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A criterion is proposed for the identification of systems that perturb weakly the incident wave during
scattering. It is based on a comparison of the elastic scattering differential cross sections measured
at different incident-particle energies. The criterion is investigated for the case of scattering of neu-
trons by nuclei and some cases of scattering of fundamental particles. The existence of nuclei that
perturb weakly the neutron wave is demonstrated. The Orear formula™? for nucleon-nucleon scatter-
ing and some properties of the angular distribution of elastically scattered high-energy particles are
interpreted as being a consequence of the weakness of perturbation of the incident wave.

STUDIES of the interaction and the structure of parti-
cles are frequently based on measurements of the
scattering cross sections of these particles. In this
case, it is of interest to find out the extent to which the
scattering particle distorts the incident wave. Indeed,
if it turns out in an analysis of elastic scattering that
the distortion of incident wave is small during the inter-
action, then this makes it possible to describe clearly
those physical conditions under which all other possible
phenomena accompanying the particle scattering take
place, and to present a more accurate interpretation of
the measured characteristics of these processes.

Such a quantity as the total scattering cross section
at a given energy cannot serve as a characteristic of
the perturbation of the incident wave inside the system,
since the increase of the volume of the interaction reg-
ion, which distorts slightly the incident wave, leads to
an appreciable increase of the total cross section,
whereas the distortion can remain weak.

1. NONRELATIVISTIC CASE

1. If the distortion of the incident wave by the inter-
action is insignificant, it is possible to describe the
scattering by means of Rayleigh-Gans-Born approxi-
mation®*!, The differential cross section for scatter-
ing through an angle 4 in the c.m.s. can be represented
in the form

do m? — )T 2

B?)= ZJ"C?ﬁ_‘ Sexp{i—(—pi——ﬁpz—)}U(r)dr! N (1)
where m is the reduced mass of the colliding particles,
P1, and p; are the c.m.s. momenta of the incident parti-
cles before and after the scattering, |p.| = |p:| = |pl,
(p1 — p2)® = p?(1 — cos ¢), U(r) is the interaction poten-
tial, and E = p°/2m is the energy of the incident particle
in the 1.s.

It is seen from formula (1) that, regardless of the
properties of the potential, the differential scattering
cross section depends not on the two factors E and ¢
separately, but only on one quantity x = »4E(1 — cos ¢),
i.e., the differential scattering cross section can be
written in the form

do | dQ = F(E(1 — cos 9)). (2)

This property of the differential scattering cross sec-
tion can be verified experimentally, and since it does
not depend on the properties of the potential, it can
serve as a criterion for the weakness of the perturba-
tion of the incident wave during the scattering. Indeed,
if the interaction perturbs the incident wave to such an
extent that it is possible to use the classical formulas
for the calculation of the small-angle scattering cross
section, then it follows from the self-similarity condi-
tion (2) that the scattering cross section should have a
Rutherford character.

For classical particles, the impact distance p(#) is
determined from the equation (see, for example, )

Ep=—p| 20 I
. dr yYr2—p?

It is seen from the last formula that p depends not on
the energy and on the angle separately, but on the com-
bination y = E¢#. Therefore the differential cross section
also has the gelf-similarity property” and can be repre-
sented, regardless of the properties of the potential, in
the form

do |1 dp|_ E
=] seoat| =<1,

If the condition (2) is satisfied in this case, then F(x)
= (E/¢)(y) or 4x°F(x) = y*f(y). The last equality, how-
ever, can be satisfied only if F(x) = const -x°, just as in
scattering by a Coulomb potential.

Consequently, if the differential cross section does
not have a form characteristic of Coulomb scattering
and it depends only on x = 4E(1 — cos ¢), then it can be
stated with a great degree of certainty that the incident
wave is weakly disturbed by the interaction.

2. Let us consider several general consequences of
the weakness of the perturbation. It follows from (2), in
particular, that at all energies the differential cross
section for scattering through zero angle should be con-
stant and equal to F(0). A check on the satisfaction of
this condition can serve as a criterion for the weakness
of the perturbation.

1) This property can serve as an experimental criterion of the quasi-
classical nature of the particle motion in the scattering.
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The total elastic-scattering cross section 0(E) can
be calculated from the formula
do 4n ¥ ., '
o(E):Sd—QdQ.;sz]'(x)dz. (3)

0

It is easy to see that formula (3) makes it possible
(if the criterion for the weakness for the perturbation
is satisfied) to calculate the function F(x) from the de-
pendence of the total cross section on the energy

o= (% ) @

Thus, from the known dependence of the total elastic-
scattering cross section on the energy at all values of
energy smaller than E it is possible to reconstruct the
differential scattering cross section at the energy E.

Comparison of the differential scattering cross sec-
tions calculated by means of formula (4) with the ex~
perimentally measured ones can also serve as a criter-
ion for a verification of the weakness of the perturba-
tion. This criterion is equivalent to (2).

3. In the measurement of the electron cross sec-
tions'®? it is customary to present the results of meas-
urements of the dependence of the total and of the trans-
port elastic-scattering cross sections on the energy.

By definition, 04, = 0Ap/p, where Ap is the average
momentum transfer. From the self-similarity condition
(2) it follows that

d /Ap Ap\ 2 Ap\ 1 do

E(ﬂ?“;)i*‘(z”};)} @ ()
The last equation admits of experimental verification if
the total and transport elastic-scattering cross sections
at different energies are known, and can be used as the
already mentioned criterion.

4. The extensive experimental material reported
in®®7) makes it possible, by using the proposed criteria,
to draw certain conclusions with respect to the distor-
tion of a neutron wave propagating in atomic nuclei.

Since the neutron has a spin and the nuclei cannot be
spherically symmetrical, it is useful to note that the
differential elastic-scattering cross section averaged
over all the asymmetry directions of the scattering cen-
ter and the spins of both particles has, if the Born ap-
proximation is valid, the same fundamental propertyz’ R
i.e., it is a function of only the combination E(1 — cos #).
Indeed, the scattering amplitude and cross section in a
state with arbitrarily specified characteristics supple-
menting the description of the system, are functions of
the quantity E(1 — cos ¢) only. The averaging reduces in
this case to a summation of a series of functions, each of
which depends on E(1 — cos #), so that the sum depends
also on this variable. The same circumstance makes it
possible to apply the foregoing analysis to the unlikely
case when the nucleus is an amorphous mixture of pro-
tons and neutrons.

The reduction of the available experimental material,
which pertains to measurement of angular distributions
of elastically scattered neutrons, allows us to make a
few remarks concerning the larger or smaller distor-

2)The spin-orbit interaction, which depends on the velocity, leads
to a modification of the criterion and is not considered in the present
paper.
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tion of the neutron wave upon scattering by nuclei.

The data obtained by measuring the angular distribu-
tion of the scattered neutrons are not sufficient to re-
veal clear-cut regularities relating the atomic number
of the scattering nucleus with the degree of distortion
of the neutron wave. Therefore, the following statements
are only a qualitative character. It has been observed
that nuclei for which the criterion of the weakness of the
wave distortion is satisfied occur more frequently among
the heavy nuclei than among the light ones. Thus, for
example, for nuclei with atomic weight smaller than
16 (up to oxygen inclusive), none of the differential cross
sections presented by Gordeev, Kardashev, and Maly-
shev'™ reveal the regularities characteristic of the
Born approximation, i.e., they all strongly distort the
neutron wave (at any rate for neutron energies smaller
than 14 MeV). Among the heavy nuclei, one encounters
quite frequently those which distort the neutron wave
weekly at neutron energies higher than 2--4 MeV. These
include ;A1%7, ,6Fe®®, and 4;Bi*°%; the differential cross
sections for scattering by such nuclei as sCu®, ;3Cd**?
and o, U?*® exhibit regularities that are characteristic of
the Born approximation even at neutron energies
~ 0.5 MeV. There exist several nuclei for which the
Born approximation is valid at low energies (up to
3 MeV) and is violated when the energy is increased.
The possible cause of this phenomenon will be analyzed
later with uranium as an example.

Figure 1 shows several examples of F(x) plots re-
constructed from the total cross section measurement
data. These plots show the reduced experimental
points™? obtained by measuring the elastic scattering
of neutrons by the nuclei ,U**® and ,Cu®* at different
energies in the 0.3--2 MeV range. The good agreement
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FIG. 1. Differential cross section, as a function of the parameter
x =% Ep (1-cos &), for neutron scattering at different energies from
copper and uranium nuclei. a—,Cu: V—Ep = 0.435 MeV, A—
0.83 MeV, 0-1.35 MeV, X—1.75 MeV, O—2.26 MeV. b—y, U:
V—En=0.34 MeV,A-0.64 MeV, 0-1.05 MeV, X—1.54 MeV,
O—-1.96 MeV.
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between the F(x) and the (d(Eo)/dE)f_y curves for copper
(Fig. 1a) is quite evident. For uranium, the experimental

data agree fairly well with the criterion at scattering
angles ¢ 2 30°. The values of d(Eo)/dE (see Fig. 1b,
curve 1) also coincide with the values of F(x) up to

~1 MeV. However, unlike the case of copper, the differ-
ential cross section for small-angle elastic scattering
increases with energy at neutron energies 2 1 MeV, and
for these energies the values of d(Eo)/dE does not coin-
cide with the corresponding value of F(x).

In our opinion, these discrepancies can be attributed
to the fact that at energies 2 1 MeV the elastic and in-
elastic scattering cross sections become comparable.
As is well known, inelastic scattering is accompanied
by elastic diffraction scattering, the cross section of
which is comparable with the inelastic-scattering cross
section. Diffraction elastic scattering occurs essentially
at small angles and increases the total elastic scattering
cross section, thus causing a discrepancy between F(x)
and d(Eo)/dE at large neutron energies, and also caus-
ing an increase of the differential small-angle elastic
scattering cross section. It is possible that this explains
the already noted satisfaction of the criterion of weak
distortion of the incident wave at low energies, and fail-
ure to satisfy this criterion with increasing energy.

If the foregoing considerations are valid, we can
separate the diffraction elastic scattering from the total
elastic scattering for systems that distort the incident
wave weakly, and thus obtain the ‘‘true elastic scatter-
ing.”” To this end it is sufficient to reconstruct F(x) at
small values of x, using the data on the differential
elastic-scattering cross section in the energy region
where the inelastic scattering cross section is much
smaller than the elastic scattering cross section, and
the diffraction scattering is negligible. From the ob-
tained function it is possible to reconstruct the differen-
tial cross section of the ‘‘truly elastic scattering’’
through small angles at large energies. The large-angle
elastic scattering cross section, as expected, is weakly
distorted by the diffraction effects, so that it can be re-
garded as ‘‘true.”’

The reconstructed ‘‘truly elastic scattering’’ differ-
ential cross section can be used to calculate the total
cross section. This procedure was used for the case of
scattering of fast neutrons by uranium. We obtained a
cross section 0, of the ‘‘truly elastic scattering’ was
used to construct the function d(Eo)/dE a plot of which
is shown in Fig. 1b (curve 2); this function agrees with
the differential cross section data.

We note that the same reasoning, but in reverse se-
quence, can be used, starting from the data pertaining to
elastic scattering, to determine the energy at which the
inelastic processes begin to make a contribution com-
parable with the elastic scattering.

5. Once it is established that the wave is weakly per-
turbed by the scattering, the interpretation of the meas-
urement data on the elastic scattering cross section can
be continued, for in this case the value of the function
F(x) makes it possible to determine (apart from the
sign) the interaction potential of the colliding particles.
Indeed, assuming spherical symmetry of the latter, we
can rewrite (1) in the form ©®?

. 2nh
" psin(9/2)

3 (2 D
[F ()] rU(r)sin{ —psin—r ) dr.
J rt@sin( psin )
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The last formula can be regarded as the sine-trans-

form of the function rU(r), the inversion of which yield
AT —— 12—
U(r)—= ZT(-S VF(x)sin(;V?.mr}/x) dz. (6)

Using formula (6), we calculated the potential for the
interaction of neutrons with the »9Cu®® nucleus. To es-
tablish the values of F(x) we used the data represented
in Fig. 1 for x < 2.5 MeV, as well as the differential
scattering cross section data from'’ at E = 14 MeV
and 2.5 < x < 14 MeV. The result is shown in Fig. 2
(curve 1), which also shows for comparison the radial
dependence of the proton density in the copper nucleus
(curve 2)™7,

The error 6 U in the value of the potential, incurred
by replacing the infinite upper limit in (6) by the finite
limit X% ~ 14 MeV, can be estimated from the form-
ula

av h _dU

SU ~ — = —-10¥ cm.
dr ¥2mp, Tmaex dr

The quantity
e S U(r)rdr,

2nh?
which determines the possibility of using the Born ap-
proximation for the analysis of the differential scatter-
ing cross section, is 1/6 < 1, which does not contradict
the already established weakness of the distortion of the
wave by the interaction.

Comparison of curves 1 and 2 of Fig. 2 shows that
the interaction of the nucleons in the nucleus has an es-
sentially nonlocal dependence on the nuclear density,
since the same value of the nuclear density corresponds
to different values of the potential.

2. RELATIVISTIC CASE

In the relativistic case, the foregoing analysis of the
weakness of the perturbation of the incident wave by the
scattering must be modified, first, because of the differ-
ent connection (compared with the nonrelativistic case)
between the energy and the momentum and second, be-
cause of the changes that the interaction introduces into
the motion. These changes can be due to different cau-
ses:

(1) change of the particle mass in the interaction
region;

(2) direct change of the energy and momentum of the
particle (the mass remaining unchanged).

These two kinds of interaction differ in the trans-
formation properties of the effective interaction poten-
tial. Namely, in the first case the interaction has scalar
properties, and in the second vector properties.

We consider below the scattering of an incident par-
ticle in the c.m.s., for only in this coordinate system is
it possible to analyze the elastic-scattering cross sec-
tion on the basis of potential® scattering.

We shall assume that the interaction potential in the
c.m.s. is a real physical quantity, which depends in the
rest system of the scattering particle only on the dis-

3)The fact that the Klein-Gordon equation with a certain effective
potential that becomes local at high energies can be used to describe
elastic scattering of relativistic particles was noted earlier in [9,10].
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FIG. 2. Potential of the interac-
tion between a neutron and a copper
nucleus.
10+
20+

tance between particles. This quantity is scalar for the
first type of the indicated interactions and vector for the
second type. In the second case we shall assume that
only the fourth component of the potential differs from
zero in the rest system, something which is not always
true and is not satisfied, for example, for electron scat-
tering. It is easy to see that in this case the scattering
properties depend on the particle to which the interac-
tion field is ascribed. This remark does not pertain to
particles having identical masses.

Case of Scalar Interaction

1. The wave function § satisfies in the c.m.s. the
Klein-Gordon equation, in which the mass of the particle
is distorted by the interaction ¢ and which can be writ-
ten, with allowance for the relativistic transformation
for the coordinates (Lorentz contraction) to the c.m.s.
in the form

zZ
1— B2 )1 Ak (7
where p is the mass of the incident particle, E = i3 /6t,
p =—i8/0x, B¢ is the velocity of the c.m.s.; h = ¢ =1;
p and z are cylindrical coordinates with origin at the
scattering particle and with z axis along the direction of
motion of the incident particle.

In this case, for a weak interaction of the incident
wave, the scattering amplitude is determined by the
formula

(EZ—PZ)IP:‘[MQ—(p(_pH-

z2

1_‘502

8, 0) = - Sexplitk— ke o (a2 + v+ )dedy 0z,
where ko and k; are the wave vectors of the incident and
scattered waves in the c.m.s., respectively
(Ikol = |kl = Kk).

We make the change of integration variable r — p,
where px = X, py =y, and pz = z/V1 - BZ. Then the scat-
tering amplitude is written in the form

V1—Be (8)
4o

f=1 < Sexp(i%p)(P(Pz) avy,
where
He = (kn - kt)x, Ky = (kD - ki)lh Xz = (ko - ki)z“ - ﬁcz)‘h.

We see that the integral depends only on the modulus of
the vector k, which is equal to
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%= k[sin? & + (1 — Be?) (1 — cos 8) "

Thus, the differential elastic cross section can be
written in the case of small distortion of the scattered
wave in the form

do/dQ = (1 — B2 F(x?). (9)

The latter property can be used as a criterion which
makes it possible to verify the weak distortion of the
incident wave upon scattering.

2. Let us stop to discuss the dependence of k on the
scattering angle. When 4 = 0 we have ¥ = 0; from this it
follows directly that the zero-angle differential elastic-
scattering cross section is proportional to the factor
(1- zc), that is, it is constant when S; < 1 (as already
noted above in the discussion of the nonrelativistic par-
ticles), and decreases with increasing energy like 1/¢
(e—energy in the 1.s.). When B, < 1/V2, the quantity k
as a function of x = cos ¢ decreases monotonically from
a value 2mpB; at x = —1 to zero at x = 1. (Here m--mass
of scattering particle.) If . > 1/V2, then k(x) has a
maximum equal to m/V1— 5% atx=1- ,8’02; when
x =—1, the value of k is 2mp; as before.

Such a dependence of k on the scattering angle leads
to certain experimentally-observable properties of the
differential scattering cross section.

(a) when B¢ > 1/¥2, the function k(x) assumes certain
values twice at x = x; and X = X,, and the points at which
this takes place are connected by the relation x; + x.
=—2(1- Bé). The same can be said with respect to the
dependence of the differential scattering cross section
on the angle at a given energy. Since we have x; + Xz
— 0 when B¢ — 1, the points at which the differential
scattering cross section has the same value become
almost symmetrical with respect to the angle ¢ = 7/2.

It should be noted that the latter circumstance does not
always lead to an asymptotically (at large energies)
symmetrical (with respect to the angle ¢ = m/2) differen-
tial scattering cross section. Thus, at high energies

the ratio of the cross sections for scattering through the
angle 4 = 0 and through the angle ¢ = 7 equals
F(0)/F(4m?), which can be different from unity.

(b) When Be < 1/v2, the differential scattering cross
section as a function of the scattering angle has an ex-
tremum at cos ¢ = 1 — B, since dk/d cos ¢ = 0 at this
point, and consequently

aF dx
“dndcos®

a do
dcosﬁ{m =(1—ﬁc2)

If F(k) — 0 as Kk — =, then the extremum is a mini-
mum and its position should tend at high energies to the
angle ¢ = /2 like cos ¢ = 1 — 8.

3. Using formula (9), we can reconstruct the differ-
ential scattering cross section at an energy E from the
known dependence of the total cross section on the en-
ergy at all energies. Indeed, from (9) we obtain for the
total elastic-scattering cross section

1— B2 - Bch F(z)d
— B z)dz
ot = OS o
2 2 hyﬁcz F d
+p BTy e (10)

lkz - m2| 4k1(1¥302) sz - BCZI
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This is an integral equation with respect to the function
F(x). These are convenient numerical methods for
solving such equations, such as Tikhonov’s regulariza-
tion method ™',

At large values of k, an approximate solution of (10)
can be obtained analytically. To this end it is necessary
to replace the upper limit of the first integral and the
lower limit of the second one by their limiting values
(as k — «) 4m®. Solving the resultant Abel equation, we
have

s

1 7}
F(u2)=2n—2 202) S,

0(2)yVz—m*Bc(2)dz
1—Be() Ve —z
Here z = k* + m® is the square of the energy of the inci-
dent particle in the c.m.s., and o(z) and B;(z) are the

total elastic scattering cross section and the c.m.s.
velocity.

(11)

Case of Vector Potential

4. In this case the interaction changes the charac-
teristics of the particle motion without changing its
mass. Assuming that in the system where the scattering
particle is at rest the interaction vector is only a fourth
component, which depends in spherically symmetrical
fashion on the relative distance between the particles,
we get on the c.m.s.

(52 Yo

w—uzlb

y1

(the notation is the same in formula (7)).
Assuming the interaction to be weak (|¢| < E), the
effective interaction potential can be written in the form

_2B¢ | ¢*(1—B) _ peBe _ _opBe
Vi—pe  t—B*  VI—B? VI-B
In the construction of the matrix element we take
into account the fact

i’ll)o = koo, Yo = etk

and in the case where the operator p acts on ¢y, its ac-
tion (with allowance for hermiticity) can be regarded as
action on the scattered wave, so that it reduces to a

multiplication by k,. Taking this into account, we obtain

FES) = (2E + k(1 — cos 9) | Fy(x),
do [ dQ == [2E + k(1 — cos 9) ]2F (x),

(k was defined above).

An analysis of formula (12) leads to the same results
as in the case of scattering by a scalar potential, except
that now it is necessary to consider not do/dQ2, but
[2E + k(1 — cos #]?do/d2. As to the integral equation
for the function F(k), its structure changes significantly,
so that numerical methods must be used for its solution.

5. The properties of the differential scattering cross
section at large values of k depend in the general case
on the form of the potential. Their analysis is similar
to the analysis of the Born approximation in the non-
relativistic case, as given in®’. In particular, if the
potential is an analytic function of r®, then F(k) decrea-
ses exponentially at large values of ¥ and the argument
of the exponential is determined by the imaginary part
of the singularity of the potential ro closest to the real
axis, i.e., F(k®) ~ exp{—2« Im ro} (see®™’, formula
(127.10)).

(12)
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If F(k) decreases sufficiently rapidly at large values
-]
of Kk, so that the integral f F(x)dx converges, it is possi-

ble to draw certain concl&sions concerning the behavior
of the total scattering cross section at high energies.

In scattering by a scalar potential, the scattering
cross section decreases to zero at large energies like
1/E*, namely:

G(E)E_,wz———{ SF(z)dx+ P(a)dz}.

4m? (13)
In the case of a vector potential

4(E+k

0(E) g :::{ SF )da:—i———g I'(x)dx} (14)
It is important that the scattermg cross section cannot
drop to zero in the case of the vector potential.

The difference in the behavior of the total elastic-
scattering cross sections at high energies can be used
to determine the transformation properties of the inter-
action potential.

6. Let us consider, from the point of view presented
above, certain experimental data pertaining to the scat-
tering of elementary particles at ultrarelativistic ener-
gies.

At the present time we know the following experimen-
tally established facts:

a) The total elastic-scattering cross section drops to
a constant value for all particles'*??.

b) The total elastic-scattering cross section, after
subtracting the diffraction elastic scattering accompany-
ing the inelastic scattering™®’, drops to zero like 1/E*
for NN scattering.

c) The differential cross section for elastic scatter-
ing through an angle 7/2 decreases much more rapidly
than through an angle 7, and (in the case of scattering of
non-identical particles ‘“) a minimum whose position
varies with the energy appears in the angular distribu-
tion™*?,

d) The experimental data pertaining to the proton-
proton scattering at energies E,, = 10—30 BeV are satis-
factorily described by Orear’s phenomenological
formula ™’

% =L exp(—ap.). (15)
where A and a are constants, s is the square of the total
energy in the c.m.s., and p; the momentum transfer in
a direction perpendicular to the direction of the initial
motion of the scattered particle. This formula is valid
for scattering angles ¢ ~ 30 — 90°.

e) In backward scattering there appears a maximum
whose magnitude is much smaller than the differential
forward scattering, and whose angular width is approxi-
mately equal to the angular width of the forward maxi-
mum[14

f) In addition to these facts there are certain sugges-
tions advanced by Lyubimov™®’ with respect to the ex-
tension of Orear’s formula to a larger angle interval
and to 7N scattering. These assumptions will be con-
sidered below.

“)In the case of scattering of identical particles, the scattering cross
section is symmetrical with respect to the angle 7/2, since it is impos-
sible to distinguish between the scattering and scattered particles.
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We shall consider the foregoing facts and the possi-
bility of explaining them under the assumption of weak
perturbation of the incident wave and, what is more im-
portant from our point of view, the possibility of con-
cluding from an analysis of these facts that the wave is
weakly perturbed by the scattering.

A. In Lyubimov’s paper ™®’, the first fact is connec-
ted with diffraction phenomena accompanying the inelas-
tic scattering of the wave. The part of the differential
cross section connected with these phenomena cannot
give an idea of the weakness of the distortion of the in-
cident wave by means of the criterion under considera-
tion.

B. The decrease of the cross section of ‘‘truly elas-
tic scattering’ with increasing energy offers evidence
that if the wave is weakly distorted by the scatteg'oing,

then the interaction has a scalar character and fF(x)dx

converges so that F(x) — 0 as x — «. °

C. When the investigated criterion is satisfied, a
minimum should occur in the angular distribution at an
energy larger than a certain value. The incident-parti-
cle 1.s. kinetic energy T, at which the minimum occurs
is equal to the

Ty

(m—p) +7¥2(m* +p2),

where m and p are respectively the masses of the scat-
tering and incident particle. In the case of 7N scattering
To = 2.24 BeV, and in the case of pn scattering T,

= 2 BeV. The experimental data on the position of the
minimum in the scattering of pions by protons are given
in the paper of Ter—Martirosyan““ and reduce to the
following: cos #i, =—0.95 when T = 2.3 BeV and

€08 $min =—(0.4—-0.6) when T = 4 BV.

The theoretically calculated values of cos ¢ i are
equal respectively to —(1—0.8) and —0.54.

D. Orear’s formula, which agrees well with the ex-
perimental data on pp scattering, is a direct confirma-
tion of the weakness of the perturbation of the incident
wave in scattering from a scalar potential. Indeed, when
Isin®s| > (1 — BA)(1 — cos ¢) it is sufficient to put
F(x®) = A(2m) e~ to verify the identity of the formu-
las (17) and (9) at high energies.

E. The differential cross sections of elastic 7N
scattering through an angle smaller than 90° satisfy the
criterion of weakness of the perturbation. This circum-
stance is demonstrated in Fig. 3, which shows the suit-
ably reduced data on the differential scattering cross
section at p; = 4 and 8 BeV/c, as given in™*?.
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F. The existence of a backward minimum in the angu-
lar distribution of the scattered particles, its width and
the ratio of its magnitude to the forward maximum were
discussed in Sec. 2b. Assuming that the perturbation of
the wave during scattering is small, and that Orear’s
formula (more accurately, the exponential dependence
of the differential cross section on the value of k) is
valid for the 7"-meson—neutron system, we can calculate
the value of the backward scattering maximum. A plot
of this quantity against the initial incident-particle mo-
mentum is shown in Fig. 4.

However, recent experimental data (communication
from V. A. Lyubimov) did not improve the agreement
between the experimental data'™®’ and the ‘‘theoretical’’
curve shown in Fig. 4. The new data reveal a fine struc-
ture in the dependence of the backward peak on the pion
momentum, which is attributed to resonance effects™®’.
In addition, the coefficient A obtained from data on scat-
tering through angles smaller than 7/2, which satisfy
the criterion, is smaller by approximately one order of
magnitude in the case of 7*p scattering than the values
obtained from the analysis of the behavior of the back-
ward peak. Finally, data on the charge-exchange cross
section”? which should satisfy the criterion in the case
when the interaction is weak, do not satisfy the criterion.
The last three circumstances suggest the possibility of
an accidental satisfaction of the criterion at angles
smaller than 7/2 for 7N scattering, and do not make it
possible to conclude that the pion wave is weakly per-
turbed by the scattering.

7. Lyubimov™®’ discussed the aforementioned data
and the possibility of generalizing Orear’s formula in
order to predict certain properties of the differential
7N elastic scattering cross section in the region in large
angles (a similar question can also be raised with res-
pect to the large-angle proton-neutron scattering). In
particular, it was proposed to describe large-angles
scattering by means of the formula do/dQ2
= A(E)exp(—ap,), where p, = k sin¢. The symmetry of
the differential scattering cross section, which follows
from this formula, was pointed out.

It is easy to see that if the proposed hypothesis con-
cerning the weakness of the perturbation of the incident
wave is valid, then Orear’s formula should be general-
ized in a somewhat different fashion, and consequently
the symmetry proposed in"?? should not take place, as
discussed in detail in section 2b.

8. The potential corresponding to the function F(k?)
and obtained from Orear’s formula can be easily recon-
structed, and its value for pp scattering is

292 2
wor=a[+ (5T wm gt A) =37y mevy.
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A CRITERION IDENTIFYING WEAKLY-PERTURBING SYSTEMS,

We note in conclusion that the analysis of the rela-
tivistic case, unlike the unrelativistic case, is based on
a hypothesis which is not verified experimentally,
namely the hypothesis that a potential independent of the
scattered particles actually exists. This hypothesis is
in some respects doubtful since, first, it is difficult to
perceive physically such a field on the basis of the no-
tions concerning exchange of virtual particles and, sec-
ond, the theory is not formulated symmetrically with
respect to the colliding particles (with the exception of
the case of particles with equal masses), and one of the
particles takes on a preferred role in the collision.

This circumstance undoubtedly makes the proposed
criterion weaker, since this criterion should be based
only on experimental data.

This paper was discussed with V. A. Lyubimov, K. A.
Ter-Martirosyan, I. I. Gurevich, and P. E. Nemirovskil,
to whom the authors are extremely grateful.
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