucleon scattering on nucleon pos­
sessing high momentum in the nucleus but about thJnucleo; scatter-

- . . L 

ing on the compact nucleon group as a wholeo 
It is-true, one conc~~t-is equivalent to another to some ex­

tent as high momentum components may be the result only of clos'e 
nucleon correlation in the groups, but then the concept about the 

· inciderit nucleon interaction with a individ~al nucleon in the nuc­
leus and the impulse approximation itself turn out to be inapplicab­
le. The con6lusion about the presence of clusters (fragments) in nuc­
lei is confirmed by a great deal of experimental data and· parti­
cularly the data on the fast fragment ,knocking out from the nucleio 

In conclusion I wish to thank MeGo Meshcheri.akov and B .. MoGo­
lovin for the discussions of the paper and LoAo Kuliukina for the 
assistance in making the calculatiohso 
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