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ABSTRACT
The physical and mathematical basis for the direct-interaction
model of nuclear reactions is reviewed. .
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I. INTRODUCTION
The physical basis for the direct-intersction model of nuel\ear

réa.ctions was given by Serber ten years ago',-l In the_ intervening time

we have seen the scope and usefulness of this model greatly extended. At -
the seme time several developments in technique of acattering theory have
made it possible to put this model into & quantitative form. It is this
quentitative form that I should particulerly like to emphasize mow.

_ By "direct-inteiaetion model” one means (essentially) the attempt
to deseribe the scattering of s pe.rt.tcle by an atomic nucleus in terms of

collisions (one at a time) of that particle with nuclear protons end neutrons.

- Furthermore, such binary collisions are considered as resulting from the
same forces as cause scattering from é free proton or neutron. At hig]; '
energles the scattering cross section from a bound nucleon is actually
considered to be the same as that from a free nucleon.
| The fundemental requirement for the correctness of the direct-
interaction model 1s the condition that the interaction énergy of the
‘glven particle with the nucleus be of thel form

Ve £V o ()

i=1 -

Here V, is the interaction energy of the.particle'vith the ith nucleon

when that nucleon is removed f‘m the iquIeus. Asidé from the cbnditio_n
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of Eq. (1), the practical applicability of the direct-interaction (or Serber)
model depends upon the complexity of nuclear structure and upon the energy
of the scattered particle. It is, of course, becsuse of this dependence oﬁ
nuclear structure that we can hope t0 use the model to learn samething
aboﬁt miclear properties. How ohe does this is the second point that I
should like to describe. Thé third point perhaps worth mentioning is the
possibi;ity of ‘using nuclear interaction to learn something about the forces
between nucleons end "strange particles.” | | |
. The Serber model has been sufficiently successful that one can

feel .gome confidence in at least the approximate @idity of Eq. (1). |
fhie makes 1t ressonable to assume that Eq. (1) 1s strictly correct and
‘then t0 develop the model as completely as possible. As we shall argue,
the model isAsusceptible of a much more quantitative development than has
been made. Also, comparisons with experiment seem to have been less precise
"than ie'justifiable; In other words, the limits on the accuracy of the
direct-interaction model raise quantitative questions to which we are only
beginnihg to find some énswers. '

| Before going further, we mention that iha Serber model mist be
handled quite differently in different energy ranges. It is much simplér
at high ihan at intermediate and low energies. _The possible epplicability
of the Mél at loﬁ'exiergies has been discﬁssed by Brueckinér and his
" collsborstors.? Dr. Brueckner has just described this work, which
incorporates the physical basis of the direct-interaction model into a

dynamical deécription of nuclear structure.
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II. ‘THE DIRECT~-INTERACTION MODEL FOR HIGH-ENERGY INTERACTIONS
Developnents of technique5 14,5 in the quantum mechanical theory of

scattering have been important for handling the direct-interaction model.
There are several reasons for this: The concise notation has helped us to
develop an intuitive feeling for physical processes that might otherwise
be lost in a mass of unessential detail. Again, there are many problems
in quantum mechanics that are really simple but that are not easily handled
by conventional perturbation methods. In this connection one might mention
| the conservation of probability, the desci'iption of a sequence of single
events, and the treatment of many problems'for which classical mechanics
is almost valid. Suéh phenomena are relatively easily handled vby the
algebraic techniques of scatteriﬁg 'c.heory.3 o5

. Also important for the development of the Serber model is the

class of techniques introduced by wick6 and Placzek |

to handle sums over -
many states of excitation of the scattering zm‘er.i:hzm.8 This permits ome to
é:cpress all qua.ntitj.es appearing in the scattering crose section in terms
of averages over the ground-state nuclear wave function. mrthérmore

. these averages appear as quantities having a direct physicel interpretation.

~ The most important of such averages are!

p(x) = A P(x) = density of nucleons in nncleﬁs;g

Po(x, x') = P(x) P(x') [1 + x -3_4),}
= Joint probability of finding one xmcle_on at
% and another at x';
./&n-.- > ——

@ (p) = momentum distribution of nucleons. (
2)
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. Here P(ﬁ) 1s the probability of finding & nucleon at Xx. The quentity
‘Gg:"_ -'x' , 83 defined above, is the soecalled "pair correlation f‘lmétion."
It provides e messure of the amount of shorterange order in nuclei.

One must also be able to handle multiple mtera.ctions‘ and_ the
coherent interference of waves scattered from different neutrons and protons.

10 por systematic

- This 1s accomplished by use of multiple-scattering theory.
evaluation Af the quantities appearing in the multiple~scattering description
one‘ uses the Placzek-Wické’ 7 method. The application of this method within
the framework of multiple—scattgring theory has recently been 'discuseed.n
We are now ready to plece together the direct-intersction model at
high energles. First, we wish to describe the sca.ttéring of the given
pa.rficle by é. bound neutron or proton in terms of the scattéring from a
free neutron or proton. At high energies one may actually use the vscatter'ed

m_ litude fm(e) for free protone and neutrons even for bound nucleons.

This has been called the "impulse approximation” by Chew.la’ 13,4 121'&% ﬁriterion_
for the validity of this approximation may be written in the form '~/

2 .
v b g
/ Av “free
f1 avz b e[lf@{<eoa X ) . (3)

18 the amplitude for scattering from a bound nucleon with &

Here f1 3 | '
binding potential energy VAV"' 6 1is the energy of the scattered particle,

and X 1s its de Broglie vavelength. '

fb 3 = ffree’ gince this means

that we may use observed free-nuelagn cross sections in discussing nuclear

It {5 important to be able to set

scattering. When €

o is sufficiently large, the m;;u‘lse approximation is

valid.
In order to use observable free-xiuc_‘leon scatbering smplitudes we mist

also suppose the scattering mean free path in nuclear matter to be
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significantly larger than the particle wavelength A; that is,

A >> X,
—i— = 00, (&)

where ¢ is the scattering cross section from a single mucleon and p is
the nuclear density. Condition (4) assures us that the scattering will be
“on the energy shell.”

We henceforth assume that ¢ may be used for scattering from

free
a bound nucleon end drop the subseript "free" on f. Then the elastic
scatterig by the nucleus is described by the "optical model" potential.

This potential is most simply expressed in momentum epace:lo

- A A : -1(q'~ )'
@ 1vyle - -%‘? 2(q'-q) [1 + 4] (&)Sﬁa(r)e Lo ~a°r.

(5)

Here g and g’ are the momentum variables of the scattered particle and
4 1is the réduced mass for the scattered particle and a nucleon.lh We have
written the scattering amplitude f as a function of the cosine of the
scattering angle \0. The quantity A is a correction term, d/epending on

. nuclear structure, which is discussed below.

Equation (5) is usually- epproximated by setting e =q end

transforming VO to coordinate space. If we also neglect the dependence

of £ and A on g, there results

Vo(z) = -%‘- f(l) [1+A} o(r) . ' (6)

The .appropriate Schrodinger equation for obtaining the elastic nuclear
. scattering 1s finally |
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[Kev, Jv = v . ()
Here ¢ 4s the energy and K the kinetic er;ergr operator of the scattered
particle. When this pérticle has a spin there may &lso be a spin~orbit
interaction in Vb.m’;s - The vmnplitude ? 18 f = % [z £y + (A - Z)fN]

in terms of the amplitudes for protons and neutrons (2 is the atomic mmber
of the mucleus). |

| The important point in commection with Eqs. (5) end (6) 15 that
(wvhen A 1ie negligible) one may obtein the potential Vy directly from
~ observable cross sections from free nueleons.

As we have heard di_zacussed several times here, the density b(_g_)

as deduced from nucleon and pion scattering (in the energy range from gero
to & few hundred Mev) does not seem to agree very well with that obtained
from electron sca.ttez_-ing. If this discrepancy 1s real, this presents a
very serious difficulty for the direct interaction model. In attempting'.
o resolve this discrepancy, however, one must use the exact Eq. (5) rather
than the approximate Eq. (-6).A When transformed to corrdinate space Eq. (5)
"1s nonlocal, giving a potenf.ial of the form (3: ] Vo IJ‘{).‘ These nonlocal
effects tend to "smear out" the muclear boundary, wﬁich is 4in the direction
of removing the discrepancy vith the electron scattering. Unfortunately,
no. quantitetive study of this point has been made, however.
In first appioximation the quantity A 1810_

2(1) [S o(rar |

A= 12 — g - (8)

3
4T,
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vhere ©(r) 15 the "péir -correlatio'x; funetion" of Egs. (2), end r, 1s
defined by the condition '

h-%‘- ro3 A = mclear ﬁlme.

For & degenerate Fermi gss model of the nucleus we would expect

- -]

§ 6(r)dr ~ c-_i? ry o

~Ii1 this case we exﬁeet A to give & rether amell contribution to Vo for
nuclsons of energy € > 100 Mev. For n mesons the values ‘of A are plotted
in Fig. 1. Agﬁin fairly amall corrections are found. Actually, very little
is known concerning G. It may be cé,lculated, for exemple, within the
framewvork of Bmeckner'se theory of nuclear struc’mre.l? This value would
not sesm to greatly alter the ebove conclusions concérning the importance
of A. .

Using the impulse gpproximation, we may relate the differentisl

cross section %.(Ff») for scattering from a bound nucleon to that from e

free nucleon, Vaf(e). The relation istt
-r K K,V
- ‘ e gd, L im _Av im Av_ Av
cb(e)-gf(9)§l+p5(}(zf)e dr+3M o) +&"(5M——;—?——-—)} .
(9)

Here A Y is the momentum transferred to the scattered particle and p

is the density of nucleons in the nucleus, m 1is the mass of the scattered
particle, _M is the nucleon mass, KAV and VAV are the respective
average kinetic and potential ene;‘gies of the bound nucleon in the nucleus.

(These quantities are expected to be gbout 30 Mev.) As before, 6, 1s the

A A _ 7
energy of the particle to be scattered. The last two terms are Placzek-Wick ’



UCRL~8097
10w )

corrections. The second term repregsents & eOntributibn due to interference
of waves scattered from neighboring nucleons. Experimental observation of
the effect of this term would provide information concerning the peire
correlation function,

| With the cross section from Eq. (9) one may use Goldberger's
trensport 1:31}301«,3{'18 to calculate the inelastic scattering (at high energies)
from nuclei. Goldberger's theory has recently been derived directly from
a quantum mechanical theory.l?' Qua.nfhm machenical cofr_ectiona to the
classical Goldberger description are of relative order A (see Eq. (8))
when the condition of Eq. (4) is satisfied.

We have shown hmr to obtain e oonsistent, precise description of
ﬁuclear reactions at high_ energles, 1f the direct-interaction model is
é.ccep‘ted. This j.ncludeé bo£h elastic and inelastic scattering. Algb,
firétaozﬂer ‘corrections to the most simple form of the theory are given.

These corrections would seem to be rether small for €y > 100 Mev, unless

" nuclear structure effects (a(r) ,_.' for example) are much more important than

we ﬂhink they are. v

There are several reasons for a careful study of the direct-
mi:emenbn model at high energies. First, it can' provide informstion
concerning the correctness of the basie assumption of Bq. (1), We may
then hope 4o use the model to determine experimentally such quantities as
p(r), 6(r), @(p), etc. As mentioned above, it also provides a means for

studying atrange-pax‘tic}.e mwractions.
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IIT. INTERMEDIATE-ERERGY REACTIONS

At intefmdiate énergies (that 1s, at én’ergies comparable to muclear
binding energies) the importance of simple directe-interaction effects is |
evidently a d.ifficul£ guestion and at present poorly umiler(s'l:oed..‘19 Oma
sees here aspects of boih the compound- (end statistical-) mucleus ﬁzod.el and
the direct-interaction model. For example, it eppears that direct-interaction
ef‘fecté eppear in both the energy and angular distribution of reaction
products. Indeed, in & careful study of the reaction for ¢ X(p, p')c',
Levinson and Be.nerjeego have obtained rather strong evidence for the
applicability of & simple version of the Serber model even at intermediate

energies.

IV, COMPARISON WITH EXPERIMENT AT HIGH ENERGIES

Tﬁe most detalled study of inelastic scattering a.t'high energies _'
seems to be that by Bernardini, Booth, end Lindenbaum, who scattered protons
of 300 to bOO Mev energy in 'emulsions.m‘ The distribution 1# mmber, angle,
and energy of the mucleons emitted from these reactions was studied and the
result compared with the Goldberger transport 'theory.la The agreement with
theory was very good and gives strong support for the usefulness of the
Serber m&el. | _

More recently, there have been & ‘nmnber of interesting ezx,:)eer:l.mem:s22
of & type that will undoubtedly prove to be quite important in connection
with epplications of the direct-interaction model to thg study of nuclear
- structure. In these experihents _inela.stic cross sections associated with
the excitation of specific nuclear levels have been messured.

The opticalemodel potentisl has been evaluated from Eq. (6) for

14,23

. mesons, by use of the dispersion relations of Goldberger. The
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mfonmtion cozicerning this .21"

There is possidbly an eiperimental
discrepancy for 1l-Bev pioms, »howevuer.25 |

Equation (6) may be used to obtain the optical-model potential
for eléstically scattered nucleons if ome accepts a set of nucleon-nucleon
ecattering phase shiftg. This has been done by Riesenfeld and Watson >
ond by Bethe.?® In Fig. 2 we compare the real part of the potential with
exisfing expérimen‘bal knowledge of this quantity.27 |

Our survey has of necessity been rether hurried end far from
exhgustive. The purpose has been, however, to argue first that there is
very good experimental evidence_ for the usefulness of the Serber model.
We then assert that the model is susceptible of a precise dynamical
formulation which putsit on & quantitative basis. Finally, existing
, oom]',)ariaons'with experiment seem to be less precise than the model seems

to warrant.
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FIGURE CAPTIONS
Figure 1: The real and mginary parts of & (Eq. (8)) are showm for

" pions. The function G 4used is that appropriete for a

degenerate Fermi gas.

Figure 2: The negative of the real well depth for elastic scettering of
nucleons is shéwn as e function of energy. The two dashed
curves represent "limits" on the experimentally determined
velue. The solid curve is obtained from Eq. (6) vy use of the

FeshbacheLomon phase shifte (Phys. Rev. 102, 891 (1956)).

%
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