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The neutron charge has been measured to be g, = ( — 1.5+2.2) X 10~% electron charges at a confidence level of
90%. This value lowers the known limit by two orders of magnitude. In the experiment, slow neutrons of 20-A
wavelength passed a strong electric field of 10-m length. The deflection of the neutron beam was measured with
respect to reversal of the field. For an increase in sensitivity the beam was focused by a neutron lens to a sharp image
in the detector plane. Over a long run time the deflection of the neutron beam due to the electric field was less than
2% 1072 um. The result on the neutron charge is in agreement with the commonly accepted neutrality of the
neutron. The implications of a hypothetical neutron charge are discussed and an improved apparatus is proposed
which could lower the limit on the free neutron’s charge by up to two orders of magnitude.

INTRODUCTION

Within the framework of modern unified theories
even a tiny electric charge of the neutron ¢, would
lead to important consequences: Assuming charge
conservation, a finite neutron charge implies that
a transition neutron-antineutron, as predicted by
some theories,1 is not allowed; the electric charge
has to change its sign in such a transition. Fur-
thermore, if it were found that all baryons have
charges slightly displaced from their usually ac-
cepted values by a common amount €, then the
conservation of baryons would follow from the
conservation of electric charge rather than being
an independent principle.2 In this case the decay
of the proton, predicted by several unified theor-
ies, is forbidden because the leptons into which
it could decay carry a different charge.

With the present measurement, a new experi-
mental limit for the charge of the electron neutrino
g; can be set by considering the g decay of the
neutron

n—=-ptetv.

The neutrality of the system proton-electron,

i.e., the neutrality of the hydrogen atom, has been
measured to (0.9+2.7)x107% x4, (g, = charge of

the electron).® Combined with the new value for
the neutron charge, one gets

q7=(1.4+1.4)x10"x¢q, (68% confidence) .

For these considerations charge conservation has
been assumed to be valid.
Whereas newer theories assume the symmetry
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of the existing electric charges (this implies q,
=0), there have been some theories in the past
predicting a finite neutron charge. The observed
expansion of the universe would follow from a
neutron charge of about 2x10™%xq,,% and the
Earth’s magnetic field was explained by a neutron
charge of about 2x107? electron charges.’® These
theories can be refuted by our measurement.

I. EARLIER MEASUREMENTS

Most experimental limits on the neutron charge
have been derived in an indirect way by testing
the charge neutrality of atoms or macroscopic
bodies. For a review of these experiments see
Dylla and King.® We have only to add more recent
measurements, which dealt with the search for
fractional charges in matter.®™® The sensitivity
of all these measurements is in the region of 1072
to 107 electron charges for the sum of g, +g, '
+q .

D'irect measurements on the charge of the free
neutron are all based on the deflection of a neutron
beam in a strong homogeneous electric field. In
the latest and most precise experiment of this
type Shull et al. 10 optained a limit on the neutron
charge of ¢, =(~1.9+3.7)x10™"*xg4,. In that ex-
periment not the lateral deflection of the neutron
beam was sensed, but its angular deviation, using
perfect Si crystals in Bragg condition. The auth-
ors also review all earlier charge measurements
on the free neutron. It should be noted that the
sensitivity of all direct measurements including
ours is lower than that of indirect methods. But
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as mentioned by Shull et al.,'® “the possibility of a
free charge being slightly different in magnitude,

at this small level of charge difference when part-
icles are amalgamated into an atom, does exist.”

II. MEASURING PRINCIPLE

In the reported experiment a beam of slow neu-
trons (velocity »=200 m/sec, wavelength x=20 A)
enters through a narrow slit S; into a strong trans-
verse electric field of about 10-m length (see Fig.
1). A neutron charge g, would lead to a deflection
of the beam correlated to the direction of the per-
iodically reversed electric field. The deflection
y is given by

_@E \

V=""4q, (1)
(see Sec. III) with E, the electric field applied over
the length 7 and @, the kinetic energy of the neu-
tron. After passage through the electric field the
neutrons are counted behind slit S;, which is po-
sitioned in the slope of the neutron beam image.

A change in count rate for opposite field directions
would indicate a beam deflection and hence a charge
of the neutron. The sensitivity for measuring a
deflection depends on the steepness of the slope

and on the intensity. In order to obtain a narrow
beam with high intensity, we studied different
focusing systems and found a lens to be the most
convenient device.!! Similar to a lens in light
optics, this neutron lens relies on the difference

of the indices of refraction in the lens material

and in air. The severely chromatic lens (focal
length f~1/2%) requires a fairly monochromatic
beam. This is obtained by a prism monochromator
in front of slit S;. The neutron lens is positioned

5 m downstream from the entrance slit S;, which
is 40 um wide. The lens images the slit S; onto

a plane where slit S; is positioned. A detailed des-
cription of the optical system has been given in a
previous paper. 1
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FIG. 1. Top view of the instrument (not to scale).

III. SENSITIVITY FOR THE CHARGE MEASUREMENT

A. Deflection of a charge g, in the electric field

First it will be shown that for our optical sys-
tem the beam deflection is only half that without
imaging by the lens.

In WKB approximation, the deflection y is der-
ived in the following way (see Fig. 2). We con-
sider the neutron waves along two paths g and b
which are Symmetric to the optical axis. The
mean electric potentials for these paths are differ-
ent. This implies for q,#0 different optical path
lengths and thus the point of constructive super-
position for both waves is shifted. For the follow-
ing the electric field is assumed to fill the whole
region between S; and S;. The energy @ of a
charge g, in the electric potential U relative to a
point where U is zero is given by

Qe= q, U. (2)
The index of refraction » becomes
q.U
2Q

where @, is the kinetic energy of the neutron at
U= 0. This leads to an optical-path difference
Al:

n=1-

(qr!U<< QD) ’ (3)

si= [ e-va- [ -va,. @
patha path b
With % -1 from (3) and U, - U, =2xE, (see Fig. 2)
we get
Ey

qn
Al=
2@

%ol (5)

with x; shown in Fig. 2. The resulting shift of
the image y—the shift of the point for which the
optical paths g and b are equal—is derived by a
simple geometrical construction which leads to

Y _Aal
I dx, (6)

Together with (5) the deflection y becomes
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FIG. 2. Beam deflection in a wave-optical treatment.
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This shows [by comparison with (1)] that for our
optical device with magnification 1, the beam de-
flection y is only half the value compared to a
beam which travels freely over the same length.
Using geometrical optics, one gets the same
formula for the deflection y. A neutron starting
parallel to the optical axis follows a parabola in
the E field leading to a deflection y/4. Owing to
the focusing properties of the lens, the flight path
is bent back parallel to the optical axis. The E
field downstream from the lens bends the flight-
path to an identical parabola as before, leading to
an additional deflection y/4. The loss factor of
2 could be compensated by increasing the image
distance relative to the object distance. But in
this case the required precision for the lens—
already a delicate problem—becomes even more
severe.

In our case the electric field E, is not applied
over the full length [, between S; and S;—the
necessary control of the optical components im-
plied the need to divide the field into two halves,
one between S; and the lens, and the other between
the lens and S;. If the total length of the electric
field is /4, it can simply be shown that the deflec-
tion y becomes

(7)

_anEolyly

T8y (8)
This is valid if the two electric fields are arranged
symmetrically with respect to the optical ele-
ments. With the given parameters of the machine
the deflection y for a hypothetical charge of ¢,
=1x10%"x g, becomes

y=6.5x10"" m

[Ey=11.9x10°V/m, 7,=10 m, ;=9 m, @,
=2x107% eV (A=20 A)].

B. Choice of the instrumental parameters

The parameters which determine the sensitivity
of the apparatus for the charge measurement are
the count rate N at slit Sy, the width of the image
w,, the wavelength X (energy Qo), the lengths [,
and /;, and the electric field E,. The actual val-
ues of these parameters will be discussed now.

1. Count rate N and width of the image w,

The statistical error o, of the difference in
count rate Ny-N, for the two different directions
of E, is given by

o= (2N (9)

for Ny =N, =N and negligible background. The
measurable shift o, of the image is given by

I (10)

cy=dN/dy ’

where dN is the change in count rate per shift dy
and

aN_ df

dy dy (1)

with df/dy being the steepness of the slope of the
image at the position of slit S,. It follows that

Yz .
9= VN daf/dy (12)

In the first approximation the image has Gaussian
shape. At the steepest point of the slope, 1/
(df/dy) is proportional to w,, the width of the
image, and

oy~ (13)

In order to minimize o,, a small image width w,
with a high count rate N is desired. The count
rate N increases with the width of the wavelength
band and with the beam divergence. However,
imperfections and aberrations of the focusing lens
limit the achievable o,. A good compromise be-
tween high count rate N and small image width w,
is obtained using the following argument: The
parallelism of the four axes of the lens system
(see Ref. 11) is about 10 um. At the position of
the image this leads to a broadening of about 20
um for each point of the object, the slit S;. It
follows that a slit width smaller than about 40 um
is not useful for S3. Further broadening of the
image arises from the spherical and chromatic
aberration. A broadening of each point to about
30 um was accepted for each of the two aberra-
tions. Concerning the spherical aberration, this
allows a beam width of about 1.5 mm in the plane
of the lens. For the chromatic aberration we ob-
tain an acceptable wavelength band of AA=+0.3 A
at a mean wavelength of 20 A. In reality a wider
wavelength band of Ax= +0.5 A can be accepted be-
cause of the following reason: The monochroma-
tor in front of slit S; (see Fig. 1) delivers a neu-
tron-spectrum which is asymmetric over the beam
cross section because the deflection angle of the
prism is proportional to 22, Therefore, by un-
derfocusing the shorter and overfocusing the long-
er wavelengths, one slope of the image is broad-
ened, the other becomes steeper (see Fig. 3).
Only the steeper slope was used for the charge
measurement.
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FIG. 3. Image of slit S; in the plane of slit S;. The
steeper slope was taken for the charge measurement.

The steeper slope corresponds to a width of the
image of about 80 um. The width of slit S; was
taken as 40 um for optimal sensitivity. The count
rate behind S, is about 50 »/sec.

2. Mean wavelength )\

The sensitivity of the apparatus to detect a neu-
tron charge ¢, is independent of the choice of the
mean wavelength Ay, as long as cold neutrons are
used. This is due to the chromatism of the neu-
tron lens and due to the reactor spectrum.

The reactor spectrum d¢/dx varies as 1™ for
cold neutrons. Integrated over dx—the wave-
length band accepted by the lens—we get ¢ ~d)\/
)\05. The focal length f of the lens is proportional
to 1/xy%. It follows that df/f~d\/%. Thus, for
constant focal length f and constant acceptable
width df resulting from chromatic aberration, the
value dA/}, is constant. Therefore, the usable
intensity becomes proportional to 1/x,%. The de-
flection of a possible charge ¢, in the E field is
proportional to A,* and we get with (13) for o,
the precision for the measurement of a neutron
charge

w
T mn\/ﬁ . (14)

Since, as shown above, the count rate is propor-

tional to A,"*%, o, becomes independent of A,. The
spectrum of the guide H18 is peaked at 20 A with
a width of about 10 A. Shorter wavelengths are
cut off because of the curvature of the guide. A
mean wavelength of 20 A was selected from the
monochromator because the high intensity simpli-
fies the alignment of the optical components. The
mean wavelength and the wavelength spread of
£0.5 A selected by the monochromator was
checked using the critical angle of total reflec-
tion from a Ni mirror. During the charge mea-
surement the mean wavelength was controlled by
the width of the image. This control was possible
because of the severe chromatism of the lens.

3. Lengths 1y, 1,

The length [ of the apparatus was limited by
the available space inside the reactor hall of the
Institut Laue-Langevin (ILL). The best suited
area was that at the neutron guide H18, where a
free length of 13 m was available.

4. Electric field

The total length of the electric field was 9 m.

It reached from the entrance slit S; to slit S; in
front of the detector and was separated by the lens
into two sections of equal length. The beam height
of the divergent neutron beam increased from

0.2 m at slit S; to about 0.38 m at slit S;. This
leads to rather large dimensions of the electrodes:
The first one has an area of 0.32x4.5 m, the sec~
ond one 0.4x4.5 m. For reasons of high electric
field and for mechanical stability each electrode
was a stainless-steel tube with rectangular cross
section. The surfaces which produce the electric
field were milled. The waviness of each surface
was about 0.1 mm, thus being significantly lower
than the 2.5-mm gap between the electrodes. The
mean gap between the electrodes which deter-
mines the mean electric field £, was measured
with a capacity meter. One electrode of each pair
was connected to ground and the other one to a
high-voltage (HV) supply with a maximum output
of 30 kV at 2 mA. Each pair of electrodes was
mounted inside a vacuum tube of 0.8~m diameter
and 4.6-m length. A vacuum of better than 10™
Torr was maintained in each tube by a turbomol-
ecular pump. The tubes were supported indepen-
dently from the optical bench and thus me-
chanically decoupled from the neutron optical
system.

The charge measurement was performed with
an electric field of +5.9 kV/mm. The field was
limited to this value by voltage breakdown due to
imperfect finishing and cleanliness of the elec-
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trode surfaces. Attempts at more efficient clean-
ing by glow discharging had to be abandoned be-
cause of damage to the insulators. Teflon had
been chosen as insulator material because of its
shock absorbing qualities in the case of high-
voltage breakdowns.

IV. MEASUREMENTS AND RESULTS

A. Performance of the measurement

At the beginning of each cycle the high voltage
was raised in about 1 sec to its nominal value;
after a waiting time of 2 sec the measurement,
lasting 10 sec, was started. The count rate was
recorded on magnetic tape and the high voltage
was switched off. Then a measurement with re-
versed electric field was started. About 1000 to
3000 such cycles were combined to form one run.
At the end of such a run we regularly checked the
steepness of the slope of the image in order to be
sure that the sensitivity had not changed. The
BF; detector was connected to two scalers, one
for each polarity of the high voltage. Two mon-
itor counters were used, one for monitoring the
incoming flux in front of slit S; and one near slit
S, in order to detect changes in background. In
the case of a high-voltage breakdown (about one
in 5 minutes) the measurement was stopped and
the actual count rate was deleted.
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FIG. 4. Drift of the count rate during one run at a
position of maximum slope. Each point combines the
count rate of 20 cycles.

B. Data analysis

Each of the 54 runs was analyzed separately.
We observed a change of the count rate of less
than + 10% within one run, corresponding to a
drift of the image of less than +5 um (see Fig. 4).
This drift is probably due to thermal effects,
though the reactor hall is temperature stabilized
(within +1°C). This drift was small enough to
take the slope dN/dy as constant. The difference
in count rate for the two field directions AN was
compared to the square root of the count rate VN.
These values for all runs are shown in Fig. 5,
calculated in terms of the neutron charge. A

30 40 50

FIG. 5. Electric charge of the neutron for each run.
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x’ test was made for AZ, the difference in count
rate for every measurement cycle, i.e., each
pair of count rates with opposite field (AZ=Z.

- Z.), assuming AZ =0 as expectation value. For
each run the value of f(x?)=(2x%)!/2- (24 - 1)!/2
(Ref. 12) (A =number of cycles per run) was cal-
culated. Considering only statistical errors (and
no systematic shift of the image), the distribution
of the values f(x?) should be a Gaussian centered
at zero with a standard deviation of 1. The
agreement with these expectation values was good;
we obtained a mean x% per run of x*=1.02. This
indicates that systematic errors are small com-~
pared to the statistical errors.

A second ¥ test, performed with the results
from all runs (Fig. 5), delivers a x* of 1.2. Con-
sequently the error bars from all runs were in-
creased (not shown in Fig. 5), in order to obtain
a value of 1.0 for 2.

The errors from the determination of the mean
wavelength A, the length /, and the electric field
E can be neglected. We obtain as a final result

q,=(1.5:1.4)x10%"xq, (68% confidence),
q,=(1.5£2.2)x 10" x g, (90% confidence) .

C. Test measurements

To test whether the apparatus produces a differ-
ence in count rate which is not due to the interac-
tion of a hypothetical charge ¢, with the electric
field, we performed two other types of measure-
ments.

(1) Seven runs were taken with high electric field
E, for one direction but zero for the other. This
test was done for the following reason: The elec-
trostatic attraction of the electrodes changes the
gap between them (the change was less than
20 um). Neutrons striking the electrodes are re-
flected and can contribute to the count rate behind
slit S;,. If the E field were not exactly the same
for both directions (| E.| - | E-| <10®XE.), the
reflected intensities might be different for both
directions of E. This could produce a misleading
shift of the image. The measurement with zero
field in one direction increases this possible ef-
fect by about three orders of magnitude. For
these test measurements, we obtained, calcula-
ted in terms of the neutron charge,

q,=(0.1:4.6)x10%"xq, .

Therefore, this effect can be neglected for the
charge measurement. The results with zero field
in one direction were used together with the other
charge measurements to obtain the final value.

(2) Eight long runs were performed without any
electric field. The measured deflection of the

image was
y=(-0.8+1.3)x10%um,

assuming negligible systematic errors. This re-~
sult indicates that there is no significant beam
deflection simulated by possible errors in the
counting system. For comparison the deflection
from the measurements with electric field was

y=(9.8+£8.9)x10 % um,

including systematic errors.

V. SYSTEMATIC ERRORS DUE TO THE ELECTRIC
FIELD

Besides a possible charge q, the magnetic mo-
ment of the neutron and its inner structure can
give rise to a deflection of the neutron in an elec-
tric field. It is not possible to separate these
forces experimentally from the force acting on a
neutron charge because most of them are coupled
to the direction of E. In this section it will be
shown that the deflection caused by a neutron
charge of ¢, =1x107?"xg,—the sensitivity of the
reported measurement—is large compared to all
other deflections. The most convenient way is
the wave-optical treatment used for the calcula~
tion of the deflection of a charge ¢, (Sec. III). It
will be shown in the Appendix that AQ, the mean
energy difference between the symmetric paths
a and b is much smaller for all competing effects
than that resulting from a charge ¢g,=1X% 10'2°><q,_
The energy @ of a neutron in an electromagnetic
field is given by!?

- - — - h E, - >
Q=q U+ i, Heli, B xv+—‘2‘";n41v- E

+CE+LCE +5. E
=I+I+II+IV+V+VI+VII,

where

I is energy of charge ¢, in a potential U,

II is energy of magnetic moment [ in a magnetic
field H (e,=1.21x 107 Vv secm),

Il is EXV term' (Vv =velocity of the neutron),

IV is the Foldy term,!’

V is the intrinsic Foldy term,

VI is the contribution of the polarizability of the
neutron [C;= L [#?p(r)dr], and

VII is the contribution of the electric dipole
moment p.

Terms II-IV are caused by the magnetic mo-
ment 1.7.”. For an unpolarized neutron beam the
terms II and III cannot give rise to a shift of the
image but only to some broadening. Although the
neutron beam was unpolarized it will be shown
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that even for a completely polarized beam the de-
flection is negligible. Interactions V-VII are due
to a possible intrinsic structure of the neutron.
The effects of terms I-VII are calculated in the
Appendix.

VI. POSSIBLE IMPROVEMENTS

It is foreseen that this charge measurement will
be repeated in the near future with an improved
optical device.

First, the highly chromatic lens will be replaced
by a focusing curved mirror. This imaging device
is completely achromatic and can therefore make
use of the whole spectrum from the neutron guide
(10-30 A). The gain in intensity is expected to be
about a factor of 10. The surface of the mirror
has to be precise within about 100 A. If this
precision is obtained, a 20-um-wide entrance slit
can be imaged with little broadening of the image.
The sensitivity in detecting a deflection will be
about five times higher using a curved mirror in-
stead of the quartz lens. In the given set up, the
difference in Coriolis deflection for the 10 and
30 A neutrons is about 25 um, if the neutrons
would travel freely between the slits S; and S
(Fig. 1). The curved mirror as imaging device
corrects this difference in the first approximation,
thus the Coriolis force does not lead to a widen-
ing of the image.

A further improvement is possible if a large
number of slits are imaged instead of a single slit.
An optical grating with 20-um openings and 20-
um-wide absorbing areas could be used. With -
the given lateral acceptance of the mirror, a 2-
mm-~-wide grating containing 50 slits would be
appropriate. A second grating placed in the plane
of the image is positioned with its openings on the
common side slopes of the 50 images, i.e., 50
slopes are observed simultaneously instead of
one.

If imaging is performed by the curved mirror
instead of the lens, the electric fields before and
behind the mirror have to be arranged in opposite
directions. Otherwise, the deflection of a pos-
sible charge ¢, by the two fields would cancel.
Together with a higher electric field (a factor of
2 should be possible), the increase in sensitivity
for detecting a deflection—which is proportional
to the sensitivity for measuring a possible charge
q,—is expected to be between one and two orders
of magnitude. The experimental limit for the
charge of the free neutron could then compete
with the limits obtained by indirect methods,
where the neutrality of molecules or macroscopic
bodies is tested.
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APPENDIX

It will be proved (see Sec. V) that the deflection
of a neutron with a hypothetical charge of 1x 1072
Xq, in the given electric field is large compared
with all other deflections caused by' the proper-
ties of this E field.

Term I

The energy difference due to the hypothetical
charge is

X
Aleq"Eo—ZQ .

For ¢, =1x10™x1.6x10™ C, E;=11.9 x10° v/
m, and x,=1 mm, one gets

AQ;=9.5X107¢J .

Term 11

A time-dependent E field resulting from the
waviness of the HV supply and a leakage current
f between the electrodes leads to a magnetic field
H. From the Maxwell equation H=¢0E/o¢+]
End Stokes law one gets for the leakage current

]
f.,ﬁ' d’la—fbﬁ- Jl,,:fpf i,

where F is the area enclosed by the paths ¢ and b.
In first approximation j is perpendicular to df and
the integral on the right-hand side becomes zero.
Even for j parallel to df and with the full leakage
current (less than 30 pA) passing the area F one
gets

AQ<3.7x1078J, i.e., AQ; < AQ;.

The waviness of the HV power supply of less than
5% 107 at frequencies of 50 and 100 Hz leads to

a current €0E/6¢t<170 pA. Estimated in the
same manner as above, the energy difference

AQ becomes
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AQ<2.1x107% T, i.e., AQ<AQ, .

Term III

Owing to the relativistic field equations, a neu-
tron moving with velocity V in an E field sees a
magnetic field H with H= (1/ oc?) ExV. Inin-
homogeneous E fields this gives rise to a force
on the magnetic moment of the neutron. The
essential inhomogeneities are at the edges of the
field plates caused by different lengths of the
plates. Along the paths ¢ and b the numbers of
field lines crossed by the paths a or b are equal,
but the product EXV can be bigger for one path,
i.e., path ¢. An upper limit for term III can be
derived by taking the maximum value for EXV
along path ¢ and zero along path b in the region
of the inhomogeneous edge fields of length Al
=2.5 mm and equal inhomogeneities at two edges.
One gets

- - > A -
AQq <€k -+ EXVy=1.3x10 %J,
V]

AQq KX AQ .
Terms IV and V

According to Foldy,!® the term IV can be de-
rived from the Dirac equation. It leads to a charge
distribution inside the neutron that can be des-
cribed by two concentric spheres of opposite
charge. This charge distribution has zero inter-
action with an external E field, as long as this
field shows divE=0. This is true in our case,
so terms IV and V are zero.

Terms VI and VII
For the theoretical limits on the polarizability
(for example, Ref. 16) and the experimental limit
on the dipole moment of the neutron,!’ we note
without proof that even in the case E =0 along path
a and E=E, along path b these terms give neg-
ligible contributions.
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