FUNDAMENTAL ELECTROMAGNETIC PROPERTIES
OF THE NEUTRON

Yu. A. Aleksandrov

This review is devoted mainly to experimental investigations of the fundamental electro-
magnetic properties of the neutron: electric charge, electric dipole moment, electromag-
netic form factors, polarizability, and n-e interaction.

INTRODUCTION

The neutron was discovered in 1932 and probably had more effect on the development of physics than
any other elementary particle. The discovery of the neutron initiated the age of nuclear physics, the rapid
development of which in the middle of the 20th century led to the birth of nuclear technology and elementary
particle physics.

We know a considerable amount about the neutron. Its interaction with nuclei has been fairly well
investigated — without this knowledge there would be no nuclear reactors. We know its mass, spin, mag-
netic moment;, and electric charge —the knowledge of these characteristics enables us to use the neutron
as a very convenient tool for many investigations, such as the study of the structure of condensed media.

In recent years, thanks to the efforts of many physicists, we have managed to build up at least a qualitative
picture of the structure of the neutron, We have found that the neutron is a particle with a fairly compli-
cated structure. At any rate, its behavior when it interacts with matter reveals properties which are
characteristic of an extended particle. The neutron does not act directly on our sense organs and, hence,
all that we know about it has been learned through its interaction with other particles and fields. There are
four types of interaction: gravitational, weak, electromagnetic, and strong. The weakest of these is gravi-
tational interaction. The neutron is the only particle with a rest mass which has been experimentally de-
termined from its fall in the earth's gravitational field. There have been no surprises so far —the neutron
behaves in the gravitational field like an ordinary macroscopic body.

Weak interaction is responsible for the decay of the neutron into a proton, electron, and antineutrino.
Although neutron decay has been studied for a fairly long time, this field is still exceedingly attractive to
experimenters, Even such a characteristic as the neutron half-life requires more accurate determination
—the difference between different measurements is more than three times the measurement error.

Strong interactions are responsible for the reactions of neutrons with nuclei, and nuclei owe their
very existence to strong interactions. Here there is a wealth of experimental material and probably even
greater problems, which are unlikely to be settled without an understanding of strong interactions between
elementary particles,

Finally, electromagnetic interaction, with the aid of which we have learned about such fundamental
properties of the neutron as its electric charge, electric dipole moment, and electromagnetic structure,
belongs to a region which we think we understand. So far, at least, we have discovered no effect which
contradicts quantum electrodynamics, It is possible that the discovery of such an effect would be the
starting point of a new theory, the development of which would lead to an understanding of strong interac-
tions.
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1, Electric Charge of Neutron

The question of the possession of an electric charge by the neutron is closely linked with a more
general question: Why are the charges of all elementary particles equal to either +Qg, or zero? The
neutron is usually regarded as an electrically neutral particle, but there is no theoretical barrier to its
having a small charge, and the experimental detection of such a charge would be extremely important for
theory.

In modern elementary particle theory the laws of conservation of electric, baryonic, and leptonic
charges play a very important role. They are absolute laws, i.e., they are valid for all three types of
interaction of elementary particles (strong, electromagnetic, weak). They have been experimentally con-
firmed with very high accuracy and, together with the laws of conservation of energy, momentum, and
angular momentum, govern processes among elementary particles. The essence of these three conserva-
tion laws is that particles have three independent sets of numbers Qj, Bj, L; (electric, baryonic, and
leptonic charge) which satisfy the following relationships:

Z Q; = const in time,
13

Y B, = const in time, (1)
7

> L,= const in time,

i

It can be shown [1, 2] that the application of the law of conservation of electric charge in conjunction
with the laws of conservation of baryonic and leptonic charges to known elementary-particle reactions does
not enable us to determine the relationship between the electric charges of all elementary particles. For
instance, the absence of the reaction p—~e¥+1® and other similar reactions owing to conservation of bary-
onic charge means that the charge Qp of the proton is indeterminate relative to the positron charge Qe. It
does not necessarily follow from the law of conservation of electric charge in conjunction with the laws of
conservation of baryonic and leptonic charges that the electric charges of the proton and electron are equal
in absolute magnitude, and that the neutron charge is zero.

Table 1 gives four sets of particles with electric charges which are equal owing to the existence of
the corresponding reactions.

It is clear that even if the scale of electric charge is fixed by measurement of Qg, the values of Q
and Qn are still indeterminate. Thus, the question of the electric charge of the neutron will have to be
settled experimentally.

All the experiments aimed at detecting the neutron charge can be divided into direct and indirect ex-
periments. The direct experiments include experiments on the ionization of gases by neutrons and electro-
static deflection of a beam of very slow neutrons. The earliest experiments (Dee [3]) to detect ionization
of gases by neutrons led to the estimate Q< |Qe|/700. Shapiro and Estulin [4] attempted to detect deflec-
tion of a beam of thermal neutrons in a homogeneous electrostatic field and obtained an estimate Qp<6*
10~2|Qg|. The indirect experiments include attempts to detect the charges of un-ionized atoms and mole-
cules [6-7]. The most accurate investigation, by King [5], gave upper limits for the charges of H2, D2,
and SF, molecules. The author used a method in which the charge of a macroscopic volume of gas was
measured after it had been freed from ions and electrons.
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Fig. 1. Schematic diagram of double-crystal spectrometer and electrostatic deflecting system:
1) Neutron beam; 2) 1.5-mm slit; 3) electrostatic deflecting plates; 4) detector.

Fig. 2. Neutron intensity as function of angular orientation of second crystal.
If one assumes that Qutqm =ZAQ+NQ,, where AQ= IQel —IQpl, Qp can be estimated independently of

AQ from the estimates of Q(H,;) and Q(D,). This procedure gives Q<3 - 10-20 lQe . T8 1t aaEuTad tht
AQ=Qn, the estimate of Q(SFg) gives Qu<2- 10-22 'QE

The indirect estimates are much more accurate than the direct data. Nevertheless, the latter must
be regarded as more reliable, since it is quite possible that when particles combine to form an atom they
may have their charge altered in some way. A recent accurate direct experiment is that of Shull, Billman,
and Wedgewood [8]. The authors managed to attain extremely high angular sensitivity of the instrument by
using two successive Bragg reflections from two perfect silicon crystals. A diagram of the apparatus is
shown in Fig. 1, and the curve illustrating its angular sensitivity is shown in Fig. 2, The results of the
measurement are given in Fig. 3. Treatment by the least squares method gave Q,=(-1,9+3.7) - 10‘IBIQe[

Estimates of Qn=AQ can also be obtained from cosmological considerations. Such estimates were
made in [9], in particular. A simple consideration of the balance of gravitational attraction and electro-
static repulsion, which ensures the existence of macromatter, leads to Qp< 10-18 IQeI, and a charge of
2.10"18 Qe is sufficient to account for the observed expansion of the universe within the framework of
Newtonian mechanics,

It was suggested in [10] that the magnetic fields of stars and planets might be due to rotation of
weakly charged atoms around a polar axis. It follows from these considerations that Qn must be of the
order of 2.107% Qg.

A cosmological approach to elementary particle theory has recently been developed [11]. Elementary

particles can be regarded in principle as almost closed universes. It is known that a closed world must

be electrically neutral, and its total mass must be zero [12]. If an electric charge & is introduced into
such a world, this world will no longer be closed, Its mass will differ from zero and its minimum value
will be m=¢g/v#, where % is the gravitational constant.* If the neutron is considered from this viewpoint,
its possible electric charge is @, < mv% ~107#|Q,|, which is very close to the estimates given above.
Thus, it would be very desirable to have direct experiments aimed at detecting an electric charge of the
neutron at the 107 |Qg| level.

We note also that the detection of a small neutron charge would mean that the conservation of baryons
would follow from the conservation of electric charge [2].

2. Electric Dipole Moment (EDM) of Neutronf

The discovery of CP violationi in K°~-meson decays removed the theoretical barrier to the possession
of an EDM by elementary particles, particularly the neutron. In its transformation properties the EDM of
a particle is a polar vector directed along the spin (axial vector) of the particle and hence, as a result of

*A similar formula for any body of mass m can be derived from five-dimensional field theory [13].

iIn this section we consider the question of the natural electric dipole moment of the neutron. For the in-
duced EDM see below.

1Or T violation in view of the well-known CPT theorem,
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Fig. 3. Angular deflection of neutron beam by electrostatic field,

Fig. 4, Schematic diagram of Oak Ridge National Laboratory instrument: 1) reactor core;
2) heavy-water moderator; 3) reactor shield; 4) polarizer (Co-Fe mirror); 5) rf coil;
6) electrostatic plates; 7) field magnet pole pieces; 8) analyzer (Co-Fe mirror).

operation of time reversal (reversal of direction of all velocities and replacement of initial state by final
state), the relative directions of the EDM and the spin are altered (if the spin and EDM are parallel they
become antiparallel). If T invariance exists, the direct and time-reversed states are equally likely and,
hence, the observed value of the EDM will be zero [14].

Since numerous searches for violation of T invariance in other processes besides K°-meson decay
have been unsuccessful, the detection of an EDM in the neutron, or in any other elementary particle, would
be direct evidence of the nonuniversality of the T-invariance principle.

Two experimental methods have been used so far in the search for the neutron EDM. One of these
methods —Rabi's magnetic resonance method — was used in 1957 by Smith, Purcell, and Ramsey [15].
They found that the neutron EDM divided by the electron charge (dp/e)<5+1072° cm, In 1965 —1967, as a
result of the discovery of the decay of the K; meson into two charged pions, attempts to detect a neutron
EDM were renewed [16, 17], In this new experiment a beam of very slow neutrons (mean velocity 60
m/sec) obtained by means of a bent neutron-conducting tube was used. The neutron beam was subjected
to the action of a steady magnetic field H, and a strong electrostatic field E which could be either parallel
(Et) or antiparallel (EH), to the field H,. A weak alternating field H ,withfrequency w was applied per-
pendicular to the field H 9- The resonance frequency in this case is

1
mO:E}"(p‘n Hy+d, E): (2)

where I is the neutron spin and up is its magnetic moment. The change in resonance frequency on reversal
of the electrostatic field is

2, E
n 3
Aw, = T (3)

When the frequency w approaches w there is a resonance change in the spin orientation, accompanied by a
sharp change in the intensity of the detected particle beam. The neutron EDM can be determined from the
following relationship:

i AN
d, = —. ey (4)
Eiy +E
(Eyr +Ey) -

where AN is the change in the count rate due to the change in the electric field from E pto Eys dN/dvypeg
is the derivative of the count rate with respect to the alternating field frequency.

The sensitivity of the instrument can be increased by increasing the electric field, or by increasing
the steepness of the resonance curve. Since the steepness depends on the resonance line width, and the
latter, in turn, is limited by the uncertainty relationship, then it is better to increase the transit time of
the neutron through the instrument.
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Figure 4 shows a schematic diagram of the Oak Ridge National Labora-
tory instrument. With E=120 kV/cm and neutron transit time 7=8 1073 sec,
the value obtained in [17] for the neutron EDM was

(d,/e)=(0.02 3 0.85)-10—*? cm.

At the Vienna conference in September, 1968 [18] a new value was reported for

the EDM:
=(0.2 +0.2)-10—2? cm.

Fig. 5. Feynman (dn/e)=(02:+0.2) em )
diagram for electron The second method was used in the Brookhaven Laboratory [19]. In the pres-
scattering by proton ence of an EDM the neutron undergoes an additional interaction with the intra-
in e? approximation. atomic Coulomb field. The corresponding amplitude in the Born approximation

has the form

b =id, Ze (1—1) | cosec ] (pn), (6)
h v

where Ze is the nuclear charge; 1—f is anelectronic screening factor; f is the charge distribution form
factor; v is the neutron velocity; 20 is the scattering angle; p is the unit neutron polarization vector, n is
the unit scattering vector;

. 1
" 2ksin 0

(k—Kq), (7)

where k and kj are the wave vectors before and after collision. The amplitude of (6) is imaginary and
maximum when vector p is parallel to n and has its sign changed when the sign of the neutron polarization
is reversed. The neutron scattering intensity is

T~ b4 (0" "R, (8)
where b+ib' is the nuclear scattering amplitude.

Shull and Nathans in their experiment tried to detect a change in intensity when the neutron polariza-
tion was reversed. Since the relative change in intensity is

Ay 4b'b"
FaRrTy @

it is better to make the measurements on nuclei with small b, They used in their experiment a CdS single
crystal, the intensity of reflection of neutrons from the (004) plane of which depends on the difference in
the coherent scattering amplitudes of Cd and S:

I~ agg—agl% (10)

aCd=(3.8+i 1, 2) F and ag=3.1 F. About 4- 108 neutrons were counted in the experiment over three months.
Special measures were taken to compensate the effects of Schwinger scattering, i.e., scattering due to
interaction of the magnetic moment of the moving neutron with the Coulomb field of the nucleus. The am-
plitude of this scattering is also imaginary, but it becomes zero if the polarization vector is exactly paral-
lel to the scattering vector. The final result of the experiment was

(%) =(+2.443.9)-10-22 cm.

Theoretical estimates of the neutron EDM are extremely diverse and, according to them, the neutron
EDM lies in the range 10™#>d,/e>1073! ecm. The estimates in the region of 10-%2 cm are based on the as-
sumption of T violation in weak interactions. From this viewpoint it is very desirable to increase the sen-
sitivity of'EDM measurements by one or two orders. Work in this direction is being carried out at Oak
Ridge and Brookhaven. A very promising way of increasing the sensitivity of the first method is to use
ultracold neutrons, which increases the residence time of particles in the instrument [21]. The second
method can be improved by the use of single crystals with a very small coherent scattering amplitude, par-
ticularly a mixture of tungsten isotopes enriched with tungsten-186. With an appropriate concentration of
W186 the coherent scattering amplitude of such a mixture may even be zero [20].
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Fig. 6. Experimental relationship between magnetic form factor
GMn/kn and g2. Curve calculated from formula (23).

Fig. 7. Experimental relationship between Gg, and q?.

3. Electromagnetic Structure of Neutron

Electromagnetic Form Factors of Neutron. The properties and structure of any elementary particle
are closely related to the properties of other particles. This is due to the existence, for instance, of a
cloud of virtual particles around the real neutron., The particles are responsible for the interaction be-
tween the neutron and other particles. Although the virtual particles themselves are unobservable in
principle, all the effects which they produce are real, like the nuclear forces engendered by the exchange
of virtual mesons.

The characteristic dimensions of the cloud of virtual particles depend on their mass. Thus, in order
of magnitude the radius of the ~-meson:cloud is, vy ~fi /m; ¢, where m ris the m7-meson mass; that of the K-
meson cloud is rk~Hi/mge, where my is the K-meson mass; and so on. Our present knowledge of the K-
mesonic and other deeper shells of the neutron is very slight. We know a little only about the pion cloud.

The electromagnetic structure of the neutron (or of a nucleon in general) is revealed by the inter-
action of any charged particle with it (e.g., by the scattering of electrons or muons on the nucleon, etc.).
This question has been dealt with most fully for the case of electron scattering on nucleons [22]. The laws
of electromagnetic interaction are fairly well known and, hence, information regarding nucleon structure
can be derived from scattering data. The scattering cross section is first calculated for a point nucleus;
electrostatic interaction and the interaction with the normal and anomalous magnetic moments of the par-
ticle are neglected. This cross section is then used for calculation of scattering on an extended nucleon
consisting of many particles by summation of the waves scattered by each particle. The method employed
here is well known from x-ray scattering theory, but in the case of x-ray scattering one is dealing with
ordered scattering centers in a crystal lattice, whereas in the case of the nucleon the density distribution
is regarded as irregular. Hence, the sum over the different partial scattering amplitudes is replaced by
an integral, which is called the form factor.

A rigorous theoretical examination of this question, satisfying the requirements of Lorentz and gra-
dient invariance in the apprommatlon corresponding to the Feynman diagram (Fig. 5), indicates that the
representation of the electromagnetic structure of a nucleon requires two form factors — Fy and F, — which
are functions of the square of the transmitted four -momentum q*:

P=(p—r) = (Pio—Pi(@)", (11)
where py, Pfs Pile) and Dy (e) are the initial and final four momenta of the proton and electron.

It can be shown [23] that when E>m,T where E is the energy and m the mass of the electron,

r=— (2E sin 6/2)® ) (12)

1+2 % sin? %
where M is the nucleon mass, and @ the electron scattering angle. For the case described by the Feynman
diagram (Fig. 5), q?<0 (spacelike values of g).

*We recall that the gpatial components of the four-momentum vector are the same as the particle momentum
p, while the time component is i E/cj, where E is the particle energy.
TA system of units in which fi=c=1 is used.
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The Dirac form factor Fy(q?) describes the spatial distribution of nucleon charge and the associated
Dirac magnetic moment., The Pauli form factor Fz(qz) is related to the spatial distribution of the anomalous
magnetic moment. The form factors represent the cumulative result of all the effects produced by any
number of virtual particles. This means in diagram terms (Fig. 5) that the interactions occurring at the
nucleon-photon vertex are not detailed. The hatched region represents only the ultimate result. In the
limiting case of low energies (small momentum transfers), when the nonrelativistic approximation is valid,
the form factors represent the Fourier transform of the spatial distribution of electric charge p(r) and
magnetic moment m(r). For instance, in the case of a spherically symmetrical charged particle F;(q)
is given by:

oo

4m . .
Fy(q)= q—e-b[ p(sin(gr)r dr, (13)

where p(r) is the electric charge distribution density. We find from formula (13) that

2a%r

pN=— fF(q)Sin(Qf)qdq- 14)

It follows from (13) that Fy(0)=1. Similarly, F,(0)=1. A point particle with charge e and total mag-
netic moment efi/2Mc+p,, where py=« ei/2Me, is a particle for which Fy and F, are independent of g and
equal to 1. The particle has an electromagnetic structure only in the case where F;(g?) and F,(¢?) are not
constant., This statement is an exact definition of the electromagnetic structure of a particle for all ¢¢ [17].

If p{r) and m(r) are known, the rms electric and magnetic radii of the particle can be determined:

[rromair  6F;(¢%),.—0

r2y — _ .
YY" Teman Fo =
{rrmrydsr  6F, (qz) -
(r2y = = =l 16
fpmdre F3 (0) o
In the case of the neutron F; ;=0 and the rms radius is given by
6F) , (47)ge=
9 e I, n g?=0 - . 2 . 17
(r2s, —r o g (g - (17)
At small ¢? functions F can be expanded in a series:
Fio(@)=F, ; (O+¢F] 1@t - mFl,g(O)(I —';-% a {2 +) (18)

It is clear from (18) that when q*—0 the rms radius determines the slope of the form factor and in
this sense can serve as a characteristic of the form factor, if the latter is not a rapidly varying function
of g2. Otherwise the value < r?> will not be related to the general behavior of the form factor. From (17)
and (18) and for the case of a neutron we obtain

Fia(@ =g —<rid+. (19)

Fa.n (q%) = Fa,.(0) (1 +§ 2y, + )= 14 "?”qg: ¥ (20)

As already mentioned, each of the form factors ¥y and F, does not describe merely the distribution
of charge or magnetic moment. There is a coordinate system, however, in which the combinations of form
factors F; and F, correspond very accurately with the distribution of electric charge and magnetic moment.
The new form factors are expressed in terms of F; and F, as follows [24]:

the charge form factor

Ge (¢ =F1(4")+ L uFy (), (21)
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the magnetic form factor
G (g%) = F1 (%) + %Fy (99 (22)

The corresponding coordinate system is specified by the requirement that the spatial components of
the vector p; +p sare equal to zero. In such a system the three momenta of the initial and final protons are
equal and opposite in direction, and the energies corresponding to this case are equal. The introduction
of Gg and Gy also makes the treatment of the experimental data easier.

The bulk of information on Gy and Gy at present has been obtained from data for electron scattering
on protons and deuterons. Figures 6 and 7 show the experimental values of Gpin/#n and Ggy, reported at
the Stanford Conference in 1967 [25]. It was experimentally established that GEps Gmp, and Gyp are con-
nected by the following relationship:

Gpp (®)  Gypn (g% 1
G = M =22 = .
aigI=—, b (F0TI (2]

The resulis of recent, very accurate measurements made in Bonn University [26] reveal slight deviations
from this relationship.

Figure 8 shows the experimental Ggy, data for q*=0.4 (GeV/c)®. The broken line — slope at ¢*=0 —
was obtained from ne-interaction data. The solid curve is the result of dispersion calculations [27]. Since
the neutron form factor values were obtained from an analysis of experiments on electron scattering on
deuterons, and there is no strict relativistic theory for the deuteron, these values are not reliable enough,
This applies particularly to Ggp at low q*. The information about ( GEn/94?%) 42 =¢ obtained from ne-inter-
action experiments is more reliable (see section "Neutron-Electron Interaction").

Polarizability of Neutron, The concept of polarizability of nucleons was introduced in connection with
photon scattering and pion photoproduction on nucleons [28, 29], and with neutron scattering on heavy nuclei
[30, 31]. Along with the charge, magnetic, and other moments, the polarizability (electric and magnetic) is
a characteristic of the particle which has to be introduced for a complete description of the interaction of
elementary particles. The polarizability is an index of the deformation of the meson cloud of the particle
due to electric and magnetic fields. It is zero if the particle has a rigid, nondeformable structure, or is
a point particle. It is rather difficult to determine the polarizability of a nucleon experimentally. Some
measurements have been made in the case of the proton. Its electric polarizability has been determined
[32]. In the case of the neutron all we can say at present is that there are experimental estimates of quanti-
ties of interest. These estimates have been obtained from experiments with photons and neutrons.

Photon Scattering. Scattering of photons by particles with spin 1/2 and an anomalous magnetic mo-
ment was examined in [28, 29, 33-38]. In the low-frequency region, i.e,, when w << m, where w is the
photon frequency, and m is the pion mass, the obvious approach is to expand the scattering amplitude in
terms of the photon frequency. In [28, 33, 34] linear frequency terms were considered. It was shown that
in this case the scattering can be described if the charge, mass, and anomalous magnetic moment are
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known. This description, however, is not exhaustive. In [28] the possible implication of intermediate
states corresponding to high excitation of the nucleon in low-energy processes was considered. The ab-
sorption of a photon by a nucleon leads to the induction of electric and magnetic moments in the nucleon and
their subsequent emission. A similar effect is known in optics under the name of Rayleigh scattering. The
Rayleigh scattering amplitude is proportional to the square of the y-ray frequency. It was shown that at
energies below the pion production threshold a similar consideration necessitates the introduction of two
new parameters —the o and § coefficients of the electric and magnetic polarizability of a nucleon.

There have been many theoretical investigations devoted to the definition of the concept of polariza-
bility in photon scattering and the theory of the Compton effect. It has been shown that in a consideration
of low-energy photon scattering on a system with spin 1/2, accurate to terms containing the cube of the
photon frequency, the formula for the scattering amplitude containsg another three terms in addition to the
charge, mass, and anomalous magnetic moment. These are a, S, and<rez>, the rms radius of the charge
distribution. A fuller review of these investigations‘can be found in [39].

The values of o, and 8, can be obtained from experiments on the elastic scattering of photons on
protons at energies below the pion production threshold. These experiments were analyzed in [40]. The
results of the analysis give the following values for the proton (Fig. 9): @, =(0,9+0,2) 10~ cm?, gp=

-4 p P
(0.2+0.2) 1072 cmd,

It should be noted that inclusion of terms higher than the third order in the expansion of the scattering
amplitude in terms of the frequency can slightly alter the value of a,. If their effect is to be excluded,the
measurements must be made at v-ray energies of the order of 10—28 MeV. This involves great difficulties,
however, owing to the great reduction of the effect with energy reduction.

It is much more difficult to evaluate the polarizability of the neutron, since it is impossible to obtain
direct experimental data on photon scattering by neutrons. It will be possible inthe future tocarryout a di-
rect experiment in which neutrons will collide with a powerful laser beam, but in the meantime the neutron
polarizability has to be estimated from information obtained from Compton-effect experiments, particularly
on the deuteron. The difficulties in the analysis of these experiments; as in the analysis of experiments on
electron scattering on deuterons, are due primarily to the lack of a strict relativistic theory of the deu=
teron. The fact that the neutron is in motion in the deuteron must be taken into account. At the present
stage of relativistic deuteron theory the problem of the effect of motion can be solved only approximately.
Several assumptions have to be made and these ultimately reduce the reliability of the results.

The analysis of deuteron Compton-effect data is usually performed within the framework of the im-
pulse approximation [41]. In this approximation the scattering amplitude on the deuteron is considered to
be equal to the sum of the scattering amplitudes on the free proton and neutron, and the momentum distri-
bution of these particles is taken to be the same as in the deuteron. However, as was shown in [29, 42,
43], the experimental data for photon scattering on deuterons [44, 45] do not fit into the framework of the
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impulse approximation. Photodisintegration of the deuteron has a pronounced effect on the scattering am-
plitude of the considered process in the energy range 50-100 MeV. This inelastic process, together with

pion photoproduction at high energies, makes the impulse approximation invalid for the examination of the
Compton effect on the deuteron in a wide energy range. The ultimate result is that no reliable conclusions

regarding the polarizability of the neutron can be derived from experiments on photon scattering on deu-
terons.

In a recent investigation [42] the authors examined experimental deuteron Compton-effect data and
came to the conclusion that the electric polarizability of the deuteron cannot exceed the corresponding value
for the proton by more than 40%. This conclusion, however, was based on the impulse approximation and,
as the authors themselves state, the consideration of some exchange effects can lead to a much higher
value of ap.

In [29] attention was given to the fact that a study of y+d—d+y and v + He! — He?+vy processes can
simplify the interpretation of the experimental data. As regards the first process, it is evident that at
energies of the order of several tens of megaelectron-volts it is difficult to separate from the y+d—p+n
+y process, while the polarizability is proportional to the square of the photon frequency, and at very low
photon energies the effect is small. The possibility of evaluating a;, from an investigation of the v+ He? —
He! +v reaction was considered in [37]. In this case the contribution of inelastic processes to the scattering
amplitude is much less than in the case of the deuteron, since the helium photodisintegration threshold is
fairly high (E~20 MeV). As was shown in [37], photon scattering on helium at an angle of 90° can be
measured and the value of a obtained from:

@ L(i)<rg>, (24)

where <re?> is the rms radius of helium determined from experiments on e—He! scattering, and the
helium polarizability a=aN+2ap+2an. The value of ayy can be determined from helium photodisintegra-
tion experiments by using the expression known from dispersion relations:

d
aN:.]_j'u, (25)

2n? o?

where oE, is the total dipole absorption cross section (with meson photoproduction neglected). The in-
tegral (2515 can be evaluated by replacing o by otot. This gives ay=(70+4) -10~% c¢m®. The accuracy of
this evaluation determines the upper limit of ap. This method can be used to determine the value of ay,,
if it is more than, or of the order of, 5+107 ¢cm3. There have not yet been any experiments on photon

scattering on helium.

An indirect estimate of the neutron polarizability can be obtained from meson photoproduction data
[29, 38]: 'y+p'—*w++n, Y+n—x"+p. From dispersion relations we have [38]:
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where Ej and Mj are the partial amplitudes of pion production on the nucleon (electric and magnetic types).

It is lknown from experiments on pion photoproduction on protonsand deuterons that the ratio of the cross

section ¢ 1/or+ near the threshold is ~ 1.3 [45]. Since electric dipole pion production dominates at these

energies, it can be assumed that |[ET |2~ 1, 31E'{r+]2. Hence, taking into account the value of a., we can

obtain for the neutron a;~1.2+10~ cm’. A similar value was found in [46]. The true value of ay is

evidently close to the obtained values, There have been no experimental estimates of 8.

Neutron Scattering by Heavy Nuclei. An upper estimate of the electric polarizability of the neutron
can be obtained by investigating neutron scattering by heavy nuclei. The concept of electric polarizability
of the neutron was introduced in connection with the question of neutron scattering in [30, 31]. In the
Hamiltonian for neutron-nucleus interaction there appears an additional term of the form 1/ﬁoan2, where
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wy E is the electric field of the nucleus. In [31] the amplitude of
polarization scattering of the neutron in the Coulomb field of the
nucleus was calculated in the Born approximation:

03
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where K=(2sinf/2) /A; R is the radius of the nucleus; M is the
reduced neutron mass.

On the assumption that the energy of nuclear interaction is
independent of the spin the following expression was obtained for

1
o 20 L 50 £ KeV the differential cross section for elastic scattering of unpolarized
Fig. 10, w; as function of neutron neutrons:
energy. Curves calculated from do oy 1 o/ B\ZfZe\2 | .0 | . 29
formulas (31) and (32) with fixed do = o O+ =% (E] (7?) clg’ 5 +2Refo O (O +7(0). (29)
a=1,91-107% and indicated values
of ap. where fy(@) is the nuclear scattering amplitude. The second term

of expression (29) represents the Schwinger scattering resulting

from the interaction of the neutron magnetic moment u,=w, e/
2Mc with the Coulomb field of the nucleus. Since polarization scattering is due to long-range forces the
effects caused by them at neutron energies of the order of several megaelectron-volts must be sought at
small angles (<10°). Besides the effect due to neutron polarizability, there will also be Schwinger scat-
tering in the small-angle region, but the effect of this can be taken into account sufficiently accurately by
calculation,

The main difficulty in interpretation of the experimental data lies in the assessment of nuclear inter-
action. Since there is no appropriate rigorous theory, the consideration of the effect of nuclear interaction
necessitates model ideas of a different kind. In a first approximation nuclear scattering at angles <10° at
energies above 1 MeV can be regarded as isotropic. In fact, a neutron which has undergone interaction in
a region of radius R (radius of nucleus) has an uncertainty in momentum of Ap~ h /R, which leads to un-
certainty in the scattering angle 0: tan 0=Ap/p~fipR=1/kR., If R~10-!2 ¢m, the kinetic energy of the
neutron Ep~2 MeV, then tan 6 ~1/3 and 6 ~18°, i.e., down to angles of 20° (or less) scattering is equally
probable. In the first investigations of low-angle scattering of neutrons with energy of the order of several
megaelectron volts [47-49], the results of the experiment after correction for Schwinger scattering were
compared either with the relationship for nuclear scattering of the form ¢(8) =A+ B cos 6 [47, 48] or with
the diffraction formula [49]. In both cases the behavior of the differential cross section in the low-angle
region showed deviations from the above relationships for uranium, thorium, and plutonium. There were
no deviations in the case of lighter nuclei. If these deviations are attributed to the effect of the electric
polarizability of the neutron,the value of oy, obtained (an~10“‘° cm?) is too high, which contradicts not only
the experimental value of the proton electric polarizability, from which ay cannot differ too greatly, but
also a whole series of theoretical calculations made for nucleons [50-54].

In later experimental investigations of low-angle scattering [55-60] covering the neutron energy range
from 0,5 to 14 MeV, the results of the measurements were compared with calculations based on the op-
tical model of the nucleus. It is difficult at present to speak of any regularity in the differences between
the calculated and experimental value., Nevertheless, the purely classical optical model is not satisfactory
for small angles —the inclusion of the long-range potential improves the agreement between calculations and
experiment. Anikin came to this conclugion after a thorough analysis of the experimental data of [47-49,
55-60] by using for the computer calculations a program which included a long-range potential of the form
1/r* and which allowed a direct selection of the parameters of the optical model during calculation so that
the best agreement with the experimental data for angular scattering distributions and total cross sections
could be secured.

In [61-64] attempts were made to include effects capable of causing various kinds of anomalies in the
low-angle region, but they were not successful. The presence of uncertainty in calculations of the behavior
of the nuclear scattering cross section greatly reduces the accuracy of the upper limit for the neutron elec-
tric polarizability derived from the discussed experiments. All that one can say is that |ay|< (2-3)-10~4

cma.
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Ry Another series of experiments from which an upper estimate for apn
‘lLLs ~ can be obtained are experiments on neutron scattering by heavy nuclei in the
low-energy region (less than 100 keV) [65, 66]. If the differential scattering
cross section is put in the form

o®)=2 [1 +§‘3 o, P, (cos e)} , (30)

4n

where o is the total potential scattering cross section and the well -known ap-
proximate relationship 6; ~ (kR)2H is used for the scattering phases on the
short-range potential of the nucleus, it is easy to show that in the case of
purely nuclear interaction the coefficient wj is a linear function of the neutron
energy E. If the interference of nuclear scattering and polarization scattering
is taken into account w; will contain a term proportional to k, so that

Fig, 11, Scattering
due to polarizability
of electron-positron
cloud of charged par-
ticle in Coulomb field.

o, =aE -+ bE'/2, (31)

where

L MB/2 g o, Z?
b=—25 1072 . . 32)

3
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If the energy E in formula (81) is expressed in kiloelectron-volts. Such an analysis was performed in [65]
for scattering of neutrons with energies of 50-300 keV on uranium nuclei and led to the estimate Ianl <20~
1074 cm®, A more suitable region for investigations is the energy region below 50 keV, since in this
energy region the nonlinear variation of w; with E is much more appreciable. The authors of [66] carried
out experiments on neutron scattering in the energy region 0.6 —26 keV (time-of-flight method, pulsed
reactor). The material chosen for the scatterer was lead, which has no strong neutron resonances in the
investigated energy region. This ensures that there is no uncertainty in the analysis due to neglect of the
role of resonances. The obtained data were treated by the least-squares method in conjunction with the
data of Langsdorf et al. in [67]. This treatment led to the conclusion that with a probability of 70% the
value of @, lies in the following range (Fig, 10): —4.7:107% cm3% 0 ©6.1:10742 ¢cm3. This result is the
best direct experimental estimate of ay so far,

Polarizability of Nucleons due to Nonlinear Electrodynamic Effects. So far we have been dealing
with the polarizability of the nucleon due to the cloud of virtual pions surrounding it. The nucleon, how-
ever, is always surrounded by a cloud of virtual electron-positron pairs of radius 1‘1/2mec"-11’.)‘11 cm. This
was considered in [68]. As was reported in [68], it is possible that an appreciable role in the scattering of
nucleons on nuclei is played by sixth-order diagrams in e with a photon scattering block due to the Coulomb
field of the nucleus. The corresponding diagram is shown in Fig. 11, The total coefficient for the quadra-
tic frequency terms in this case can be written in the form [68]

oo

— Ur(&))dﬂ)
4 5 ool (33)

Lo} t

Oy =0y, + Ol
where o, and g are the contributions from mesonic and electrodynamic processes.

Because of the special nature of the angular dependence of yp scattering only the mesonic part, i.e.,
@, plays a significant role in large-angle scattering at energies of the order of 50-100 MeV. In the case
of small-angle scattering or at very low energies the effect of electron-positron pair production becomes
significant. Substituting in (33) the cross section for pair production on the proton we find that gy, =0.7+
10 cm®, Such a large value could certainly be detected in the case of proton scattering by heavy nuclei.
For a similar estimate for the neutron we need to know the cross section for e*e~ pair production on the
neutron. In [68] the cross section for e*e- pair production on the anomalous magnetic moment of the neu-
tron was calculated. The results of calculation from formula (33) give aen~10~* ¢m3, No neutron or
photon experiments have shown such a small value so far,
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Fig. 12. Scattering due to polarizability of
electron-positron cloud of proton and nucleon
in Coulomb field.

It was reported in [69] that the main contribution to a,, could be made by pair production due to the
electrically charged pion cloud, and not to the anomalous magnetic moment of the neutron. Diagrams rep-
resenting the electromagnetic interactions of nucleons by their polarizability due to the cloud of virtual
electron-positron pairs are shown in Fig, 12 for the proton and neutron. The polarizability of the electron-
positron cloud in the proton and neutron [70] has the following order:

aepwéfp(ii)(gﬂic)?:; (34)
— gt fe
G () () () 8]

where (-}Ep and éEn are the mean values of the charge form factor of the proton and neutron; g is the strong
coupling constant, Ggp for the proton is known, and the substitution of the values of the constants in [34]
gives agp ~1,5-107% cm?®, which is close to the value obtained from expression (33). The neutron charge
form factor, according to the data of [25, 71, 72], in the region of q2=(0-2)f‘2 *does not exceed 0. 03-0. 05,
Hence, the value of agp will be small and can hardly have a significant effect on neutron scattering by heavy
nuclei at the considered energies, although more accurate calculations are required for a definitive con-
clusion, since different values of q2 make a contribution to the cross section in the case of interaction of
the neutron with the Coulomb field of the nucleus. In addition, as was reported in [68], there may be a
strong energy dependence at the threshold for pair production by collision of a neutron with the nucleus.

It is possible that effects of this kind can cause the anomalous scattering of neutrons by heavy nuclei at
small angles at energies of several megaelectron-volts and have no effect in the very low-energy region.

At any rate, this question requires further investigation.

Within the frameworks of SU; andSUy, relationships between the electric and magnetic polarizabilities
of baryons and mesons [73] can be obtained. The electric polarizabilities of baryons are connected by the
relationships:

O, =0Oygp; O, =0z, Oy =0z
2VE (36)
3 uEnAa ’

Gy — 0y =1 (aA,—an) =

where ayp- is the matrix element of two-photon decay
30— A4 2y,
The baryon magnetic polarizability 8 satisfies similar relationships.

In [74] relationships between the polarizabilities of baryons and mesons were obtained on the basis
of the nonrelativistic quark model of elementary particles possessing SUg symmetry. In particular, within
the framework of this model ap=ap, Bp =1.5-10"43 em?, B, =1.2" 10~ cms.

*The momentum 1f #1013 cm~1=197 MeV /c.
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Thus, electrons and photons are mutually sup-
plementary means of investigating the electromagnetic
structure of nucleons. The form factors Gg and GM,
which characterize the distribution of charge and mag-
netic moment of the nucleon, are determined from
\ electron scattering. Polarizability —the ability of the
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meson cloud of the nucleon to undergo deformation —is

manifested in interaction with photons. There is evi-
dently a close link between the form factors and the
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200 ; s % ; ; "5 T polarizability, but this question has not been examined
' yet.
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of Hughes et al. [85, 86].

Introduction. Since the neutron has a magnetic

moment, there is a spin-dependent interaction of the
dipole moments of the neutron and electron, and also a velocity-dependent interaction of the magnetic mo-
ment of the neutron with the electric field of the moving electron. These interactions, which lead to mag-
netic scattering of slow neutrons on atoms, are investigated by the techniques of neutron optics: small-
angle scattering, diffraction, reflection, etc. [75, 76]. Spin- and velocity-independent interaction of the
neutron and electron can occur if the neutron has a spatial electromagnetic structure. In this case there
may be regions with non-zero charge density inside the neutron. Any charged particle getting "inside"
the neutron will be subjected in this case to the action of electromagnetic forces. Any other charged par-
ticle could be taken as the object of investigation in place of the electron. In the case of the proton, how-
ever, the nuclear interaction between it and the neutron is not known well enough for us to identify the small
electromagnetic contribution. For other particles, p mesons for instance, such experiments are impos-
sible owing to inadequate experimental technique.

The sought cross section for scattering of the neutron by the electron is eight orders less than the
nuclear interaction cross section. Nevertheless, this effect can be detected from the interference between
the elastic scattering of slow neutrons by the nucleus and electrons of the atom. The differential cross
section for coherent scattering of slow neutrons with wavelength A of the order of the atomic radius is de-
scribed (absorption being ignored) by the relationship

2

) (37

o0)= |a+2f (122)q,

where ais the coherent nuclear scattering amplitude; a,e is the scattering amplitude of the neutron on the
electron; f(sinf/A) is the atomic form factor for electrons, which is known from x-ray scattering [77].
Estimates show that the relative magnitude of the additional contribution to the scattering

Ao ne
5 = 2ZAf-¢ (38)

is about 1%. An effect of this magnitude can be measured. In neutron physics the ne interaction is usually
described by a constant equivalent potential V, connected with the scattering amplitude by the expression

2 MRS
i V. (39)

Qpe =
For the radius R of the potential well we take the classical electron radius e?/mc?=2.8 107" ¢m. Of
course, the potential Vg is of a purely arbitrary nature, since in this problem the classical electron radius
does not play a fundamental role.

Experimental Methods of Determining ne Interaction. Neutron-electron interaction has been investi-
gated by three methods which have now become classical. One of them [78] consists in observing the very
small asymmetry of the scattering of thermal neutrons due to the variation of f(sinf /A) with scattering
angle. In this and similar experiments the scattering of thermal neutrons with a Maxwellian velocity dis-
tribution at angles of 45° and 135° is compared. Effects due to magnetic scattering and molecular diffrac-
tion are avoided by using noble gases with filled electron shells, particularly xenon (Z=54), as scatterers.
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Table 2

Method Vo, eV Literature
Scattering on Xe

Total cross section for Pb LJES?}?;?%%%)D H;g%
Total cross section for Bi — (5300-1000) [83]
Reflection from O,-Bi mifror — (38602-370) [85, 86]
Scattering on Xe, Kr, Ar — (4100+1000) [7’9]
Measurement of amplitudes of Xe, Kr — (3900-800) 180]*
Total cross section for Bi — (4340; 140) [84]
Scattering on Xe, Kr, Ar, Ne — (3720+90 [81
Reflection from Bi mirror — (4100-100) [88]

*The authors used the data of [79].

The values f(45°) =0.78 and f(135°) =0, 52 for thermal neutrons are responsible for the asymmetry of ne
scattering, which is superimposed on the strong isotropic nuclear scattering. A correction must be in-
troduced into the measured value of the asymmetry for the different geometric parameters of the detectors
and to allow for the assymmetry due to the thermal motion of the gas atoms, which is many times greater
than the sought effect. The measurements described in [75] and subsequent more accurate experiments
[79, 80] led to a value Vy=—(3900+800) eV; the minus sign corresponds to attraction between the neutron
and electron. The main fault of experiments of such type is the large value of the correction for the effect
due to thermal motion of the gas atoms. The main contribution to the correction comes from neutrons
which have a very large wavelength in precisely that region where deviations from a Maxwellian distribu-
tion can be expected. This can lead to incorrect calculation of the correction. In the most accurate ex-
periments this correction was determined experimentally from measurements with argon or neon, for
which ne scattering is insignificant.

Accurate experiments by the method described in [75] were those carried out [81] in the Argonne
National Laboratory in 1965-1966. Xenon, krypton, and argon were used in the experiments. Neon was
used to check the calculated correction for asymmetry due to thermal motion of the gas. The magnitude of
this correction exceeded the required effect for xenon by a factor of 4, for krypton by a factor of 10, and
for argon by a factor of 18. The ne scattering amplitude was determined from the relationship

R=148nZnrez Af(1-48), (40)

478

where R=¢(45°) /o(135°) is the measured asymmetry, including a correction for "false" asymmetry; ais
the nuclear scattering length; og is the scattering cross section; 4f=<f(45°) =f(135°) > is the form factor
difference averaged over the neutron spectrum,

Ane o qEo 8naay, o
8= ™Y <f*45°)—f*(135%)) — . MkkSaTh

The value of ¢ did not exceed 0.01, The values of afor Xe and Kr were obtained by measurement of the
critical angles of total reflection of neutrons from the surfaces of liquefied gases. The value of afor Xe
was also obtained from experiments on neutron diffraction on XeFy.

The final result of the experiment was as follows:
.= (—1.34 £0.03). 10— em or V,=(—3720490)eV. (41)

The second method of investigating ne interaction was used by Havens, Rainwater, and Rabi [82, 81].
It consists in observing the variation of the total scattering cross section with neutron wavelength in the A ~
1 Aregion. The nuclear scattering amplitude is constant, whereas the form factor f(sinf/A) is responsible
for the variation of the total cross section with A. In [82, 83] the authors used liquid lead, and then liquid
bismuth, as scatterers. They measured the total cross section for liquid bismuth in the range A=0.3-1.3
A. In this wavelength range the change in the form factor due to ne interaction causes a change of 0.1 b in
the total cross section. Corrections for other effects must be introduced into the measurements. For in-
stance, the correction for interatomic interference effects is 0.2 b in this wavelength range. A correction
has to be introduced for the relative velocity due to thermal motion of the target atoms, and also for the
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effect of neutron capture in bismuth and impurities. Hence, despite the high statistical accuracy of this
method, its over-all accuracy is low. The most accurate value Vy=—(4340+140) eV was obtained by this
method in [84]; the cited error is the statistical error.

A more accurate experimental method of investigating ne interaction is the method of balancing the
nuclear scattering amplitudes by reflection from a mirror. This method was used in [85, 86]. It is known
that the refractive index of a substance for neutrons with wavelength A is given by the relationship:

n=1- EE% N, ; (42)
n ’

where Nj is the number of particles of type i per cm?® of substance; aj is the coherent (forward) scattering
length for neutrons by particles of type i. For the ne interaction case of interest to us

nt=1+ ’jl—'zN(aJFZa,,,_,)*. (43)

For accurate determination of the relative refractive index of two substances the critical angle 6, for total
reflection at their interface is measured, and

02=n2—n? (for. 0, 1), (44)

where ny and ng are the refractive indices of the two substances. For liquid oxygen and bismuth we ob-
tain from relationships (43) and (44)

N,
T g=N,, aB‘(N . ])—(NB, Zii N Ze) sy (45)

2
A Bi 4Bi

where ag and apj are the coherent scattering amplitudes for oxygen and bismuth. Nuclear scattering on
oxygen is only 2% more than on bismuth, whereas electronic scattering on bismuth, owing to its high Z, is
much greater than on oxygen. Consequently, the measured critical angle 6, is determined approximately
equally by the unbalanced nuclear scattering and ne interaction. This angle is a few minutes.

The setup of the experiment carried out by Hughes et al. [85, 86] is shown in Fig. 13. The ampli-
tudes ag and ap;j (or, more accurately, ap; and the ratio ag/apj) were determined from measurements of
the free-atom cross sections at energies of the order of 10 eV. At these energies there is no ne interac-
tion, since its form factor is practically zero. For conversion to coherent amplitudes ap; and e, it was
necessary to determine the spin-dependent incoherent scattering in bismuth. This was done by means of
separate experiments with long-wavelength neutrons, for which there is only incoherent scattering. This
led to the following value of V:

Vo= — (3860 == 370) eV. (46)

The reflection method has an advantage over the other methods, since the measured effect is largely
due to ne interaction. However, as in [82-84] the final result of the experiments [85, 86] rests on the as-
sumption that in the energy region from 10 eV to thermal energies the amplitude is independent of the

*Since we are dealing with small-angle (forward scattering the form factor f(sin 6/A) =1,
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neutron energy. Yet, as Halpern [87] reported, at energies of the order of 10 eV inelastic scattering can
occur on bismuth and on oxygen. If this is so the values of ag and ap; will differ from the values used by
Hughes and the final results of the experiment would be altered accordingly. It is also essential to ensure
that there is no effect due to resonances in this energy region. Nevertheless, the closeness of the results
obtained by the three different experimental methods indicates that they are probably close to the true
values.

Recently Koester et al. in Munich [88] made very accurate measurements of the coherent scattering
amplitude for bismuth on a gravitational neutron refractometer [89] and found apj=(8.5234+0,0014)+10~13
cm. This amplitude was compared with scattering cross section data at neutron energy 5.2 eV, which led
to the value

Vo= —(4100 & 100) . (47)

Table 2 gives the results of measurements of ne interaction during the period from 1947 through
1968.

Theoretical Analysis of ne Interaction. The experimentally obtained value of V¢ was explained by
Foldy [90-93]. Foldy showed that in addition to the effect due to the existence of a cloud of charged virtual
particles around the neutron there must be a magnetic effect, which is to be expected simply on the basis
that the free neutron satisfies the Dirac equation and has an anomalous magnetic moment. A free Dirac
particle does not move along a straight line, but "dances" with the velocity of light around a point which
moves uniformly with velocity ». The "dance" of the particle covers a region of radius fi/mc. In the case
of an electron, for instance, with charge e this movement is equivalent to a small loop with a current and
in the presence of a magnetic field the electron behaves as if it had a normal magnetic moment of efi/2me.
We can also expect effects due to the fact that the motion of the charge is not the same as that expected for
a point particle, but resembles the motion of a charge distributed over a finite volume. This effect leads
to a further shift of the S-electron levels in the hydrogen atom and is provided for in the Dirac theory by
the term proposed by Darwin [94]. Thus, the "vibration" of a point electron leads to an apparent finite
extension of its charge distribution and to a normal magnetic moment.

If the particle has an internal electromagnetic structure the apparent spatial extension of the charge
is made up of the internal extension and the additional "smearing" due to the vibration. If we are to obtain
information about the internal structure of the neutron from experimental ne-interaction data we have to
separate the contribution made by vibration.

The scattering amplitude of a Dirac particle on a weak, slowly varying, purely electrostatic potential
@ (r)was obtained by Foldy [93] from the generalized Dirac equation [91, 95, 96]:

lik 4 Me i w 1 a4 dA
Wt g Y [En?ulil"ﬂu+7 Hn PPy D"( B )]\p=0, (48)
n=20

ax,, axu

where g, is the total charge of the Dirac particle; igis the anomalous magnetic dipole moment of the Dirac
particle in the form introduced by Pauli [97].

The remaining terms in these series are the higher radial moments of the internal charge distribution
and the current due to the particle. In particular, the term with coefficient £; represents the radial exten-
sion of the internal charge distribution, while the coefficient &, is connected with the rms electric radius
by:

& ~%j"r2p (R dr=—cr2>, (49)

The term with py is due to the radial extension of the magnetic moment of the particle.

Thus, in the first Born approximation the scattering amplitude will have the form [93]

M

a(k)=—

where hk isthe momentum transfer in scattering.
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In the case of small momentum transfers there is only the term with n=0, which gives the electro-
static scattering on a point charge g4:

ap (k) = ——é‘%je‘ K (r)dr (51)
and n=1;
M h 1 no\2 4 R
ﬂl(k):-—.m[sl—f— i o5 (i) @[ e vowoar. (52)

In the case of the neutron £y=0,and a;(k) is entirely responsible for the observed ne interaction. For
the required ne scattering amplitude we obtain (k—0)

2Me ¢ i
Qpe= — ) (£1+ ‘M;c PO)' (53)

In this expression the term containing €, is due to the radial extension of the-charge distribution in the
neutron. The term with p, is the magnetic contribution and is due to the vibration of a particle having an
anomalous magnetic moment p.

As was related in [98], Weisskopf gave a simple semiqualitative interpretation of the effect. The
trajectory of the moving neutron is a spiral along which it moves with the velocity of light ¢ so that the
transport velocity is equal to the velocity ¥. When the neutron is at a distance R =< %i/Mc from the electron,
magnetic spin-orbit interaction between the electron current and the magnetic moment of the neutron will
occur. A calculation of this interaction shows that it agrees, aside from the factor 3/4, with Foldy's re-
sult,

By using (39) we can obtain from (53)

Vo8¢ (%) (sat gy Ho) =Vae, +Van, (54)

Substitution of the numerical values gives Vnu0=~4080 eV.

A comparigon of this value with the experimental data of Table 2 shows that the majority of measure-
ments, apart from those of [81, 84], which strongly contradict one another, agree within the limits of error
with the value of Vi, . Thus, the determination of the contribution of Vi, or, in other words, the measure-
ment of <r?>,, will necessitate an increase in the accuracy of the measurements. It would be even
better, however, to use some new, more sensitive technique. All that we can say at present about the
value of <r2>1/? ig that it is small and evidently does not exceed 0.1°10 8 ¢em,* Tt is of interest to note
that if the neutron has the same < r§)>l.1 as the proton, then, as the calculations of [99] show, for Voal we
would obtain a value of Vg ~16,000 eV.

The amplitude a,, (or the equivalent potential Vi) can be expressed in terms of the neutron electric
form factor Ggp,. Differentiating expression (21) with respect to ¢* and using (19) we obtain

aGE" we <r¢’2>n ki
( dg? )q‘—ﬂﬁ 6 +w-4Mzcg ! (55)
Taking (49) into account and comparing (55) and (54) we obtain
3
IGGE,I) Zﬂ( ez)' 66
\Tog Jomo ™ 3er \ mee
3G,

Thus, by investigating ne interaction we can obtain the value of ‘\

i ) The main contribution
g2=0 o

9q
' 0G _
to (-afi_”)q’ _, is due to the magnetic term, equal to wh/4M%?=0,0210f%. The contribution of the term con-

taining <r2 >, is still obscure.

Investigation of ne Interaction from Neutron Diffraction by a Tungsten Crystal. As already men-
tioned, if any conclusions regarding the contribution of the term containing &; to the ne scattering amplitude

*The corresponding value for the proton is ~ 0.8 +10~1% em [99].
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are to be made, the accuracy of the measurements will have to be increased from 10% to 1 —2%. Measure-
ments made to an accuracy of 3% by various methods [81, 84, 88], however, lead to results which differ
from one another by more than four errors and give values of €; which differ even in sign.

The main defect of these methods is the very small value of the observed effect in comparison with
the strong neutron-nucleus interaction, Hence, there is always the risk of some unconsidered nuclear
effect affecting the results. For instance, in the case of measurements with bismuth a change of only
1/1000 in the nuclear cross section of bismuth between 0 and 10 eV leads to a 10% change in the measured
ne interaction amplitude. In measurements of a half per cent effect to an accuracy of better than 3% on
noble gases one must be absolutely sure that there are no other effects (e.g., p resonances, admixtures of
light gases, etc.) which cause false asymmetry. In view of this it is of interest to find a new method of
investigating ne interaction in which the measured effect is greater. Since the relative contribution to the
scattering cross section from ne interaction is Ag/o~ ZAf ape/ay, the measurements should be made on a
heavy nucleus with small ay.

It was reported in [100] that owing to the interference of potential and resonance scattering the isotope
18w must have an anomalously small nuclear scattering amplitude in the region of neutron thermal ener-
gies. It was suggested that ape should be determined from an investigation of neutron diffraction in a mix-
ture enriched with this isotope. Since tungsten metal is a paramagnetic [76], magnetic scattering should
not make any contribution to the diffraction peaks [75, 76]. In [101] the single-crystal neutron diffraction
technique was used to determine the energy dependence (in the range 0.008-0.13 eV) of the nuclear scat-
tering amplitude of a mixture containing 90,7% ¥W, In the analysis of the results of these measurements
the authors had to take into account ne scattering, the contribution of which to the total amplitude was about
20%.

DMeasurements of the intensities of the Bragg reflections of monochromatic neutrons with wavelength
1.15 A from a single crystal containing 90.7% 18w« have been made. The intensity of each reflection is

(58] = o (252, e o (23

—EIVhM

2
] y?ctg? 9] Apy ° (57)

hhl sin 20pn; |

where k is a constant for all the measured reflections; ap is the nuclear scattering amplitude; Apk; is
the absorption factor determined by calculation; e—2W is the Debye-Waller factor, which takes into account
the thermal vibrations of the atoms in the lattice; W=B (sinf /A)%, where B=const for all the measured
reflections; Oy is the glancing angle; and lastly, the term containing y2cot? 0,where v=1 /2x,(—1i/Mc)
(Ze? /fic), represents the Schwinger scattering,

The intensities of eight reflections [(110), (200), (220), (310), (400), (330), (420), and (510)] were
determined experimentally. The values of the Debye~-Waller factor were determined from a calculation
based on [102, 103]. The analysis of the phonon spectrum of tungsten made in these investigations led to
a value B=0.147 A%, which corresponds to the Debye temperature 8=355°K, Since the contribution of
Schwinger scattering to (57) does not exceed 3% it can be neglected in a first approximation. Then the
quantity

(Hsin ot )12 st 12 (0, 4 2y
hki

will depend linearly on Zf. In Fig. 14 this relationship is illustrated by one of the series of measurements.
Figure 14 shows that aN and ape have the same sign, This agrees with the results of measurements of [10],

which showed that an is negative for this isotopic mixture. The observed scattering asymmetry is due to
ne interaction and is

R_1=(“N+‘f(130)zane)2 ~.019
(OntiGi0 22,0

i.e., almost 40 times greater than the corresponding effect in the case of Xe.

*This work was carried out by Yu. A. Aleksandrov, A, M. Balagurov, T. A. Machekhina, G. S. Samosvat,
L. N. Sedlakova (JINR), and N V, Rannev and L, E. Fykin (Physicochemical Institute).
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A least-squares treatment of equations of the type (57) for the eight measured reflections gave the
value of the ratio apg/ay. Specially conducted experiments with W powders (with natural and investigated
isotope mixtures) gave the total scattering amplitude for the (110) reflection. These experiments were
carried out on two different apparatuses with two sets of specimens prepared by different methods and gave

similar results. The value of ape is determined by comparing the total amplitude for the (110) reflection
with the ratio ape/ay.

The obtained value of aye differed excessively from the results of previous measurements. Hence,
attempts were made to find the reason for this large discrepancy. In particular, the authors carried out
experiments in which the dimensions of the neutron beam reflected from the crystal were measured and
their variation from reflection to reflection was determined. The dimensions of the beam were much less
than the angular opening of the detector and the variation with Bragg angle was insignificant. Since the
crystal of enriched tungsten was grown from a natural seed the natural tungsten might have diffused into the
enriched tungsten and led to variation of a over the height of the crystal. This hypothesis was tested by
measuring the intensities of the reflections from the upper and lower halves of the investigated specimen
(the specimen was oriented along the direction of growth of the crystal). No differences between the slopes
of the straight lines (see Fig., 14), which determine the ratio ane/ay, were found. Nevertheless, it is in-
tended to carry out a further analysis of the isotopic composition of the erystal used. The results of the
measurements might also have been affected by effects associated with magnetic scattering of neutrons,
effects which were absent in previous experiments. These effects are now being assessed.

It is possible that B was incorrectly determined: this would have a significant effect on the final re-
sult. In particular, the value ap,==1.45-10"% cm (V;=4080 eV) could be obtained from the measurements
if B is taken as 0.26 1"&"’(6?1)%B 270°K). In view of this, direct experimental determination of B for W is ex-
tremely desirable.

The effect of magnetic scattering was investigated in experiments aimed at detecting ordered mag-
netic moments in W atoms. Such experiments were undertaken earlier and consisted in a search for the
(100) reflection from powdered samples of natural W [104]. These measurements indicated that uy<0.3
4B, where up is the Bohr magneton. Similar measurements made on a single crystal of a mixture en-
riched with "W (90.7%) at room temperature gave uy < 0.004 up.
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