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A review is given of problems of the interaction of nucleons. The processes are discussed mainly at
energies corresponding to the regions of the minimum and the rise of the total cross sections and to
regions covered by the accelerators at Serpukhov and Batavia and the colliding-beam storage rings.
Detailed consideration is given to np interactions, including the technique for performing experiments in
neutron beams. This is done because accurate experiments in neutron beams have been carried out only
recently, and the experimental features of these experiments are not widely known. The article discusses
total cross sections, forward elastic scattering, backward elastic scattering {np charge exchange), and
diffraction dissociation of nucleons. The equality of the total np and pp cross sections (observed
experimentally in the energy range of the Serpukhov accelerator), and the near identity of elastic
scattering in the diffraction region, mean from the point of view of the optical model that the distributions
of nuclear matter in neutrons and protons in the peripheral regions are practically identical. The equality
of the total cross sections is in agreement with the prediction of dual models involving degeneracy of the ρ
and A2 trajectories. It is well known that in the np charge-exchange reaction there is also observed a long-
range interaction which appears in the form of a very sharp peak at ( = 0 . The slope of the peak is
=;l/m \, where m, is the pion mass. The existence of this peak and also the simple kinematic law for
variation of the cross section with energy: Ε ~2 (observed in experiments up to 30 GeV) are due to the
dominant role of pion exchange in the charge-exchange reaction. On going to higher energies (the energy
range of the Serpukhov accelerator) changes are observed in the energy behavior of the charge-exchange
reaction: Ε ~(115"16). Changes of this type were predicted in Regge models and are due to the increasing
role of ρ and A2 exchanges at high energies. Recently careful studies have been made of the diffraction
dissociation of nucleons at high energies (Serpukhov, Batavia, and colliding beams). These studies have
revealed a number of features previously unobserved (at energies below 30 GeV), such as the backward
peak in the distribution in cos 0 G J in the Gottfried-Jackson coordinate system, the shift of the maximum
in the mass spectrum toward higher masses, the approach of the cross section to a constant value at high
energies, and other effects. All of the observed effects can be explained with the Deck mechanism if, in
addition to one-pion exchange we take into account baryon exchanges and interference.
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INTRODUCTION 4. Diffraction dissociation of neutrons on protons.

The simplest form of particle interaction is scattering. In the last case we are dealing with an inelastic reac-
At high momentum transfers there is a penetration into
the deep regions of the particles. In scattering of par-
ticles at small angles their structure in the peripheral
regions is investigated. In the limiting case of scatter-
ing at zero angle we obtain the size of the particles. In
fact, according to the optical theorem the imaginary
part of the scattering amplitude at zero angle is related
to the total cross section for interaction of the particles.
The present article will discuss the following subjects:

1. Total cross sections for interaction of neutrons
with protons; in this section some attention will be de-
voted also to the interaction of neutrons with nuclei.

2. Forward elastic scattering of neutrons by protons.

3. Backward scattering of neutrons by protons or so-
called elastic np charge exchange.

tion but, in contrast to ordinary inelastic processes in
which creation or conversion of particles occurs, this
reaction can be discussed as the breakup of the neutron
as the result of peripheral interaction with the proton.
In this sense we can relate the dissociation reaction,
like scattering, to an elementary form of particle inter-
action.

All of the processes enumerated above will be dis-
cussed at high energies. Just what energies are we
talking about? Sometime ago we would have been able
to attempt a physical definition of the high-energy re-
gion as post-resonance, pre-asymptotic, and asymp-
totic. The transition to this energy region involved
hopes that the pattern of interaction of particles at high
energies can be simplified as a result of the fact that the
particles lose their individuality and the interactions ac-
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quire a universal na ture . t n The idea of an asymptote
arose as the result of the expectation that with increas-
ing energy, on the one hand, s-channel resonances will
disappear (as the result of the increase in width of reso-
nances with increasing mass) and, on the other hand,
the cross sections for hadron interaction will reach a
constant value. Today the situation has changed. As
the result of the recent discovery of "heavy" and "nar-
row" neutral bosons the idea of the post-resonance re-
gion has lost its meaning (or has acquired a new mean-
ing). The hadron total cross sections, passing through
a minimum, have begun to increase with increasing en-
ergy. We do not know whether this rise of the cross
section is transitional or is already an established re-
gime, or just where the asymptotic region is located.
However, the characteristic behavior of the total cross
sections can serve as a watershed or divide on the en-
ergy scale. It is now natural to speak of energy regions
before and after the minimum of the total cross sections.
In the present article we have devoted the principal at-
tention to discussion of processes at energies corre-
sponding to the regions of the minimum and the rise of
the total cross sections and to the regions covered by
the accelerators at Serpukhov and Batavia and the col-
liding beams.

Finally, why does the title refer to the interaction
of just neutrons with protons ?

The nucleon is an isotopic doublet. A study of the in-
teraction of nucleons implies making measurements in
various isotopic states, i . e . , investigations of bothpp
and np interactions. It is very important that the mea-
surements have comparable accuracy. However, the
experimental conditions and techniques for study of pp
and np interactions are different. Investigation of pp
interactions is carried out in monochromatic beams with
use of hydrogen targets. The technical problems in
carrying out accurate measurements of this type were
solved long ago and are well known. The specific fea-
ture of np investigations is that there are no pure neu-
tron targets. Of course it is possible to carry out np
studies in a proton beam with a deuterium target, using
Glauber theory for extraction of the np interaction.
However, fundamental difficulties lie in this path if we
are discussing an accuracy greater than that of the the-
ory, since the Glauber theory itself in this case must be
the subject of experimental study. Therefore only the
technique of using neutron beams is promising for de-
velopment. Historically it turned out that early studies
with neutron beams had substantially poorer accuracy
than experiments with protons. Neutron experiments
were referred to as "experiments of the second kind."
Recently, however, a series of studies have been car-
ried out with neutron beams (ITEP-MGU,"3 ITEP-Karls-
ruhe-CERN,13""*·1 FNALC7~9]), encompassing a broad
program of investigations of the interactions of neutrons
with protons, in which it was shown that the data ob-
tained are in no way inferior in accuracy to those of pro-
ton experiments. In some cases, for example, in study
of nucleon-nuclear interactions, neutron experiments
have undoubted advantages.

Thus, np investigations are "younger." The experi-

mental features of experiments in neutron beams are not
so widely known. For these reasons, in discussing
questions of nucleon-nucleon interaction and in carrying
out a detailed comparison of np and pp data, we will
dwell in more detail on just the np interaction, including
questions of technique.

We now turn to the question of how the theory de-
scribes the interaction of hadrons. Unfortunately the
theory of strong interactions does not exist in general
form. The difficulty is that, in contrast, for example,
to electrodynamics, in strong interactions the coupling
constant is not a small quantity and there is no theoreti-
cal apparatus which can take into account the infinite
diversity of the interaction. A satisfactory theory can
be created for some particular cases. For example, if
we consider very remote peripheral interactions, use of
the pole model turns out to be successful. In this case
a small parameter arises as the result of the exponential
decrease of the interaction strength with increase of the
impact parameter of the interacting particles. Another
approach involves discussion of processes in the very
high energy region where, as we have noted, we can ex-
pect that the description of the interaction will be sim-
plified .

The best justified theory of the asymptotic interaction
of strongly interacting particles is the Regge theory of
complex angular momenta. i i m In this theory it is as-
sumed that the main contribution to the interaction is
from the exchange of a reggeon—an association of par-
ticles which are in a state with definite quantum num-
bers (baryon charge, isospin, and parity) and variable
spin, depending on the square of the momentum trans-
fer. The amplitude of reggeon exchange is proportional
to s e ( t > , where a(t) is the variable spin of the reggeon.
At high energies, from an infinite number of singulari-
ties characterized by different a{ the principal singularity
with the greatest a(t) is separated. This is the essence
of the asymptotic discussion. On the other hand, since
a depends on t and falls off with increasing momentum
transfer, the region of small t turns out to be separated.
Thus, the region of applicability of Regge theory is to
diffraction processes. The scattering amplitude in the
case of exchange of the principal singularity has the form

f = y(t)-
--ίπα(ΐ)

sin πα (() (*)

where σ = ± 1 is the signature factor and y(i) is the resi-
due , which is a real function of f in the physical region
of the s channel.

One of the merits of Regge theory is that it has per-
mitted a relation to be established between previously
independent fields—particle scattering at high energies
on the one hand, and the spectrum of resonances and
elementary particles on the other hand. The amplitude
(*) is defined in the physical region of negative t values.
In the region of positive t the amplitude (•) has meaning
(for bosons) only for integral values of the spin a(f),
where it has a pole for a positive signature at a = 0, 2,
4 . . . and for σ= - 1 at a = 1, 3, 5 . . . If we associate the
poles with real particles and resonances, so-called

1 Regge trajectories are formed. The principal boson
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trajectory is the Pomeranchuk pole, which has the quan-
tum numbers of the vacuum. This pole assures fulfill-
ment of Pomeranchuk's theorem c l l ] on the quality of the
cross sections for particles and antiparticles in the
asymptotic region. The Pomeranchuk pole describes
all processes which do not die out with energy, such as
forward elastic scattering at zero angle, total cross sec-
tions, diffraction dissociation of nucleons, and so forth.
The secondary poles/, A2, ρ, ω with a,(0)~0.5 and π
with a,(0)« 0, at which the corresponding resonances are
located, have nonzero quantum numbers and describe
exchange processes which fall off with energy, and also
the difference in the total cross sections of particles
from the same isotopic family. (For example, the ρ
and A2 are responsible for the difference σ*|' - cr)£.) Of
the secondary poles we should note the pion pole. In
spite of the fact that the pion trajectory lies below the
others and, consequently, processes described by the
pion pole should fall off more rapidly with energy, the
fact that the coupling constant for pions is large and that
the pole is located very close to the physical region
makes the pion singularity dominant in the intermediate
energy region. In addition, the closeness of the pole to
the physical region leads to characteristic features in
the t distributions. The classical example of a process
in which the important role is played by pion exchange is
elastic np charge exchange.

Pion exchange and the vacuum pole in a unique com-
bination in the Deck mechanismt 7 2'7 4 ) determine the be-
havior of diffraction dissociation of nucleons. In the
same process we also have appearance of baryon ex-
changes , which are usually responsible for backward
scattering of pions by nucleons.c l 2 ]

Regge poles are not the only singularities. The multi-
particle terms in the unitarity condition in relativistic
theory lead to appearance of moving branch points.
Moving branch points can be considered the result of
successive rescatterings by the particles comprising a
hadron. A deep analogy exists with the Glauber descrip-
tion of particle scattering by nuclei. c l 3 ] Branch cuts in
the elastic-scattering amplitude correspond to screen-
ing and have a sign opposite to the contribution of the
Regge pole. With increasing energy the screening de-
creases, and this leads to the preasymptotic rise in the
total cross sections.C 1 4 ] For these reasons branch cuts
are the cause of the irregularities in the differential
cross sections for the scattering and charge-exchange
processes. Usually the branch cuts amount to a more
or less small correction to the pole picture. However,
there are processes in which branch cuts enter as ef-
fects of the principal order. One of these processes is
np charge exchange. The narrow peak in the differential
cross section for np charge exchange in the Regge rep-
resentation is the result of destructive interference of
the pion pole and the pion-Pomeron branch.

1. TOTAL CROSS SECTIONS FOR INTERACTION OF
NEUTRONS WITH PROTONS AND NUCLEI

A. Method of measurement

As a rule, measurement of the total cross section for
interaction of particles is accomplished by the classical

method of removal from the beam. The essence of the
method is measurement of the flux of particles which
have not interacted with the target material, relative to
the total flux. The accuracy in measurement of the
cross section is determined by four principal aspects
which follow from the basis of the method:

1) Since the flux of particles which have not inter-
acted in the target is measured, there must be a mini-
mal impurity of particles which have interacted in the
target but are recorded by the detector. For this rea-
son measurements are made under conditions of so-
called good geometry, in which the particle detector has
minimal angular dimensions determined by the physical
conditions (for example, by Coulomb interaction of the
particles in the target if the measurements are made
with charged particles). To take into account quantita-
tively corrections due to scattering of particles in the
target, measurements are made of the angular distribu-
tion of particles which have interacted in the target.

2) Measurements of the particle flux with target and
without target are carried out at different times; hence
a requirement for stability of the apparatus with time
arises. Drift of the apparatus can be decreased with
repeated measurements with target and without target.

3) Measurements with target and without target neces-
sarily are carried out with different loading of the ap-
paratus by beam particles, and therefore strict linearity
of the counting characteristics of the apparatus as a
function of counting rate is necessary to obtain a correct
value of the cross section. Usually effects due to detec-
tor loading are taken into account by making cross-sec-
tion measurements at various beam intensities. Other
things being equal, these corrections are smaller, the
smaller the absolute beam intensity.

4) Statistics. The choice of the working beam inten-
sity is usually a compromise between the conflicting re-
quirements 3) and 4).

The above features of the method are common for
charged particles and neutral particles.

What are the features of total-cross-section mea-
surement in neutron beams ? First, neutrons do not
undergo Coulomb scattering. This provides the possibil-
ity of using the minimum possible detector size, limited
only by the beam size, which permits reduction of the
correction due to particle scattering in the target at
small angles to as low a level as desired (see point 1)
above). Second, the absence of Coulomb interaction by
neutrons permits use of optimal target thicknesses,
i . e . , rather thick targets of one to two nuclear lengths.
Here a given statistical accuracy (point 4)) is reached in
a minimal time or, what amounts to the same thing, a
given accuracy can be obtained with a minimal beam in-
tensity (optimization of requirements 3) and 4) above).

However, in working with a neutron beam there are
also drawbacks associated with the fact that the neutron
beam is nonmonochromatic. Therefore the neutron de-
tector must have the ability to measure the neutron en-
ergy. This complication is not fundamental in nature,
since the dependence of the total cross sections on ener-
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gy is very weak and the energy resolution obtained, for
example, in a calorimetric measurement of the energy
turns out to be sufficient not to introduce additional er-
rors into the measurement of the total cross sections.
Since the calorimetric method of measuring neutron en-
ergy is universally used in measurements of neutron to-
tal cross sections at high energies, we shall dwell brief-
ly on this method.

A calorimeter is device intended to measure the ener-
gy of hadrons. It consists of a total-absorption counter
containing a large number of layers of dense material
with intermediate regions sensitive to ionizing radiation,
and with a total amount of material of many nuclear
lengths. The calorimeter was invented in 1958t l 5 ] and
was first used in experiments with cosmic rays. Use
of these instruments in accelerators was delayed as the
result of the low energy resolution as long as the energy
was low (< 10 GeV). In the transition to higher energies
the physical principles on which the calorimeter is based
have permitted design of instruments with higher energy
resolution.

A calorimeter was first used to measure neutron en-
ergies in an experiment on total cross sections by Kries-
ler et e/ . t i e i in 1968. In the first measurements of total
cross sections (1968-1969) the calorimeters were not
perfected and had an energy resolution of -40-50%. By
1970 a calorimeter had been made at CERNcl71 with an
improved design which had a resolution of ± 15% at 18
GeV.

The best results at the present time have been
achieved by the Karlsruhe-ITEP-CERN group131 working
at the Serpukhov accelerator. We shall describe the
characteristics of this device, since it has been used in
a number of studies1 4"8 1 of the joint ITEP-Karlsruhe-
CERN experiment on neutron interaction with protons in
the energy range 10-70 GeV, and these studies will be
reported in the present article. The calorimeter con-
sisted of forty plates of scintillators (0. 7x40x40 cm)
from which the light was collected onto a single photo-
multiplier. The scintillators are interleaved with
plates of iron 2 cm thick. The pulse height from the

HA SFA

FIG. 1. Arrangement of the ITEP-MGU experiment, a) Ap-
paratus (Be—internal accelerator target, Pb—lead absorbers,
Kj-Ki—collimators, MJ-MJ—clearing magnets, MO1 and
MO2—beam montlors, Τ—target, A—anticoincidence counter,
S—coincidence counter, F—iron converter, KA—calorimeter);
b) arrangement of calorimeter (C are scintillator sheets).

FIG. 2. Profile of neutron beam in two projections.

counter depends linearly on the energy. At 60 GeV a
resolution of ±6% is achieved, which is the record res-
olution at this time for a hadron calorimeter used in ex-
periments.

We now turn to description of experiments on mea-
surement of neutron total cross sections.

B. The ITEP-MGU experiment121

The best accuracy in measurement of total cross sec-
tions in a neutron beam has been achieved in the work
of the group from The Institute of Theoretical and Ex-
perimental Physics and Moscow State University, car-
ried out in 1974 at the Serpukhov accelerator.^1

Figure 1 shows the arrangement of the apparatus. A
neutron beam was extracted at 0° to the accelerator or-
bit. The beam profile in the target region is shown in
Fig. 2. It can be seen that the beam had sharp edges,
and at a distance of 1-2 cm from the center the intensity
amounted to less than 1% of the intensity in the beam it-
self. This fact was important in taking into account the
contribution of scattered particles.

The neutron detector consisted of a calorimeter and a
counter in front of it, connected in coincidence. Direct-
ly in front of the counter were placed ring-shaped iron
converters whose dimensions determined the solid angle
of the detector. Only those particles which interacted
in the converter were recorded by the detector. The
impurity of particles which had undergone scattering in
the target and their angular distribution were measured
by using converters of different size. The central con-
verter was chosen on the basis of the beam size. With
use of this converter only particles scattered with mo-
ment transfer of less than 5x10"* (GeV/c)2 were indis-
tinguishable from particles which passed through the tar-
get without interaction. Thus, the correction to the
cross section due to neutron scattering in the target was
reduced to an extremely small value: ~0.1% for hydro-
gen and deuterium. It should be noted that this is much
less than the correction determined by the Coulomb in-
teraction which exists when a charged-particle beam is
used.

The work was performed with targets of statistically
optimal length. The frequency of alternation of mea-
surements with target and without target was maximal—
interchange of targets was carried out in each accelera-
tor cycle. This reduced to a minimum the effect of the
time drift in the apparatus.

Before proceeding to a discussion of the results, let
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TABLE I. Comparison of characteristics of various experiments on total cross
sections, carried out in neutron beams.

Experiment

Neutron energy, GeV

Beam size, cm

Time of alternation
of experiments with
and without target

Sources of error:
number of H2 atoms

in target
effect of intensity
correction for

scattering
statistical error with

inclusion of apparatus
drift

total error

CERN, I1TI

1970-X971

8-21

2 x 2

5-10 min

0.7%
0.2-0.5%

0.5%

0.7%
1-1.5%

University of
Michigan1191

14-27

l x l

—

1%
—

—

—
1.5%

ITEP-MGU,
1974121

26-54

1x2

7 sec

0.1%
0.1%

0.1%

0.5%
0.5%

FNAL,
1 9 7 5 , m

34-273

0 . 4 x 0 . 4

1 min

0.2%
0. 15%

0.20%

0.40%
0.5%

us turn to Table I, taken from Galaktionov,t181 where
some comparative data are given for experiments mea-
suring total cross sections carried out recently in neu-
tron beams. The table readily shows what a substantial
change has occurred during the last few years in the di-
rection of increased accuracy in measurement of total
cross sections in neutron beams. If we compare the
current accuracies (0. 5%) with those at the 1965 level
(~5%), the progress is still more striking. This pro-
gress is explained by the natural development of the
technology and experimental technique, but primarily by
the fact that physicists have learned to work with neutron
beams.

C. Total np cross sections

Figure 3 shows the total np cross sections obtained in
the ITEP-MGU experiment,C2:i in comparison with the
t o t a l s cross sections obtained in the Serpukhov ac-
celerator (IHEP, 1971).c30] As can be seen from the fig-
ure, the neutron and proton cross sections are very
close. The neutron cross sections indicate some energy
dependence in the range 25-55 GeV. In the same figure
we have shown the total pp cross sections recently mea-
sured by Carroll et al. at Batavia.C21] From this com-
parison we conclude that the total cross section of neu-

40 BO £,GeV

FIG. 3. Total np and pp cross sections in the Serpukhov
energy range, np data: 1—BabaeveiaZ. (1974), 2—Engler
et al. (1970), 3—Jones et al. (1971); pp data: 4—GorinefaZ.
(1971), 5—Carroll et al (1975).

trons on protons and of protons on protons agree within
experimental error in the energy range of the Serpukhov
accelerator (20-60 GeV).

Figure 4 shows the total np cross sections measured
by Longo et al.C7: at Batavia in the energy range 30-280
GeV. These data show a rise in the total cross section
by about 1. 5 mb in the energy region 50-280 GeV. Un-
fortunately, the increasing error in the cross sections
at lower energies, which overlap the Serpukhov range,
make the agreement of these results with the ITEP-MGU
data not very informative. As far as comparison of the
np data of Longo et al. with the proton-proton total cross
sections in the energy region above 50 GeV is concerned,
the situation here is not clear, since the data are incon-
sistent. In the same figure we have shown the total pp
cross sections according to the measurements of Carroll
et al. ,C21] which disagree sharply with Longo's data. On
the basis of this discrepancy it would, however, be pre-

FIG. 4. Total np ana pp cross sections in the energy range
15-300 GeV. np data: 1—Babaev et al., Serpukhov (1974),
2—Longo et al. , Batavia (1974); pp data: 3—Gorin et al.
(1971), 4— Carroll et al. (1975), 5-Gustafson et al. (1974),
6—Bromberg et al.[2il (1973), 7—Charlton et al.[231 (1972),
8—Firestone et al.(251 (1974), 9—Amendolia et al.t271 (1973),
10—Amaldi et al.[261 (1973).
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TABLE II

£lab· ftV

Opp, mb
σ π ρ , mbi

38
38

50

.14+0.

.50+0.
07
20

38
38

100

.39+0.

.46+0.
06
20

38.
38.

150

62+0.
62+0.

06
20

38.
38.

200

90+0.06
90+0.20

mature to conclude that the total np cross sections ex-
ceed by almost 1 mb the total pp cross sections in the
energy range 100-200 GeV, since, on the other hand,
the total np cross sections appear to be less than or
equal to the pp cross sections measured by Gustafson
et al.C2] (the same group as Longo) in the same appara-
tus in which the neutron cross-section measurements
were made. The Gustafson—Longo proton cross sec-
tions at 200 GeV are almost 1. 5 mb above the corre-
sponding value measured by Carroll et al.

Apparently there are significant systematic uncer-
tainties in some of these experiments, and therefore the
question of the relation of the total np and pp cross sec-
tions at energies above 50 GeV in direct measurements
must be considered open.

The fact that in both experiments"·2 1 1 the total cross
sections were measured in deuterium permits some in-
direct evaluations to be made of these two experiments.
As is well known, the Glauber theory1' relates the cross
sections in deuterium with the elementary expression

— opm>d = A

with inclusion of inelastic screening

(1.1)

(1.2)

As shown by Kaidalov and KondratyukC28] the ratio Δ, Μ ΐ /
Δβ1 can be obtained from analysis of inclusive spectra,
and it turns out to be 0.38, 0. 5, and 0.2 for pions,
kaons, and nucleons, respectively.2' The elastic part of
the screening is related by the Glauber-Wilkin relation"3 3

P) = - (1 + pnpp) (1.3)

to the parameter <r"2) characterizing the size of the deu-
teron. The quantity ρ is the ratio of the real part and the
imaginary part of the scattering amplitude. The quan-
tity Δ can be determined theoretically. Using theoreti-
cally calculated screening effects it is possible to obtain
total np cross sections from the measured values of the
total pd and pp cross sections in Carroll's experiment.
The results are given in Table I I . c 2 9 1 As can be seen
from the table, the total cross sections of neutrons on
protons turn out to agree with the proton-proton cross
sections over the entire energy range.

From the same experiment it has turned out to be pos-
sible, on the other hand, to check the validity of the

uWe will discuss Glauber theory in more detail in treatment
of the interaction of neutrons with nuclei.

2>The ratios are given for an energy ~200 GeV. In the general
case the ratios increase slowly with energy.

Kaldalov-Kondratyuk model on the pion data. The point
is that in the experiment of Carroll et al. the total cross
sections for interaction of various particles including
pions with protons and deuterons were measured. Thus,
from the experiment it was possible to obtain

and to compare it with the theoretical value

(1.4)

These values agreed within the experimental and the-
oretical uncertainties:

- A T 0.11 ± 0.15 mb.

It should be noted that the authors themselvesc211 ob-
tained the parameter ( r " 2 ) from pion data without inclu-
sion of inelastic screening, i . e . , from Eq. (1.3) instead
of Eq. (1.2). The use of different values of ( f 8 ) in
Refs. 20 and 21 to extract np cross sections from pp and
pd measurements aroused an unjustified discussion"01

regarding the "difference" of the np cross sections in the
two experiments, although the measured values (pp and
pd cross sections) were rather close (see Fig. 4 and
Fig. 6 below). In general a certain lack of coordination
existing in the literature1 2 0"2 1·3 1 1 in use of the param-
eter (r" 2 ) eventually reduces to whether or not inelastic
screening is taken into account in the Glauber correc-
tion. Today, however, this question is no longer debat-
able, since there is an experimental solution. Effects
due to inelastic screening will be discussed later, in the
discussion of neutron-nuclear data on total cross sec-
tions .

Let us turn now to the experiment of Longo et al.in

If we use the Kaidalov-Kondratyuk model1·281 exactly in
the same way for calculation of the screening correc-
tion, it is possible to obtain total pp cross sections from
the experimental data of Longo et al. on np and nd cross
sections. Here it turns out that the pp data extracted
from the experiment of Longo et al. differ by more than
1 mb from the neutron cross sections of the same ex-
periment and are about 0.5 mb below the total pp cross
sections according to the measurements of Carroll et
al. To reconcile the data of the experiments of Longo
et al.iv and Gustafson and Longo1221 on the cross sec-
tions, a very large value of the Glauber corrections is
needed. Thus, indirect considerations based on Glauber
theory argue in favor of equality of the total np and pp
cross sections also for the interval 50-300 GeV.

Additional arguments can be obtained from another
direction. The optical theorem relates the difference
of the total np and pp cross sections to the process of
elastic charge exchange at i=0,

If we now substitute into the right-hand side of this rela-
tion the data of Carroll et ai . C 2 1 ] and Longo et al.171 on
total pp and np cross sections, we should expect dramat-
ic changes in the cross section for elastic np charge ex-
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FIG. 5. Differential cross
sections for np charge ex-
change from direct mea-
surements, and lower
limits obtained from total
cross sections, (άσ/dt) I f = 0

χ (np —pn): 1—Babaev

2—Kreisler
3—Engler
4—Miller

etal. (1975),
etal. (1975),
etal. (1971),
etal. (1971);
Χ(σ^-σ^)2: 5—Carroll
etal. (1974) (pp, pd-pp),
6—Longo et al. (1974) (np),
Carroll etal. (1975) (pp).

100
p l a b , GeV/c

change in the energy range 100-300 GeV: The drop in
the cross section should slow down considerably to the
point where it becomes constant or even begins to rise.
As can be seen from Fig. 5, which is taken from the re-
port by Schrempp and Schrempp, ί 3 ( η the behavior of the
np charge-exchange reaction in the Serpukhov energy
range153 (the charge-exchange reaction will be discussed
in detail in Chapter 3 below) gives no indication of the
major changes which would be expected from the differ-
ent a),f -alf as measured by Carroll et al.tm and Lon-
go et id.171 Preliminary data (not yet published) on
charge exchange, obtained at Batavia, are inconsistent
with such a difference in the total cross sections.

D. The p-A2 degeneracy

In the Regge representation the main contribution to
the forward nucleon-nucleon scattering amplitude is
from the five trajectories ·3*, IT1', ω, ρ and Az. At high
energies the Pomeranchuk pole dominates. However,
a discussion of the energy behavior of nucleon-nucleon
scattering and the investigation of Pomeron exchange is
beyond the scope of the present article. Here we shall
dwell only on the relation between the np and pp scat-
tering amplitudes.

The contributions of the trajectories fr, ΰ*, and ω
have the same sign, while those of ρ and Az change sign
in the transition from the pp to the np interaction. Thus
in Regge theory in correspondence with the optical the-
orem the difference in the total cross sections is ex-
pressed in terms of the ρ and Az amplitudes:

(1.5)

where y(0) and a(0) are the residues and trajectories at
t= 0 for the ρ and A2 amplitudes. Since α,,(Ο) and aA 2(0)
are less than unity, it can be seen from Eq. (1.5) that
with increasing energy the difference in the total pp and
np cross sections should asymptotically approach zero.

Recently in the Serpukhov accelerator the charge-
exchange reaction v'p^ifn has been studied.C321 The
dominant singularity in this reaction is the Az trajectory.
It was found from these data that the parameters of the

ρ and A2 trajectories became much closer:

ap (0) = 0.56 ± 0.02 S3, aAl (0) = 0.45 ± 0.03 32

(the previous value obtained at lower energies is aA2(0)
= 0.37)."° With equality of the trajectories, the pp - np
total-cross-section difference is determined by the dif-
ference of the ρ and Az residues. As we have already
discussed, in the Serpukhov energy range the np and pp
total cross sections coincide. From the pp measure-
ments at IHEP c 2 0 ] the pp measurements at FNAL,C 2 l ]

and the np measurements by the ITEP-MGU group,tz:1

the experimental difference in the total np and pp cross
sections averaged over the energy range 25-60 GeV is

°«i-aw= 0.05 ±0.11 mb.

Hence it follows (see Eq. (1. 5)) that the difference in the
residues of the ρ and Az amplitudes is small.

Equality of the trajectories and residues of the ρ and
A2 amplitudes is referred to as the ρ - A% degeneracy.
Exchange degeneracy, which appears in a number of
experimental facts, has no explanation in Regge theory—
it is a consequence of duality.

As is well known, there is some ambiguity in the de-
scription of particle interactions. At low energies many
processes are satisfactorily described by the sum of the
contributions of s-channel resonances to the amplitude.
On the other hand, at high energies the theory of com-
plex angular momenta represents the amplitude in terms
of i-channel poles and branch cuts. Duality postulates
a direct connection between the s-channel resonance de-
scription and t -channel exchanges, making the two ap-
proaches equivalent,

Im 2 = Im 2 Reggei· (1.6)

Nucleon-nucleon scattering belongs to the so-called ex-
otic reactions in which there are no resonances in the s
channel. In this case

Im 2 Regge, = 0.

This means that the imaginary parts of the poles as-
sociated with different signature factors mutually can-
cel. A necessary and sufficient condition for such can-
cellation is equality of the residues and coincidence of
the trajectories, i . e . , exchange degeneracy. For the
nucleon-nucleon interaction this is the ρ -^degeneracy.

E. Neutron-nuclear total cross sections. Inelastic

screening

We now turn to nuclear data, in which the experimen-
tal situation is better defined. We start first with the
cross section in deuterium. In Fig. 6 we have shown
the measurements of total cross sections for interac-
tion with deuterons of both neutrons and protons. The
pddaXa. fromlHEP,f 2 0 ] and the nddata. from ITEP-MGU, m

the pd data from FNAL, E U and the nd data from Michi-
gan and FNALC8:I agree with each other exceptionally
well over the entire energy range studied, 10-300 GeV.
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FIG. 6. Total cross sections for interaction of nucleons with
nuclei. Curves—results of theoretical calculations: upper
curves—according to Glauber theory,'2 3· 3 5 1 lower curves—
model of Karmanov and Kondratyuk1381 with inclusion of inelas-
tic screening, nA; 1—Bahaevetal. (1974), 2—Jones etal.
(1974), 3—Engler etaZ. (1970); pA: 4—T. P. McCorriston
etal. (1972), 5—Gorin et al. (1971), 6— Carroll et al. (1975).

Now that we have data available on the total nd, pd,
np, and pp cross sections, we can check Glauber theory
in the simplest nucleus—the deuteron. It is well known
that calculation of the cross sections for interactions of
particles with nuclei in the Glauber approximation con-
sists of taking into account so-called shadow effects. In
the classical theory the elastic rescattering of particles
by a nucleon of the nucleus are discussed. In this case
the correction is usually called elastic screening. In
the case of deuterium

-(l+PpPn)ji"(?2) «"" (1.7)

where q is the momentum transfer to the deuteron, F(qz)
is the deuteron form factor, and b is the slope of the dif-
fraction peak for elastic scattering of nucleons.

Pumplin and Ross" 7 5 and GribovC381 took into account
rescattering effects in which the intermediate state the
nucleon is in an excited state. This correction is called
inelastic screening. Kaidalov and KondratyukC28J give
the following expression for it:

Διηοΐ = < -dM2dt; (1.8)

here dza/dMzdt is the diffraction part3> of the cross sec-
tion for the inclusive process N+N-*N+X with a state
of X having a mass M.

The important difference between elastic and inelastic

3'That is, the part due to vacuum exchange. Reactions of this
type are called diffraction dissociation. One of the reactions
of this class, the diffraction dissociation of neutrons into the
system (ir~p), will be discussed individually in Chap. 4.

screening effects lies in the fact that in the first case
the energy dependence of the effect is determined mainly
by the behavior of the elementary total cross sections
atp and σηρ and does not change greatly if the cross sec-
tion is constant, while Δ1ηβ1 is a quantity which increases
with energy.

A check of the Glauber theory can be made for the
Serpukhov energy range, where there are consistent
data on pp, pd (IHEP0"" and FNALE81]), and np (ITEP-
MGUC21) total cross sections. For the quantity

Δ = crnj) + σρρ — apmtd,

averaged over the energy range 30-50 GeV, we have

Aexp = 3.3 ±0.2 mb.

Several theoretical studies are known in which values of
Δ Γ have been calculated.C 2 8·3 9 1 The calculations differ
in the details of taking into account the contribution of
inelastic screening and predict for the indicated energy
region ΔΓ = 3.4±0.2. Here the inelastic-screening con-
tribution is 0.5 mb.C 8 8 ] Thus, the experimental value
Δβχρ agrees with the theoretical predictions taking into
account the contribution of inelastic rescatterings.

Unfortunately, in the energy region above 50 GeV, as
we have discussed above, the data of the three experi-
ments: Longo et a l . m (np), Carroll et α ϊ . 1 " 1 (pp), and
Gustafson et a l . c 2 2 ] (pp), are inconsistent, and it has
been necessary for us to use, on the other hand, the
Glauber theory to evaluate the situation in experiments
on the difference of the np and pp cross sections. How-
ever, fundamental conclusions regarding the Glauber
theory have been possible to obtain from experimental
data on the total cross sections for interaction of neu-
trons with heavier nuclei which we will discuss later.

In Fig. 7 we have shown total neutron-nuclear cross
sections obtained in the ITEP-MGU experiment1121 (en-
ergy 53 GeV) in comparison with the theoretical cross
sections of Galaktionov et al.[40] The calculations were
carried out on the basis of formulast3S] utilizing the pa-

Ζ 200 A

FIG. 7. Neutron-nuclear total cross sections as a function of
atomic number A according to the ITEP-MGU data. ' 2 l The
data are shown on two scales. The curves are drawn by hand
through the experimental points, whose size corresponds to the
error. In curve II we have shown by the rectangles the uncer-
tainty in the theoretical calculations of the cross sections.
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FIG. 8. Relative energy dependence of total cross sections as
a function of atomic number. From the data of the ITEP-MGU
experiment. ' 2 I The curves are theoretical calculations: 1—
Glauber theory,1 1 3· 3 5 1 2—Karmanov-Kondratyuk model'361 with
inclusion of inelastic screening, 3—the same as 2 but without
inclusion of the energy dependence of the elementary nucleon-
nucleon total cross sections.

rameters of the Woods-Saxon distribution of nuclear
matter : 4 1 J and with inclusion of a correction for inelastic
screening.C3e] In Fig. 7 the data are represented in an
unusual way: A curve drawn by hand connects the ex-
perimental points, whose size corresponds to the scale
of the experimental errors, and the limits (rectangles)
indicate the uncertainties in the theoretically calculated
cross sections.

The large errors in the parameters of the nuclear den-
sity distribution do not permit sufficient accuracy to be
obtained in the theoretical calculations to bring out de-
tails in comparison with the experimental data directly
in the absolute cross sections. However, if we consider
the change of the cross section with energy ((l/a)da/eE),
the accuracy of the theoretical calculations in this case
is improved significantly, since our poor knowledge of
the energy-independent parameters has little effect on
the result obtained in Ref. 40. The energy dependence
of the total neutron-nuclear cross sections turns out to
be sensitive to the mechanism of interaction of the par-
ticles with nuclear matter, and comparison of the ex-
perimental data with the theory permits us to learn the
details of this interaction. In fact, the total cross sec-
tions for interaction of neutrons with nuclei will have an
energy dependence even in the case when there is no
such dependence for the elementary total cross sections
for interaction of nucleons. This behavior of the nu-
clear cross sections is the manifestation of purely nu-
clear effects, i . e . , it is due to the difference in inter-
action of nucleons with nucleons and the interaction of
nucleons with nuclear matter. This difference is due to
the fact that the behavior of the nuclear total cross sec-
tions is affected by the variation with energy of the slope
b of the diffraction peak, the variation of the ratio ρ of
the real and imaginary parts of the scattering amplitude,
and the increase with energy of the inelastic screening
Δΐηβΐ · The last two factors lead to a decrease in the
neutron-nuclear cross sections with energy in the case
where the elementary cross sections σπΡ and apt no
longer change with energy. In Fig. 8 we have shown the
energy dependence of the η-nucleus total cross sections
measured experimentally in the ITEP-MGU experiment123

in the energy range 25-60 GeV. The positive value of
the derivatives on the plot means that in this interval the

total cross sections decrease with energy. As can be
seen from Fig. 8, the theoretical curve 2 with inclusion
of inelastic screening"*3 agrees remarkably well with
the experimental points. The value obtained in this way
(the only parameter of the theory) of the energy depen-
dence of the elementary nucleon-nucleon cross section:

can be compared with values measured directly in ex-
periment :

(4--3F )„= <

' G e V - 1 1 2 1 ,

, G e V " 1 1 2 1 1

A similar calculation according to the Glauber the-
ory" 5 ' 4 0 3 (curve 1, with nuclear effects turned off: ΔΐΒβ1

= 0, ρ, and b constant) leads to too large a parameter
for the energy dependence of the elementary cross sec-
tion:

\ Glauber
INN

= 13-10-4 GeV"1

Thus, the experimental data are satisfactorily de-
scribed by the theory and indicate the presence of nu-
clear effects in the energy dependence of the total neu-
tron-nuclear cross sections. This unstimulated be-
havior, i . e . , not due in any way to the energy dependence
of the elementary np and pp total cross sections, of the
nuclear cross sections was observed for the first time
in the ITEP-MGU experiment. m This was possible as
the result of a substantial increase in the accuracy of
the measurements and the fact that the measurements
were carried out in an energy range close to the mini-
mum in the energy dependence of the elementary total
cross sections.

As we have already seen, the total pp and np cross
sections have a minimum in the region 50-100 GeV and
then begin to rise with energy. The question arises,
what will be the pattern of the energy dependence in this
energy region for neutron-nuclear total cross sections ?
From the point of view of classical Glauber theory (elas-
tic screening) the energy behavior of the nuclear cross
sections will be similar to that which exists for the ele-
mentary cross sections, but to a considerable degree
smoothed. It is natural to call this behavior stimulated.
However, the situation changes if we consider inelastic
screening. As is well known, the increase of the total
cross section with energy corresponds to a logarithmic
law, and on the other hand in the Karmanov-Kondratyuk
model1·36-1 Δ, ω 1 also increases logarithmically with en-
ergy. The inelastic-screening effect compensates the
rise of the elementary cross sections, and in principle
we can have a situation in which the nuclear cross sec-
tions a) will continue their rise but more slowly, b) will
reach a constant value, or c) even begin to fall with en-
ergy. The compensation effect depends on atomic num-
ber.

In Fig. 6 we have shown data on the total cross sec-
tions for interaction of neutrons with nuclei, obtained
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at Batavia"3 in the energy range 30-280 GeV. These
data have high accuracy (unfortunately, decreasing at
lower energies) and agree excellently with the ITEP-
MGU data.p 3

The total nd cross sections show a slow rise for en-
ergies greater than 100 GeV but, beginning with carbon,
the experimental cross sections become practically con-
stant, and in the case of lead and uranium (not shown in
Fig. 6) a decrease with energy is even possible. In a
certain sense in nuclei we have a different asymptotic
behavior in the energy dependence of the total cross sec-
tions than in the total cross sections of the elementary
particles. Gribov predicts1423 that at superhigh energies
the total cross sections in nucleons and nuclei are equal.
It is possible that we are already at the beginning of the
approach of the cross sections. From this point of view
the ideas first expressed by Pumplin and RossC373 and
Gribov1383 and the inelastic-screening models based on
them, which were developed by Kaidalov, Kondratyuk,
Karmanov, Anisovich, and othersc28t3e·393 and which have
received experimental confirmation in the work of the
ITEP-MGU group123 and at Batavia,"3 have a deep phys-
ical significance. Of course, experimental verification
of the asymptotic behavior of nuclear total cross sec-
tions is not a simple problem, but it is a possible one;
for this purpose it is necessary to build colliding beams
of nuclei.

2. ELASTIC SCATTERING OF NEUTRONS BY
PROTONS

A. Measure of np scattering in a neutron beam.
Experimental data at energies up to 24 GeV

Use of neutron beams to study elastic neutron-proton
scattering imposes certain additional requirements on
the experimental apparatus. First, in addition to the
scattering angle or momentum transfer, it is necessary
to measure the energy at which the scattering occurred,
since the momentum of the incident neutron is unknown.
Second, it is necessary to know the flux of neutrons of
a given energy, i.e., the spectrum of the neutrons in
the beam, in order to normalize the obtained cross sec-
tions in absolute value. In order to understand the basic
scheme of measurements, let us consider several sim-
plified kinematic formulas.

lfl~i>i«PLb% (2.1)

where plail is the incident-neutron momentum and θη is
the scattered-neutron angle. On the other hand, the
transverse momentum can be determined from the re-
coil-proton scattering angle:

p±
ctg ψρ, (2.3)

where Mp is the proton mass and ipp is the recoil-proton
angle. As can be seen from Eq. (2.3), px does not de-
pend on />ub. Thus, if we measure the scattering angles
of the neutron and recoil proton θη and ψρ, it is possible
by equating (2.2) to (2.3) to obtain the momentum of the
incident neutron:

(2.4)

and from Eq. (2.3) to obtain 11\ ·.

|i|;«4MpCtg2ij)p. (2.5)

In addition, pL can be measured on the basis of the tan-
gential component of the time of flight τ of the recoil
proton. Separation of an elastic reaction can be ac-
complished from the condition of coplanarity: The di-
rections of the scattered neutron and recoil proton in the
plane perpendicular to the beam direction should be col-
linear.

The selected elastic events form a two-dimensional
array of numbers, each element of which is the product
of the elastic-scattering cross section by the flux of
neutrons of a given energy:

AN(E, t)=-^-(E, t)W(E) AE At. (2.6)

To obtain the absolute cross section datl/dt it is neces-
sary either to determine the shape of the spectrum and
the total flux of neutrons in the beam from additional
measurements, or to carry out a procedure of extrapola-
tion (for a fixed energy) of Eq. (2.6) as f— 0. Using the
optical theorem, which relates da/dt(E,Q) to σ *"'(£),
we can obtain an absolute normalization of the cross
sections and at the same time also the spectrum of neu-
trons in the beam W(E).

All measurements of elastic np scattering in neutron
beams have been carried out approximately by this meth-
od. The first measurements at energies above 10 GeV
were made by the Schopper group (see Ref. 43) at CERN
in 1969 and by Longo et al. (see Ref. 44) in 1970-1971.
The measurements were carried out with the optical-
spark-chamber technique and were in the diffraction-
scattering region. In 1973 Engler et aZ.c4sl used wire
spark chambers for the first time for detection of the
neutrons, which enabled them to increase the statistics
substantially. In addition, in this work the investiga-
tions were extended to a much wider range of momen-
tum transfer. A total of ~ 2x 10s elastic events were
recorded in the interval of Ui from 0.06 to 3 (GeV/c)2

for the energy interval 10-24 GeV. Absolute normaliza-
tion of the cross sections was accomplished by normal-
ization to the total cross sections with use of the optical
theorem. The data obtained in this work are shown in
Fig. 9.

In Fig. 10 we have shown a comparison of np elastic
scattering at 19 GeV/e with the data of Allaby et al.Wi

on pp scattering at 19.2 GeV/e. As can be seen from
the figure, the np data agree within the experimental
error with those for pp scattering not only in the region
of small momentum transfer, which was noted also in
earlier studies,143'443 but also over the entire measured
region up to Ι ίi =2.8 (GeV/c)2. Here the np data ac-
curately repeat the irregularity and change of slope of
the t dependence of the cross section in the region 11\
= 1.2 (GeV/e)8. This irregularity in elastic pp scatter-
ing was first observed and studied by Allaby et al.[47]

B. Study of np scattering in the Serpukhov accelerator141

The investigation of np elastic scattering in the ac-
celerator at Serpukhov143 is part of a larger series of
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tering according to Engler
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studies of the interaction of neutrons with protons car-
ried out in the joint ITEP-Karlsruhe-CERN experi-
ment.»-"

The measurements were made in a neutron beam with
a broad momentum spectrum. The kinematic parameters
t and />ub were determined by measurement of tne angles
of the forward-scattered neutron and the recoil proton.
In addition the recoil-proton momentum was determined
by measurement of the time of flight in a 2-m flight
path. A diagram of the apparatus is shown in Fig. 11.

Absolute normalization of the cross sections was ac-
complished by determining the neutron flux by means of
beam monitors and use of the shape of the momentum
distribution of the neutrons in the beam. The neutron
momentum spectrum (Fig. 12) was measured in a special
experiment by means of a calorimeter, which we have
already discussed.C3] In the same experiment the moni-
tor telescopes were calibrated to the absolute neutron
flux determined by means of the calorimeter. The ac-
curacy of absolute normalization of the cross sections
in this procedure was ± 35%. Independent verification
of the absolute normalization of the cross sections was
made by extrapolation of the cross sections to the optical
point with use of datac 2 l 2 0 J on the total cross sections
and the ratio of the real and imaginary parts of the scat-
tering amplitude. : 4 8 l 4 9 ] The two methods of normaliza-
tion agreed within 20%. The experimental data on the
cross section for elastic np scattering as a function of
/ in the energy interval from 10 to 70 GeV are shown in

FIG. 10. Comparison of elas-
tic np and pp scattering at
19 GeV. pp: 1—Allaby et al.
(1968); nps 2—Engler et al.
(1973).

Diagram of CERN-ITEP apparatus for elastic-
scattering measurement'4': 1—hydrogen target, 2—anticoin-
cidence counters, 3—monitor, 4—hybrid chambers, 5—clear-
ing magnet, 6—neutron counter, 7—iron converter; PI, P2,
P3—proton counters.

Fig. 13. The behavior of the scattering is very similar
to that which occurred at lower energies. As before,
in the region 111 ~ 1 GeV a change in the t dependence is
observed. If we describe the diffraction region (I t\
>0.13 (GeV/c)E) by the expression AeM, then for the
slope 6 we obtain the data shown in Fig. 14. The slope
of the diffraction peak in np scattering increases slowly
with energy (roughly as Ins) in the region investigated.
The np and pp data agree in the overlapping regions.
The dependence of b on energy becomes flatter if we
judge on the basis of the pp data obtained at colliding -
beam energies. t 5 0 ]

Let us summarize the last two sections. The equality
of the total np and pp cross sections and the closeness
of elastic scattering in the diffraction region, from the
optical point of view, means that the distribution of nu-
clear matter in neutrons and protons in the peripheral
regions is practically identical.

3. BACKWARD ELASTIC SCATTERING OF
NEUTRONS BY PROTONS (np CHARGE EXCHANGE)

A. Methods of measurement

In most of the experimental studies of the backward
scattering of neutrons by protons (elastic np charge ex-
change) at high energies, two methods have been used.

1) Double-charge-exchange method. The neutron
arises as the result of elastic charge exchange of pro-
tons in the internal target of the accelerator. In the ex-
ternal hydrogen target the neutron in turn is elastically

| «
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Neutron momentum, GeV/c

FIG. 12. Momentum spectrum of neutrons produced by 70-GeV
protons in a beryllium target at 0°.
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charge-exchanged into a proton. The proton is analyzed
in momentum, and its scattering angle is measured.
The condition that double elastic charge exchange has oc-
curred is the equality of the energy of the secondary pro-
ton and the energy of the proton in the accelerator ring.

An advantage of this method is that the distributions
in the momentum transfer can be measured down to very
small values of 1t\ (determined by the angular resolu-
tion of the proton spectrometer). However, at high en-
ergies very good momentum resolution is required of
the proton spectrometer for reliable separation of elas-
tic events. In this method there are also difficulties as-
sociated with absolute normalization of the cross sec-
tions .

2) Complete-kinematics method. In this method a
beam of neutrons is used in a wide range of momentum.
To reproducs the complete kinematics of the elastic
reaction, measurements are made of the angle and mo-
mentum of the proton, and also the energy of the recoil
neutron from time of flight, and in addition the neutron
angles were measured. Inelastic events can be separated
from elastic events, since the kinematics of each event
turns out to be overdetermined.

200 400 600W0I03 2000 A GeV'

FIG. 14. Diffraction peak slope parameter for np and pp
scattering. The values are given for I <l > 0.13 (GeV/e)2. np:
1—Engler etal. (1969): 2—Perl et al. (1970), 3—Gibbard
et al. (1971), 4—Bbhmer et al. (1975). pp; 5—Halting
et al.nn (1965), 6—Barbiellini et al. (1972).

FIG. 15. Differential cross
sections for np charge ex-
change according to Engler
eiaZ.'5 6 1 Curves—theoreti-
cal calculation according to
an interference model of a
reggeized pion with branch
cuts. ' 5 7 1

0 0.05 10 0.2 03 Μ
-1. (GeV/c)'

The advantages of this method include high reliability
in separation of elastic events from background, which
is important in particular in studies at high energies,
and the possibility of obtaining good statistics as the re-
sult of utilizing the complete spectrum of the beam neu-
trons. A deficiency of the method is the need for reli-
able determination of the neutron-detector efficiency
over a wide range of neutron energy. This quantity is
very important, since it enters directly into the depen-
dence of the charge-exchange cross section on momen-
tum transfer, which is being investigated. To obtain
absolute cross sections in this method, knowledge of the
shape of the beam neutron spectrum and measurement
of the absolute neutron flux are required.

B. np charge exchange at energies up to 3 0 GeV

The first measurements of backward elastic np scat-
tering at energies above 2 GeV were made in 1962 by
Palevsky et al.c52] by the double-charge-exchange meth-
od. In the distribution in t in the region t~ 0 a very
sharp peak was obtained with width at half-height equal
to p^a 150 MeV/c.

In 1965 this same groupc53] found that the distribution
in momentum transfer in this reaction can be described
by two exponentials with slopes of 50 and 4 (GeV/c)"2.
A similar result was obtained by Manning et aZ.[ M 1 in
1966 at an energy 8 GeV. Miller et al.t55) in 1971
studied charge exchange in the energy range 3-12 GeV.
The energy dependence of the cross section at i=0
turned out to be

\ dt }t=d

In Fig. 15 we have shown the data obtained by Engler et
aZ.t S 6 ] in 1971 at energies of 8, 19, and 24 GeV by the
double-charge-exchange method.

The last measurements in this region were carried
out by Davis et al.1*11 in 1972 in the energy interval 8-
29 GeV. This work was performed with the complete-
kinematics method. The cross sections obtained were
fitted by the expression

(3.1)

It was found that the slope of the peaks of the exponen-
tials, 6 and d, and also the parameter c, do not depend
on the energy (Fig. 16). It followed from this that,
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FIG. 16. Parameters of the two-
exponential description of the
charge-exchange differential cross
section: do/dt=A(e'blti + ce'ilt[)
in the energy range 8—29 Ge V
according to the data of Davis
etal.™

20 p l a b , GeV/c

first, there is no change in the slopes (narrowing or
broadening) of the diffraction peaks in either of the ex-
ponentials and, second, the ratio between the exponen-
tials does not change with energy. Thus,, the cross sec-
tion can be represented in the form

In regard to the energy dependence, the experimental
data are satisfactorily described by the power function

with an exponent η = 1. 95 ± 0.10 according to the data of
Refs. 55 and 57.

C. Pion exchange in np charge-exchange reactions

Thus, in np charge-exchange reactions a long-range
interaction is observed which is expressed in the ex-
istence of a very sharp peak. The slope of the peak is
of the order 1/wiJ, where mT is the pion mass. It is
natural to associate this peak and the smooth and simple
kinematic law of change of the cross section with ener-
gy, />jj|b, with pion exchange. Chewcse] showed as early
as 1958 that the np scattering amplitude has a pole in the
unphysical region at t=m\ which should lead to a sharp
t dependence near zero. However, as the result of the
pseudo-scalar nature of the pion, a single pion exchange
by itself gives, instead of a peak, a zero of the cross
section at i = 0. In order for a peak to appear, pion ex-
change must be accompanied by some background which
is a weak function of t. Then this peak can be the result
of destructive interference between pion exchange and
the associated background. The nature of the background
was not clear from the theoretical point of view, and in
most of the early models it was treated phenomenologi-
cally.c 5 9 > e 0 1 The simplest model is that of exchange of
an elementary pion with an energy-independent form fac-
tor and a background practically equal to the pion cou-
pling constant gz/4ir,iei:> i . e . , the value obtained from
so-called "poor people's absorption".c e 2 ] In this modelce3]

\ it ; n p ~,(«-

where ^ 2 /4π= 15, β= 5. 5 (GeV/c)"2. This simple model
describes all of the principal experimentally observed
characteristics of np charge exchange:

1) It gives the correct order of magnitude of the cross
section.

2) It describes the sharp forward peak.

3) It gives a dependence -P^ of the cross section on
energy, and there are therefore serious bases to con-
sider that the interfering pion exchange is dominant in
the mechanism determining the behavior of np charge
exchange at intermediate energies.

The features of the model do not greatly depend on
whether we consider the exchange of an elementary par-
ticle (as discussed above) or of a reggeized polec e 4 ]

(this is understandable, since at{0)~0), or the case
when the "background" in the reggeized theory consists
of branch cuts generated by a pole. [ β 5 - β β ] 4 ) All of this
is valid as long as we are discussing only pion ex-
change. However, the quantum numbers of the np
charge-exchange reaction also permit ρ and Az exchange.
In the reggerized theory the cross section for charge ex-
change is

(3.3)

where α((0)= 0, 0.5, and 0.5 for π, ρ, and Az, respec-
tively. It can be seen from this that the energy depen-
dence of the charge-exchange cross section for i=0
will be ptf,, if pion exchange dominates, and p^ in the
case of ρ and Az exchange. The question arises: Why
is the influence of the ρ and Az poles not observed in the
experimental data on np charge exchange, which has
been investigated up to an energy of 27 GeV?

The contribution of the ρ and Az poles can be evaluated
if we make use of factorization. The role pole is domi-
nant in the reaction πΝ charge exchange. The vertex
(ρππ) can be extracted from analysis of τη scattering.
The contribution of the A2 can be taken equal to the ρ
from the condition of p - Az degeneracy (see above). Ac-
cording to the estimate of Diu and Leaderc e 3 ] the nu-
merical values of the residues of the amplitudes <p(*'*&
turn out to be small in comparison with the pion-ex-
change constant. Thus, it becomes understandable why
reggeized behavior does not manifest itself at least up
to energies * 30 GeV. However, with increasing ener-
gy the reggeized terms should play a more and more im-
portant role; the point 30 GeV may turn out to be a break
point in the behavior of the np charge-exchange reaction.

A curious situation has developed. It has been found

(3.2)

4'in contrast to the phenomenological models, in the theory of
complex angular momenta this "background" has a clear phys-
ical meaning and arises from the internal logic of the theory
as a rr-Pomeron branch uct generated by the pion. The branch
cut does not have definite parity and does not go to zero at t
= 0; in contrast to a pole, it has a smooth t dependence, i.e. ,
all those qualities which should be possessed by the "back-
ground" for reproduction of the correct interference pattern.
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experimentally that the amplitudes φ of the np charge-
exchange reaction do not depend on energy. This is true
over the entire energy range studied from 1 to 27 GeV.

The reggeized theory explains this behavior by the
dominant effect of pion exchange. However, the theory
predicts that with increasing energy the nature of the
behavior of charge exchange will change (the role of the
ρ and Az poles will increase), namely:

1) The energy dependence of the cross section will
begin to decrease (a gradual transition from a p£b de-
pendence to a dependence Pilb).

2) An energy dependence will appear in the t distribu-
tion: The drop of the cross section with energy at small
t will be greater (dying out of the forward peak).

This prediction has not stimulated direct experimental
data, and it must be considered as theoretical.

It may, however, turn out that the nature of the be-
havior of np charge exchange is preserved at all ener-
gies. There will exist the one-pion model discussed
above, in which the role of ρ and Az exchange is com-
pletely excluded. There are no theoretical reasons why
this should be so, and therefore the prediction of this
model should be considered as a "naive pragmatic ex-
trapolation" (Ref. 63). It was approximately in this way
that Diu and LeaderC63] formulated the situation, which
developed before the results of np charge-exchange
studies at energies above 30 GeV became known.

D. np charge exchange in the energy range 22-65 GeV
(The ITEP-Karlsruhe-CERN experiment151)

The experiment was carried out in the neutron beam
of the Serpukhov accelerator. The apparatus consisted
of a two-arm spectrometer (Fig. 17). The charge-ex-
change reaction was studied by the method of complete
kinematics. The angle and momentum of the forward-
scattered proton were determined in the magnetic spec-
trometer. The neutron was detected in the scintillation
counters of the neutron detector. The azimuthal angle
of the scattered neutron was determined by observing
which of the neutron counters operated. The neutron
energy was measured by the time-of-flight method. The
experiment utilized hybrid spark chambers having better
resolving time than ordinary spark chambers (~ 125
nsec). This permitted use of a neutron flux in the beam
of ~ 2x 107 neutrons per accelerator cycle. A total of

np -*-pn

23.5 Qe\

I 27.5

• 32.5

37.5

1,2.5

\
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FIG. 18. Differential cross section for np charge exchange in
the Serpukhov energy range.t 5 1

about 50 000 elastic np charge-exchange events were re-
corded in the experiment.

The differential cross sections for np charge exchange
are given in Fig. 18 for nine intervals of primary-neu-
tron momentum.

As can be seen from the data presented, a sharp peak
is observed in all momentum intervals up to 65 GeV.
In the region |£| ~0.1 (GeV/e)8 there is an indication of
a "shoulder" in the curve. For I f I >0.2 (GeV/e)2 the
cross section can be represented as an exponential func-
tion of t with a slope of about 7 (GeV/e)"2. Since pion
exchange is dominant in the charge-exchange cross sec-
tion at small values of t, we obtained the cross section
at the point t= 0 by an extrapolation formula in which the
dependence due to pion exchange was separated in ex-
plicit form (see Eq. 3,2):

da
dt • Aeat. (3.4)

The region 111 < 0.02 (GeV/e)2 was used for the extrapola-
tion. The values of (da/dt)t=0 obtained in this way are
shown in Fig. 19. In the Serpukhov energy range a weak-
ening of the energy dependence is observed:

9m

P3

FIG. 17. Diagram of the ITEP-Karlsruhe-CERN apparatus
for study of np charge exchange.l51
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FIG. 20. The coefficients as a function of momentum in
parametrization of the differential cross section for np charge
exchange in the form
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1 — Babaevei al. (1975), 2—Davis efaZ. (1972), 3—Engler
et al. (1971).

I da \ ^ -d.5-1.6)
I dt / i = o ~ Pl*b

This can be seen especially distinctly in Fig. 20, where
we have plotted the dependence on energy of the param-
eter A in the extrapolation formula (3.4). In the case of
one-pion exchange (3.2), which is characterized by a
dependence Pllb, the parameter A should be a constant
independent of energy. Such behavior of the parameter
A is consistent with the experimental data with energy
less than 25 GeV. However, at higher energies an un-
doubted rise is observable in the parameter A, which
signifies a change in the energy dependence determined
by one-pion exchange.

Analysis of the data by means of the two-exponential
description (3.1) showed that a change in the t depen-
dence with energy is observed: A gradual relative de-
crease of the forward peak occurs.

The change in the energy dependence of the cross sec-
tion as a function of t can be seen more in detail in Fig.
21, where we have shown the effective trajectory atf{

determined from the relation

- ^ ~ s2aeff m'*F (t) = s-MDF (<).

The value of attt(f) is related by an obvious expression
to the exponent of the power dependence of the cross sec-
tion on energy:

aeff (*) — o—·

The principal changes (in comparison with data at lower
energies, < 30 GeV) are observed in the region \t\ > 0.06
(GeV/c)E, where attt takes on values 0.3-0.4, which is
already close to the value expected for the ρ and Az tra-
jectories. At the same time in the region 111 < 0.02
(GeV/e)2 the values of aeit are smaller. Here we can
see a "dip" with a width the same as in the peak in the
differential cross section. This indicates, on the one
hand, continued dominance of pion exchange in this re-
gion of momentum transfers (a e f f has here its smallest
value, close to zero) and, on the other hand, a dying out

of the forward peak in the cross section (in this region
is the largest exponent of the energy dependence of the
cross section). It can be seen that there is an irregular-
ity in the intermediate region (0.02< 11\ < 0.06 (GeV/cf,
which can be seen also in the angular distributions
(Fig. 18).

Thus, in the experimental study of the np charge-ex-
change reaction in the Serpukhov energy range, changes are
observed in the mode of behavior of the charge-exchange
cross section. Changes of this type were predicted long
ago in the Regge models"3 ' 6 8 ' 6 9 1 and this was associated,
as we have already discussed above, with the increasing
role of ρ and Az exchange at high energies. The experi-
mentally observed tendency agrees with these predic-
tions .

4. DIFFRACTION DISSOCIATION OF NEUTRONS
BY PROTONS

A. Methods of study of nucleon dissociation

The dissociation of nucleons into a πΝ system, like
other inelastic reactions with many particles in the final
state, has been studied mainly in bubble chambers.
Only recently has nucleon dissociation begun to be studied
in experiments with electronic methods.C 6·9·7 0 1 An elec-
tronic experiment has an important advantage—the pos-
sibility of obtaining large statistics. However, use of
electronic methods to study reactions with many par-
ticles in the final state encounters serious difficulties,
and these difficulties increase catastrophically with in-
creasing number of particles in the final state. For de-
scription of a 2—2 reaction two kinematic parameters
are necessary and sufficient: s and t. For a 2— 3 tran-
sition such as dissociation of nucleons into a (πΝ) sys-
tem, it is already necessary to have five parameters.
In general: 3iV- 4 parameters for a 2~N reaction.

Thus, the first difficulty consists of identifying the
reaction. Experimental apparatus intended for investiga-
tion of a 2—3 reaction must permit measurement of a
number of variables sufficient to determine all five ki-
nematic parameters.

The second difficulty lies in obtaining the cross sec-
tion. This requires knowledge of the efficiency with
which the apparatus detects multiparticle states. The
number of independent kinematic variables determines
the dimensionality of the phase space. Thus, for a 2— 3

FIG. 21. Effective trajectory of np charge exchange in the
energy interval 20-65 GeV according to the data of the ITEP-
Karlsruhe-CERN experiment.t 5' For comparison we have
shown the averaged ρ and A2 trajectory: The
right-hand scale shows the exponent of the power dependence
of the κ^-eharge-exchange cross section on s; η and aat are
related by the expression η =2 - 2a,ti.
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reaction the efficiency matrix must be five-dimensional.

The number of cells in the matrix is determined by the

size of a cell, and the size is chosen so that the cell

length along the axis of a given kinematic variable will

be greater than (or of the order of) the corresponding ex-

perimental error. The differential efficiency in the

cells is determined by a simulating Monte Carlo pro-

gram. The accuracy in measurement of the parameters,

the informativeness of the experiment, and the statistics

required turn out to be closely related: The number of

cells must be less than the statistics, and the linear

size of a cell must exceed the corresponding measure-

ment error. In the ITEP-Karlsruhe-CERN experi-

ment,[β:ι which contains ~ 15 000 neutron-dissociation-

reaction events, the five-dimensional efficiency matrix

consisted of 6048 cells: Δ£χ Δίχ ΛΛί* χ Δ cos0* x Αφ

= 3x7x12x6x4.

Finally, the third problem is representation of the re-

sults obtained. The most informative method is to give

directly measured experimental differential cross sec-

tions: dia/dxldxidx3dxidxi, where x{ (t = 1,. . . ,5) are in-

dependent kinematic parameters.5' However, the num-

ber of points turns out to be very large, and in this form

the data are practically inaccessible for direct examina-

tion. The traditional representation of the data in the

from of one-dimensional plots or two-dimensional dis-

tributions is possible only in integro-differential form:

da/dxt and da/dx{dxk for xt fixed—one-dimensional

curves; άζσ/άχ{άχΗ and dza/dx{dxkdxL for xt fixed—two-

dimensional curves. The principal difficulty here is in

integration over variables which are not fixed. The

geometrical dimensions of the apparatus and the event-

selection procedure itself define some limited region of

phase space. This region is not the same in different

experiments. Reduction of the data to the total volume

(extrapolation of the data on integration into unmea-

sured regions) is in the general case an incorrect pro-

cedure. Therefore data in integro-differential form

have primarily illustrative value, and to obtain quantita-

tive data it is necessary to use the differential cross

section as much as possible.

Let us turn now to a brief description of experiments

on nucleon dissociation performed by electronic meth-

ods.

In the ITEP-Karlsruhe-CERN experiment1161 diffraction
dissociation of neutrons on protons into a (ir ~p) system
was studied in the Serpukhov accelerator energy range
(35-65 GeV). Measurements were made in the same
apparatus (with insignificant changes) in which the np
charge-exchange reaction discussed above was studied.
The quantities measured were the momentum and angle
of the proton and the angle of the π" of the (π ~p) system,
and the azimuthal angle, energy, and time of flight of
the recoil proton. Measurement of these quantities was

5)As parameters we can choose, for example, pK, t, M*,
cose*, and φ * , where pN is the primary-nucleon momentum,
t is the squared 4-momentum transfer to the recoil nucleon,
M* is the invariant mass of the irN system, and 6* and φ* are
the helical angles od decay of the πΝ system in its center-of-
mass system. m Sometimes instead of the angles Θ* and φ*
the standard Gottfried-Jackson angles are chosen.

4
FIG. 22. Diagrams of the Deck mechanism describing disso-
ciation of neutrons into the system (τ'ρ): a) with pion exchange,
b and c) with baryon exchange.

sufficient for kinematic determination of the reaction

η + ρ ->- (n'p) + p.

In the FNAL experiment"3 the same reaction was
studied in the neutron beam of the Batavia accelerator
in the energy range 50-300 GeV. The proton and τ'
from the (pn~) system were analyzed in a magnetic spec-
trometer, and in addition the azimuthal angle of the re-
coil proton was measured in a scintillation hodoscope
surrounding the high-pressure gaseous hydrogen target.
The reaction n+p— (v~p)+p was identified from the con-
dition of coplanarity of the recoil proton and the (π ~p)
system. The results obtained in this experiment1-'3 are
preliminary.

Finally, in the CERN experiment"03 electronic meth-

ods were used to study proton dissociation :p+p~ (mr *)

+p in colliding beams at an energy of the colliding pro-

tons 45 GeV. Preliminary results were presented at

the London conference on high-energy physics in 1974.

Before turning to discussion of the data obtained in
these studies, let us dwell briefly on the results of in-
vestigations at low and intermediate energies.

B. Nucleon dissociation at energies up to 30 GeV. Pion

exchange in the Deck mechanism1311

The studies were carried out with bubble chambers.'·'713

The main features of diffraction dissociation observed
at intermediate energies (< 30 GeV) are the following:

1) The πΝ system is formed preferentially with low

values of invariant mass.

2) The energy dependence of the reaction is weak.

3) The t dependence has a diffraction nature (κ ebt)
with a slope Β which is a function of the mass of the ΉΝ
system (the higher the mass value, the smaller the
slope).

4) The distribution in cos6GJ in the Gottfried-Jackson
system has a peak in the region cos9OJ = 1.

All of these features find explanation in the Deck mech-

anism, t n } which is illustrated by diagram a) in Fig. 22.

The matrix element corresponding to this diagram is

| Μa | = γ, (t,) y2 (is) s*&*'')s%'>w; (4.1)

here y ^ ) and y2(i2) are functions of the momentum trans-
fer; α^κ 1 +0.3f, and a,« -0.02 + <2 are the Pomeron
and pion trajectories. The peripheral nature of the func-
tion y ^ ) is determined by the diffraction behavior of
the vertex P-&-P', and that of y2(f2) by the pion prop-
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FIG. 23. Distribution in polar
angle in the Gottfried-Jackson coor-
dinate system. From the data of
the ITEP-Karlsruhe-CERNexperi-
ment. l 6 1 The solid curve repre-
sents the Deck model with pion and
baryon exchange (Ponomarev1741),
and the dashed curve is the Deck
model with only pion exchange
(OPER1731).

FIG. 25. Distribution in mass of the τ'ρ system for 111
< 0. 23 (GeV/c)2. According to the data of the ITEP-Karlsruhe-
CERN experiment.C61 The solid curve is the Deck model with
pion and baryon exchange,t741 and the dashed curve is with only
pion exchange (OPER1731). The theory is applicable only in the
small-mass region (M* <, 1.4 GeV/c2).

agator: (i2 - m2)"1. Thus, the t dependence of the pro-
cess can be represented as

I Ma Is « exp (αίι + fit,). (4.2)

The multiperipheral nature of the matrix element (4.2)
leads to strong kinematic restrictions on st and s2:

-» const. (4.3)

Since the Pomeron trajectory is significantly above the
pion trajectory, preference will be given to processes
for which st~ s and sz«s. This leads to small mass
values of the irp system and a Pomeron-exchange energy
dependence of the dissociation reaction. For the same
reasons there is an increased density of population of
the regions near cos0OJ = 1 and the azimuthal angle φ α 3

= 0. For the helical angles this corresponds to the re-
gions cos#* = 0 and φ* = π.

C. Angular and other characteristics of decay of the
excited system in nucleon dissociation at high energies.
Baryon exchange in the Deck mechanism

At low and intermediate energies (< 30 GeV) in the an-
gular distributions of a dissociation reaction a peak is
observed in the scattering forward in the Gottfried-
Jackson angles (cos0GJ >0). In the transition to high

FIG. 24. The same as Fig.
23 but with limitations on
the mass of the τ'ρ sys-
tem M* < 1.42 GeV/c2 and
- t < 0 . 2 3 (GeV/c)2.

energies substantial changes appear in the angular dis-
tributions. There were observed for the first time in
the ITEP-Karlsruhe-CERN experiment"3 in the reaction
n+p~(ir ~p) +p at 60 GeV. These data are shown in
Fig. 23. In addition to a clearly expressed forward
peak (cos0GJ > 0), which is well described by the Deck
mechanism with reggeized one-pion exchange (OPER),1-733

the experimental data also show a backward peak (cos0QJ

< 0) which is not predicted by this model. The backward
peak in the distribution in cos(?GJ , as was noted in Ref.
70, may originate from decays of the s-channel reso-
nances (N*520iV*e8e), produced in reactions with Pomeron
exchange. The influence of the resonances can be sup-
pressed to a significant degree if we select events with
invariant mass smaller than the mass of the resonances
and with small t. (The t distribution of a reaction with
formation of s-channel resonances is broader than the
diffraction peak of the dissociation reaction.) In Fig. 24
we have shown the angular distribution for events with
Μ * < 1.42 GeV/c2 and - t< 0. 23 (GeV/c)2. It can be seen
that the backward peak remains significant and cannot
be due to production of s-channel resonances.

In Fig. 25 we have shown the distribution in invariant
mass of the ir'p system. The OPER model predicts too
soft a mass spectrum and cannot pretend to describe the
experimental distribution. Just as the one-pion-exchange
model in the Deck system leads to appearance of a for-
ward peak, the backward peak can be obtained by means
of a similar mechanism if one-pion exchange in the Deck
model is replaced by baryon exchange. This model,
which includes all diagrams of Fig. 22 and takes into
account their interference, was developed by Pono-
marev. [ 7 4 ] As can be seen from Figs. 24 and 25, this
model satisfactorily describes both the angular distribu-
tion with the backward peak, and the hardening of the
mass spectrum.

The separation of the pion and baryon exchange mech-
anisms is particulary evident in the two-dimensional
distribution in the angular variables, for example cos#*
and φ * . From comparison of the experimental spec-
trum (Fig. 26a) and the theoretical calculations (Figs.
26b and c) we can identify the regions where the one-
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pion and baryon exchanges are respectively dominant.
For these regions, separated in the two variables cost?*
and φ * , we can plot the distributions in a third variable—
the mass—and make a comparison with theory individual-
ly for pion and baryon exchange (Fig. 27).

The theoretical curves"4 1 of the Ponomarev model,
which include baryon exchanges, satisfactorily describe
the shape of the various experimental distributions, but
in absolute value the cross sections in the theory are
about twice the experimental values (the theoretical
curves in all of Figs. 23-27 have a common normaliza-
tion to the experimental data in Fig. 24). The theoreti-
cal model discussed1743 does not take into account re-
scattering effects. It has been shown1·751 that the destruc-
tive interference arising when rescattering is taken into
account can substantially reduce the theoretical cross
sections. An independent indication of the existence of
rescattering effects is the observed structure in the t
distribution near - i* 0.2 (GeV/c)2 (Fig. 28).

D. The f dependence of nucleon dissociation. Mass-slope
correlation

The angular distribution for all diffraction-dissociation
reactions has a clearly expressed peripheral nature.
In Fig. 28 we have shown the differential cross sections
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FIG. 26. Distribution in cosfl*, φ*, a) Experimental cross
sections ά2σ/άοοββ* d\ φ* I in (ij/sr for 55<£n< 65 GeV/c,
Λί*<1.42 GeV/c2 and 0.05< \t\ < 0. 23 (GeV/c)2 (the curves,
drawn by hand, are isobars; the data presented are from the
ITEP-Karlsruhe—CERN experiment161; the region where the
detection efficiency for events in the apparatus is small has
been shaded); b and c) theoretical cross sections d2a/
άοοβθ*ά\ φ* I /4i/sr for pion and baryon exchange1741 and for
only pion exchange"31 respectively for the same restrictions
on the kinematic variables as in Fig. a).

1.2 1.Ί

FIG. 27. Mass spectra of the (π'ρ) system, corresponding to
the separated regions (see Fig. 26) in cosO* and φ*·, a) where
pion exchange is dominant, b) where baryon exchange is domi-
nant. Curves—theoretical models. The Deck model, taking
into account pion and baryon exchange,'74' is shown by the
solid curve. The dashed curve shows the OPER model1731 with
only pion exchange.

for the reaction np—(ir'p)p for various mass intervals
of the π~ρ system. The data were obtained in the FNAL
experiment.c9] A break is observed in the t dependence
of the cross section in the region 1 ί 1 =0.2 (GeV/c)2 for
small masses, which disappears in the transition to
larger masses. Note the following interesting phe-
nomenon: The slope of the differential cross section de-
pends on the mass of the excited system produced. In
Fig. 29 we have given the dependence of B, the slope of
the diffraction peak, as a function of the mass, as ob-
tained in a number of experimentsc e'9 '7 0 '7 1 1 in the energy
range 19-1000 GeV. For small mass values the slope
is about a factor of two larger than the slope of the dif-
fraction peak of elastic nucleon-nucleon scattering. For
masses about 0. 5 GeV/c2 above the threshold for produc-
tion of the (n'p) system, the slope falls to the level of
about half of the elastic slope. This pattern occurs for
all energies in the range 19-1000 GeV. The mass-slope
correlation is shown in Fig. 30 individually for the for-
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FIG. 29. The mass-slope
correlation In diffraction
dissociation of nucleons.
1-3 are bubble-chamber
data: 1—19 GeV; 2—24 GeV;
3—28 GeV; 4—FNAL, np,
50-300 GeV; 5—colliding
beams, CERN, pp, 1000
GeV; 6—ITEP-Karlsruhe-
CERN, np, 60 GeV.

W 12 IB IM 2.0 12 ZJ,
M", GeV/c2

ward peak (cos0OJ >0) and the backward peak (cos0GJ < 0)
according to the ITEP-Karlsruhe-CERN data. c 6 : In the
small-mass region the slope of the backward peak is al-
most twice the slope for the forward peak, but with in-
crease of the mass the slopes for the different regions
in cos(?QJ approach each other.

The slope-mass correlation may be understandable,
at least qualitatively, as a kinematic effect in the Deck
mechansim.C 7 4 : The multiperipheral nature of the dis-
sociation leads to expression (4.2) for the square of the
matrix element. In the general case the kinematic vari-
ables <! and tz are independent, and the differential cross
section dv/dtx of interest to us (integrated over all the
kinematic variables except ij) should have a slope (~ b)
characteristic of processes with Pomeron exchange,
i . e . , roughly equal to the slope of elastic scattering.

However, near the threshold for formation of the (v'p)
system: Μ* ~Mp + mt the variables tr and tz turn out to
be related by the conservation laws,

(4.4)

where q is the modulus of the 3-momentum in the center-
of-mass system of M*. The signs (+) or (-) in Eq.
(4.4) correspond to values cos0GJ = + 1 or - 1 ( i .e . , they
are different for the forward and backward peaks in the
distribution in cosSG J).

Thus, in the small-mass region, the slope of the peak
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FIG. 31. Mass spectra of the τ'ρ system in neutron disso-
ciation at energies 45-65 GeV (ITEP-Karlsruhe-CERN161 —solid
line) and 200 GeV (FNAL·191—dashed line).

for events corresponding to backward scattering (cos0GJ

< 0) will be greater than for forward-scattering events
(cos0GJ >0) (JBback=a + 6 + (2i6//ni" |) ) Bion~a + b
- (2<7&/V Ujl). If we make no distinction between forward
and backward scattering events, i . e . , if we integrate
over cos0GJ , then B~(a + b). For large masses the cor-
relation (4.4) is destroyed. This should lead to a de-
crease of the slope Β to the elastic-scattering level.
However, formation of s-channel resonances may fur-
ther decrease this slope, since the angular distribution
of a reaction involving resonance production is signifi-
cantly broader than the diffraction-dissociation peak.
In fact, in Figs. 29 and 30 the steep falloff of the slopes
in the mass region - 1 . 4 - 1 . 5 GeV/c2 corresponds to the
threshold for production of the resonances N*sz0 and
N*6BB, which are visible in the mass distribution of the
dissociation reaction (Fig. 31).

E. Energy dependence of nucleon dissociation

In Fig. 31 we have shown the mass distribution of the
(ττ'ρ) system in dissociation of neutrons on protons, ob-
tained in experiments with the Serpukhov[8] and Bataviac91

accelerators. These distributions are given in absolute
cross sections and practically coincide, in spite of a
large difference in the energies at which the reactions
were studied. In Fig. 32 we have shown the energy de-

>
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i

1
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Ϊ ϊ
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. M", GeV/c2

FIG. 30. The slope-mass cor-
relation individually for forward
scattering (cos6GJ > 0) and back-
ward scattering (coseGJ<0) in
the Gottfried-Jackson system.
From the data of the ITEP-
Karlsruhe-CERN experiment. m

· - ITEP-Karlsiuhe-CERN

lJf<it"<M5GeVlc*

20 30 50 ΙΟ* 200 JOO
pn, GeV/c

FIG. 32. Energy dependence
of the cross section for disso-
ciation of neutrons for two
mass intervals, integrated
over the interval 111 -0. 02-
1.0 (GeV/c)2. Data of the
ITEP-Karlsruhe-CERN[61 and
FNALf91 experiments.
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1,5

FIG. 33. Total cross sec-
tions for diffraction dissocia-
tion of nucleons. np -*(£ir"):
1—bubble chamber, 2—
FNAL, 3—ITEP-Karlsruhe-
CERN; />/> — (ηπ*)/>; 4—
bubble chambers, 5—collid-
ing beams.

5 10' 20 50 10* BOO 500 ΙΟ3

pendences of the neutron-dissociation cross sections for
different mass intervals of the it"p system. The data of
the ITEP-Karlsruhe-CERNce] and FNALC9] experiments
are in good agreement, and the cross sections are prac-
tically independent of energy.

Finally, the total cross sections for nucleon dissocia-
tion in the interval from 8 to 1500 GeV are shown in
Fig. 33. It can be seen from the data presented that the
weak falloff of the cross section for nucleon dissociation
on protons with increasing energy, observed at low and
intermediate energies, is further slowed and practically
reaches a constant value at high energies. The cross
sections for dissociation of protons and neutrons, which
are different at intermediate energies, gradually ap-
proach each other with increasing energy and apparently
are comparable at high energies (if we compare the Ser-
pukhov1·63 and Batavia191 data with the colliding-beam pp
d a t a ) . i m e> This behavior is reasonable from the the-
oretical point of view. In view of isotopic invariance,
the diagrams of the Deck mechanism are identical for
dissociation of protons and neutrons. Since Pomeron
exchange occurs in the Deck mechanism, this mechanism
is dominant at high energies, which leads to equality of
these reactions. At low and intermediate energies the
reactions />/>— (π *η) +p and np— (π ~p) +p also receive
contributions from other diagrams (exchange of states
with isospin unity) which are different for the two reac-
tions, but all of them die out with increasing energy.

In concluding this section let us formulate our con-
clusions .

1) Detailed studies, based on good statistics, of the
diffraction dissociation of neutrons on protons, ob-
tained by electronic methods in the two experiments of
ITEP-Karlsruhe-CERNcfn and FNAL,C9] have enabled us
to establish that at energies above 30 GeV there are a
number of previously unobserved features, such as the
backward peak in the distribution in cos0GJ in the Gott-
fried-Jackson system, the shift of the peak in the mass
spectrum to larger mass values, the flattening out of
the cross section to a constant value at high energies,
and other effects.

6>In all of the reactions we discuss the dissociation of the
incident particle (in the laboratory system), and therefore in
Fig. 33 we have given the pp cross sections from Ref. 70
divided by 2.

2) The entire group of observed effects can be ex-
plained in the Deck mechanism if, in addition to one-
pion exchange, we take into account baryon exchanges
and interference.1·7*1

CONCLUSION

Let us summarize the new things that have been
learned about the interaction of nucleons as the result of
recent studies of neutron interactions.

1. The total cross sections of neutrons on protons
have a minimum in the vicinity of ~ 70 GeV and then be-
gin to rise with energy (FNAL),C71 a behavior similar to
that of the total pp cross sections.

2. The total cross sections for np and pp interactions
agree with high accuracy (np .-ITEP-MGU1*1; />/>:ΙΗΕΡ,Κ0]

FNALt21]) (in the energy range of the Serpukhov ac-
celerator). From the point of view of the Regge ap-
proach, this means that the difference in the residues
of the ρ and Az amplitudes is small, since the ρ and Az

trajectories are close to each other.C 3 2 · 3 3 1 The equality
of the trajectories and the residues means that the sin-
gularities are degenerate. Exchange degeneracy is a
consequence of duality.

3. Measurements of neutron-nuclear total cross sec-
tions1·2'8] have shown the validity of the Glauber approach
to description of nucleon-nuclear interactions; it has
been observed for the first time that, in addition to tak-
ing into account elastic screening in classical Glauber
theory,c l 3 ] it is necessary to consider also inelastic re-
scattering effects. [35>3e'28r37,4i: rpn e s m a ] j correction
for inelastic screening, however, plays an important
role, since it is one of the main reasons that the asymp-
totic behavior of nucleon-nuclear cross sections and the
elementary nucleon-nucleon cross sections are qualita-
tively different.

4. Studies of np elastic scattering"1 have shown that
with increasing energy the diffraction peak narrows.
As for the pp data, the change in the slope corresponds
approximately to a logarithmic law. The narrowing of
the diffraction peak of nucleon-nucleon scattering is one
of the fundamental predictions of Regge theory.

5. The closeness of elastic np and pp scattering over
a wide range of momentum transfer, and also the equal-
ity of the total cross sections, mean that the interaction
of nucleons in the different isotopic states is practically
the same, both in the peripheral regions and in the
deeper regions.

6. In the experimental investigation of the np charge-
exchange reaction in the Serpukhov energy range,
changes have been observed in the type of behavior of
the charge-exchange cross section.1 5 1 A change of this
type was predicted long ago in the Regge models, £β9,ββ,β3)
and is due to the increasing role of ρ and Az exchanges
at high energies. The experimentally observed tendency
agrees with these predictions.

7. Studies of the diffraction dissociation of neutrons
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on protons, carried out in the ITEP-Karlsruhe-CERNC6]

and FNALC9] experiments, permit us to establish that

at energies above 30 GeV there are a number of pre-

viously unobserved phenomena: the backward peak in the

distribution in cos0OJ in the Gottfried-Jackson system,

the shift of the peak in the mass spectrum to higher

masses, the approach of the cross section to a constant

value at high energies. All of these effects can be ex-

plained by the Deck mechanism/1 2 3 if baryon exchanges

are taken into account in addition to one-pion exchange.C74]

What questions regarding nucleon-nucleoninteractions

would we like to find answers for in the near future ?

1) First of all it is necessary to clarify the situation

with the total cross sections for interaction of protons

with protons and of neutrons with protons for energies

above 50 GeV.

2) It is very important to study the structure of nu-

cleons at small distances. For this purpose it is neces-

sary to study the interaction of nucleons with very large

transverse momentum transfers (scattering by 90° in

the c . m . s . ) . Such experiments with neutrons at high

energies have not yet been performed.

3) On the other hand, it is an open question as to the
interaction of nucleons in the remote peripheral region,
the region of super-small momentum transfers. The
Coulomb interaction hinders the performance of such
studies with charged particles. However, neutral had-
rons permit such studies. The neutron is a marvelous
tool with which we can study the interactions of nucleons
with each other in the momentum-transfer interval 10"2-
lO"5 (GeV/e)a.C76] Up to the present time this possibility
has not been realized.

The author takes this occasion to express his indebt-
edness to his colleagues Yu. V. Galaktionov and Yu. A.
Kamyshkov, with whom in the course of constant contacts
during the neutron studies a common point of view was
developed on most of the questions discussed in the pres-
ent article. I thank them and also L. B. Okun' for
their remarks during the preparation of the manuscript
for press.
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