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INTRODUCTION

One of the problems of nuclear forces is the depen-
dence of the nucleon interaction on the charge state. The
conjecture of charge independence and of charge sym-
metry of the nucleon-nucleon forces already arose in the
thirties. It follows from the approximate equality of the
binding energies of isobaric nuclei that the forces be-
tween different pairs of nucleons, i.e., between a pro-
ton and proton, neutron and proton, and neutron and
neutron, are approximately the same. In order to com-
pare the binding energies of isobaric nuclei, it is neces-
sary to take into account the Coulomb energy of unpaired
protons, which can be determined exactly only when the
wave function of the nucleus is sufficiently well known.
Unfortunately, even now information on the wave func-
tions of nuclei is not satisfactory. The conjecture can-
not therefore be fully confirmed in this way. Never-
theless, on the basis of the conjecture of charge inde-
pendence the isospin formalism was developed and found
wide application in nuclear and elementary-particle
physics. Although the success of this formalism in the
description of phenomena in nuclear physics is obvious,
there remains the fundamental task of verifying experi-
mentally the accuracy with which charge independence
and charge symmetry of the nucleon-nucleon interaction
are realized in nature.

A direct way of confirming the conjecture is to inves-
tigate the interaction of different pairs of nucleons in
scattering experiments. But when measurements of pp
and np scattering are compared, the contribution of
Coulomb forces and other electromagnetic effects,
which mask the effect of the purely nuclear forces,
must be taken into account. Of course, when one speaks
of charge independence and charge symmetry it is only
the nuclear part of the total interaction that is meant.
The extraction of the parameters of the interaction be-
tween hypothetical protons without charge from the
scattering between two real protons is one of the tasks
in the comparison of the forces between different nu-
cleons. Whereas pp and np scattering can be directly
observed with a high accuraey, investigation of neutron-
neutron scattering is much harder because there are no
neutron targets. Experimental data on the nx interaction
have therefore appeared only in recent years. Although
much attention has been devoted by experimenters to
this problem during the last ten years, the quantitative
data on the nn interaction at present available are as yet
unsatisfactory.
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The present review is devoted mainly to a discussion
of the methods and results of the experimental investi-
gation of the neutron-neutron interaction. Despite all
their shortcomings, the results obtained in this field
enable one to draw certain conclusions relating to the
problem of the charge dependence of nuclear forces. In
addition, the present state of the problem of calculating
the parameters of the pp interaction for corresponding
particles without charge is discussed.

1. MEASUREMENT OF THE NEUTRON-NEUTRON
SCATTERING LENGTH

Neutrons can be scattered on neutrons by directing a
beam of neutrons onto deuterium. The neutron in the
deuteron is used as a target. This method can be used
at high energies, when the binding energy of the deu-
teron can be ignored.

Here we shall consider experimental methods that
enable one to observe the interaction of two neutrons at
low energies only. We shall restrict ourselves in study-
ing the problem to the use of the effective-range theory
(see, for example, /1/). The parameters of this theo-
ry—the effective range and the scattering length a—
depend on the interaction. The scattering length is very
sensitive to small changes in the potential. Since the
expected differences between the potentials for differ-
ent charge states of interacting nucleons are small,
comparison of the scattering lengths of different pairs
of nucleons is a suitable and fairly sensitve method of
testing the charge dependence of nuclear forces. In
recent years, many people have therefore concentrated
their attention on an experimental determination of the
neutron-neutron scattering length and on the develop-
ment of appropriate experimental and theoretical
methods.

Since we are dealing with two identical particles,
interaction is observed only in the singlet state, so that
we are concerned with determining the singlet scatter-
ing length @, . This of course must be compared with
only the singlet np scattering length.

General Method of Determining the Neutvon-Neutron
Scattering Length. The flux density of neutrons from
reactors or other sources does not yet enable one to
scatter neutrons directly on neutrons. Therefore, a,,
has hitherto been determined only in nuclear reactions
in which two neutrons are formed. The interaction of
these neutrons in the final state influences the spectrum
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of secondary particles and, thus, enables one to deter-
mine a,,. The reactions used for this purpose are

d+n—>pntn 1)
Hf > d+ntn 2)
d4+d->p4+p+ntn (3)
SH4d—3He+n+n; (4)
H -9 — He + 1 -+ n; (5)
add—s>pd-nfn (6)

The essence of the method of determining a,, is based
on simple physical ideas. Suppose that the primary in-
teraction of the initial particles takes place in a small
volume whose diameter does not exceed the range of the
nuclear forces. If the attraction between two neutrons
is strong and the relative energy of the neutrons low,
there is a high probability of a secondary interaction
between these particles; this has become known as the
“final-state interaction” (FSI). The FSI probability can
be expressed by means of the neutron-neutron scatter-
ing amplitude. For the reaction amplitude as a whole,
the principle of detailed balance enables one to conclude
that it and the amplitude of the primary reaction must
contain a factor corresponding to nn scattering. Under
these assumptions, this factor appreciably increases
the contribution of the amplitude under kinematic condi-
tions for which the relative energy of the neutrons is
low. In this case, one can use the effective-range theory
to express the phase shift §,:

ketg o= —1/any +rank?/2. (7)

Here F is the relative momentum of the neutrons and
7, the effective range. The energies being low, it is
sufficient to take only the partial wave with L=0. Then
the partial-wave method gives for the scattering cross
section

G (k2) = 4ru sin® 8y/k>. (8)
From Egs. (7) and (8)
8o (k) = 4w/ (K2 L (— 1/@nn -+ Tank2/2)2]. 9)

A factor of such form occurs in the cross section of all
the processes (1)—(6). This FSI description was pro-
posed independently by Migdal? and Watson® and is known
in the literature as the Migdal-Watson (MW) approxi-
mation. The assumption that the reaction takes place in
a small volume requires special consideration when

the theory is applied to any reaction in which deuterons
participate, because of the fairly extended structure of °
the deuteron.

Determining experimentally the dependence g,(%?),
one can obtain a_ and 7,,. For sufficiently small % and
|7,/ a,,] <1, the expression (9) simplifies to

(10)

Using Eq. (10), one can determine only the absolute
value of @, the sign remaining indeterminate. The ex-
pression (9) also gives two results. In practice, one of
them can usually be excluded by the x® test. Neverthe-

less, it is desirable to obtain additional information on

the sign of a,, (see below) by a different way.

O (k) = 4t/ (K* - 1/ana)-
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The maximal value of 0, is attained at the momentum
k=0. At ®=1/a? , the cross section falls to half the
maximal value. These circumstances are important for
selecting the experimental conditions in the measure-
ment of a,,. It is necessary to choose the parameters of
the experiment in such a way that the minimal relative
energy of the two neutrons be as near zero as possible.
Because the cross section of the reactions (1)—(8) is
determined not only by the factors (9) or (10), one mea-
surement of the cross section at low energy cannot give
the required result. It is essential to measure the cross
section in a certain range of k and determine a,, from
the relative profile of the spectrum. This range must
include if possible k values from zero to a few times
the value k¥*=1/a? , at which 0, has decreased by a
half.

When the cross section is fitted by means of Eq. (9),
the parameters a,, and the effective range 7,, are cor-
related. This is important in many determinations of
a,,, as we shall see below. At small k, the cross sec-
tion depends relatively weakly on . At large %, other
reaction mechanisms usually begin to particupate in the
reactions (1)—(6), so that Eq. (9) is no longer suitable.
For these reasons, it has not yet been possible to obtain
a reliable value for v, .

The Migdal-Watson approximation can be assumed to
be reasonable only under conditions in which the FSI of
two neutrons is the predominant factor in the reaction
amplitude and the amplitude of the primary reaction can
be ~ssumed constant. A completely satisfactory theory
of the processes (1)—(6) does not yet exist. To under-
stand the problems which arise in determining a_ , let
us consider here a somewhat simplified picture of
three-particle reactions. The aim is to obtain informa-
tion about the limits of applicability of the various ap-
proximations used in the determination of @, . The
simplest reaction among the processes (1)—(5) is the
breakup of a deuteron by a neutron. Let us consider
this reaction as an example.

The solutions of Faddeev’s equations? give a complete
description of three-nucleon systems. A program for
solving this complicated system of integral equations
suitable for practical application has been written by
Ebenhoh.’ In these calculations, the dynamics of the
three-nucleon system is completely described. The only
approximation is in the use of simple models of the nu-
cleon-nucleon interaction in the form of separable po-
tentials with different form factors, for example, the
Yamaguchi potential.® The first comparisons of
Ebenhoh’s results with experimental data on the
d(p,2p)n and d(n,2n)p reactions™” revealed good agree-
ment for both the absolute cross section and the profile
of the spectrum. At the present time, further experi-
mental studies with higher accuracy are being made to
test the applicability of this theory. Preliminary results
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FIG, 1. Pole graph of
deuteron breakup.
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indicate that there are some small deviations between
the theoretical and experimental spectra.® Such devia-
tions depend on the form factor of the potential. For the
determination of a,, this is very important and requires
careful investigation,

Hitherto, the complete theory has seldom been used
to determine a,,. The majority of a,, measurements has
been based on more or less crude models.

As a first approximation of Faddeev’s theory, one can
consider the pole approximation.® For the following
discussion, it is helpful to present this approximation
here in some detail. In the pole graph (Fig. 1), G is the
deuteron breakup vertex. In the linear approximation in
the effective range, one can write G=vV87a,/(1- a7,
2), and G is a constant that does not depend on the
kinematics. We call ¥ 7' the propagator of the trans-
ferred nucleon; it has the form y;*=a?+(p, - p,/2)?
(p, is the momentum of particle /; P, is the momentum
of the incident particle; both in the center of mass sys-
tem); @, is related to the deuteron binding energy E, and
the nucleon mass m: a}=—E,m/h®.

¢t/

The final-state interaction of particles j and % in the
singlet or triplet state (B=s,#) is described by A,(jk),
which has the form (linear approximation in the effective
range)

Ap (k) = [1/ap — ropf2;, 2 + if el 1.

Here, f;, is the momentum of the relative motion of
particles j and f; a; and ¥y are known parameters of
the effective-range theory for the state 8. Theproduct
of these three factors gives the matrix element of the
pole graph:

Ap (jk) o V 8aa, (1 — ayrgy/2)-t

=G - =T :
By T [1/ag — ropf3u/2-+1f ] 1oF + (s — Po/2)];

As yet, the matrix element has been written down only
for one definite state of total spin S in the initial state,
for one distribution of the three nucleons between
particles j, k, and ¢, and for one spin state of the parti-
cles j and % interacting in the final state. In the total
matrix element of the reaction one must take into ac-
count all possible states and distributions, This also
includes antisymmetrization. In Refs. 10 and 11 it was
shown that qualitative agreement with experiment can be
achieved only if the pole approximation is used in the
completely antisymmetrized form.

The total matrix element T of the reaction is given

by
|7 P=F T2 Pt | I P4 g 22, 1)

Here, T9%/2, T!/2, and T}/? are the terms corresponding
to the three-nucleon states with total spin S =3/2 and
1/2. The state S=1/2 is split into two possible con-
figurations in which the two nucleons j and k are in
either the triplet or singlet state. The matrix elements
T§ can be written down explicitly as®!

1/2 a2 A(23) 445 (23) | A (B1)+4.(31) | , 45(12) )
7= _VBW = [ «t Tt £l Yz W Yar
T};‘z o Y ﬂG[ A (28)—34, (23) Ay (31) - 34,5 (31) ] ; (12)
m . Y1 Ta
T3r'2:4£:|1(;[ Ay (23) Ag(31)]‘ ’
L o A V2
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if particles 1 and 2 are neutrons and 3 a proton.

Although the pole graph is only a first approximation,
it enables one to describe all the important features of
the reaction mechanism. The two-particle scattering
matrix A,(jk), which describes the FSI of particles j and
k, has an FSI maximum in the spectrum if Jy, attains a
minimum. I follows from the equations for the total
matrix element (11) and (12) that, depending on the
kinematic conditions, one can observe maxima from all
three particle pairs in one and the same spectrum,

The propagators y, contain a different dependence of

.the matrix element on the kinematics. A maximum ap-

pears in the spectrum when the absolute magnitude of
the vector p, —p,/2 attains a minimum. The highest
maximum is obtained for the case p, —p,/2=0. This
means that one nucleon of the original deuteron pre-
serves the initial motion, and the scattering occurs
between only two particles, i.e., one has quasifree
scattering. In the laboratory system, one nucleon of the
deuteron target remains at rest.

If the Migdal-Watson approximation is used, one
usually considers only one term, the one with A_in (12),
from the 11 terms in the total matrix element. The
propagator is assumed constant. Use of the Migdal-
Watson approximation requires the choice of kinematic
conditions of the experiment under which the term with
A, in (12) is predominant and all the others can be re-
garded as a constant background. This condition can be
satisfied best if f,, takes the value zero. Then A, in (12)
has the highest maximum, with width directly related
to the scattering length.

The character of the approximation of this approach
requires a careful testing of what distortions there can
be of the FSI maximum. It follows from the kinematics
that near the FSI peak the propagator ¥, varies rela-
tively little. But this does not exclude a strong depen-
dence of the other terms of the matrix element on the
propagators y, and y,. Other distortions can arise from
the tails of the FSI maxima of the other particle pairs.
This is particularly dangerous in the reactions (4) and
(5). In this case, the final-state interaction for ®*He 4+
and “He +n leads to excited states of the *He and °He
systems at the corresponding relative energies. The
maxima of these states may lie near the two-neutron
FSI maximum.

To determine a,, the impulse approximation® ([A)
has been used; in it, it is assumed that the incident
neutron interacts with only one neutron of the target
nucleus. The scattering between these particles is
treated as scattering between free particles. Then the
reaction cross section contains the nn scattering ampli-
tude and therefore a,,. The binding of the neutron in the
target nucleus is taken into account by the approximate
specification of the momentum distribution of this parti-
cle in the corresponding state. In this model, one ig-
nores the influence of the remaining nucleons of the tar-
get nucleus on the two-particle interaction, Such an as-
sumption is best satisfied if the distance between the
nucleons in the target nucleus is large, as, for example,
in the deuteron, and if the reaction takes place suffi-
ciently rapidly, i.e., at high energies of the incident
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FIG. 2. Kinematic
locus of three-particle
reaction.

particles. The Born approximation (BA), which is de-
seribed in detail in Ref. 13, provides a further possi-
bility for extracting a,, from experimental data. The
expression describing the final state of the reaction
contains the wave function of the relative motion of two
neutrons. In the wave function, the phase shift §, can be
replaced by the parameters of the effective-range
theory. Using the Born approximation, one can give
the most complete description of the initial and final
state of the reactions, but the fundamental restriction
associated with it is the assumption that the interaction
responsible for the reaction is a small perturbation.

As we have seen, the mechanisms of three-particle
reactions are diverse. Usually, the experimental con-
ditions are chosen in such a way that the FSI mechanism
is predominant. But the role of other mechanisms can-
not be completely eliminated. It is therefore very de-
sirable to verify the applicability of this theoretical de-
scription of the reaction. This can be done by deter-
mining the neutron-proton (a,) or proton-proton (a,,)
scattering lengths by the same methods as a,, from
mirror reactions, This approach has been called the
“comparison procedure” and was discussed in detail by
van Oers and Slaus.!® The comparison procedure is
valid if the mechanisms of the mirror reactions are the
same and the final states analogous, so that the same
model describes both reactions. Strictly, such condi-
tions are never satisfied. Nevertheless, investigation
of mirror reactions enables one to obtain additional in-
formation about the reaction mechanism, and, there-
fore, interpret the experiments more reliably.

The reaction kinematics are more complicated for
three than for two particles in the final state. The
experimental methods for determining a,, are based on
the exploitation of the features of this kinematics. The
methods of measurement can be divided into two
groups: kinematically complete and incomplete
measurements.

Let us begin by describing the complete experiments.
The kinematics of three particles in the final state is
determined by nine variables, i.e., by the absolute
value of the momentum and two direction angles for
each final particle. Because of the laws of conservation
of momentum and energy, only five of these variables
are independent. If two detectors are used to measure
the directions and energies of two particles, six vari-
ables are determined. It follows that the energy of one
particle depends on the other’s. Such a dependence
E,(E,) is called a kinematic locus (Fig. 2). In Eq. (12)
the indices 1 and 2 are used for the neutrons; the index
3, for the proton. If one of the neutrons and the proton
(or another charged particle) are detected, one speaks
of the kinematic locus E,(E,). The position and form of
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the kinematic locus depend on the type of reaction, the
energy of the incident particles, the nature of the de-
tected particles, and the position angles of the
detectors.

The expressions for the three-particle kinematics
can be found, for example, in Ref. 14. The basic setup
of a kinematically complete experiment is shown in Fig.
3. The particles leaving the target are detected by the
detectors D1 and D3. The pulses from the detectors are
amplified and transmitted to the inputs of a two-dimen-
sional analyzer. Random coincidences are suppressed
by a fast coincidence circuit. In the memory of the
analyzer, the pulses from true events are added in
channels corresponding to energies E, and E; lying on
the kinematic locus. The physical information is con-
tained in the density distribution of events over the
kinematic locus.

The kinematics of all events detected in this manner
is completely determined. This means that one knows
the energy and direction of departure of the third parti-
cle and the relative energies of all the particle pairs.
This considerably simplifies the choice of the experi-
mental parameters and the analysis of the two-dimen-
sional spectra. It is easy to find the conditions most
suitable for revealing the FSI mechanism. If two final
particles have relative energy zero, they appear as a
single particle with the total mass and total energy.
The kinematics in this case is the same as for two
particles. On the basis of this, one can calculate the
corresponding angles at which the detectors should be
placed. When the relative energy of the two particles
attains its minimum, the energy of the third is maxi-
mal, For example, at the maximum of the energy E,
of particle 3 there is a minimum of the relative energy
E,, of particles 1 and 2 (see Fig. 2). The final-state
interaction is observed mainly at these points of the
spectra. It is easy to see from Fig. 2 that the two-
dimensional spectrum represented on the kinematic
locus can be directly regarded as the reaction cross
section as a function of the relative energy. This is
precisely what we are interested in in a determination
of the scattering length. At the point FSI12 (see Fig.
2), the cross section must have a maximum with width
corresponding to the scattering length.

In kinematically incomplete experiments, a single
detector is used to measure the spectrum of only one
particle. Only three of the five independent kinematic
variables are determined. One therefore obtains a
spectrum integrated over the angle of the second parti-
cle. The limiting two-dimensional spectrum that con-
tributes to the integration is the one in which the rela-

FIG. 3. Schematic arrangement of a kinematically complete
experiment.
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TABLE 1. Maximally allowed
statistical error AN that must
not be exceeded if the spec-
trum is to be distinguished for
@,==—16 F and fora,, =-24 T,
as a function of the energy
resolution AE (see Ref, 15).

AE, keV ‘ 0 | 200 ,‘ 400 | 500

|

AN 9, 9 G s 12! | 2.8

tive energy of the two undetected particles attains zero.
If these particles interact in the final state, a maximum
is obtained at the upper limit of the continuum. The
height and width of this maximum depend on the scatter-
ing length.

This can be shown in the Migdal-Watson approxima-
tion. In Egs. (12), the indices 1 and 2 denote neutrons.
In the one-dimensional spectra, the charged particle 3
is detected. To obtain the one-dimensional spectrum of
particle 3, one must integrate the differential cross
section

#:dﬂjg ~p|TP
with respect to ,. Here, p is the phase-space factor; p
and T depend on the kinematics. For a kinematically
complete spectrum, p can be described by Ohlsen’s
method 4:

0 = mymatigPyPg, [Mg == Mg — Mg (Ps — Po) Ps/P; ]

In this expression, the scalar product (p,-p,)p, de-
pends on ;. Therefore, p must be integrated. To show
the dependence of the matrix element T on ,, we use
the expression (12) of the pole approximation. As we
have already seen, in the Migdal-Watson approximation
one considers only the term with A_ in (12). If it is
assumed that all the remaining terms are small, it re-
mains to integrate only this term with respect to the
angle §,:

ddg
——=— = CON§

dE3dQy

t 5 P A2y
I(1/as —rosf{s/2-~1f1a) (@f + (Pa—po/ 23 ~

In the denominator, p; does not depend on &,, since in
the three-particle system there are five independent
kinematic variables: p;, v,¢;, v, and ¢,. A simple
argument based on energy and momentum conservation
shows that the relative momentum f;, depends only on E;
or p;, but not on ;. Thus, the integral reduces to an in-
tegral over the phase space and the kinematically in-
complete spectrum depends in a fairly simple manner
on the relative momentum. The scattering length in

fact determines the width of the maximum near the
upper limit of the spectrum. Of course, this is true
only in the Migdal-Watson approximation.

Both methods have frequently been used to measure
a,,. Under ideal experimental conditions (very good
energy resolution, no background, and small statistical
errors which can be ignored) and for an exact theoreti-

143 Sov. J. Part. Nucl., Vol. 6, No. 2

cal description of the reaction the two approaches are
of equal value. But these conditions are not fulfilled.

In incomplete experiments, the continuum must have
a sharp peak at the upper limit of the energy spectrum.
Because of the limited experimental resolution, this
sharp peak is deformed. The extraction of a reliable
value of the scattering length from such a distorted
spectrum requires a very careful folding with the reso-
lution. This folding is made difficult by statistical er-
rors. In Ref. 15, Davis ef al. investigated what maxi-
mal statistical errors are possible for given energy
resolutions if one is to distinguish two spectra for a.

==16 F and a,==24 F. The results of these calcula-

tions are given in Table 1. The requirements on the ex-
perimental accuracy become much more stringent if it
is necessary to determine a,, with an accuracy of about
1k,

The situation is simpler for kinematically complete
measurements. Let us consider the projection of the
two-dimensional spectrum onto the E, axis. The FSI
maximum of particles 1 and 2, which as a function of
E,, would have a width of 200—300 keV, extends over
1 MeV and more because of the slow variation of the
relative energy at the position of the maximum. This
broadening effect is very convenient, since for the ex-
periment it is sufficient to have moderate energy reso-
lution. The sensitivity of the result to folding with the
resolution is appreciably less than in incomplete ex-
periments. In addition, in the case of complete experi-
ments information on the scattering length is contained
separately in each half of the maximum.

Inspection of the pole approximation in the form of
Eq. (12) revealed a very complicated picture of the
mechanism of three-particle reactions. Since incom-
plete measurements cover a much wider range of the
kinematic variables than complete experiments, the use
of simple approximations such as the Migdal-Watson
theory to extract a,, from one-dimensional spectra is
problematic. In complete experiments, the kinematic
region can be matched to the problem, and one can
therefore give a preference to the reaction mechanism
which is best described by the given approximation.

In complete experiments, the background from random
coincidences is distributed more or less uniformly over
the whole region between the E, and E, axes. It is not
difficult to interpolate the background under the spec-
trum on the kinematic locus. In incomplete experiments,
the background must be determined by a separate mea-
surement. Thus, kinematically complete measurements
have some important advantages over incomplete ex-
periments, so that more reliable results are to be ex-
pected from them.

As we have already pointed out, the experimental
spectra obtained by both methods require folding be-
cause of the finite energy and angle resolutions. At the
present time, this problem is frequently solved by
simulating the experiment by the Monte Carlo method.
After these general considerations, let us turn to the -
individual reactions and the results.

Sign of the Neutron=Neulron Scaitering Length and
the Problem of the Dineutvon. Here we consider the
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FIG. 4. One-dimensional spectrum of protons from the reac-
tion dln, p)2n (Ref. 23); E, =14 MeV, 9,=4°.

problem of obtaining additional information about the
sign of the scattering length. Tt follows from the effec-
tive-range theory that an attractive potential corre-
sponds to a positive scattering length if the potential al-
lows the existence of a bound state of two nucleons.
Conversely, a negative scattering length is obtained if
an attractive potential does not lead to a bound state. A
positive scattering length also corresponds to a repul-
sive potential. All the results of nuclear physics indi-
cate that the forces between neutrons must be attractive.
The question of the sign of the scattering length can be
solved by proving experimentally the existence or ab-
sence of a bound state of two neutrons—the “dineutron”.

The question of the existence of the dineutron has
been studied experimentally by different methods. One
can look for the dineutron in nuclear reactions in which
two neutrons are formed in the final state; for example,
SH(d, 3He)2n, *H(H, *He)2n, d(r~,v)2n. The existence of
a bound state would lead to narrow lines inthe 3He, *He,
or y spectra of the corresponding reactions. In Refs.
16—21 such lines were not found. The upper limit of
the probability of formation of a dineutron compared
with the formation of a pair of free neutrons was found
by Butler et al.?! to be 510, Jarmie et al.'" found
an upper limit 0=10"° ¢m? for the dineutron produc-
tion cross section.

Another method is the method of activation analysis.
If a dineutron is formed in one of the reactions, it can
be captured as a whole by nuclei. As a result, one ob-
tains the isotope of the target nucleus with mass num-
ber increased by two. This reaction product differs
from products of the capture of one neutron in its life-
time. Such experiments were made by Katase ef al.**
on 2°°Bi and 27Al nuclei. The expected #'*Bi and *°Al iso-
topes were not observed.

None of these experiments confirmed the existence of
the dineutron. It is now generally accepted that there is
no bound state of two neutrons, so that the nn scattering
length is assumed negative.

Determination of a,, from the Reaction dn— pnn. The
first attempt to determine a,, from the reaction dn
— pun was made by Ilakovae ef al. in 1961.% They mea-
sured the one-dimensional spectrum of protons at an
angle 4° (incomplete experiment), and the result is
shown in Fig. 4. Theoretical interpretation of the
spectrum by means of the Born approximation led to the
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value a,,==22+2 F. The specified error contains only
the statistical errors. The same group repeated the
experiment and obtained the slightly more accurate val-
ue a,,=—-21.7+1 F with measurements®* at the angle
4.8°. Measurements of this kind have been made sev-
eral times. The work of Voitovetskil ef al.? deserves
especial attention. To interpret the experimental spec-
tra, they used the method of graph summation of
Komarov and Popova.® The pole graph and the triangular
graph were taken into account in the interpretation of
the spectra. The contribution of the remaining infinite
series of graphs was taken into account by a constant
that does not depend on the kinematics. The value a,,
==—23.6%°® F was obtained. The experiments of
Prokof’ev ef al.?® and Skorodumov et al.?” are in fact
repetitions of Ref. 25. The results of these studies
were, respectively, a, =—23.2:8 and a,, == 23.03§ F.
Skorodumov ef al. also compared their experimental
spectra with calculations in the impulse and Born ap-
proximations. In these cases, the theory agrees best
with the experiment if ¢ =-15F,

The pole graph or the more general method of graph
summation must give a more complete description of the
three-nucleon system than the Migdal-Watson theory.
Therefore, the approach of Voitovetskil et al.?® suggests
itself. However, new calculations of the contribution
of the triangular graph have recently appeared.®® It
has been found that it does not enable one to improve the
description of the experiments at low energies; instead,
it completely distorts the profile of the spectrum. It is
only at relatively high energies (higher than 50 MeV)
that the contribution of the triangular graph is reduced
relative to the pole graph and transformed into a cor-
rection that improves the interpretation of the experi-
ments. It is obvious that under such conditions at low
energies the remaining terms of the infinite series of
graphs cannot be taken into account in the form of a
constant that does not depend on the kinematics, as
was done in Ref, 25. Therefore, we cannot now as-
sume that the results obtained on the basis of these ap-
proximations are correct. At the energies used to de-
termine a,,, the pole graph gives a cross section that
is an order of magnitude greater than the experimental

TABLE 2. Results of measurements
of a, for different energies E, of the
incident neutrons.*?

@, pe Fermi
E;, MeV
9 Impulse

Migdal-Watson| a5or0ximation
+4.0 +2.3

8 |-sr.oiyg | —22.0755
+2.5 +1.5

-4 i Ity
10 —27.073 —18.07 5",
+2.5 1.7

13 —30.01 ;s —17.57 17
4.0 +3.0
14 —26.0_5'g _14‘0—3.0
+2.0
23 — —43,575'5
I
28 1ﬁ.d_7‘0
Mean —16.8+1.0
Mean with values for 8 MeV | —15,9-21,1

excluded
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TABLE 3. Results of measurements of .z
reaction d+n— p, +n+ng.

by means of the

| Angle, | Experi tal J : .
Ey,. MeV I egl NIIJS:II-{:‘:“ 4 Theory ayy Pan F Literature
|
14 4 Incomplete | BA —22.42 2.84 [23]
14 4.8 » BA —21. 741 2.8 [24]
14 0 » Graph 03,672 ‘ 25
taph.. | —23.6_ | 4 = 125]
14 — » IA — 143 = 137]
BA 16—38 =2
8—28 5 » 1A —15.49=1.1|  2.40 (32|
20 MW —30.0
14.1 - » [46) (—23.78) 2,80 [38]
MW - 2.6 &
14 0 » = —18.77 370 2.68 134]
14.1 0 » BA ~16.2::2.2 e [36]
141 | o » Graph. | —23.271-8 a5 126]
14.06 [ 3.5 » Graph 23,0738 2.5 27
. . p —23.0_ 59 2.65 127]
50 3.8 » 1A —21.7=1.2 2,60 133
14.1 4.0 » BA 2.60—3.00 | [30]
14.1 4.0 » 1A 2,84 130]
14.5 | 30 Complete | [31] e [39]
4.1 |+67.5 » BA [33]
18.4 - " L 2.3 142]
|
14.3 | 20 » Graph 2.5 48
14.5 | 30 » [31] 2,30 {zm}
14,47 — » [46] iy &
MW 3.86 E5]]
130 _ » MW 2,54 147]
18.4 » [51 3.4=0.0 |43
1

The values of @, in parentheses are not the results of fitting but of a comparison of the
experimental data with the theoretical data for fixed parameters.

one. In addition, there is an indication that the calculat-
ed FSI maximum is broader than in the measured
spectra,®

Shirato el al.* made very careful measurements in a
kinematically incomplete experiment. They devoted
particular attention to accurate folding of the spectrum.
In the theoretical interpretation, they used the impulse
approximation and obtained the result a,==-19.3+0.8
F. In addition, a calculation on the basis of Faddeev’s
equations by Cahill’s method® gave a,,=—18.31+0.22
F. In my opinion, the accuracy of this experiment was
overestimated. In accordance with the rules for esti-
mating the statistical error when parameters are de-
termined by the x? test, the experimental uncertainty
must be about +1.0 F,

Bond* measured the proton spectra at different ener-
gies of the incident neutrons from 8 to 28 MeV and found
that a,, varies with the energy and in addition depends
on the theoretical interpretation of the spectra. Bond’s
results are given in Table 2. It is interesting to note
the systematic difference between the a, values obtained
by means of the Migdal-Watson approximation and the
impulse approximation. Bond assumes that only the re-
sults obtained by the latter are reliable. In Ref. 33,
Stricker et al. report a measurement of a, at an energy
50 MeV of the incident neutrons. The impulse approxi-
mation was used to find @, =-21.7+1.2 F. It can be
assumed that at such high energies the impulse approxi-
mation describes the experimental data well. Neverthe-
less, Stricker ef al. could not obtain satisfactory agree-
ment between experiment and calculation. Therefore,
this result was ignored in the determination of the mean
value of a,, (see below).
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The comparison procedure was used for the first
time by Slobodrian et al.** to test the applicability of
Migdal-Watson theory. They found that this approxi-
mation in the case of the d(p, 2p)n reaction gives a,,
==13 F instead of the value — 7.8 F obtained from
direct measurements, Bearing in mind this distortion
of the Migdal-Watson result, they extracted from the -
experimental data the value @, =-16,7*2: F. This work
shows that the direct extraction of a,, from experi-
mental spectra by means of the Migdal-Watson theory
does not lead to the correct result. Slobodrian ef al.
expressed the opinion that this may be due to the rather

_extended structure of the deuteron, which does not ac-

cord with the assumptions of the Migdal-Watson theory.
But this argument obviously does not solve the problem.
Despite the extended structure of the deuteron, the
Migdal-Watson theory in the case of complete measure-
ments gives a result that differs fromthe one obtained
by Ebenh6h’s calculations® by 0.5 F.

One should also mention the work of Grassler and
Honecker.®:3 In these experiments, they measured
one-dimensional spectra of neutrons subject to the con-
dition of a coincidence with protons. The kinematic
conditions were chosen in such a way that a final-state
interaction of two neutrons was favored while such an
interaction between the neutrons and the proton was
suppressed. Evaluation of these two experiments by
means of the Born approximation gave a,==-18.843:3 F
and @, =-16.2+2.2 F. The resulis of other investiga-
tions based on incomplete measurements are given in
Table 3,338

In some studies, kinematically complete measure-
ments were made of the reaction d(x,2n)p. Perrin
et al.* were the first to communieate the results of
such an experiment. The arrangement of such experi-
ments is shown in Fig, 5.

Neutrons from the reaction *H(d,*He)n are incident
at right angles on the target D,, a deuterium scintilla-
tor. In this scintillator, the protons from the breakup
of the deuteron trigger two neutron spectrometers D,
and D,, which must detect two neutrons in coincidence
by the time-of-flight method. To realize the FSI condi-
tion at low relative energies, the two neutron detectors

FIG. 5. Schematic arrangement of kinematically complete
experiment for determining a,, from the reaction d(n, 2n)p with
detection of two neutrons in coincidence: d is the deuteron
beam; T is the tritium target; D, is the deuterium target in the
form of a deuterium scintillator for detecting recoil protons;
Dy and D, are neutron detectors with scintillators and fast
photomultipliers; S; and S, are neutron shields. 4
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must be placed at almost the same angle. In the experi-
ment of Perrin ef al. they were next to one another
(Av=0). The principal difficulties of such an experiment
derive from the presence of only a weak and unfocused
neutron beam and from the need to suppress the back-
ground. Final results were given in Ref. 40. Perrin

el al. compared the experimental data with solutions of
Faddeev’s equations obtained by Cahill ef al.! on the
basis of the Yamaguchi potential. They found that the
value a,, =~ 23.7 F gives a better agreement with the
experiment than the value a,,=-16 F.

In their kinematically complete experiment, Bouchez
et al.®® had great difficulties with the background and
the unsatisfactory statistics. In addition, they compared
their data with the preliminary variant of Cahill’s cal-
culations, which at that time did not yet give the correct
absolute cross section. Bouchez ef al. noted that the
calculations give cross sections that are twice the ex-
perimental ones. It should be noted that Cahill’s calcu-
lations in the final variant and Ebenhoh’s calculations
agree fully and give the correct cross section.* Thus,
this result cannot be regarded as fully reliable.

The second measurement of this type was made by
Zeitnitz et al.?® In this first study, the experiments
were interpreted by the Migdal-Watson approximation.
The experimental data were simulated by the Monte
Carlo method. The value a,,=-16.4:3:5 F was obtained.
Later, Zeitnitz et al. repeated their experiments under
improved conditions. The data were interpreted on the
basis of Faddeev’s equation by means of the program
written by Ebenhoh.® The final result ¢,,==16.1+0.9 F
of this work with the effective range v, =3.4+0.6 F was
communicated at the Los Angeles Conference in 1972.%3
(The intermediate result given in Ref. 44 was incorrect
because of the error in the procedure for simulating
by the Monte Carlo method.*) Zeitnitz el al. estimated
that the possible theoretical uncertainty of the result
was 0.5 F. In reality, the last calculations of
Ebenhoh for separable potentials with different form
factors have shown that the width and the height of the
FSI maximum depend weakly on the form factor of the
potential.” A calculation with a form factor of the form

=(1—p%2p)?, PP <<2;
PipE=2

(82 is the propagation parameter of the nuclear forces)
gives better agreement with the experimental spectra
than the Yamaguchi potential. When this form factor is
used, the scattering length is increased to a, =~ 16.5
1

At the Los Angeles Conference in 1972, two other
studies of this kind were reported. Breunlich et al.®
measured the two-dimensional spectrum at energy
14,17 MeV of the incident neutrons. Assuming the ef-
fective range 7,,=7,,=2.86 F known, and using the
theory of Aaron ef al.*®, they obtained a,,=-16.0
+1.2 F, while using the Migdal-Watson approximation
a,,==16.8+1.3 F. McNaughton et al.* communicated
the preliminary result ¢, =-=17.1+0.8 F from mea-
surements at an energy of 130 MeV of the incident neu-
trons. The Migdal-Watson theory and the model of
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quasifree scattering were used to interpret this
experiment.

A different attempt to determine a,, by means of a
kinematically complete measurement was undertaken by
Saukov el al.*® Unfortunately, their result a,=-25+3
F cannot be regarded as reliable. The statistics of the
measurement were clearly inadequate, and the back-
ground was subtracted in an arbitrary manner. For the
theoretical interpretation, Saukov ef al. used the pole
approximation in the form of the Chernukhin-Shuvalov
expressions.*® These do not take into account correctly
the antisymmetrization of the three-nucleon problem.*

The results of determining a,, from the reaction dn
— pnn are given in Table 3. It follows from Table 3 that
the values of a, are divided into two groups. Some are
grouped around the value — 23 F, the others about - 16
F. The first group consists basically of kinematically
incomplete experiments. But values around -16 F
were also obtained by this method. The results of the
incomplete measurements are contradictory. The
graphical method and Migdal-Watson theory always
gave a,, around - 23 F. The Born and impulse approxi-
mations gave results in both regions. Bond pointed out
the large difference between the results obtained by
means of Migdal-Watson theory and the impulse ap-
proximation. Bearing in mind that the experimental er-
rors and the folding have a large influence on the result
as well as the theoretical interpretation, it is highly
desirable to investigate the reasons for these discrepan-
cies separately.

If we leave out of account the measurements of Refs,
40 and 48, which have already been criticized above,
the kinematically complete experiments give a clearer
picture. The five values of a,,, obtained by different
theoretical methods and at different energies, including
the measurement of Ref. 47 at 130 MeV, agree to with-
in £0.5 F. In addition, these results include one ob-
tained by means of Faddeev’s theory,*® the most re-
liable one. One can therefore conclude that with a high
probability the value of a,, in the range between — 16 and
—17 F is more reliable than the other value near - 23
F. In the determination of the mean value of a,, (see
below), the values near - 23 F were ignored.

Determination of a,, from the Reaction *H +n—d
+n+n., The mechanisms of this reaction can be repre-
sented in the form of the graph in Fig. 6. There are two
possible ways of realizing the interaction of two neu-
trons in the final state (the graphs in Figs. 6(a) and
6(b)). The third graph (Fig. 6(c)) corresponds to inter-
action of a neutron with the deuteron in the final state.

Ajdadié ef al.®® were the first to attempt to extract
the scattering length from this reaction. From the
deuteron spectrum measured at the angle 0° they ob-
tained a,, =—-18+3 F by the Born approximation. A

n
JH q m
n
n - g 7 ;
n d
n q-
a b c

FIG. 6. Pole graphs of the reaction 3H+n—d+n+n.
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similar experiment made by Fushini ef al.® gave a.
==17+2 F. In this case, the Migdal-Watson approxi-
mation was used to interpret the spectrum.

Adam et al.®® made a third measurement of a,, by
means of the reaction ®H+#n— d +»n +#n. In this case,
they investigated influence of different wave functions
of the triton and the 2n system used in the Born approx-
imation on the result. They found that the form of the
wave function is important. Averaging of the data ob-
tained by Adam ef al. gives the mean value @, =-14.7
F. The error of this result, due mainly to the theoreti-
cal uncertainty, is £6 F. The values of a,, obtained
from investigation of the reaction 3H+n—d+n +#n are
given in Table 4.

To verify the suitability of this reaction for deter-
mining a, , the mirror reactions *He(p,d)2p and
*He(n,dnp were investigated. Antolkovié et al.® found
that the Migdal-Watson approximation gives too broad
maxima in the speetra. The Born approximation was
also found to be unsuitable for describing correctly the
experimental data because of the uncertainty of the 3He
wave function. On the basis of other measurements at
30 and 46 MeV, Chang ef al.®* concluded that the Migdal-
Watson approximation is not suitable for deseribing in-
complete experiments, but they successfully applied
this approximation to kinematically complete measure-
ments of the same reactions. They explained this cir-
cumstance by the fact that in kinematically complete
experiments the FSI mechanism can be selected more
rigorously. Finally, Harbison ef al.%® also concluded
that at 30.5 and 49.5 MeV the Migdal-Watson theory
gives too broad maxima compared with experiment.
Agreement with experiment could be achieved by intro-
ducing a correction due to the long-range Coulomb in-
teraction between the protons and deuterons in the final
state. Such long-range forces are incompatible with
the assumptions made in the Migdal-Watson approxi-
mation. If the Coulomb interaction really is the reason
for the discrepancy, measurement of a,, by means of
the *H +#n reaction must give the correct result, since
there are no Coulomb forces in this case.

As yet, the discrepancy between the experimental
spectra of the *He(p,d)2p and *He(n,d)np reactions and
the results of theoretical calculations in accordance
with different models is still too large for one to be
able to apply the comparison procedure to this group of
mirror reactions. It would be very desirable to con-
firm the above values of a,, by means of kinematically
complete experiments.

Determination of a,, from the Reaction dd— ppnn. In
the reaction dd— ppnn, four particles are formed in the
final state. If the usual method of two-dimensional mea-
surements in the E,E, plane is used, the kinematically
allowed events occupy a certain area bounded by the
kinematic locus of the events for which two neutrons
depart with relative energy zero. This locus is in fact
the locus of the three-particle reaction dd— pp(2n). The
width of the event distribution must contain information
about @, . Preliminary data on such an experiment were
published by Witsch ef al.%® If was found that the ob-
served events were strongly concentrated on the three-
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FIG. 7. Pole graphs of the reaction "H+d—3He+n+n.

particle kinematic locus at the place corresponding to a
low relative energy of not only two neutrons but also two
protons. This means that the reaction mechanism is
similar to the two-particle reaction dd—~ (2p)(2n). The
statistics of this experiment were still inadequate to
‘extract the value of a,,. The same experiment was made
by Assimakopoulos ef al.,% who were able to deter-
mine the value a, =-15.5+1.1 F at E;=16.0 MeV and
an angle 20°, Unfortunately, Assimakopoulos et al. did
not state what experimental method was used to obtain
this result.

The experimental data on this reaction are as yet
inadequate. A detailed theoretical analysis of the re-
action mechanism has not yet been made. Therefore,
the value of a_, obtained in Ref. 57 can be regarded as
only a preliminary result.

Determination of a,, from the Reaction *H +d— *He
+n+n. The investigations Refs., 58—64 were devoted
to determining a,, from the reaction *H +d— He +n + .
In Refs. 62—64 kinematically complete measurements
are presented; in the others, kinematically incomplete
ones. A large number of studies have analyzed the re-
action mechanism. They have investigated the mirror
reactions *He +d—*H+p +p and *He +d— *He +n +p.

It is found that the mechanism of these reactions is
fairly complicated and depends strongly on the kine-
matic conditions of the experiment. It is therefore hard
to analyze the spectra obtained and not all attempts to
extract the value of a, were successful. From the ex-
perimental point of view, the reaction *H +4 is much
more advantageous than the preceding reactions. It can
be studied directly with a strong and well focused beam
of charged particles obtained from an accelerator.

A general theory of this reaction does not yet exist.
Hitherto only individual features of the mechanism have
been considered, and on the basis of such a crude ap-
proach attempts were made to extract the parameters
of the effective-range theory. To analyze the different
possible reaction mechanisms, we give their pole
graphs (Fig. 7). There are three possibilities of form-
ing final states with two neutrons. For the determina-
tion of @_,, the graph of Fig. 7(a) is the most interest-
ing. Here, two neutrons interact in the final state.

TABLE 4. Results of measurements of a,, by means of the
reaction *H+n—d+n+n.

Ep, MeV dA:gsle: ﬁtfﬁg?eml Theory | apy F el (i
14,4 0 Incomplete BA —18+3 — 150]
15.1 0 » MW —17£2 2.5 [51]
13,95 0 » BA —14,7£6* — [52]

* Average result of six values obtained by means of different wave functions for *H
and for the 2n system.

B. Kuhn 147



TABLE 5. Results of measurements of a,, by means of the
reaction *H+d—*He+n+n.

Ej, MeV Angle, | Experimental . ruio ¥ Literature
dr M€ 62 Eitiod Theory nn nn
32,5 6 Incomplete | MW —16.1=1 3.2 (58]
40 25 comp.
20.8 6 » MW —16.5=1 31 [59]
i i A 17.5=3
11 » BA —17.5= =
20 comp. | —19.2552 2.8 (60]
19.9* MW o
22,0 i) » el 10.9 161]
2.5 MW —15,5==1.1 4 ”
83 1 » 3.20.4 163}
7:5 comp. | —12,7%0.8]
—11.3x0.8) 3-4=0.4
13,43 29 Complete MW —16.0=+1.0 2.67 (621
8.45 0 » MW —16.2+1.2 [64]

* Energy of tritium nuclei

One cannot ignore the graphs of Figs. 7(b) and 7(c).
These graphs describe different possibilities of inter-
action of one of the neutrons with *He in the final state.
The probability of this mechanism depends on the rela-
tive energy of the neutron and *He. Maxima appear if
the relative energy corresponds to one of the excited
states of the system *He. This effect has an additional
influence on the profile of the spectra and can com-
pletely mask the FSI effect of the two neutrons. One can
find kinematic conditions of the experiment under which
excitation of the levels of the system *He do not play a
significant role.

The results of determining a, from the reaction 3H
+d—3He +n+n are given in Table 5. The incomplete
measurements cover the range of incident deutron ener-
gies from 11 to 83 MeV. In all experiments, the *He
spectra were measured at small angles, In two experi-
ments®®® the measurements were made at angles up to
20—25°. In Ref. 60, Larson showed how strongly the
reaction yield and the profile of the spectra change with
increasing angle (Fig. 8). The maximum at the upper
limit of the spectrum disappears in the range of angles
from 10—20°. At the energy 83 MeV, the reaction cross
section falls between 2.5° and 7.5° by almost an order
of magnitude. This behavior of the cross section cannot

ao w0 40 N &0 W0

EggerMeV

FIG. 8. Spectra of 3He from the reaction *H+d—°He+2n for
different angles, ®°
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FIG. 9. Spectra of neutrons from the reaction ‘H+d—~"He+2n
for different angles. %

be described by either Migdal-Watson theory or the
Born approximation.

In all these investigations, attempts were made to
verify the theoretical interpretation in mirror reac-
tions. Baumgartner ef al.>® and Gross ef al.® obtained
from the reaction *He(d,*H)2p the correct value of the
pp scattering length a,, but their results for a, from
the reaction *H(d,*He)2n differ strongly (see Table 5).
This brings out clearly the influence of excited *He
states on the result, It follows from the kinematics that
the relative energy of the ®He and the neutron is a func-
tion of Es_ . This means that at the appropriate places
the ®He spectrum has peaks due to the *He states. If the
energy of the incident particles is chosen infelicitously,
such a peak will lie near the FSI maximum of the two
neutrons and distort its profile. If the energy of the in-
cident particles is too low, the *He states are not ex-
cited. If the energy is sufficiently high, such peaks lie
far from the end of the spectrum at low *He energies
and do not affect the width of the neutron FSI peak. This
is the difference between the results of Baumgartner and
Gross. Baumgartner’s measurements were made with
incident deuterons of 32.5 and 40 MeV, while Gross’s
measurements were made with incident tritons of 19.9
and 22.0 MeV. A simple calculation shows that at the
latter energies the maximum of the *He state at 22 MeV
is near the end of the spectrum. Thus, Gross’s result
must be assumed erroneous.

Slobodrian et al. and also Bachelier et al.®® deter-
mined the vertex form factor from the reaction
¢He(d,>H)2p in order to obtain complete agreement be-
tween the experimental spectrum and Migdal-Watson
theory for the correct value of a,,. They took into ac-
count this form factor when extracting a_, from the re-
action *H(d,*He)2n. This approach was criticized by
other authors since it assumes complete charge sym-
metry between these two reactions. Such symmetry can-
not hold because in the case of final-state interaction of
the He and neutron a resonance appears at the energy
1.9 MeV in *He. The *H +p system has resonances at
200 keV and 3 MeV, corresponding to the *He levels at
20 and 22 MeV.

More than twenty investigations have been made of the
mechanism of the reactions *He(d,3H)2p and
3He(d,®He)pn. The aim of some of them was to obtain in-
formation about the excited states of the “*He nucleus, %%
In other investigations, a study was made of the possibil-
ity of obtaining the parameters of the effective-range
theory for the pp and np interactions. Contradictory
conclusions were obtained. Some authors obtained cor-
rect parameters,®” others concluded that these param-
eters cannot be measured by means of such reactions.®®
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FIG. 10. Spectrum of the reaction ’H+d—"He+ 2» obtained in
the kinematically complete experiment of Gréotzschel ef al,
The figure shows the projection of the two-dimensional spec-
trum onto the neutron-energy axis; the continuous curve is the
result of fitting by means of Migdal-Watson theory for a,,
==16 F.

This discrepancy obviously arises because of the strong
dependence of the reaction mechanism on the kinematic
conditions of the experiment. For the case of kine-
matically complete measurements, this was clearly
shown by Assimakopoulos et al.® By choosing appro-
priately the conditions, they succeeded in observing a
manifestation of the FSI mechanism, the mechanism

of quasielastic scattering, and the excitation of levels
of the “He nucleus in a more or less pure form. As a
result, they obtained the correct value for a,, and a,,.
This study clearly showed the advantage of kinematical-
ly complete measurements.

The first kinematically complete experiment for de-
termining a,, by means of the reaction *H(d,n)*He n was
based on the same careful choice of suitable kinematic
conditions.® The angles of the neutron and 3He detec-
tors were chosen in such a way that the relative energy
of the two neutrons attained zero. To prevent distortion
of the spectrum by the excitation of *He levels, both
angles were taken fairly large (9, =29°, 9, =65.4°).
The last condition follows from the work of Poppe
et al.®® and Jarmie el al.,™ who measured the spectrum
of the neutrons from the reaction *H(d,2)*He 1 and found
that the lines corresponding to excitation of the *He

200 — = s e
a % “He(d,pHe)n
2 8=
g L il a3,=262F
2 2 o
s .o g0 Gpp=543F
g 200 o0 .
i o .°;‘og o .
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-E L) .00 . :
= L a”e
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Channel number
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FIG. 11. Spectrum of the reaction *He +d—He+n+p obtained
in the kinematically complete experiment of Kiihn ef al.™ The
figure shows the projection of the two-dimensional spectrum
onto the proton-energy axis; OO0 experimental data; eee re-
sults of simulation of the experiment by the Monte Carle
method.
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FIG. 12. Pole graphs of the reaction H+3H—*He + 2x.

levels disappear rapidly when the detection angle is in-
creased (Fig. 9). Under such conditions, it proved pos-
sible in Ref. 62 to achieve excellent agreement between
calculations by the Migdal-Watson theory and the experi-

‘mental spectrum (Fig. 10). This approach was addi-

tionally confirmed in a study of the spectra of the reac-
tions *He(d, p)® p and 3He(d, p)*He n under the same
kinematic conditions.™ It also proved possible to de-
scribe these spectra completely in the framework of
Migdal-Watson theory and thus extract the correct scat-
tering lengths a,, and a,, (Fig. 11). In these investiga-
tions, the behavior of the propagator in the graph of
Fig. 7(a) was also taken into account. The calculations
showed that it can be assumed constant in the region of
the spectrum in which the scattering length is deduced.
In addition, it was shown that excitation of the *He
levels does not in reality distort the spectra.

In a kinematically complete experiment Jeremie
et al.® chose other kinematic parameters. Both neu-
trons were detected in coincidence at the angle 0°.
Using Migdal-Watson theory, they obtained @, =~16.2
+1.2 F. One can conclude that, although a theoretical
description of the reaction *H +d as a whole does not yet
exist, in specially selected cases certain approxima-
tions such as, for example, the Migdal-Watson theory
enable one to measure a,, and obtain reliable results.

Determination of a,, from the Reaction *H +°H— *He
+n+n. As yet, the reaction *H +%H— *He + n+# has
been used to determine a,, only twice.™' " Although as
many as six nucleons participate in this reaction, the
theoretical interpretation must be simpler than in the
case of the reactions with the participation of five nu-
cleons discussed above. The particles in the initial
state are identical. Therefore, only the singlet inter-
action is possible. Thus, the spins of the initial and
final states are uniquely determined. If the kinds of
particles in the final state are fixed by the experimental
conditions, it is sufficient to consider only the two pole
graphs that describe the possible reaction mechanisms
(Fig. 12). The graph of Fig. 12(a) corresponds to the
interaction of two neutrons in the final state. The graph
of Fig, 12(b) represents a reaction taking place through

TABLE 6. Results of Measurements of a,, by Means of the
Reaction 3H+3H="4He +n+n

Angle, Experimemal! F Fom F Litera-
By MeV deg method Theory Gnne L ture
22 5 Incomplete | MW 16.69-40.51 2.84* 1721
8 » MW —17.4+1.8 | 2.4=1.5 *¥
H] comp.
1.39 10 Complete MW —18.1=0.8 2,84
» BA —15,01.0 2.7 [73]
# Ty =7 =284
#x Both parameters a,,, and ry, are included in the fitting procedure
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FIG. 13. Spectrum of ‘He in the reaction *H+3H—‘He + 2n,
The relative energy of the neutrons is plotted along the
abscissa.

the intermediate formation of the unstable system 5He.
It is well known that the ground state of °He is a p;,,
state with energy 0.95 MeV. This means that as a re-
sult of the interaction between the neutron and the
particle at relative energy 0.95 MeV there must appear
a maximum of the cross section. The first excited level
of *He is a p,,, state at 2.5 MeV with width 1.5 MeV.
In the interpretation of the spectra, it must be borne in
mind that the excitation of these *He states can distort
the FSI maximum of two neutrons. In Table 6 the main
data and the results of two measurements of a,, by
means of the reaction 3H +°H are given.

In Ref. 72, Gross ef al. made kinematically incom-
plete measurements of the *He spectra of the reactions
3H(*H,%He)2n, *He(*H,*He)np, and *He(®*He,*He)pp. All
the spectra could be well described by Migdal-Watson
theory (Fig. 13). The values found for the np and pp
scattering lengths were a, =-21.5+2.3 F and q,,
=-1T7.5220.22 F, in good agreement with the results of
direct measurements. In the fitting of the theory to the

anti 3ol S

Yt n*He)n  E=1.39 MeV
Gp=162.8"  6,=10.5°
1200+ 2, =—15.0 F

1400

1000+

=
S
T

N/channel

)
S
T

200
/

2
—_

————r— T |

[
Jo +0 50 60 7 80 0 t

100 -400 1000
Epny keV

L ; s 1
£00 500 400 200 w0 37

FIG. 14. Spectrum of the reaction *H+*H— “He + 2n obtained in
the kinematically complete experiment of Ref. 73. The figure
shows the projection of the two-dimensional spectrum onto the
neutron time-of-flight axis. The relative energy of the two
neutrons is plotted along the lower abscissa.
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TABLE 7. Results of measurements of a,, by means of the
reaction T+ d—=n+n+7y.

E, MeV* Experimental ayy F Literature
z method Theory L "'nn F
- Incomplete Watson®! No dineutron — [75]
= » Thesame | 35,97/ % 2,63 176}
- 00
i
120—-131.5 » » » —15_1;5::3! )65 177]
1221315 , i | -amERE | o2 =
125—131.5 » » b | —19.0780 2.63 =
126—131.5 » vy [stziimess 2.65 X
125—131.5 » Bander’? | —13.17°5' - 121]
120-131.5 > Thesame | —11.27 -2 -
— Complete Bander®™ —16.4+1.3 2.65 178)
— » The same | —18.42-=-1,53 2,63 |79] **
= » » —16.4=1.6 2,65 [80] **

': Energy range of  rays for which fitting was made
Evaluation of data of the same experiment of Haddock ez al.™

experimental spectra, the correlation between a, and
the effective range » , was important. Therefore,
Gross ef al. determined q  for different values of » .
In addition, they used the comparison procedure, de-
termining a certain “correction” factor from the spec-
trum of the reactions *He(*He,*He)pp and applying this
factor to find a,. The results of Ref. 72 are given in
Table 6.

The only kinematically complete experiment on the
reaction *He(*He,*He)pp was made by Kuhn ef al.” The
neutron spectrum was measured by the time of flight.
The kinematic parameters satisfied the conditions of the
FSI mechanism optimally. In the two-dimensional
spectrum there was a fairly strong peak from the ground
state of °He (the graph of Fig. 12b) at the appropriate
position. The tail of this peak evidently affected the FSI
peak of the two neutrons. To understand the influence of
the effect of formation of *He on the determination of the
scattering length, the reactions 3H(*He, p*He)n and
‘He(*He, p*He)p were studied under analogous kinematic
conditions. In the reaction *He(*He, p*He)p at the posi-
tion of 5He the nucleus °Li was formed in the ground
state at relative energy 1.95 MeV. From the two-dimen-
sional spectra of these reactions the scattering length
a,,=="7.6:0.6 F and q, =-21+3 F were determined.
Migdal-Watson theory was used, and allowance was
made for the effect of °He and °Li, respectively, on the
profile of the FSI peak. It was found that the profile
of the tail of the *He and °Li peak did not significantly
affect the determination of the scattering length. Only
the amplitude of the tail was important, and this could
be included in the fitting procedure as an additional
parameter. The same approach was used to determine
a,.. The projection of the two-dimensional spectrum
onto the time-of-flight axis of the neutrons is shown in
Fig. 14. The continuous curve is the result of fitting
based on Migdal-Watson theory; the dashed curve is the
relatively small SHe admixture. In addition, the spec-
trum was calculated by the Born approximation. To
within the experimental errors, the results of the two
interpretations agreed. The good agreement between
experiment and theory evidently justifies the approach
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FIG. 15. Spectrum of neutrons from the reaction 7-+d—2n +7vy
(Ref. 78). The smooth curves are the results of calculations
with the parameters a,,=—16 F and a,, == 27 F.

and confirms the validity of the values obtained for O
(see Table 6),

In both investigations it was shown that Migdal-Watson
theory describes the experimental spectra well. The
correction in the case of Ref. 73 for the influence of
*He production on the FSI maximum was insignificant
and completely justified. The interpretation of these
experiments was comparatively clear and unambiguous.
Therefore, the results obtained from the analysis of
the reaction *H +°*H can be assumed to be among the
most reliable values of a,,.

Determination of a,, from the Reaction = +d—vy +n
+n. The determination of a,, by means of observation
of final-state interaction of neutrons from the reaction
7 +d—y+n+nis frequently regarded as the most
reliable method. In this reaction there are only two

TABLE 8. Comparison of Results of Measurements of a,_ *

strongly interacting particles in the final state. There-
fore, the description of the final state deals solely with
the interaction of two neutrons, so that the theoretical
uncertainty of the result is here least, On the other
hand, the experimental difficulties are rather serious.
The intensity of the 7~ beams at the disposal of the ex-
perimenters have so far been weak., As a result, the .
statistics of all measurements so far made by this
method are unsatisfactory.

Attempts to measure a,, by means of the reaction
7~ +d have been made in several incomplete experi-
ments and in one complete one. In the incomplete mea-
-surements, only the spectra of the y rays were mea-
sured; in the complete one, the spectra of the gamma
rays and both neutrons in coincidence were measured.

The reaction was discovered by Panofsky and his
collaborators in 1951 by measuring the y spectrum of
this process.™ In the same year they discussed for the
first time the possibility of extracting information on
the interaction between two neutrons.’” But because of
the inadequate resolution of the y spectrum that they
used, it was only possible to conclude that the probabil-
ity of formation of a dineutron with positive binding
energy was less than 25% of the total reaction cross
section, The method of measuring y spectrum was sub-
sequently improved elsewhere.”™" The results of these
investigations are given in Table 7. It can be seen that
the spread of the values obtained and the experimental
errors are comparatively large. In addition, the result
depends on the energy range of the y spectrum used to
determine a,,."

The kinematically complete experiment of Haddock
et al.™ was widely acclaimed and is regarded as one
of the most important and successful measurements of
a,.. The 7~ mesons are incident on a target of liquid
deuterium. A meson is captured at zero energy, and

Experi= | foe _ | Experi— fitera-
: Liter + ia
Reaction T'le:t)ll:::ld : Theory | ayn: F IgAaM,F ature  Reaction | Ef:?rt:;ld Theory | gy, F | * AgypF Tire
din. ) 2u Incom - | BA | =220 ‘ 2 1230 o i, ) 20 Complete | MW -17.1 0.8 1471
plete » [51 —16.1 0.4 [43]
The same | BA 2150 | |24] 13H (n. d) 2n | Incomplete | BA —18.0 3 [50]
Y Graph 23.6 2 | 251 The same MW —17.0 2 151]
| - 1.6 > » BA —14.7 6 152}
s » 1A | 3 147] id (d. ppy 2n | Complete ? 15.5 1.1 157]
BA 3 Sid. 31le)2n| Incomplete | MW -1l 1 158
v | 1A 1.1 ] 82 comp.
MW The same MW ~16.5 I} [549]
5 [41i] = 1438] comp
£ MW [:34] »oo» BA —18.4 1.4 [60]
comp. L comp. "
s BA (36} | » o MW —10.9 —_ [G1]
» Graph 126] comp. i
i » o MW —15.5 13 | 163]
5 A Graph 23.0 127] § comp —{1:‘9 l).§i
| — a3l W6
s ow | 1A 81,7 133) | Complete | MW -16.0 1.0 | [62)
» » | IA 19.3 [30] | » MW —16,2 1.2 | [64]
»o» 31} 18,31 [30] 13014, 411e) 22| Incomplete | MW —16.69  0.51 | [72]
Complete [ BA —=25.0 [39] | MW —17.4 1.8 —
» —18.8 135] | comp. -18.1 0.8 —
Complete | MW, BA | —15.0 1.0 [73]
» MW —16.4 142] |d (7~ ) 2n | Incomplete | [Bl] 15.9 | -7, |76]
1 —00
» Graph 25.0 3. [48] :‘ » 81] —-17.5 4.8 [77]
» 131 - 93,18 : 140} | » 182 ~13:2 2.6 [21]
» 1Al ~16.0 1.2 | |45] Incomplete | [82] -16.4 1.3 |78
MW 16.8 il — ‘ » 182] —18.42] 1.5 179]
‘ » 182} —16,4 1.6 180]

* In the calculation of the mean value a,,,, the results obtained from one experiment by different theoretical methods were taken into account as
independent results. If one experiment gave rise to several publications with different results differing only by different evaluation of the experimental

data, only the last result was taken into account.

151 Sov. J. Part. Nucl., Vol. 6, No, 2

B. Kuhn 151



FHHE
SIS Ps

. /,///S/’ Jrsd=g

FIG. 16. Measurement of a,, by means of a reactor in space
(Ref. 85): R is the reactor, S the shield, D the detector.

the ¥ ray and the neutron pair depart in one plane. The
momentum of the y ray is opposite to the total momen-
tum of the neutrons. It i3 clear that the FSI condition is
satisfied best at small angles between the directions of
the neutrons. These conditions dictated the geometry of
the experiment. The apparatus made it possible to mea-
sure the energy and the angles of departure of the y ray
and both neutrons. Measurements were made of the one-
dimensional spectra of the neutrons under the condition
of a coincidence between the y ray and both neutrons
with a definite angle between the neutrons. One of the
spectra obtained is shown in Fig. 15. The first evalua-
tion of the experimental data gave a,,=-16.4+1.3 F.
Later, one of the group, Nygren, reevaluated the data™
and obtained a,, =—18.42+1.53 F. At the conference
on few-nucleon systems at Los Angeles in 1972 Had-
dock’s group published the final result a,=-16.4

+1.6 F of a repeated analysis of the data given in Ref,
80. The many years of work on the evaluation of the
experiment indicate the great difficulties in this
procedure.

The experimental spectra of Refs. 75—T7 were inter-
preted theoretically on the basis of the theory of Wat-
son and Stuart® which was a forerunner of the general
FSI theory of Migdal and Watson. A different theory
based on the impulse approximation was developed by
Bander.® In this theory one takes into account not only
the first-order impulse approximation but also terms
corresponding to multiple scattering. It was shown that
processes of higher order can be ignored at the level of
experimental accuracy at present achieved. Bander’s
theory was used in Refs. 21 and 78—80.

Shklyarevskii®® described the reaction 7~ +d on the
basis of the nonrelativistic graph technique. He took
into account the pole graph and the triangular graph.
The contribution of the infinite series of multiple re-
scattering graphs was found to be negligibly small. The
result of his calculations is very close to Bander’s
results.

Comparison of the results of these papers shows that
the accuracy of kinematically incomplete measurements
is not satisfactory. The potential possibilities of exact
determination of a,, by means of the reaction 7~ +d in
kinematically complete experiments have evidently not
yet been exhausted, and it would therefore appear to be
desirable to repeat such an experiment on pion beams
of higher intensity.

Proposals for Measuring a_, by Othey Methods.
Above, an attempt was made to review all known re-
sults of measurements of the scattering length a_, on
the basis of the final-state interaction of two neutrons
in nuclear reactions. The principal shortcoming of this
method is the imperfect theoretical description of the
reaction, It would therefore be very desirable to mea-

152 Sov. J. Part. Nucl., Vol. 6, No. 2

sure a,, by other methods using directly the interaction
of free neutrons, Such an experiment could in principle
be performed as follows.

Suppose that a source emits a beam of neutrons. A
neutron detector is set up in such a way that the neu-
trons cannot reach it directly from the source. It can
therefore detect only neutrons scattered either within
the beam on other neutrons or on collimators, shields,
or other objects in the beam. The neutrons scattered in
the beam itself give the required effect; the remainder,
a background. The measured effect is proportional to
the square of the beam density. This circumstance facil-
itates the observation of the effect if the measurements
are made as a function of the beam density. On the basis
of these ideas, some proposals have been developed
for carrying out experiments.

Moravesik® suggested that an underground nuclear
explosion could be used for this purpose, According to
his estimates, the attainable error in the neutron-
neutron scattering cross section in the energy range
from 20 keV to 2 MeV is approximately 10%. Although
it is impossible to obtain neutron fluxes greater than
from nuclear explosions, the difficulties in the carrying
out of such an experiment are obvious.

A different experiment was proposed by Bondarenko
et al.® Here the neutron source is a reactor launched
into space. Thus, one realizes the most favorable con-
ditions for suppressing the background. The arrange-
ment of the reactor, detector, and shields is shown in
Fig. 16. The neutron counting rate in the detector can
be represented by

N = (%, 8¢,

where @ is the number of neutrons emitted by the reac-
tor; O, is the neutron-neutron scattering cross section
averaged over the energy; s is the area of the detector;
€ is the mean efficiency of the detector; and y is a factor
that depends on the neutron spectrum of the reactor, the
angular distribution of the neutrons, and the geometry
of the apparatus. It is easy to see that the determination
of the factor » is not a simple problem and that the
accuracy of the result depends on its solution,

Such an experiment is the purest and clearest
method of measuring the neutron-neutron scattering
cross section that one could conceive of. Bondarenko
et al. made detailed estimates of the effect and the
background as a function of the power of the reactor and
the other parameters of the experiment. Assuming that
the neutron flux from the reactor under a pulsed regime
can reach @ =8.6°10' neutrons in one burst, the effect
must have an order of magnitude of 100 neutrons/ pulse.

Dickinson et al.®® have analyzed in detail the mea-
surement of @, by means of a pulsed reactor with flux
density &,=0.9+ 10" neutrons cm?sec™, In this plan,
the detector is directed along the vacuum axial channel
of the reactor, where the neutrons are scattered on
other neutrons. Under certain geometrical conditions
of the experiment, the neutron detector should count
275 neutrons per pulse from the reactor. The neutron-
neutron scattering amplitude can be determined with an
error as low as +2—3%.
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FIG. 17. Results of measurements of @,,; — mean value a,, obtained by weighted averaging of the results by variant 3; - - -

weighted average of only the kinematically complete measurements.

As an addition to the other indirect measurements of
a,,, such experiments of a direct type would be good.
The accuracy of such experiments should be at the
least not worse than +1 F. The implementation of the
experiments proposed by Bondarenko ef al. and also by
Dickinson ef al. depends mainly on the realization of
powerful pulsed reactors, which as yet are not at the
disposal of experimenters.

Comparison of the Existing Experimental Resulls.
Let us here compare the experimental results and ob-
tain a mean value of @, , which is to be regarded as the
most reliable value of @, . In Table 8 the known results
of determining a,, are given. The results are repre-
sented graphically in Fig. 17.

The measurements were made in different ways in
different reactions. In the interpretation of the experi-
ments, very diverse theoretical methods were used.
Since 1961, a large number of data have been obtained.
It is to be hoped that a reliable mean value a,, can be
extracted from them. Of course, not all results are of
equal value. Some must be excluded in the determina-
tion of the mean value. These cases have been con-
sidered above.

Let us first verify whether the set of results for a_
chosen for the determination of the mean value a, (see
Table 8) corresponds to the conditions of the normal
distribution. One can assume that the results a,,; were
obtained independently of one another. Figure 18 shows
the sequence of results. The ordinate scale is chosen in
such a way that

T 3 exp [ — (@ny — nn)?/(26%)] dann,

s V2n g
i.e., the integral of the normal distribution is trans-
formed into a straight line. It can be seen that the se-
quence of values a, , fits well onto a straight line. The
upward kink near q,, =16 F indicates that the maximum
of the distribution is sharper than a normal
distribution’s.
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To calculate the mean value, it is necessary to take
into account the different significance of the individual
results, which depends on the experimental accuracy,
the reliability of the method of measurement, and the
reliability of the theoretical interpretation. These
different factors cannot be taken into account numeri-
cally without a certain arbitrariness. Therefore, the
mean value @, was calculated in different ways:

1) It was assumed that all results have the same
weight.

2) It was assumed that p, of a result is equal to the
reciprocal of the square of its error: p, ~1/Ad,,. (Here
we ignore the fact that the errors given by different
authors do not have a uniform nature. Some authors
give only statistical errors, some include also syste-
matic experimental errors, and in some cases theo-

retical uncertainties are also included).

-2 -3 -17 aym F
FIG, 18, Normal distribution verification of the sequence of .
results of measurements of a,,. The sum of the weights of the
results $i  1/Aal ; to measurement i is plotted along the ordi-
nate (1009, corresponds to the sum of the weights of all mea-

surements; (Aa, ; is the error of the result)
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TABLE 9. Mean values of
the scattering length a,,.

Variant 1 2 3 4

ayn  |—16.50]—16.80}—16.61]—16.15

3) The discussions above have shown that kinematieal-
ly complete measurements give more reliable results,
and therefore in the third variant the results of kine-
matically complete measurements were given a double
weight.

4) Finally, the weighted mean value a,, of the results
of kinematically complete measurements was calculated
separately.

Table 9 gives the mean values @,, obtained in these
ways. It can be seen from the table that the mean val-
ues @,, found by the variants 1, 2, and 3 agree with a
spread less than +1%. The mean value @, obtained
from the kinematically complete measurements (variant
4) is appreciably lower than the value obtained from the
complete set of measurements.

An additional weight of the kinematically complete
measurements was taken into account in variant 3. I
regard the result of this variant, @, ,=-16.61 F, as the
currently most reliable value of the neutron-neutron
scattering length. The standard deviation of the given
distribution of @,,; values is S=+1.45 F.

The exact standard distribution corresponding to the
values obtained for @,, and S is shown in Fig. 18 by the
straight line. It is shifted slightly to the right of the
true distribution. This is due to the mean value @,
which was found subject to the condition of a double
weight of the kinematically complete measurements.
Finally, one can calculate the value —16.61+0.54 F
for the 95% confidence interval of this mean value.
This confidence interval includes the mean value ob-
tained from the kinematically complete measurements.

We should also make some remarks concerning the
determination of the effective range #,, of the neutron-
neutron interaction. In the discussion of the results
found by means of individual reactions, we gave the
effective range used by the respective authors to fit the
experimental data for the determination of a,, (see
Tables 3—6). The majority of authors chose the effec-
tive range 7,,=7,, Or 7,,=75. In many papers it was
noted that the value of #,, can be chosen in a fairly wide
range without appreciably altering the result for a,,
Some authors include the effective range with the scat-
tering length in the fitting procedure. It can be seen
that the region of minimal x® value with respect to the
7,,— @, plane is a long ellipse, almost parallel to the
¥, aXis.

In their study of the reaction *H(d,*He)2n by means
of 83-MeV deuterons, Bachelier et al.% could not
succeed in interpreting the experimental data by a suit-
able choice of the parameters », and a,, (see Table 4).
The results of Ref. 63 were not taken into account in the
determination of the mean value @,,

Finally, we can establish that the experiments so far
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made to determine a,, are not sensitive to the value of
the effective range #,,. Thus, this quantity has not yet
been determined experimentally.

2. CHARGE DEPENDENCE OF THE NUCLEON-
NUCLEON INTERACTION

The mean value obtained for the neutron-neutron
scattering length enables one to consider the problem of
the charge dependence of the nucleon-nucleon interac-
tion on the basis of the experimental values of the pa-
rameters of the effective-range theory. Table 10 gives
the scattering lengths and the effective ranges for all
pairs of nucleons. Before we compare the values of the
scattering length, we must provide some explanations
CONCerning a,, meor) -

Coulomb Corrections to the Proton-Proton Scattering
Length. The interaction between two protons differs
from that between the other pairs of nucleons in the
first place by Coulomb forces. Therefore, the values
of the scattering length cannot be directly compared with
the scattering lengths of the other nucleon pairs. The
problem of subtracting the scattering length for protons
without charge, i.e., for neutrons, on the basis of the
experimental scattering lengths q,, has been considered
on many occasions. The complete necessary informa-
tion on this subject can be found, for example, in the
paper of Sher, Signell, and Heller.® Apart from the
ordinary Coulomb forces, the correction includes the
effect of vacuum polarization, interaction between the
charge and the magnetic moment, and the interaction be-
tween the magnetic moments. The finite sizes of nucle-
ons are also taken into account. An additional correc-
tion refers to the difference between the proton and neu-
tron masses. After these corrections, one obtains the
purely nuclear interaction, as it is expected between
two neutrons. Sher et al. made detailed calculations for
very different forms of the nuclear potentials. They
used the Hamada-Johnston potential and various con-
tinuous potentials with hard core and a potential with
soft core.® The value obtained for the scattering length
depends to a very small degree on the form of the po-
tential. The uncertainty in the value of a lies
within the range +0.2 F.

an(theor)

Chavge Symmetry of the Nucleon-Nucleon Intevaction.
The values of @, o0y 204 @ (e, Sive in Table 10 indi-
cate a possible small breaking of the charge symmetry
of the nucleon-nucleon interaction. The two values agree
within the limits of the errors. However, in the sub-
traction of the Coulomb correction only phenomenologi-
cal potentials of local type were used. It is known how-
ever that one cannot exclude contributions of a nonlocal

character in the nuclear interaction, The question

TABLE 10. Parameters of the effective-range theory for the
1g, state.

Scattering length, F Effective range, F Literature

|
—23,715:20,0013 I
|

“ﬁp 780,03 187]
Ay = —1.82320,01 F‘Ja*O 015 187]
@y y theor — 17.06--0.2 _._(] 03 [87—89]
Apn (expr == 16,61-0.54
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FIG. 19. Breaking of charge symmetry due to mixing of the
7 with the 7’ meson and the " with the p’ meson.

arises of how such contributions affect the result of the
Coulomb correction. This problem was studied by
Kumpf,®* who showed that the nonlocal part in the nu-
clear potential increases the absolute value of @, y.0.)
as a function of the form factor of the nonlocal part.
The increase can take values from zero to a few
Fermis. Thus, the difference between a,,,,, and
@pnineopy 1NCTEASES, and the indication of a possible
breaking of charge symmetry becomes more
substantiated.

A possible breaking of charge symmetry following
from a discrepancy between a,,,.., and a_ . = means
that the interaction between two protons is slightly
stronger than between two neutrons. This conclusion
contradicts the results of the treatment of the Coulomb
energies of mirror nuclei. For example, the binding
energy of tritium is 0.764 MeV greater than that of *He,
If charge symmetry does hold, this energy corresponds
to the Coulomb energy of *He. The Coulomb energy of
®*He can be determined from the charge form factor® or
from the wave function of this nucleus.?®® The two
methods give the same result independently, namely,
0.64+0.02 MeV. If one believes these data, the purely
nuclear interaction leads to a binding energy of the
nucleons in *He that is 0.12 MeV lower than in tritium.
This means that the forces between two protons are
slightly less than between two neutrons.

When considering this disagreement, one must bear
in mind that the scattering lengths contain information
about the behavior of the nuclear forces only in the 'S,
state of two nucleons. But the wave functions of the
nuclei include other states. Since we are here con-
cerned with fairly subtle effects, one could imagine that
the breaking of charge symmetry in the other states
has the opposite sign to that of the state 'S,. But at the
present time there are neither experimental nor theo-
retical indications about this.

Henley and Keliher® and also Okamoto and Pask®
investigated possible reasons for a breaking of charge
symmetry on the basis of the meson theory of nuclear
forces. If identical nucleons exchange only uncharged
mesons (7° and p°), their interaction is charge sym-
metric. Breaking of charge symmetry in exchange
forces arises as a result of mixing of a 7° meson with
an n° meson or of a p® meson with an «° meson (Fig.
19). Mixing of p° and w° mesons is observed experi-
mentally. Since the p° and «° and also the 7° and 7°
mesons have different isospins, the mixing of these
particles leads to a violation of isospin conservation.
The amplitudes corresponding to the diagrams of Fig.
19 lead to a correction to the nucleon-nucleon potential
that is asymmetric under the replacement of protons
by neutrons and vice versa. In Ref, 94 the change of the
scattering length due to this effect was estimated. It
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was found that the order of magnitude of such a correc-
tion can completely explain the difference between
Qoniexpy 3Nd @i roory - HOWever, the sign of this correc-
tion as yet remains undetermined, since the sign of the
coupling constant ratio g,/g, is unknown.

Violation of the Charge Independence of the Nucleon-
Nucleon Interaction. Whereas the breaking of charge
symmetry is small and experimentally not yet a fully
confirmed effect, there is no doubt that the charge in-
dependence is violated. The discrepancy between the
np and nn scattering lengths far exceeds the limits of
the experimental and theoretical errors. The first

‘attempt to explain this discrepancy was made by

Schwinger® on the basis of direct electromagnetic ef-
fects. Assuming the presence of a nuclear potential of
Yukawa type and point distributions of the charge and
magnetic moment in the nucleons, he was able to de-
scribe completely the difference between the values of
Qo tneor) 20d @3, . Later it became known that the charge
and magnetic moment of the nucleons do not have a point
distribution but one with a radius of about 0.8 F. In
addition, it became clear that the nuclear potential has
a hard core. Under these conditions the electromagnetic
effects become small corrections which partly compen-
sate one another.% At the present time, the difference
between the np and nn interactions is explained by in-
direct electromagnetic effects, i.e., effects which are
directly related to the nuclear interaction but undergo
definite modifications depending on the charge state of
nucleons and mesons.

The most important effect of this type is the differ-
ence between the masses of charged and uncharged 7
and p mesons. The forces between identical nucleons
(nn, pp) differ from the forces between different nucle-
ons (np) by the fact that identical nucleons exchange only
uncharged 7° and p° mesons, whereas in the case of the
np interaction charged mesons (7*, p*) can also be ex-
changed. The difference between the masses of the
charged and uncharged meson leads to a difference be-
tween the exchange forces. By means of the difference
between the masses of the 7* and 7° mesons®’

Ami () = 4,6043 == 0.0037 MeV

one can explain about half the difference Ag between afub
and a,,, i.e., Aalm(r))=-3.5 F. At the present time
it is expected that the other half of the discrepancy can
be explained by the difference between the masses of
the charged and uncharged p-mesons, which are partly
responsible for the short-range part of the nuclear in-
teraction. The difference between the masses of the p*
and p° mesons has not yet been established experimen-
tally. According to the most recent data,® the masses
of the p mesons are

m (p* ) =770 - 5 MeV

The experimental error does not enable one to detect a
difference. But to explain the remaining discrepancy
Aa(m(p)) one only requires Am(p)=—2 MeV. The nega-
tive sign means that #(p°) >m(p*). This difference is"
compatible with the experimental data and field-theory
calculations,

Apart from effects due to the meson mass difference,
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the influence of other indirect electromagnetic effects
has also been studied, i.e., radiative corrections to
the meson-nucleon coupling constants. Studies have
also been made of mixing of mesons due to electromag-
netic forces, the simultaneous exchange of mesons and
photons, and the different lifetimes of the charged and
uncharged mesons. Compared with the meson mass
difference, these effects are not so important, and
therefore they can be ignored. The effects of breaking
of charge symmetry and charge independence are dis-
cussed in more detail by Henley.®®

CONCLUSIONS

In this review we have considered methods of mea-
suring the neutron-neutron scattering length and dis-
cussed the results of such measurements on the basis of
allowance for the interaction between two neutrons in
the final state. We have compared the results obtained
by means of different nuclear reactions and on the basis
of different theoretical approaches. Although many
questions in the description of three-particle reactions
remain unresolved, one can say that the majority of the
values obtained agree within the limits of the errors. It
should however be pointed out that the values of a,, in
the region of — 23 F cannot be regarded as reliable.
These results, like some others, were ignored in the
determination of the weighted mean scattering length
a,,. The experiments so far made do not enable one to
determine the effective range of the nn interaction.

The mean value @,, obtained can be regarded as
sufficiently reliable to draw a conclusion concerning the
violation of charge independence and the breaking of
charge symmetry of the nucleon-nucleon interaction.
The difference between the np and nn scattering lengths,
Aa=a, -a,=-TF, can be regarded as definitely
established. It indicates that the force between the neu-
tron and the proton in the 'S, state is approximately
2.5% greater than between two neutrons. This differ-
ence can be mainly explained by indirect electromag-
netic effects, namely, the difference between the mass-
es of charged and uncharged 7 and p mesons. With re-
gard to the breaking of charge symmetry, definite con-
clusions cannot be drawn with the same certainty.

First, the subtraction of @) from the experimental
value of a, entails uncertainties because of the nonlocal
eontributions to the nuclear potential and, second, the
accuracy of the mean value of ¢, is not yet satisfactory.
A possible breaking of charge symmetry could be a con-
sequence of mixing of mesons with different isospins.

The knowledge of the exact value of the neutron-neu-
tron scattering length enables one to detect fairly subtle
effects concerning the nature of nuclear forces. A
further increase in the accuracy of the measurements
requires not only an improvement of the experimental
techniques but also the perfection of the theoretical de-
scription of three-particle reactions. It would be very
desirable to make a direct measurement of a,, in beams
from powerful neutron sources.
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