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The connection between the neutron mean squared intrinsic charge radius (ré’in) ~ and the
neutron—electron scattering length a,, measured in low-energy neutron physics is discussed.
Special attention is paid to the validity of the Foldy formula giving this connection. It is

shown that there are two different ways of deriving the Foldy formula. A table is presented of
the experimental data obtained during the period 1947-1997 which allow the
determination of a,, . These data spht into two groups. One group leads to (rE >0, and the
other (including the Dubna data) to (rE iyn<0. The sources of possible systematic errors

in the experiments are discussed. In particular, the effect of resonance nuclear scattering on the
measured value of a,, is studied. The experimental results on the measurement of a,, in
low-energy neutron physics are compared with the theory. It is shown that if the data leading to
(rk £.i)N>0 are correct, then the modern theoretical ideas about the structure of the neutron
(mcludmg the well developed Cloudy Bag Model) must be fundamentally changed. © 71999
American Institute of Physics. [S1063-7796(99)00201-6]

INTRODUCTION

Studies of the neutron intrinsic charge radius (rg ;)y”
associated with the neutron—electron scattering length (inter-
action) a,, have been carried out at low neutron energies
since the mid-1960s at the I. M. Frank Neutron Physics
Laboratory of the JINR. Such studies are at present the only
reliable method of determining the value and sign of the
intrinsic radius of the electric-charge distribution in the neu-
tron, a fundamental characteristic which serves as an impor-
tant and reliable test of the modern theoretical ideas about
the neutron. The present accuracy of measurements in neu-
tron physics (in contrast to high-energy electron scattering)
allows conclusions to be drawn about the contribution to a,,
of a given radius. The author hopes that the present review
will help to eliminate the doubts which sometimes arise in
interpretations of the measurement results.

In Sec. 1 of this review we show that the relativistic
vibration of particles subject to the Dirac equation is an un-
avoidable consequence of the Dirac theory. We study the
approach proposed by Foldy to describing the electromag-
netic structure of the neutron and the Foldy formula relating
the experimentally measured neutron—electron scattering
length a,,, to the neutron mean squared intrinsic charge ra-
dius (’%,in)N .

In Sec. 2 we study the scattering of particles with inter-
nal structure, introduce the concept of form factors, and dis-
cuss their main properties, including their clear interpretation
in the Breit coordinate frame, which at low energies coin-
cides with the coordinate frame of a nucleon at rest.

In Sec. 3 we show that the Foldy formula can also be
obtained by using the concept of form factors and the Sachs
definition of the charge form factor of the nucleon. We con-
clude that the Foldy formula is valid and can be used for
comparing experiment and theory.

Section 4 is devoted to experimental methods of
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studying the ne interaction. We review their history, begin-
ning with the early studies of Fermi and Marshall in the
1940s. It is noted that two values of the neutron—electron
scattering length were already known from neutron experi-
ments by the end of the 1960s. One of these used with the
Foldy formula gives a positive sign of (rE w~» while the
other gives a negative sign. The value (rE x>0 contra-
dicted the theoretical static model of the neutron popular at
that time. Then we study the method, proposed at the JINR
Neutron Physics Laboratory (NPL), of measuring a,, by
means of neutron diffraction on a tungsten-186 single crys-
tal. When this method is used, the measured ne effect be-
comes about 15 times stronger, and, as a result, a value
(rt )n<O was obtained in the NPL experiments. We de-
scribe the transmission experiments mainly performed using
a lead-208 sample by the Koester group (Garching, Ger-
many) in collaboration with the NPL, by the Vienna—Oak
Ridge group, and by physmlsts at the NPL. The results of the
first two groups led to (r% ;) N>0 while the Dubna experi-
ments still prefer a value (rz ;)y<0. We present a table
giving the values of a,, measured during the period 1947—
1997.

In Sec. 5 we discuss the sources of possible systematic
errors in the experiments mentioned above. One important
source might be the effect of small-angle neutron scattering
in transmission experiments for large distances between the
sample and the detector.

Section 6 is devoted to the inclusion of the effect of
inter-resonance interference on transmission experiments. It
is pointed out that the effect of resonance scattering on the
value found for a,, can be neglected when a sample of 2%°Pb
or another even—even nucleus is used in the experiments. It
is shown that in this case the results of the Koester group
must lead to a value (r Einn<O.

Finally, in Section 7 we compare the experimental re-
sults with the theoretical predictions and show that the mod-
ern theoretical ideas about the nucleon contradict the results
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of the experiments leading to a positive sign of (r,zg,in) N-

1. ZITTERBEWEGUNG

The relativistic Zitterbewegung of Dirac particles, i.e.,
particles with half-integer spin, sometimes called fermions,
follows from the Dirac theory.! Actually, in the theory of
velocity projection of, for example, a free electron or an
electron in an electromagnetic field, the projection on the
coordinate axes always has eigenvalues equal to the speed of
light £c.

It would seem that measurement of the electron velocity
projections must also always give = c¢. However, experimen-
tally observed electrons usually have velocity less than c,
and it might appear that there is a contradiction between
theory and experiment. In fact, the theoretical velocity is the
velocity at a particular instant of time, while the observed
velocities are always averaged over some finite time interval.

Further theoretical study shows that the velocity projec-
tion on a coordinate axis consists of two parts: a constant
part ¢2p;H™! and an oscillating part %icﬁa? exp(—2iHtlh),
the frequency of which is w=2H/#=2mc*/#. Here H is
the relativistic Hamiltonian operator, p; is the particle mo-
mentum, and a? is given by alza(l) exp(—2iHt/h), where
a,, is the Dirac matrix. The constant part leads to the experi-
mentally observed particle velocity v, while the part of the
velocity oscillating with frequency of order 2mc?/% cannot
be observed directly, because measurement gives the veloc-
ity averaged over a time interval significantly larger than the
oscillation period 2/ w=mwh/(mc*)~4Xx10"sec. It is
the oscillating part which makes the instantaneous theoretical
velocity equal to *=c.

The Zitterbewegung of a point Dirac particle with elec-
tric charge e (for example, an electron) causes the particle in
the presence of an external magnetic field to behave as
though it had a normal magnetic moment efi/2mc (in the
case of a Dirac electron this is the Bohr magneton). This
moment arises from the purely pointlike nature of the charge
e and its vibration in a region of order #A/mc~4
x 10" em.

Another experimental phenomenon associated with the
Zitterbewegung of a point charge e is, for example, the shift
of the energy levels of the s electron in the hydrogen atom.
The motion of a point charge resembles the motion of a
charge distributed over a finite volume. In the Dirac theory
this effect is described by the term proposed by Darwin in
1928.

It should be noted that in a recently published study2 itis
again stressed that Zitterbewegung is an ineluctable conse-
quence of the Dirac theory.

An interesting type of interaction can exist between the
neutron and the electron. It arises as a consequence of the
meson theory of nuclear forces. Owing to the virtual disso-
ciation of a neutron into a proton and a #~ meson, the neu-
tron is surrounded by a meson cloud of size of order #/m .c,
and an electric field can be expected to be present in the
immediate vicinity of the neutron. When a neutron ap-
proaches an electron at fairly short distances, electrostatic
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interaction forces must arise between them. These forces will
affect the neutron—electron scattering length a,,,, .

Therefore, if a particle has an internal electromagnetic
structure, the experimentally measured intrinsic charge and
current density distribution will consist of an intrinsic part
and an additional effect associated with the Zitterbewegung.
Since it is the former which is of greatest interest, it is nec-
essary to be able to separate these contributions.

More than 45 years ago, Feshbach showed? that in the
scattering of electrons of energy of the order of several tens
of MeV by a nucleus (more precisely, for gR<€1, where
q =2k sin 8/2 is the wave number of the recoil and R is the
nuclear radius), the only measurable parameter indicating the
nuclear size is the rms nuclear radius.

In the case of the scattering of very slow neutrons by
atoms, a similar problem was apparently first solved by
Fried,* and then later in more detail by Foldy® in the 1950s.
Foldy showed that the experimentally measured interaction
between the neutron and the electron, in particular, the
neutron—electron scattering length a,,, , consists of two parts:
a magnetic term containing the neutron anomalous magnetic
moment, which can be calculated theoretically on the basis
of the Zitterbewegung phenomenon, and an intrinsic term,
which arises from the spatial distribution of the neutron elec-
tric charge due to the virtual dissociation of the neutron into
a proton and a 7~ meson.

The problem of neutron scattering on a weak, slowly
varying, purely electrostatic potential ¢(r) was solved by
Foldy on the basis of the following generalized Dirac equa-
tion:

(B\I' MC‘P 1 i -
Yo YR Y T R | B Ye U A
- .om{ 2Ae_ 24, =0 (1)
2 HmYuYv ox, dx, ’

where the electromagnetic field is described by the four-
dimensional vector potential A, (x)=A((r,0);i@(r,1)), x
=(r,it), 7Y,, are the Dirac matrices, D=A—(1/cz)
X (3% dt?) is the d’ Alembertian, and the coefficients &, and
M, characterize the intrinsic electromagnetic structure of the
neutron. In particular, g is the total electric charge of the
neutron and g is the neutron anomalous magnetic moment.
The other terms (m=1,2,3,...) describe the higher radial
moments of the intrinsic electric charge distribution of the
particle.

For m=0, Eq. (1) reduces to the Dirac equation with
electromagnetic potentials, the last two terms of which have
the form

—pnebl(2Mc)(oH)—iu,eh/(2Mc)(aE). (2

The first term, containing H, is the interaction energy of the
neutron magnetic moment u,efi/2M ¢ and the magnetic field
H and gives the magnetic interaction. The second term,
called the Foldy interaction, arises from the Zitterbewegung
of the neutron having magnetic moment u,e#i/2Mc.

In the first Born approximation, Eq. (1) can be used to
calculate the neutron—electron scattering length. At small
momentum transfers only the terms with m=0 and m=1 are
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important, and in the first Born approximation the amplitudes
of ne scattering found from (1) have the form

Me,
fo()= = 3% [ expl(~ ikr) ey, ®
M ) 1{ & \?
N)= o5 | o1t g ot 5\ 3arc ) o
X exp(— ikr)V2e(r)dr. 4)

Since for the neutron £y=0 and uy=pu,efil2Mc, for
k—0 the neutron—electron scattering length will take the
form

a,,=2Mel(£%)[e,+ ppe(hl2Mc)?]. 5)

In this equation &; describes the radial extent of the distri-
bution of intrinsic electric charge in the neutron. The term
containing w, is the Foldy contribution due to the Zitter-
bewegung of a particle with anomalous magnetic moment
Mo -
Weisskopf proposed an elegant derivation of Eq. (5) tak-
ing into account the neutron anomalous magnetic moment
(see, for example, Ref. 6). The assumption that the neutron
obeys the Dirac equation leads to the relativistic Zitter-
bewegung of a moving neutron. The neutron trajectory is a
helix whose radius is of the order of the neutron Compton
wavelength R=#%/Mc. The neutron moves along the helix at
the speed of light. The pitch of the helix is such that the
translational motion of the neutron is characterized by the
velocity v observed experimentally. If the neutron is located
at a distance of order R from an electron (i.e., from a point
charge), there is a magnetic spin—orbit interaction between
the electron current and the neutron magnetic moment. This
is the Foldy interaction, whose contribution to the scattering
length is equal to the second term of (5).

The Foldy analysis is fundamentally phenomenological.
The quantities £ and w are introduced as coefficients whose
values can be obtained only from experiment.

If e is the particle charge, we can introduce the various
moments of the distribution of this charge:

X,,=j r2"p(r)dV=47'rJ. r2"*2p(r)dr, (6)

where p(r) is a spherically symmetric charge density [in the
case of a uniformly smeared charge, p=e/($mR>)=const,
where R is the particle radius] and dV=4mr’dr is the vol-
ume element.

The total charge of the system (n=0) is e=[p(r)dV
=47 fr’p(r)dr (for the neutron, e=0). In the Foldy study
€, is related to the second radial moment (n=1) of the
intrinsic electric charge distribution or to the mean squared
intrinsic charge radius (r ;.):

&£1~(1/6) f r’pu(r)dV=(e/6)rE ), )

where pj(r) is the intrinsic electric charge density. Foldy
writes that following &; in (7), ‘‘we employ a correspon-
dence symbol rather than an equal sign here, since there is
some ambiguity in relating the relativistic coefficients to the
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physical extension of a static charge distribution. The indi-
cated correspondence is perhaps the most reasonable one.”’

Using the equal sign in (7), from (5) we find for the
neutron

(r% In=3hY(Me?)(a,,—ar) ®)

where ap=p,e2Mc*=—1.468X 1073F is the scattering
length corresponding to the Foldy interaction. Equation (8)
can also be obtained by a different method, without using
(7), but instead using the concept of form factors.

2. FORM FACTORS

It is well known that the structure of the ground state of
an atom is usually understood to be the spatial distribution of
the electrons in it and is described by the ground-state wave
function. The electric charge density in the ground state, for
example, of the hydrogen atom, at the point x is ep(x),
where p(x) is the probability density of finding the electron
at the point x.

In the case of nuclei, the electric charge distribution will
no longer be identical to the nuclear mass distribution. More-
over, an additional difficulty arises in the case of an isolated
nucleon. When a particle scatters on it, the nucleon under-
goes a strong recoil, and it is practically impossible to cal-
culate the electric charge distribution in the nucleon from the
scattering data. Therefore, the structure of the nucleon and
also of nuclei is described using form factors.

If the incident particle of charge ze and kinetic energy E
and the target particle of charge Ze are spinless and do not
possess structure (i.e., they are point particles), and the target
particle does not undergo recoil, then in the Born approxi-
mation, where it is assumed that the incident and scattered
particles can be described by plane waves (for Zze2/hc<1),
the nonrelativistic Rutherford expression gives the effective
scattering differential cross section:

(do1dQ)gun=1222%€*/(16E? sin* 612). 9)

If the target particle is not a point particle but has a
spherically symmetric spatial density distribution, it can be
shown that the expression for the effective scattering differ-
ential cross section is’

doldQ=(doldQ)glF(g?)|?, (10)

where F(g?) is the form factor and g is the squared four-
momentum transfer. Here g¢°= (pf—pl-)2 = (pf,—p,-e)z,
where p;, ps, pi., and py, are the initial and final four-
momenta of the proton and electron. The spatial components
of the four-momentum coincide with the particle momentum
p, and the time component is iE/c, where E is the particle
energy.

In 1950 Rosenbluth obtained® a well known expression
describing the differential cross section for the elastic scat-
tering of an electron on a spin-1/2 particle of finite size, mass
M, electric charge e, and anomalous magnetic moment i, :

daldQ=(daldQ){(F*— (g2Mc)*[2(F;

+ pgF)*tan®(p/2) + uyFal}, (11)
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where (do/d()), is the differential cross section for electron
elastic scattering on a point charge [since the particles have
nonzero spin, (da/dQ)o# (do/dQ)g,s), Fi(g?) is the
Dirac form factor describing the spatial charge distribution
and the associated normal magnetic moment, F,(g2) is the
Pauli form factor associated with the spatial distribution of
the anomalous magnetic moment, and g2 is the squared four-
momentum transfer. The functions F; and F, have a clear
physical interpretation.

Later, in 1962 Sachs’ derived linear combinations of the
form factors F, and F, convenient for working with experi-
mental data. These are the charge form factor

Ge(q*)=F1(q*)+ px(qhil2Mc)’F5(q%) (12)
and the magnetic form factor
Gu(q*)=F1(q®) + pxF,(q?). (13)

Since (12) and (13) are linear combinations of F; and F,, it
is impossible to show which set is more fundamental, F; or
G;. However, the Rosenbluth expression is written more
simply in terms of the G; than the F;, as in the former there
is no cross term involving G and Gy, like F | F, [see (11)].
Moreover, the combination of form factors F;, and F, is
chosen so that the complete electric and magnetic parts are
separated. Therefore, G and G, describe the distribution of
the total charge and the total magnetic moment. The experi-
mental data for Ggy(g?) of the neutron obtained from
electron—deuteron scattering are shown in Fig. 1, taken from
Ref. 10. We see that Gy is close to zero.

Although to describe observed phenomena it is sufficient
to introduce the form factors as phenomenological functions
of the squared momentum transfer, it is useful for purely
illustrative purposes to have a clear interpretation of them.
This is possible in the Breit coordinate frame, which corre-
sponds to the requirement that the spatial components of the
four-vector p;+ p; be zero. In this frame the three-momenta
of the initial and final protons are equal in magnitude and
opposite in direction, and the corresponding energies are the
same. In the Breit frame the form factor G is interpreted as
the Fourier transform of the spatial distribution of the electric
charge density

p()=e/2m)* [ GelgPers(~iar)da (14)

or

Ge(gd)= l/ej p(r)exp(iqr)dr. (15)

Here we can speak of the spatial image of the neutron, i.e.,
its electromagnetic structure. If G(g?%)=const, it follows
from (14) that p(r)~ed&(r), where 8(r) is the delta func-
tion. The g? dependence of G characterizes the deviation of
the charge distribution from a point distribution. However,
p(r) is not a function specified in a fixed coordinate system.
Each value of g corresponds to a particular reference frame,
and so the spatial structure of the nucleon specified by (14)
and (15) is, in general, rather complicated. It becomes a well
defined charge distribution only in the nonrelativistic case of
small momentum transfers (%2g2<M?2c?), when the change
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of energy of the nucleon at rest can be neglected. In this case
the Breit system coincides with the coordinate system of a
nucleon at rest, and the form factor G has a clear interpre-
tation as the Fourier transform of the spatial distribution of
the total electric charge density. Since the total charge of a
particle is Q=fp(r)dr, from (14) we find that
0 =eGg(0). For the proton Ggp(0)=1 and F,p(0)=1, and
for the neutron Ggp(0)=0 and F,x(0)=0. If the particle
has no charge, this only implies that Gz(0)=0. Such a par-
ticle can emit virtual photons and possesses a charge distri-
bution. A particle is truly neutral when the form factors are
zero for all g2

In the limiting case of low energies (small momentum
transfers) Eq. (15) can be expanded in a series in powers of
q>. Normahzmg p(r) by the condition [p(r)4mridr=e,
we obtain Gg(g?)=1—¥r2)g*+ ..., and the particle size
is characterized by the mean squared radius of the total elec-
tric charge distribution:

(rgy=1/(e) j p(r)4mridr=6(dGgldg®) 2-o  (16)
or
(rE)=6(dF, /dg?) p—o+3/2u(hIMc)?. a7

The second term in (17) is a consequence of the Zitter-
bewegung of a particle with anomalous magnetic moment
and obeying the Dirac equation (the Foldy term). The first
term in (17) arises because the nucleon has internal structure
and is related to the behavior of the Dirac form factor as a
function of g2. Using (ri'in)N to denote the mean squared
electric radius associated with the internal structure of the
nucleon, also called the Dirac radius, we can write

(rEidn=6(dF/dg)2_,. (18)

From (17) and (18) it follows that the total mean squared
electric radius of the particle is

By =(re) +(rd), (19)
where (r2)=3u,(h/Mc)? is the Foldy term. For the proton
(rE)p=0.1189 F?, and for the neutron (r2)y= —0.1268 F2.

We note that the sign of the mean squared electric radius
of a neutral (uncharged) particle can in principle be either
positive or negative. In the absence of the Foldy term (for
example, in static models of the nucleon, when M —c; see
below), for the neutron the sign of (rg)=(r% ) is deter-
mined by the sign of the charge located at the periphery.
Since that charge is a 7~ meson, the sign of (r,zg) must be
negative.

Using (16)—(18), and (8), we find that

(dGgldg®) 2_o=1441a,,, (20)

where a,, is in F. Therefore, the study of ne scattermg gives
information about the derivative (dGg/dg? )q2=0- Analo-
gous information on (dGg/dq*),2-o (and also on (rg ;)
can also be obtained from electron—deuteron scattering ex-
periments (see Fig. 1), but the experimental errors make this
insufficiently accurate.

It is someumes convenient to deal with the isoscalar Gs
and isovector G}, combinations of Gg:
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FIG. 1. Experimental dependence of the neutron charge form factor on q%.
Experiments on elastic ed scattering.

Gg=Gi+1,G), (21)

where 7,=1 for the proton and 7,=—1 for the neutron.
Then from (21) for the neutron we find

Gev=Gg—Gp, (22)
while for the proton

Ggp=G3+Gy. (23)
Since Gy is close to zero (see Fig. 1), we have

G3~Gy. (24)

3. THE FOLDY FORMULA

Let us now derive (8) without using Eq. (7), about which
doubts have recently been expressed (see, for example, Ref.
11). Equation (7) relates the sign of the equality between the
parameter €, introduced by Foldy and the mean squared
charge radius of the neutron. We use Egs. (17) and (18),
about which there is apparently no doubt at low energies.

We assume that the mass of the colliding particle (elec-
tron) is much smaller than the nucleon mass and that the
nucleon is at rest before and after the collision. We also
assume that the nucleon electric charge density is spherically
symmetric. Then the potential energy of the interaction be-
tween the electron and the nucleon at the point » where the
electron is located will involve contributions from all parts of
the nucleon:

p(rll)dvﬂ

U(r)z_ezf Irn_rl ’ (25)

where |r”—r| is the distance from the point 7" where the
charge p(r")dV is located to the observation point r.

Substituting U(r) into the expression for the Born ap-
proximation of the scattering amplitude,

f(¢)=—M/(2wﬁ2)f U(r)exp(ikr)dV, (26)

where K=k|ny—n|, ng is the unit vector in the direction of
the incident beam, and n is the unit vector in the direction of
r, so that K=2k sin ¢/2, we find the electron—neutron scat-
tering length a,,, :
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a,le=Me2/(2frrﬁ2)f exp(iKr)dV

X f p(r"I(|r"=r|)dV". @27

Performing the calculations (see, for example, Refs. 5 and
12), we obtain

a,,e=87rM(e/ﬁk)2J sinKr/(Kr)p(r)ridr, (28)

or for small Kr, since (r,zg)=47r/(e)fp(r)r4dr is equal to
the sum of two terms [see (17) and (18)], while for the neu-
tron 44rf p(r)ridr=0,

ane=2Mel(B)[e/(6)(rE wn+ mne(Bil(2Mc))?],
(29)

from which Eq. (8) follows directly. Comparing (5) and (29),
we see that £, = %e(r%,in) ~» i.e., we have an equality and not
a proportionality. This conclusion essentially follows from
the Sachs definition of the charge form factor G [see (12)].
Therefore, Eq. (7) introduced by Foldy and taken with the
equality is valid and can be used to compare experiment and
theory.

We also note that information on (’%,m)N can be ob-
tained if the experimental dependence Gen(g?) is known
(for example, from experiments on electron—nucleon scatter-
ing). However, the measurement errors existing at present do
not permit this for the case of the neutron (see Fig. 1).

4. EXPERIMENTAL METHODS OF STUDYING THE ne
INTERACTION

The first attempts to observe ne scattering were made in
1932, but more accurate measurements of a,,, begun by
Fermi, were made only in the mid-1940s and later. They are
largely based on either observation of the asymmetry of the
scattering of thermal neutrons by atoms, or study of the en-
ergy dependence of the total cross section for neutron inter-
actions with atoms at energies of eV. Using Eq. (8), the
magnitude and sign of (7% )y can be obtained from the
measured value of a,,, . However, since a,, and ap are quan-
tities of the same order of magnitude, very precise measure-
ments are needed to find (r% ;)y. Such measurements are
possible by studying the interaction of low-energy neutrons
with heavy atoms. The differential cross section for the co-
herent scattering of slow neutrons with wavelength of the
order of the atomic size by atoms is given by

a(8)=|a+Zf(sin 6/\)a,,|% (30)

where a is the coherent nuclear scattering length, 8= ¢/2, ¢
is the scattering angle, and f(sin &/\) is the atomic form fac-
tor. Estimates show that the ratio of the second term to the
first is about 1% for heavy atoms, and so a,, can be mea-
sured.

There are two old methods of studying the ne interac-
tion. One of them,!? first used by Fermi and Marshall in
1947, is based on the observation of the very small asymme-
try of thermal-neutron scattering due to the 6 dependence of
f. Thermal neutrons have a wavelength of about 2 A, which
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is at least 10* times larger than the nuclear size. Conse-
quently, thermal neutrons must undergo spherically symmet-
ric scattering by nuclei in the c.m. frame. Deviations from
the scattering symmetry can arise from not only the ne in-
teraction, but also, for example, from the interaction of the
magnetic field produced by the electron currents inside the
atom with the neutron magnetic moment. Effects of this type
can be avoided by using atoms whose shells are all filled.
There may also be other factors leading to asymmetry of the
scattering: the interference of waves scattered by different
atoms, thermal oscillations of the atoms, and so on. In the
study by Fermi and Marshall and in other similar experi-
ments, the scattering of thermal neutrons having a Maxwell
velocity distribution was observed at the angles ¢ =45° and
135°. In order to avoid the effects of magnetic scattering and
molecular diffraction, monatomic noble gases with filled
electron shells, in particular, xenon (Z=54), were used as
the scatterer. The difference between f(45°)=0.78 and
f(135°)=0.52 specifies the asymmetry of the ne scattering
manifested in the background of the strong isotropic nuclear
scattering. The measured value of the asymmetry must be
corrected for the difference in the geometrical parameters of
the detectors, and the asymmetry due to the thermal motion
of the gas atoms, which is several times greater than the
measured effect, must be taken into account. In the first ap-
proximation, no magnetic scattering is expected in neutron
scattering for atoms with filled electron shells. In the second
approximation the effect of the interaction of the neutron
magnetic moment with the currents arising in virtual excited
states of the noble-gas atom should be seen. This type of
effect was studied by Fermi and Marshall, who showed that
it makes up a very small fraction of the principal ne inter-
action.

The effect of Schwinger scattering was also studied. Es-
timates showed that it is also negligible, because Schwinger
scattering is associated with spin and practically does not
interfere with nuclear scattering if the neutrons are unpolar-
ized. The main defect of the experiments is the need to in-
troduce a large correction for the effect due to the thermal
motion of the gas atoms. The main contribution to this cor-
rection comes from neutrons having large wavelength right
in the region where deviations from the Maxwell distribution
can be expected. This can lead to incorrect calculation of the
correction. In the most accurate experiments the correction
was determined experimentally on the basis of measurements
using argon and neon, for which ne scattering is insignifi-
cant. ‘

It should be borne in mind that even in experiments with
monatomic gases, it is possible to have a small scattering
asymmetry associated with the interference of waves scat-
tered by different atoms of the gas. This was pointed out by
Akhiezer and Pomeranchuk.'* The interference arises from
correlations between the relative locations of the atoms, be-
cause the distance between the centers of two neighboring
atoms cannot be smaller than twice the atomic radius. The
calculations showed that the ratio of the intensities of neu-
trons scattered at angles ¢, and ¢, is given by
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_ 1+47(2R)nf(¢,)
T 1+47Q2R)nf(@,)’

where f(¢)=cos g/77—sin @17, p=(8 wR/N)sin(@/2), R is
the atomic radius, and n is the gas density. Calculations us-
ing (31) showed that when the gas is at atmospheric pressure,
the interference correction is only 3.5% of the measured
ne-interaction effect.

Krohn and Ringo'® performed precision measurements
using the Fermi—Marshall method at Argonne in 1965-1973.
The measurements were made for xenon, krypton, and argon,
and neon was used to check the correctness of the calculation
for the scattering asymmetry due to the thermal motion of
the gas. The value of this correction exceeded the desired
effect by a factor of 4 for xenon, 10 for krypton, and 18 for
argon. In second order in a,,/a from (30) we find

3D

€

R=1+8m(aa,, /o )ZAf(1+96), (32)

where R=o(¢;)/o(p,) is the measured scattering asymme-
try taking into account corrections; a=Z2Za;n;; a; is the
nuclear scattering length of the jth nuclide; n; is the concen-
tration of the jth nuclide in the isotopic mixture; o is the
scattering cross section; Af={f(6;)—f(6,)) is the differ-
ence of the atomic form factors averaged over the neutron
spectrum; ¢;=26,=45°; ¢,=26,=135°; and

ap. 8maa

5: 2aAf<f2(01)—f2(02)>—

ne
n (f(62)).  (33)
The scattering lengths a for xenon and krypton were
determined by measuring the critical angles of total neutron
reflection from the surface of the liquified gases; in addition,
the value of a for xenon was obtained from experiments on
neutron diffraction on XeF,. The scattering cross sections of
the noble gases were measured in special experiments using
the cross section for scattering on neon as the standard. Spe-
cial measures were taken to purify the gases from admix-
tures, particularly of light gases, since even small admixtures
can strongly distort the experimental results. The measure-
ments were carried out at various pressures of the scattering
gas. No changes in the scattering asymmetry were observed
within the error as the pressure varied from 0.4 to 1.2 atm.
As a result, after the introduction of the correction for
Schwinger scattering it was found that

a,,=(—1.33+0.03)x1073F. (34)

Reasons for possible additional systematic errors might be
the following.

(1) A very small observable scattering asymmetry in the
background of the strong symmetric nuclear scattering (in
Ref. 15 this was only 0.5% and was measured with an error
of £2.5%).

(2) Spurious effects which are not completely elimi-
nated, for example, effects due to the presence of unknown
neutron p-wave resonances (with width of order 10~ %eV),
admixtures of light gases, and so on.

(3) The large introduced correction for the scattering
asymmetry due to the thermal motion of the gas (for xenon
this is four times larger than the studied effect).
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As an example, let us estimate the scattering asymmetry
of thermal neutrons due to the possible presence of a weak
p-wave resonance in xenon near neutron energies of order
0.1 eV. The scattering amplitude due to this p resonance in
the region of thermal energies where potential p scattering is
unimportant has the form!® -

. 3I',(E~Ey)
Ip= 2k[(E—Eq)>+T/4]

where ', =T"%(kR)2E'”. The value of 'Y can be estimated
from the expected value of the p-wave strength function of
xenon, FS/D%2>< 107* (Ref. 17). This value leads to
I,~1.42X10"%eV and fp=~4.1X 10"*F, which in turn al-
lows the false forward—backward scattering asymmetry to be
estimated as [(bontfp oS @1)/(beont fp COS e)P-1=2
X10™*. The corresponding quantity due to ne scattering is
60X 10_4, and the error quoted in Ref. 15 in the determina-
tion of a,, must be at least doubled. In reality, the situation
may be much more serious, because I'Y can exceed the value
that we quote by several times. We note that a resonance
with a neutron width even of order 10™7 eV could not really
have been observed in the total cross section up to the
present time in the usual experiments using the transmission
method. Special searches for weak p-wave resonances show
that resonances with neutron widths of 1077 eV are found
only for sample thickness = 10?3 nuclei/cm?, which is attain-
able for gaseous xenon in samples ~1 m long at a pressure
of order 50 atm.

The second method was first used by Havens, Rabi, and
Reinwater.'® It consists of observing the dependence of the
total scattering cross section on the neutron wavelength near
A=1A (E~0.08eV). The nuclear scattering length must
remain constant, while the atomic form factor is what causes
the total cross section to vary as a function of \. Liquid lead
and bismuth were used as the scatterers. The total cross sec-
tion was measured in the range A =0.3— 1.3 A. In this range
of wavelengths the change of the total cross section due to
the ne interaction is 0.1 b. Corrections for other effects must
be introduced. For example, the correction for interatomic
interference amounts to 0.2 b in this wavelength range. It is
also necessary to introduce a correction for the relative ve-
locity due to the thermal motion of the target atoms, and also
to take into account the effect of neutron capture in the ma-
terial studied and on impurities. It was later shown!® that
corrections for the aggregate state of the matter at neutron
energies below 1 eV can be introduced, as a rule, only with
large uncertainties. Therefore, despite the high statistical ac-
curacy of the method, the overall accuracy is apparently not
very good. The most accurate value obtained by this method
at neutron energies below 1 eV,

a,,=(—1.56+0.05)x1073F, (36)

was found by Melkonian er al.?’ in 1959.

Therefore, already by the end of the 1960s two values of
the scattering length a,, were known from experiments. By
that time the Foldy formula (8) relating the re effect to the
neutron intrinsic charge radius was also known. According to
this formula, the first value of a,, [see (34)] gives (r,zz-'in)N
>0, while the second [see (36)] gives <"§,in)1v<0- By the

cos ¢, (35)
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same time Chew and Low had formulated the ideas of
Yukawa mathematically, and had obtained a satisfactory
quantitative interpretation of the experiments on 7-meson
photoproduction®? and also on low-energy (E<<Mc?
=0.95GeV) scattering.?? The proton and neutron magnetic
moments had also been calculated approximately.”** In the
Chew-Low theory the nucleon is treated as an extended
source of the virtual meson field. The virtual process n—p
+ o~ gave a negative tail, i.e., an external pion cloud of the
neutron electric charge distribution, with a characteristic size
fi/lmc=14F. The nucleon was assumed to be infinitely
heavy, so that in the first approximation the recoil in virtual
processes could be neglected. A static model of this type
must lead to a negative value of the neutron squared intrinsic
charge radius. Therefore, the value a,,=-—1.33(3)
X1073F (34) contradicted theory, while the value
a,.,=—1.56(5)X 107* F (36) agreed with it. At that time the
intrinsic structure of the nucleon was not really understood,
and the nucleon properties could not be calculated. Only 20
years later did the quark representation of the nucleon clear
up the situation: the nucleon is a bag containing three quarks.

The third experimental method of studying the ne inter-
action was the method of cancellation of the nuclear scatter-
ing lengths in neutron reflection from a mirror. This was the
method used by Hughes et al.”® It is well known that the
index of refraction of matter for neutrons of wavelength \ is
related to the coherent scattering length as (in the absence of
magnetic scattering of neutrons)

n2=1—()x2/17)2 a;N;, (37

where N; is the number of particles of type j in 1 cm? of
matter, and a; is the coherent scattering length for neutron
scattering by particles of type j. For the precision determi-
nation of the index of refraction of two materials, one mea-

sures the critical angle ¢, of total reflection at the boundary:
pa=ni—ny (for o, <1), (38)

where n, and np are the indices of refraction of the two
materials.

For the liquid oxygen and bismuth used in Ref. 25, Eqgs.
(37) and (38) give

Noao_l)
Ngiag;

NpiZp;i 1)
NoZo

[since we are dealing with small-angle (forward) scattering,
the atomic form factor is unity] We have the ratio
Noag/Ngjag;=1.024, while Ny Zg;/NoZy~7. Therefore,
the measured value of the critical angle ¢ is roughly
equally determined by the uncancelled nuclear scattering and
the ne interaction. This angle amounts to several minutes.
The scattering lengths ag and ag; (or, more precisely, ag;
and the ratio ag/ag;) were determined experimentally by
measuring the scattering cross section of free atoms at a neu-
tron energy of order 10 eV. The ne interaction is not mani-
fested at this energy, because the form factor is practically

(W/)\Z)‘Pcz:r=NBiaBi(

- NOZOane( (39)
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zero. To change over to the coherent scattering lengths ag
and agp; it is necessary to determine the cross section for the
incoherent scattering of bismuth. This was done by addi-
tional experiments using long-wavelength neutrons, where
only incoherent scattering occurs.

The critical angle measured experimentally? turned out
to be 3.66 angular minutes. As a result, it was found that

a,,=(—139+0.13)x107*F. (40)

The mirror-reflection method has the advantage over
other methods that the measured effect is to a large degree
determined by the ne interaction itself. However, the final
result of the Hughes experiment is based on the assumption
that at energies ranging from 10 eV to the thermal length, the
scattering unrelated to the ne interaction does not change.
However, as pointed out by Halpern,?® at energies of order
10 eV significant inelastic scattering can occur on bismuth
and oxygen atoms. If this is so, then the values of ag and agp;
will differ from the values used in Ref. 25, which accord-
ingly changes the final experimental results. There is also the
problem of ensuring that there is no resonance effect in this
energy range.

Since the desired ne effect amounts to only about 1% in
the most accurate experiments, it would be very interesting
to find a method in which the measured effect is more sig-
nificant, as in the Hughes experiments. In the earlier studies
there is always the danger of some unforeseen effect influ-
encing the results. For example, when the method of mea-
suring the total cross section for liquid lead or bismuth at
energies from O to 10 eV is used, a change of the nuclear
scattering cross section by only 0.1% leads to a 10% change
in the desired ne scattering amplitude.

It follows from (30) that the relative value of the addi-
tional contribution to the scattering cross section is given by
Aco,,/c=2ZAfa,,/a. In the experiments based on the
Fermi—Marshall method, Af was only 0.26. Since the form
factor is a function of the ratio sin /A, to increase Af it is
necessary to perform measurements at smaller A, while re-
maining at angles of less than 45°, or to perform a time-of-
flight experiment for fixed angle 6 in a wide range of A.
Moreover and even more important, it is necessary to find a
nucleus with a very small value of the nuclear scattering
length suitable for the measurements. Accordingly, searches
for a heavy nucleus with small nuclear scattering length were
undertaken at the JINR Neutron Physics Laboratory in
1965-1966. Such a nucleus was found, first theoretically and
then experimentally. It turned out to be tungsten-186, whose
nuclear scattering length for neutrons of energy ranging from
zero to several eV is small (roughly ten times smaller than
for naturally occurring tungsten), owing to the interference
of potential and resonance scattering. It has the form?’

(41)

r E
a=R- AL, (l+—

sin 0)
2koE, |\ T Eg :

+aner(T

where T', is the neutron width of the first resonance
(Eo=18.83¢eV) of W R takes into account potential scat-
tering, the contribution of impurities, and also the insignifi-
cant contribution from other tungsten resonances; and B is
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the content of the W isotope in the mixture. The results of
the search were first presented?’ at the Seminar on Electro-
magnetic Interactions in Nuclear Reactions in 1966 at
Dubna, and were then later published in Ref. 28. In Ref. 27
it was suggested that a single crystal of %W be used to
measure the ne interaction by studying neutron diffraction in
this crystal. In this way it was possible to increase the mea-
sured ne effect up to a few tens of percent. By varying the
186W concentration in the mixture, it is possible to change
the absolute value and sign of the scattering length.

Precision measurements of the neutron scattering length
in scattering by a mixture of tungsten isotopes containing
90.7% %W were performed in a beam of cold neutrons (A
~15A) using the method of Christiansen filters.” The
Christiansen filter, a vertical cavity between glass plates
which is filled with a powder of the material under study,
was placed in a well collimated neutron beam (the spread in
the horizontal plane was less than 2—3"). The thickness of
the cavity in the beam direction is several millimeters, and
the cavity is wide enough to completely overlap the beam.
The space between the powder grains is alternately filled
with different liquids with known neutron index of refrac-
tion. Several meters behind the filter on the beam axis is a
detector of width such that it can record neutrons scattered
by the filter at angles of up to ~0.5° in the horizontal plane.
The measurements consisted of observing the intensity of the
small-angle scattering of the neutrons by the filter at several
values of the liquid index of refraction (for example, for
different mixtures of heavy [Na920=(63.39910.005)
X10°cm™?] and light [Nayo=(~5.61%0.03)X10’cm™?]
water). The spread of the beam due to small-angle scattering
is proportional to A/aq, where ay is the powder grain size. In
principle, small-angle scattering should be completely absent
when the liquid index of refraction n; is equal to the powder
index of refraction np, and appears when this condition is
violated. In some range of n; the scattering intensity is
~(np—ny)?=[(Na).—(Na)p]?>. To record only scattered
neutrons, a cadmium absorber was placed in front of the
detector. It completely covers the incident beam and does not
interfere with neutrons scattered at small angles. The absence
of small-angle scattering implies that (Na); =(Na)p, which
gives the unknown value of ap. These measurements gave>’
a=(—0.466=0.006) F for the coherent scattering length of
the tungsten powder (90.7% '86W).

The neutronography experiments were carried out using
two single-crystal spheres of diameter 5 mm composed of
two different isotope mixtures. One contained 90.7% %W
(a=—0.466F), and the other (a= +0.267 F) was prepared
from the first mixture with the addition of 14% natural tung-
sten. The principal measurements’’ were performed in
1968—9 and 1973 at setups at the stationary reactor of a
branch of the Karpov Physico—Chemical Institute. Crystal
monochromators were used to extract neutrons of wave-
length A=1.17 A. The monochromator of one of the setups
was a copper crystal with mosaic angle ~40’. A (331) re-
flection was used. The grazing angle of the monochromator
was 6y=45°, and the aperature angle of the first collimator
was ao=30'. The admixture of neutrons with wavelength



Phys. Part. Nucl. 30 (1), January-February 1999

N\/2 was less than 5%, AN/A~=2%. After reflection from the
monochromator, the beam passed through a steel collimator
with aperature angle @;=40" and fell upon the studied
single crystal. The mosaic angle of the single crystal was
about 40’. The neutrons diffracted by the single crystal were
recorded by a proportional counter filled with *He at a pres-
sure of 10 atm. The counter was located at a distance of 40
cm from the sample and had a collimation window of area
20X 30mm?2. All the measurements were performed using
the 6—2 6 technique. The detector aperature and the dimen-
sions of the collimation system were chosen so that the total
integrated intensity could be measured at all reflections. The
degree to which this was satisfied was monitored. For this,
the dimensions of the beam reflected from the crystal were
determined for forward and backward reflections. These di-
mensions proved to be significantly smaller than the angular
aperature of the detector in both the horizontal and the ver-
tical directions. Possible shifting of the reflected beam with
respect to the detector window as the sample and detector
were moved was also studied experimentally. It was found
that such shifts were less than a few millimeters, and so no
part of the reflected beam could miss the detector window.
The correctness of the measurements of the total integrated
intensities of the reflections was confirmed by the agreement
between the angular dependence of these intensities and the
results of analogous measurements made using a second
setup with the following parameters: a Pb monochromator
for (110) reflection, A=1.1454, Ou=11°, ap=2.5°, a;
=~30', and also at the diffractometer of the Leningrad
Nuclear Physics Institute. These setups differed greatly in
their parameters, but the results of the measurements com-
pletely coincided.

The integrated intensities I,y of eight reflections were
measured at fixed wavelength: (110), (200), (220), (310),
(400), (330), (420), and (510). Since tungsten is paramag-
netic, it was expected that magnetic scattering would not
contribute to the Bragg reflections, and the integrated inten-
sity of the diffraction peak should be*!

exp[ —2B(sin 6/\)?]
sin2 6 ’

Iinkty=C(a+Zfape)*A (niry (42)
where C is a constant, A ;) is the absorption factor, exp
[—2B(sin #/\)?] is the Debye—Waller factor taking into ac-
count the thermal vibrations of the atoms, and 6 is the Bragg
angle. The absorption factor was calculated, and it changed
by no more than 4% in going from (110) to (510) reflection.
Since the data on the value of B for tungsten available in the
literature are very contradictory, attempts were made to cal-
culate this factor and also to determine it experimentally.
The calculations were performed using information about the
specific heat of tungsten and its phonon spectrum. They gave
B=0.162A? and B=0.167 A? (Ref. 32). The measurements
of B were performed using the same monochromator as for
the neutronograms of the !8W single-crystal spheres. The
technique consisted of analyzing the angular dependence of
the integrated intensity of the diffraction peaks appearing in
the scattering of neutrons on compressed powder of naturally
occurring tungsten. These measurements, performed
at T=293K, gave B=0.19+0.02A2 In addition, the
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FIG. 2. Experimental dependence of the neutron coherent scattering lengths
on Zf for two different isotope mixtures of tungsten.

integrated intensities of the diffraction peaks were measured
at the temperatures 7=293 and 80 K by the time-of-flight
method at the pulsed IBR-30 reactor at the JINR. The mea-
surements using compressed powder of naturally occurring
tungsten gave B=0.17+0.02 A2, and those with a cylindri-
cal single crystal of 136W gave B=0.15+0.01 A2. The value
B=0.17A? was then used for processing the measurement
results.
It follows from (42) that the Zf dependence

sin 2 @ exp[2B(sin 6/\)*]\ 12
(R ApyC

=a+Zfa,, (43)

must be linear, and the slope of the line is a,, . However, the
experimental data® indicated that it is impossible to describe
these data for two different tungsten isotope mixtures by a
single value of a,, (see Fig. 2). The values of a,, differ by
roughly a factor of two. More detailed study shows that this
description of the results by a linear function is completely
unsatisfactory ()2~ 65). Possible reasons for this were stud-
ied, in particular, the effects of extinction and diffuse thermal
scattering (DTS). The extinction effect can be neglected, ow-
ing to the small scattering cross section, because the known
criterion for a thin crystal®® in our case is exceeded by 250
times. Calculations showed that the DTS contribution to the
diffraction peaks is less than 1.5%. In addition, it is known
that the DTS contribution is proportional to the sample tem-
perature and inversely proportional to A3, If the DTS effect
were significant, it would be seen in experiments to deter-
mine the Debye—Waller factor at various temperatures, and
also in comparing the results of measurements at different
setups.

After looking for simple reasons for the discrepancy be-
tween theory and experiment, Alexandrov and Ignatovich
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hypothesized®* that additional scattering is present which
contributes to the Bragg peaks. This would arise from neu-
tron scattering on regions of the tungsten sample which have
ordered magnetic moments. This hypothesis was later con-
firmed experimentally in other experiments performed at the
NPL in collaboration with the Leningrad Nuclear Physics
Institute (Gatchina) and the Nuclear Physics Institute (Rez,
Prague) [small-angle neutron scattering on '86W samples
with neutron depolarization,*® neutron depolarization in dif-
fraction on 8W (Ref. 36)]. An activation analysis showed
that the tungsten sample contains a tiny admixture of cobalt.
Magnetic clusters containing a large number (hundreds) of
tungsten atoms form around the cobalt atoms. Therefore, the
NPL studies revealed the possible existence in tungsten of a
heterophase state, i.e., a state simultaneously possessing the
symmetry properties of two phases, the paramagnetic and the
ferromagnetic. Although the study of heterophase states has
now become an important area in physics (see, for example,
Refs. 37-39), for the workers at NPL it represented a tech-
nical problem which took several years to solve. Similar ef-
fects have also been observed by other resc:archvars,“o_42 for
example, in palladium containing cobalt or iron impurities,
in paramagnetic iron, and in several other compounds. We
note that the presence of magnetic impurities is not essential
for the formation of a heterophase state. The heterophase
fluctuations existing in a very wide temperature range play
an important role.>”

Taking into account the formation of magnetic clusters,
Eq. (42) takes a form describing combined nuclear and fer-
romagnetic scattering:>!3

exp[ — 2B(sin 6/\)?]

sin2 6 ’
(44)

Liy=Cl(a+Zfan)*+p*A muy

where p?= %f,zwalzw, and f), and a,, are the magnetic form
factor and scattering length.
The NPL studies found the following value of a,,,, tak-

ing into account magnetic cluster formation:3135

a,,=(—1.60+0.05)x 1073 F. (45)

The dependence of the coherent scattering lengths for the
two tungsten isotope mixtures obtained by including the p?
term in (44) is shown in Fig. 3. Since even for '3W the ratio
p*l(a+Zfa,,)? is only of order 10-20%, it is practically
impossible to observe the effect of p? in experiments using
naturally occurring tungsten.

The experiments discussed below to determine a,, can
be analyzed by two methods. Both are based on measure-
ments of the energy dependence o (E) at energies from 1
eV and higher, up to several keV, and, as a rule, on measure-
ments of the neutron coherent scattering lengths at low en-
ergies (\ of the order of a few A). To determine the value of
a,, by the first method, the energy dependence of o, is
analyzed, including all the unknown parameters: the nuclear
radius, resonance scattering, the ne interaction, and so on.
The same technique has been applied to the data of Refs.
43-45 and others. One of the most important and difficult-
to-determine corrections in these experiments is that from
resonance scattering. It is difficult to take this into account
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FIG. 3. Experimental dependence of the neutron coherent scattering lengths
on Zf for two different isotope mixtures of tungsten, obtained after includ-
ing the p? contribution.

because there is no complete information about the reso-
nance parameters, particularly for negative neutron energies.

The second method, which was developed and first ap-
plied at Dubna,* is to use an expression dealing with differ-
ences of measured quantities [see Eq. (53) below]. This ex-
pression does not involve the nuclear radius, and the effect of
resonance scattering is considerably weaker than in the first
method. As we shall show below, for even—even nuclei (for
example, 28Pb), resonance scattering has practically no ef-
fect on the results for a,, .

In 1976-1995, in order to study ne scattering and also
the electric polarizability of the neutron, Koester et al
(Garching, Germany) and collaborators at the JINR NPL
(Refs. 43, 44, 47-49) measured the neutron coherent scatter-
ing lengths on lead, bismuth, and the isotope 2%®Pb in a neu-
tron gravity refractometer (see, for example, Ref. 10) and
also by the method of small-angle neutron scattering using
Christiansen filters. The resulting data were compared with
the data on the neutron total cross sections on the same ma-
terials at neutron energies corresponding to resonances of
rhodium (1.26 eV), silver (5.19 eV), tungsten (18.8 eV), and
cobalt (132 eV). The measurements were performed using a
continuously operating resonance detector composed of ro-
tating disks made of resonance-absorber foil. The upper part
of a disk was activated in the neutron beam, and the activity
in the diametrically opposite part was recorded by B
counters. This device ensured high statistical accuracy of the
measurements. Measurements were later performed at two
more energies: 1.97 and 143 keV. Neutrons of these energies
were obtained by the technique of double resonance scatter-
ing and neutron beam filters (see, for example, Ref. 47). The
results of measuring o, for the neutron energy 143 keV are
given in Ref. 50. In the same study it is pointed out that at
this energy there is apparently an additional contribution
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from resonance scattering which was neglected in analyzing
the experimental results. In order to go from the total cross
sections to the cross sections for elastic scattering and ex-
trapolate them to thermal energies, it is necessary to intro-
duce corrections into the measurement results for elastic in-
coherent scattering, effects related to the aggregate state of
the matter, Schwinger scattering, and the energy dependence

of the scattering due to resonances. Analysis of the results
gave43,44,47—49

a,,=(-132%0.03)x10*F. (46)

However, in the opinion of the present author, the value
(46) is not certain. The reason is that the energy dependence
of the scattering from the contribution to the total cross sec-
tion from unknown resonances and resonances with negative
energy was taken into account by the Garching group in Ref.
44 and in part in the summary study49 on the basis of knowl-
edge of the average s-wave scattering parameters:17 the
strength function s0=F2/D0, equal, for example, for bis-
muth, to 0.65=0.15 (Ref. 17), and the average level spacing
(Do)=4.5+0.6keV (also for bismuth'’). It is easy to make
an error here, because a resonance (or several resonances) at
E;<0, for example, can lie at a distance |Eo;|<{Dy) from
the point E=0. Moreover, the errors in the known values of
5o and (D) are quite large (up to 23% for bismuth).

The result found at the NPL in 1985 appears more real-
istic. It was obtained by measuring the total cross section for
bismuth by the time-of-flight method in the energy range
1-130 eV using the beam of the IBR-30 pulsed reactor.*®
The possibility of a combined description of nuclear and ne
scattering and scattering due to the electric polarizability of
the neutron at these energies was also considered in the NPL
studies (Refs. 10, 46, 51, and 52). The formalism'® often
applied to the problem of particle scattering on a sum of
short- and long-range potentials was used. The total ampli-
tude f, for neutron scattering on an atom can be expressed in
terms of the phase shifts for nuclear scattering 6y, ne scat-
tering 7;, and polarization scattering &;:

1
f'=ﬁ2, (21+1){S, exp[2i( 7+ £;)]— 1} P (cos @),
47

where S, is the nuclear scattering matrix, AE;=E—E;, E; is
the energy of the ith resonance, and I',;; and I'; are the neu-
tron and total width of the ith resonance. As a first approxi-
mation, we can take the nuclear scattering matrix to be the
usual one:

il .
S;= 1—21‘ A—m exp(2idy). (48)

At low energies, when only s-wave scattering is impor-
tant for the nucleus, (47) can be reduced to the form

1 1
fz'_—ﬁ(so“1)eXP[2i(770+€o)]+ EE (21+1)sin( 7,
i 7

+&)exp[i(7,+&;)]P)(cos ¢). (49)
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Let us first consider the case of potential scattering (ne-
glecting resonances). Using the first Born approximation to
determine the ne and polarization scattering, we find

1
fi= 55 Lexp(2i8y) ~ 1]expl2i(20+ 70)] +£al9)

+Zf(sin ¢/\)a,, , (50)

where  f(sing/A) is the atomic form factor,
go=Ma,(Zelh)*(k/IR—wk*/3)+ ... (Ref. 10) is the phase
shift of the polarization scattering, a,, is the electric polariz-
ability of the neutron, and 7= 73ka,.JJf(sin @/N)sin @de
(Ref. 10) is the phase shift of ne scattering. It follows from
(50) that

Re f,=sin & cos[ 8o+ 2( 19+ £9) Vk+ fr( )

+Zf(sin ¢/N)a,,= — begAl(A+1), (51)
Im £,(0) =sin & sin[ 8o+ 2( 70+ £0) V k=Ko /(477).
(52)

These expressions contain the unknown quantities &y, a,,,
and a,, which can be found by substituting into (51) and
(52) the experimental values of by, and oy, obtained at
several energies.

Taking into account resonances, Egs. (51) and (52) be-
come

1 1
Ref,=z sin 8y cos[ §p+2( 7o+ €)1 — 5 cos 2(8pt 7m0

n 2 gl AE; 1'26+
80)'m '2'5111(0 o

14

+eg) D Lnil/2 8o/k
e 2 RErrim)| =%

1

1 gF,”'AEi

T2k 4 (AEX+TZ4) BL)

1
Im f,(0)/ k=0 J4T= yas { sin &g sin[ 8o+ 2( 70+ £0)]

1.25+ +eg)S gl AE;
7 5in2(80F Mot 80) 2 TRET Ty

1

= cos 2o+ Z—T——z—gr'z‘
708 2(M0* £0) & (RET T 77a)

11

PRI, S L i)
5082000 & (RETs |

(52)

From these we find the expression used to analyze the ex-
perimental data obtained in Ref. 46:

y=0o(E')4m— b2 Al(A+1)=a?, (Z—F)?
—2a,,b.pA(Z— F)I(A+1)—f*+2a,,fF
+2137k' Rfb b AI(A+1) — (2, —3)[benA/(A+1)
+a,,(Z—F)+ wk' RfI3]+(21)%/4— 3,32+ 3,/4
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+oams(E')/(47), (53)

where f=(Ma, /R)(Ze/f)? is the scattering amplitude due
to the electric polarizability of the neutron;
F=(Z/2)[§f(sin 6/\)sin 640 is the atomic form factor inte-
grated over angles; E and E' are the neutron energies at
which b, and o, are measured; Ou(E')
=(w/k'H2 gl T 7,/(AE'2+ iI'h] is the absorp-
tion cross section; E;, I',;, and I ; are the energy and the

neutron and vy widths of the ith resonance;
EI:Ei[giFniAEi/k(AEiz+%F%)]a
3=3 g, AE//k'(AE>+iT(%)], (54)

3,=3 gl k' (AE]+ 4T} ?)].

The value y=~0.015-0.020 b/sr was found for bismuth.
For E<E; and I';< AE; the terms containing resonances
can be written as expansions in E/E;, and we find*

o k,Uabs(E’)
pP1= 7T<Fy> (55)
and
1 L i
pr=72 —n-—-(Ei - ) (56)

(neglecting the inter-resonance interference contribution
Ao int/ 41 ) )

The contribution to y from the p; term can be deter-
mined by substituting the numerical values of o, (E) and
(T",) from the literature (see, for example, Ref. 17) into (55).
Then, for example, for bismuth, we have the product
P1ben=5.12X10"*b/sr at a neutron energy of 10 eV. The
contribution to y from the p, term, which includes the reso-
nance contribution and also inter-resonance interference, is
estimated to be a few percent for bismuth. Howeyver, it can-
not be determined exactly, owing to the lack of information
about levels with negative energy. Its value should be varied,
as was done in Ref. 46, and then chosen so as to obtain the
best description of the experimental data (see below for the
analytic determination of p,+ Ao, /477).

The measurements of Ref. 46 were performed using a
60-meter flight path with both melted and solid samples of
bismuth of thickness 18 mm. The background level mea-
sured by placing rhodium, silver, and tungsten disks in the
beam (resonance energies 1.26, 5.19, and 18.83 eV) was low
(0.3-0.4% at energies 1-6 eV and less than 1.5% at around
20 eV). The detector was a counter filled with *He gas at a
pressure of 8 atm. The correction for the dead time was
found by passing the neutrons through lead plates of various
thicknesses. It was less than 1.5%. The distance between the
detector and the sample (about 2 m) excluded the possibility
of any effect of small-angle neutron scattering on the energy
behavior of o, (see below for a discussion of this effect).
The energy dependence of the total cross section for neutrons
interacting with bismuth obtained in Ref. 46 is shown in Fig.
4. First, the experimental data for energies from 1 to 20 eV
were corrected for Schwinger scattering and the aggregate
state of the sample. For bismuth these corrections were less
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FIG. 4. Dependence of o, (b) on the neutron energy E (eV): @ are the
NPL data,* and O and X are the Garching data.***>3

than 0.8% of the total cross section. In the same figure we
give the values of o, (E) measured at the Garching labora-
tory (Munich).*3** They were used to determine the abso-
lute values of o, found in Ref. 46. The inter-resonance in-
terference term was found using the corresponding scattering
matrices (see below). For the known resonances of bismuth
it was Aoy, =0.108X 10" ?*cm? at neutron energy 10 eV,
which is about 90 times smaller than the total cross section
for bismuth. In the case of bismuth, at energies below 50 eV
it can be considered practically independent of the neutron
energy. Therefore, the addition to the p, term [see Eq. (56)]
of the extra contribution Ao, cannot change the result for
a,. found in Ref. 46, although, of course, it does change the
analytic expression for p,. In Ref. 46 the p, term was as-
sumed to be unknown and was varied to obtain the best
description of the experimental data by (53). The experimen-
tal data were analyzed by the least-squares method. The
value of the p, term was found to be —0.0023 b/sr. The data
of the Garching group“"m’53 were analyzed separately using
this value of p,. The results are given in Table I

Therefore, the analysis of the Garching results using the

value of p, found in Ref. 46 increases the absolute value of

M given in Table I by about a factor of 1.2 and gives
(r £.in)v<0. The data obtained on a,,e agree with those of the
Dubna diffraction measurements>! performed using single
crystals of tungsten.

Yet another result for the neutron—electron scattering
length was obtained in 1994—1995 at the JINR NPL.>* The
total neutron cross section was measured for a lead sample
containing 98.3% of the isotope 2°*Pb and of purity 99.98%.
The sample was a metal cylinder of diameter 15 mm and
thickness 20.8 mm. The diameter of the neutron beam was
11 mm at the sample surface. The measurements were per-

TABLE L.
Garching Dubna
data“'“'” data‘“’

Qg (—1.57+0.10)X10>F (—1.55x0.11)X10°3F
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formed on the 70-meter flight path of the IBR-30 booster
using the time-of-flight method. The neutron detector was a
cylinder of length 20 cm filled with *He gas at a pressure of
10 atm. The detector was located 1 m from the sample, and
thus the possible effect of small-angle scattering on the en-
ergy behavior of the lead cross section was eliminated for
neutron energies ranging from 1 eV to 24 keV (see below).
The background in the measured total cross section for lead
at a neutron energy of 100 eV was determined using
“‘black’ Cd, Ag, W, and Co filters. The second neutron en-
ergy range from 3 to 8 keV was isolated using not only the
time-of-flight method, but also a 4-cm filter of Na,CO; (**Na
has a resonance at 2.85 keV) and a 10-cm filter of ®*Ni with
cross section strongly varying from 0.01 to 200 b for neutron
energies in the range from 4 to 12 keV. Finally, the third
range near 24 keV was separated by using, in addition, filters
of iron (24 cm) and aluminum (10 or 20 cm).

One of the essential corrections introduced by the au-
thors in determining the absolute value of o, was the cor-
rection for the dead time of the electronics (including the
detector). The error in o, when this correction was intro-
duced reached a value Ao,,~=*7 mb. However, since a,,
depends mainly on the energy behavior of the curve oy (E),
the value of Ao, from introducing the correction for the
dead time cannot strongly affect the value found for a,, .
The scattering cross section o, was obtained from o, after
subtracting the capture cross section, the contribution of
solid-state effects, and the cross section for Schwinger scat-
tering. Finally, the cross section for neutron potential scatter-
ing by lead-208, Uggf , was determined from o.. The con-
tribution of the other isotopes and s-wave resonance effects
of the 2%Pb nuclide was included.

Taking 0'12,2?= (47/k*)sin® &, where 8y=—k(R
+a,.ZF+a,Q) is the total scattering phase shift, R' =R,
—hE, k includes the contribution of unknown resonances of
208pp, a, is the scattering amplitude due to the electric po-
larizability of the neutron, Q=1—(5#/18)kRy+ ..., and F
is the atomic form factor integrated over angles, the param-
eters Ry, h, a,,, and a, were fit. The resulting value of a,,
was

a,,=(—1.67x0.16)X1073F, (57)

with a value of x? roughly half that for a,,=—132
X1073F. However, the NPL measurements>™* did not
achieve good enough accuracy to permit definite conclusions
about a,, to be drawn.

Among the recent experiments, mention should be made
of the joint Austrian—American studies carried out in 1992—
1995 at Oak Ridge using the pulsed neutron source
ORELA.** The experiments were largely based on the ap-
proach taken in earlier measurements.?’ However, a number
of important improvements were made. They are the follow-
ing. The use of the time-of-flight method allowed a consid-
erably more accurate determination of the neutron energy
than in Ref. 20, where a crystal spectrometer was used (en-
ergies 0.1, 0.28, 1.0, and 4 eV). The admixture of neutrons of
other energies from higher reflection orders present in Ref.
20 was thus eliminated. When performing measurements us-
ing the time-of-flight method there was no need to change
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the experimental geometry. It remained the same for all in-
cident neutron beam energies, whereas in Ref. 20 it was nec-
essary to change the scattering angle of the crystal spectrom-
eter. Owing to the increased sample thickness, the sensitivity
of the later study to the measured ne effect was higher than
in the earlier experiment:20 the change of the sample trans-
mission due to the ne interaction was ~3% as the neutron
energy varied from 0.1 to 2 eV (in Ref. 20 it was about
1.4%).

The detector was lithium glass and was located 18.8 m
from the neutron source. The distance from the source to the
sample and the resonance filters for determining the back-
ground was 5, 9, and 10 m. For neutron energies in the range
from 0.1 to 100 eV the ratio of the number of useful counts
to the background reached 1500. The dead time of the sys-
tem was less than 0.5% for the neutron beam without the
sample, and about 0.1% with the sample.

The transmission of the neutron beam through the
sample is

T(E)=exp[ — ou(E)N], (58)

where N=0.154 atoms/b is the thickness of the studied
sample. The total neutron cross section is

‘Ttot(E) = o-coh(E)Scoh(E) + Uinc(E)Sinc(E) + Uabs(E)a
(59)

where S_;(F) and S;,.(E) are functions describing the cor-
rections due to the aggregate state of the sample.

The isotope content of the lead sample was 72.54%
208pb, 1.65% 2°'Pb, 25.82% 2%6Pb, and 0.5% 2*Pb, which
ensured a very small neutron-capture cross section o, (of
order 3 mb at 1 eV). The sample was in the liquid state at a
temperature of about 625 K.

The cross section for coherent scattering in the first Born
approximation is

Ucoh(E) = 477{acoh(E) +aR(E) _anez[l —f(SiIl 0/)\)]
+a,(E)+ osen(E), (60)

where a h(E) is the nuclear coherent scattering length,
ag(E) is the nuclear resonance scattering length, ay(E) is
the scattering length due to the electric polarizability of the
neutron, and og,(E) is the cross section for Schwinger scat-
tering.

The transmission data were analyzed by the least-
squares method. The value of a,, and the normalization pa-
rameter (the nuclear coherent scattering length of bismuth)
were varied in the energy range from 0.1 to 360 eV. The
value found was

a,.=(—1.31%0.03=0.04) X 1073 F, (61)
which according to (16) and (20) gives
(rg)=—0.113+0.003+0.004 F2 (62)

or (r%’in)>0 [according to (19)]. The first error in (61) and
(62) is statistical, and the second is systematic. About 75%
of it is due to the uncertainties in calculating the corrections
due to the aggregate state of the matter. The remaining 25%



42 Phys. Part. Nucl.

30 (1), January—February 1999

Yu. A. Aleksandrov

TABLE I
Magnitude —a,[1073
Authors, year Method Target of effect F] Reference
Havens et al., 1947-51 Energy dependence Lead Aoy /0=1.5% 1.91+0.36 18
of the total and bismuth
cross section
Hughes et al., 1952-53 Neutron 0O,-Bi mirror A6/ 6~50% 1.39+0.13 25
reflection
Melkonian et al., 1959 Energy dependence Bismuth Aoy !/ 0=~1.5% 1.56+0.05 20
of the total
cross section
Krohn and Ringo, 1966-73 Scattering Noble gases Aoy ! 0,~0.5% 1.33+0.03 15
asymmetry
Koester et al., 1976-95 Energy dependence Bismuth, lead, Aoy /01 ~1.2% 1.32+0.03 43,44,
of the total cross and lead-208 47,49
section and measurement
of the scattering length
Aleksandrov et al., 1985 Energy dependence Bismuth Aoy /o ™=12% 1.55+0.11 46
of the total
cross section
Kopecky et al., 1994-95 Energy dependence Lead Aoy /0=12% 1.31£0.03% 45,63
of the total (72.5% 0.04
cross section 208pyy)
Enik et al., 1995 Energy dependence Lead- Aoy /oy=~12% 1.67+0.16 54
of the total 208
cross section
Aleksandrov et al., 1974-85 Neutron Tungsten- Aoy /0y =~20% 1.60+0.05 31,35
diffraction 186

single crystal

of the error is due to uncertainties in determining the back-
ground, the contribution of resomance scattering, and the
dead time of the system.

It should be noted that since the correction functions
S.on(E) and S;(E) grow strongly with decreasing neutron
energy, the transmission data were fit for various energy
ranges independently. It is also noteworthy that the value of
a,. depends only on the energy dependence of o(E), and
not on its absolute value.

The results of measurements of the ne scattering length
performed from 1947 to 1995 are given in Table II. We see
from this table that to find a,,—ap=(Me*382)(rg i)n>
i.e., to measure the neutron intrinsic charge radius (ré m)ll\l ;
the accuracy of the measurements must be increased. The
only thing that can now be said about (r,zs,in),l,,'2 is that it is
small, apparently less than 0.1 F.

It should be noted that if (ré,in)}v/z for the neutron were
the same as for the proton (0.83 F), then a,, would be of
order 107 %F, i.e., roughly 6—8 times larger than the values
given in Table II.

It also follows from Table II that there are two groups of
experimental results: {(a,.)=— 1 303)X1073F ((r&mIn
>0) and (a,.)=—1.58(3)X 1073 F ({r} ;,)y<0). Making
these two groups of results consistent and understanding the
reasons for the discrepancy is very important for the
theory. 1055

5. CORRECTIONS INTRODUCED INTO THE
EXPERIMENTS. SOURCES OF POSSIBLE
SYSTEMATIC ERROR

The determination of the scattering length a,, is based
on precision measurements of the total neutron cross sections
and scattering lengths (A0 /01 =Aala~10"3-10"%). To
achieve such accuracy it is necessary to introduce a number
of corrections. In addition, difficulties arise in finding and
eliminating possible sources of systematic error (see, for ex-
ample, Ref. 56).

First, it is necessary to have reliable methods of deter-
mining the background. As a rule, the background should not
exceed 1-2% of the measured useful intensity. It should not
vary strongly when experimental parameters (such as the
neutron energy or the scattering angle) are changed.

Second, in measuring the total cross sections it is neces-
sary to minimize the correction for detector counting errors
at large counting rates. As a rule, the dead time of the detec-
tor and the electronics circuit should be no more than 0.5
usec.

Third, special attention should be paid to effects which
directly distort the measured quantities. For example, in
measuring total cross sections on long flight paths (for ex-
ample, in Ref. 45) at small solid angle of the detector, the
energy behavior of the cross section can be distorted by
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small-angle neutron scattering on the sample. For sufficiently
large solid angle, small-angle neutron scattering always lies
inside the detector area and has no effect on measurement of
the transmission at various energies, although small-angle
scattering varies strongly with the neutron energy. Small-
angle scattering encompasses the range of scattering angles
from one angular second to several degrees as the neutron
wavelength varies from 1 to 20 A. An expression for the
differential cross section of small-angle neutron scattering
can be found in a number of published studies, in particular,
Refs. 57 and 58. For spherical inhomogeneities of radius R
in the sample (usually R~20—40A), it has the form

0.(0)=Na? exp(%*R%/5), (63)

where k=2k sin(6/2)~k@, a is the scattering length, and N
is the number of scattering atoms in each inhomogeneity.
Small-angle neutron scattering occurs on individual inhomo-
geneities and leads to the appearance of an additional com-
ponent of the neutron beam scattered by the sample. The
cross section o,(0) at =0, i.e., the forward cross section,
can be large, but it falls off rapidly with increasing scattering
angle.

The principles underlying small-angle scattering are di-
verse (clusters of structural defects, magnetic heterophase
fluctuations, etc.). Heterophase fluctuations can have a dy-
namical nature, i.e., their number and size can vary with
time. Their microscopic description is being studied by a
group of theoreticians at the JINR (see, for example, Refs. 37
and 38).

A large number of setups have been built all over the
world for the experimental study of small-angle neutron scat-
tering. One of them is at the Petersburg Nuclear Physics
Institute in Gatchina. Small-angle neutron scattering by a
tungsten-186 sample has been studied there.®> As a rule,
small-angle neutron scattering occurs on almost all solid ma-
terials. At the PNPI setup it was even found on cadmium (at
A~8.8A; see Ref. 35).

Systematic errors can also arise when the experimental
data are not analyzed completely correctly, in particular,
when resonance nuclear scattering is included. When analyz-
ing data on total cross sections it is necessary to include the
effect of resonances located far from the energy range stud-
ied. Whereas for levels with positive energy this procedure
can in principle be performed for all the known resonances,
for levels with negative energy it is impossible, owing to the
lack of information about such levels. Such inaccuracies in
analyzing the experimental data have been tolerated in, for
example, Refs. 44 and 49.

In several studies (see, for example, Ref. 54) the effect
of resonances located far from the studied energy range (in-
cluding ones at negative neutron energies) was taken into
account by adding an extra term AE to the scattering range,
where h is a parameter obtained by expanding the first reso-
nance term in Eq. (52') in a series in E/E;:

h=—2276(A+1)/(A)S gl /E?FleV. (64)

The parameter h can also be estimated by measuring the
energy dependence of o, in a wide energy range. Such a
study was performed for 2%Pb in Ref. 59. Here it is also
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TABLE III.
Temperature, °K 603 623 673 763
C(T),1073ev 0.963 0.952 0.935 0.931
D@7V PHE, 1073 eV 0.966 0.966 0.966 0.966

important to note that in analyzing the difference
y= 0 /4m—b for even—even nuclei (for example, 2°Pb),
resonance scattering has practically no effect on the results
for a,, (see Sec. 6 below).

Fourth, for energies in the eV range it is necessary to
include corrections both for interference with nuclei adjacent
to the studied nucleus embedded in the crystal lattice, and for
the thermal motion of the atoms (the Doppler effect). These
corrections have been studied in Refs. 60-62. Both of them
decrease with increasing neutron energy, and already for
E=1eV it is possible to use an interference term of the
form®

Aala=I\Y(8wV>), (65)

where [ is a coefficient equal to 2.885 for liquid lead and
bismuth, and V, is the atomic volume. The Doppler correc-
tion is given by®'

kBT m

Y2 W 55

olo free — 1
where m is the nucleon mass, M is the atomic mass, kg is the
Boltzmann constant, and 7 is the sample temperature in de-
grees Kelvin.

Similar expressions can also be obtained from the data
of Ref. 63, which give

Scon(E)=1+ SEN B (67)
and
kgT m
Sinc(E)=1+E' A—i (68)

The value of C(T) depends both on the sample material
and on its temperature. It was determined in Ref. 63 for
neutron energies in the range 0.001-500 eV for liquid lead.
The results are given in Table III. The error in determining
C(T) is less than 5%.

Fifth, a correction must be introduced into the experi-
mental data for Schwinger scattering, due to the interaction
of the moving magnetic moment of the neutron with the
Coulomb field of the nucleus. The amplitude of Schwinger
scattering has the form'°

i f\(Ze? @
Fsen(@) =5 (o) 3= || T |11~ F@)cotz,  (69)

where f(q)=(4m/Z) [ (singriqr)p(r)r*dr is the atomic form
factor, well known from the theory of x-ray scattering by
atoms, g =2k sin(¢/2), ep(r) is the electric charge density at
the point 7, @ is the spin matrix, and n is related to k and k,
as [kXKkg]=nk? sin ¢, where, in turn, k and k, are the final
and initial wave vectors of the scattering.



44 Phys. Part. Nucl. 30 (1), January—February 1999

TABLE IV. Corrections to the measured total cross sections (in barn).

Schwinger
AT = 0 (1—Seop) scattering
Energy, eV Secon (0cxp=11b) (s b)
1.26 0.9993436 0.0072 0.0029
5.19 0.9998407 0.0018 0.0046
10.1 0.9999181 0.0009 0.0055

When measuring transmission, Schwinger scattering
must be included, using the expression

T, #\2(Ze?\?
O'Sch=§l’«nM_c %

s f [1— f(q)]zcot%Psin edo, (70)
L41]

where the scattering angle ¢, is chosen according to the

experimental geometry.

An example of the numerical values of the corrections
introduced into o, for lead-208 as a function of the neutron
energy is given in Table IV.

Sixth, care should be taken in introducing corrections for
the effect of p-wave scattering into the cross section. Esti-
mates show that the cross section for p-wave scattering
(o= (47/k?)3 sin’? &) makes up about 0.5% of the s-wave
cross section (o= (4m/k?)sin’ &) at a neutron energy of
about 20 keV. To take into account p-wave scattering it is
necessary to determine the phase ;. In the case of neutrons
we can use the relations published in Ref. 64:

G/(R)—iF|R

1I(R) l 1 )’ 1)
G/(R)+iF|(R)
where R is the channel radius, GyR)=

— VAmkRN ;. 1n(kR), and F;(R)= — \3mkRJ 1 (kR). At
low energies (kR<€1), from (71) we find the well known

limiting expression:
_ (kR)21+1
NOENINOENT

or 8,=—(kR)*/3. The calculations of Guseva® (PNPI,
Gatchina) showed that the difference between the values of
o when (71) and (72) are used is 10% at E=24keV, 25%
at E=45keV, and 40% at E=145keV. This implies that
(71) should be used for estimates. As far as experiment is
concerned, it is necessary to find, if possible, experimental
methods of determining p-wave scattering, as was done, for
example, in Ref. 66.

Finally, seventh, we note that in a number of studies (for
example, Refs. 67 and 68) used to analyze measurement re-
sults, the fit of the expansion of the total cross section for
potential scattering in powers of the wave vector k

o (k) =0 (0)+ak+bk>+ck3+dk*+ ... (73)

does not contain the term proportional to k. However, (73)
can be obtained from a series expansion of the expression
describing the cross section for potential scattering,
o,.= (47/k?)sin & sin(&+2 ) [see (52)]. Here the k* term

exp(2i&;) =

1

(72)
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must be present in (73). The ratio of this term to the term
proportional to the wave vector k is %(kR)2 and equal to 7%
at 20 keV, 10% at 40 keV, and 20% at 145 keV. Therefore,
the term proportional to k3 must be included in analyzing the
experimental data. This is especially important when per-
forming measurements at relatively high energies (the keV
range), for example, in the attempts to measure the neutron
electric polarizability.5”®® It should also be noted that writing
the neutron scattering cross section in powers of the wave
number is suitable only at energies where sin &=~ 4§, i.e., no
more than a few keV. Otherwise, the fact that the phase shift
occurs inside the argument of the sin function must be taken
into account.

6. THE INCLUSION OF INTER-RESONANCE
INTERFERENCE

The absence of inter-resonance interference terms in the
expression for the scattering cross section is a consequence
of the particular form of the components of the S matrix,
where the contributions of individual resonances to the scat-
tering matrix add. This description is an approximation.
However, S matrices including inter-resonance interference
in neutron scattering on nuclei have been known for quite a
long time (see, for example, Refs. 69—71). One of them has
the form”!

_ . anj+iﬂnj .
S.=11 lEj: = i, exp(2i 8y, (79)

where  S(a,j+iB,)=2T,;, 3B,;=0, u;=RekE;,
v;=Im Ej, and E ; 1s the complex energy of the jth resonance
(for B,j=0, E;=E;+(i/2)T;). For B,;=0, 0\ is the sum of
Breit—Wigner terms including only the interference between
potential and resonance scattering. When all the resonance

levels of (74) are included, the calculation of o, using
o =2mg(1—ReS,,)/k> (75)

is quite complicated. In Ref. 72, Egs. (74) and (75) were
used to obtain a two-level expression for o, which qualita-
tively interprets all the main features of the correlations be-
tween the values of the resonance parameters of the levels. It
has the form

27g

_ Gvi+H(p,—E)
O10t=Opo ™ K2

(w1 —E)*+v7

G2V2+H2(I~02_E)} (76)

(m2—E)*+v;
where
G1=a;,c082 68+ B, sin2 8y,
Gy= ay, €08 2 6pyy— B Sin 2 0y
Hy= B, 0828y~ @, 5in2 8y,
Hy=— B, 08285~ s, Sin 2 8y,

a1n+iBln=rlm a2n_iB2n=r2n7
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TABLE V.
Bismuth Lead-208
(E,=800keV, E;=2310keV) (E,=507keV, E,=1735keV)
Energy, eV 1 16 50 1000 25000
Aoy, 10730 +20.7 +20.0 +205 +49 +42

2E1‘2=El - 1F1/2+E2— lF2/2: [(Ez_ lF2/2“E1
+iT,12)2-T%,12,
[,=T,cos? +T,, sin? o+ 12T )2 sin 20,

[,,=T,,cos? +Ty, sin’ qp—F}/,?F;/Z sin2 ¢,

B=iT y[(Ey— E;—il,2+il/2)>-T2,]'2,

@=sin"!(B/2) and F12=(F1F2)1/2; in our case, F%2<(E2
—E,)?. The results of calculating the inter-resonance inter-
ference terms Aoy, using (75) for bismuth (resonance ener-
gies E;=800¢V and E,=2310¢eV) and ?®Pb (resonance en-
ergies E;=507keV and E,=1735keV) are given in Table
V.

The signs of Aoy, are determined by the choice of sign
of the square roots of [;,,, '5,, B, and Ty, . It follows from
Table V that far from the resonance energies the values of
Aoy, are practically independent of energy and amount to
only a fraction of a percent of o, (0.2% of o for bismuth
and 0.04% of o, for 2°2Pb).

Another expression for the S matrix can be taken, for
example, from Refs. 69 and 70:

Scc’ = exp(iapot,c+ i‘spol,c’)
X| 8per i (Tae)AThic) PAnn |, 7)
AN

where §,./ is the delta function, and the matrix inverse of
AX)‘I is

(A-l)xx'=(Ex_E)5u'*i/2§ (Tr) (T )12,

Using (75) and (77), we find

£+
80~ 117
3,4 ;/AE;
x| 3 TLAE, AEE—
1]
AE;+7(Ti+AE3 ;. T/AE))?
+similar term for the other spin (g_). (78)

For the two levels of bismuth (E,=800eV and
E,=2310¢V), calculations using (78) give results which
practically coincide with those in Table V. When all the
known resonances of energy E;>0 (0<E;<265keV; Ref.
17) are included, the inter-resonance interference term is
Aoy, =0.108 b for bismuth at an energy of order 10 eV (the
total cross section for bismuth at this energy is 0,,,=9.3b,
i.e., 90 times larger).

However, it is very important that far from the reso-
nances Aoy, for bismuth is practically independent of en-
ergy. This is confirmed by the results in Table V and also by
analysis of (78), from which it follows that far from the
resonances A(rim~l",,l-l‘j+1/k2%const. The same can be
said of Ref. 73, where the need to include inter-resonance
interference was pointed out; there, for v*=T,/2kR,

vy

Ao, =R? 2 z (T:E,)(T—E])- = const. (79)

However, the method by which Aoy, was obtained in that
study is doubtful.”*

In the Dubna study the value of a,, was determined by
analyzing the value of y=0mt(E)/4'rr—b§0h, where b, is
the coherent scattering length. The expression for y contains,
in particular, the energy-independent term p,, which is var-
ied to obtain the best description of the experimental data.
Since p, is independent of the energy, the introduction into
o, of the constant term Ao, cannot affect the determina-
tion of a,, in Ref. 46, although, of course, it slightly changes
the analytic expression for p,.

Using (56), we can obtain’>’ an expression for the sum
of p, and the inter-resonance interference term (78):

8+8 - Fni Fni 2
P2+A0'im/477— 4 I:E EE E kiEij|

8+ 1-‘niz Iﬂ-yj

"I % AE, & AE,

+similar term for the other spin (g_).
(80)

The second and third terms in (80) can be negative. Their
signs depend on the resonance locations and strengths, and
the energy at which the measurements are made. It is there-
fore possible for p,+ Ao, /47 to be negative, as was found
for bismuth in Ref. 46.

For even—even nuclei (g, =1, g_=0)

I

1 ‘
P2+A0'im/477=m2 AE; A—g] (81)
14 I3 1 ]

For 28Pb at a neutron energy of 1 eV, py+ Ao, /47~63
X107 Ob/sr, and at enmergy 1970 eV, p,+ Aoy /4ém~1.4
X 10”7 b/sr if only the known resonances at 507 keV and
1735 keV are taken into account. The inclusion of the reso-
nance, found in Ref. 54, at negative neutron energy equal to
—1900keV of width I'® =23 keV has practically no effect.
The contribution of this resonance to p,+ Ao, /47 at a neu-
tron energy of 1970 keV is less than 3 X 107 b/sr.
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Regarding the value of p, b, even at energy 1970 eV
its value [see (53) and (55)] is less than 3 X 10~* b/sr.

Therefore, the effect of resonance scattering on the value
of a,, determined for the 28Pb sample at neutron energies

up to 1970 eV can be neglected [y=0m/4qr—bfohA2/(A
+1)?~0.01 b/sr]. Equation (54) determining a,,, is simpli-
fied and for a,~0 (according to recent experimental data,
@,<0.5% 1073 F?; see, for example, Ref. 49) takes the form

Y=o ldn—b’ AN (A+1)2=(Z— F)%a,,’
—2a,beoh(Z—F)AI(A+1), (82)

from which it follows that o /47m=[b 4 A/(A+1)—a,(Z
-F)]z, or

VO /AT =b Al (A+1)—a,(Z—F). (83)
From (83) we find
ne=V(NAm[Voo(E)) ~ Vo (E) V[ F(E,)
—F(E))]. (84)

Using (84) to analyze the results reported in the summary
study by Koester et al.,*® we obtain the following (after in-
troducing corrections into o, for the aggregate state of the
matter and Schwinger scattering) for the neutron energies
E,=126eV and E,=5.19¢V: a,=(—1.58%0.30)
X103 F; for E;=1.26¢V and E,=1970eV, a,,=(—0.26
+0.15)X1073F; and for E,=5.19eV and E,=1970¢V,
a,.=(+0.1020.29) X 1073 F. These results suggest that the
value of o, at E;=1970eV found in Ref. 49 is incorrect.
Taking 0,,(1970) to be 11.525 b (instead of 11.479 b, as
found in Ref. 49), we find a,,,=(—1.59+0.15) X 10~ 3 F (for
E;=126eV and E,=1970eV), and a,,=(—1.61%=0.29)
X 107*F (for E;=5.19¢eV and E,=1970¢eV), which is ap-
parently close to the true value.

8. COMPARISON OF THE EXPERIMENTAL DATA
WITH THE THEORY

Of course, from the viewpoint of the experimentalist, the
question of the value of the scattering length a,, is a purely
experimental one. However, the available data should be
compared with some of the modern ideas about the internal
structure of the neutron. It seems to the present author that
these ideas are best developed in quark models, whose foun-
dations lie in the old Yukawa meson theory. It follows even
from the latter that the virtual process n—p+ o~ gives a
negative tail in the neutron electric charge distribution (see
Fig. 5). However, in all the old static representations of the
nucleon it was unclear what the central part of the nucleon is.
This problem was solved only within the framework of the
modern ideas about the nucleon. The 1970s saw the birth of
quantum chromodynamics (QCD), the quantum field theory
of the strong interactions of quarks and gluons. In particular,
QCD gencralized the existing ideas about hadron structure.
In contrast to the Maxwell equations, the QCD equations are
nonlinear. For a few years afterwards, attempts were made to
solve the QCD equations. In the absence of exact solutions it
is natural to use phenomenological models which reflect the
properties of QCD. One such model is the Cloudy Bag
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FIG. 5. Expected electric charge distribution in the nucleon: (a) proton, (b)
neutron.

Model (CBM), proposed and developed by Thomas et al.”’
We note that the foundations of quark models of nucleon—
bags were laid in the studies by theoreticians at the JINR,
Dubna, performed in the mid-1960s. Bogolyubov apparently
was the first to definitively formulate the ‘‘Dubna bag”
model in 1967 (Refs. 78 and 79). This model represents a
system of relativistic massless quarks moving freely inside a
spherical volume. Further development of the Dubna ideas
led to the creation of the MIT (Massachusetts Institute of
Technology) bag model, whose main features then formed
the basis of the CBM. One important defect of the MIT
model was the fact that chiral symmetry is broken in it.
Eliminating this required the inclusion of the interaction be-
tween quarks and the pion field at the bag surface. This hy-
brid model of a chiral bag (the CBM) was developed by
Thomas et al. In this model the nucleon consists of a spheri-
cal static cavity of radius R filled with three massless valence
quarks. The bag is surrounded by a cloud of negative pions
which can be absorbed and emitted by the bag surface. The
negative pions extend a distance of order /m c>R. There-
fore, in the CBM the nucleon is not a point particle. The
CBM gives a fairly successful description of the static prop-
erties of nucleons: the magnetic moments, form factors,
charge radii, and so on. The calculations are performed in the
static limit (M —o), the nucleon is assumed to be at rest,
and the corrections associated with nucleon recoil are intro-
duced later. However, they only weakly affect the results (for
example, in Ref. 80 they change the calculated neutron
charge radius by no more than 6%).

The interaction of quarks with the pion field plays a
decisive role in calculating the nucleon radius. For example,
the radius calculated for the neutron in the MIT model,
where there is no pion field, is zero. It should be noted that in
the CBM it is the squared intrinsic charge radius of the neu-
tron (’%5,m>1v which is calculated using the expression

(rlzi,in)N: 1/(e) f pn(r)ridr, (85)

where py(r)=p%(r)+py(r). The first term in the last ex-
pression describes the quark charge density, and the second
is the same for the pion. Since the calculations are carried out
for the nucleon—bag at rest (M— ), the value (85) calcu-
lated in the CBM does not contain the Foldy term [see Ref.
80] due to Zitterbewegung, which, moreover, vanishes for
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M — . It is also clear that (85) must be negative, because
the region >R in which the negative pions are located gives
a relatively larger contribution to the integral (85) than r
<R. According to (85), which follows from the electric
charge distribution in the neutron (see Fig. 5), it is simply
impossible to obtain a positive value of (r%,in) ~ - Therefore,
the experimental data of Krohn and Ringo and of the Koester
and Kopecky groups (see Table II) contradict the currently
most well developed ideas about the structure of the neutron
(see also Refs. 10, 75, 76, and 81). A positive value of
(r% ;) contradicts not only the CBM, but also other theories
of the nucleon®®® which are also based on the Yukawa
theory. It is practically impossible to obtain {r% ;,)y>0 ac-
cording to modern ideas.

The question sometimes arises of what should the theo-
retical results be compared with, (ri-’in) N or (r%vin) N
+ 3w, (R/Mc)*? This question was discussed already in the
late 1950s and early 1960s within the Chew and Low model.
Since all calculations of the nucleon radii are made in the
approximation of a stationary (recoilless) heavy nucleon
(M—w), and in this case (3G gy/dq?)2—0— &rEim)n- it
appears to be correct to compare the results with (ré,in) N>
i.e., to subtract the Foldy amplitude from the measured value
ofa,,.

CONCLUSION

The studies described above on the electromagnetic
structure of the neutron have been carried out for more than
50 years now. However, there is still not complete under-
standing of even the neutron—electron scattering length, a
quantity which would appear to be relatively simple to mea-
sure reliably in low-energy neutron physics. There are essen-
tially two experimental values of this quantity: (a,,)=
—-1.58(3)X107*F and (a,)=-130(3)X107°F, al-
though in this review I have tried to argue that the first value
of a,, is preferable. If the Foldy formula (8) is valid (and, in
general, it is difficult to doubt its validity), then the first
value of a,, leads to a negative sign of the neutron squared
intrinsic charge radius (ri,m) ~ at low energies. This does not
contradict—indeed, it supports—the modern theoretical
ideas about the neutron, i.e., static models of the neutron, for
M — oo, If the second experimental value (a,.)=—1.30(3)
X1073 F is correct, leading to (rz ,)x>0, it should be
clearly understood that at present there are no theoretical
ideas which can explain this fact. In this case it must be
clearly stated either that the modern theoretical description
of neutron structure at low energies is very far from accurate
and is inconsistent with the experimental value of a,,, or
else that it is not completely correct, and then simply ignore
this problem, as has recently been done in some studies (for
example, Ref. 45).

The present review mainly contains the author’s views
on the problem of the neutron intrinsic charge radius. These
views have been published in a number of journals (Phys.
Rev., Rev. Mexicana de Fisica, Neutron News, Z. Phys., and
elsewhere), reported at international conferences (Oaxtepec,
Mexico; Santa Fe, USA; Trieste, Italy; Dubna, and others)
and is supported by many physicists. It is to be hoped that
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new measurements and more accurate analysis of the experi-
mental data already obtained will definitively solve this
problem.

The author is grateful to G. S. Samosvat for useful dis-
cussions.
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