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Experimental limit for the charge of the free neutron
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In agreement with the commonly accepted neutrality of the free neutron, its charge q„was found

to be ( —0.4+1.1) )& 10 ' electron charges. This value lowers the present upper limit by more than
one order of magnitude. In the experiment a beam of cold neutrons with wavelengths between 1.2
and about 3 nm was passed through a strong electric field over a length of 9 m and a beam deflection
with respect to the applied field direction was searched for. In order to increase the sensitivity of
the apparatus, an achromatic neutron optical imaging system consisting of curved mirrors and mul-

tislits was used.

I. INTRODUCTION

Electric charges determine the strength of the elec-
tromagnetic interaction of particles. By virtue of the law
of conservation of charge, it acts as a quantum number
controlling the possibility that a particular reaction can
take place or not. In this respect electric charge is funda-
mentally different from baryon and lepton numbers,
which are merely quantum numbers characterizing the
state of particles and do not play the role of interaction
constants. '

The commonly accepted symmetry of the electric
charge is based on experience. A violation of this sym-
metry, implying a neutron charge q„&0, would have
several important consequences. The conservation of
baryons would follow from the conservation of electric
charge rather than being an independent principle. As-
suming a finite neutron charge, a speculative neutron-
antineutron transition, as predicted in some unified
theories, is forbidden if charge conservation is valid.

If charge conservation is violated, experiments search-
ing for nn transitions would be influenced by the mere ex-
istence of an electrostatic potential V. This gives rise to a
change in energy of E, =2q„V when a neutron with
charge q„ transforms into its antiparticle (charge —q„).
If E, exceeds 10 ' eV (Ref. 4), the nn transition proba-
bility could be severely suppressed. The absolute value of
the electrostatic potential V is not known, but it plays a
role in charge-nonconserving reactions [the potential
difference across the atmosphere is already 4&(10 V
(Ref. 5)]. In case of charge conservation, the invariance
of physics under gauge transformation holds and only
differences in V are accessible. Charge-nonconserving
effects which clearly violate Maxwell's equations (see, for

example, Ref. 6) are postulated by several authors on the
basis of grand unified theories. ' One further specula-
tion might be that charge is conserved in nn transitions,
but only CP is violated, and for this case the potential
plays no role.

There have been many measurements in the past test-
ing the neutrality of atoms and bulk material, and in this
way only the sum of proton, electron, and neutron charge
is determined. From these indirect measurements, a re-
sidual neutron charge of less than 10 'q, has been de-
duced. Direct measurements of the neutron charge have
also been made and all of these rely on a possible
deflection of slow neutrons in a strong electric field. A
review of the various experiments has been given by Pet-
ley. ' Until now the indirect measurements have led to
values for the upper limit of the neutron charge which
are much lower than the direct measurements. With our
present result of q„=(—0.4+1.1)&(10 'q, obtained in a
beam-deflection experiment with free neutrons, we have
reached a sensitivity equivalent to that of the indirect
methods. According to Shull, Billmann, and Wedgwood,
we should face the possibility "of a free charge being
slightly different in magnitude at this small level of
charge difference when particles are amalgamated in an
atom. "'

II. MEASURING PRINCIPLE

As in earlier measurements, we have looked for a possi-
ble deflection of slow neutrons passing through a strong
electric field perpendicular to the beam direction. For a
hypothetical neutron charge q„, we expect a defection y,

q„EOI.y=
2mU
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finite neutron charge would cause a lateral deflection of
this image. With the multislit MS2 straddling all of the
slope positions on one side of the image, a possible
deflection of these 31 lines is sensed simultaneously.
Curved, totally reflecting mirrors were used to provide
the focusing and, since these are achromatic, a broad
neutron spectrum could be used.

III. DESCRIPTION OF THE INSTRUMENT

FIG. 1. The design of the deflection apparatus. MSI and

MS2 is a multislit system with 31 slits, 30 pm wide, separated by
30-pm-wide absorbing zones. For clarity the dimensions and
angles of deflection are not to scale.
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FIG. 2. The image of the multislit system at position MS2 as

scanned with a single 10-pm slit S4.

with Ep being the electric field applied over the length L
and U the neutron velocity.

In the following considerations we assume a Gaussian
beam profile with a full width at half maximum of 2cop.

With a detector slit positioned on the steep slope of this
intensity profile, a beam deflection y is measured from the
di8'erence AN in counting rate for opposite directions of
the applied electric field. Assuming a deflection y much
smaller than the width of the profile, b,N is proportional
to this deflection. As shown in Refs. 15 and 16, the un-
certainty in y is given by

COp

+N"r
where N*t denotes the total neutron counts. N* and t
are the counting rate and the measuring time, respective-
ly.

An improved neutron optical imaging system, as de-
scribed previously, ' was used to form a narrow beam
with high intensity (Fig. 1). A focusing system consisting
of achromatic cylindrical mirrors of high precision per-
mits imaging of an object, the multislit MS& consisting of
31 slits, with unit magnification into the plane of a second
multislit MS2. This image is shown in Fig. 2 as taken by
scanning with a single 10-pm slit. The existence of a

A. The neutron optical imaging system

In the front part of the imaging system (Fig. 1) a con-
denser (slits S„Sz, and mirror L, ) forms a slightly con-
verging neutron beam by imaging slit S& with fivefold
magnification into the plane of the second mirror Lb.
The mirror Lb images the object (multislit MS, ) with unit
magnification into the plane of a second multislit MS&, 10
m from MS& ~ Between both multislits the neutrons pass
through the electric deflection field system having a 3-
mm spacing between its electrodes. The condenser in
front of MS, confines the beam profile to a width of about
2 mm and prevents neutrons from striking the electrodes.

As lenses we chose cylindrically shaped mirrors to
avoid chromatic aberration. The maximum grazing angle
for total reflection is given by 50 A(nb——/m, )'~, w. here n is
the nuclear density and b the coherent scattering length
of the surface material. The mirror surfaces were
prepared with Ni because of its unusually large
coherent scattering length, and for this we obtain
5p= 1 ~ 23' for A. = 1.2 nm. For the mirror L, this angle 5p

was used as the angle of incidence. The mirror surfaces
were deposited on a base of Zerodur, chosen because of
its very low thermal-expansion coefficient.

The image reversing property of the cylindrical mirror
Lb corrects for the deviation y, caused by the Coriolis
force over the 10-m-long flight path from MS& to MS2,
which by calculation would be 25.6 pm for A, =2.0 nm.
The multislits consist of 30-pm-wide openings separated
by 30-pm-wide absorbing zones. The absorbing zones
were prepared by evaporation of a 630-nm layer of ' Gd
on a 1.5-mm-thick quartz plate and show a nominal ab-
sorption of 97.5% for neutrons of 1.5-nm wavelength.

The optimum sensitivity for detecting a deflection of
the image in the plane of multislit MS2 was achieved with
the following arrangement. The second multislit MS&
consists of two parallel multislit plates similar to MS,
separated by 6.5 mm. By slight rotation of this assembly
around a vertical axis, the ratio of the slit width to the
width of the absorbing zones can be changed continuous-
ly between zero and 1 without changing the lattice con-
stant to first order. As the optimum slit width for detect-
ing a deflection, we determined a value of 14 pm. The
counting rate measured behind MS2 was 30000 n/sec. A
shift of the image of 1 pm causes a change in counting
rate of about 900 n/sec (Fig. 3). As shown in Fig. 1, the
height of the optical components increases from 0.2 m

(S, ) to 0.4 m (MS2) to allow for the vertical divergence of
the neutron beam. A more detailed description of the op-
tical layout has been given in a previous paper. ' A BF3
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where b 0 denotes the variation of the angle of incidence
due to the lateral dimensions of the object which is about
the size of the multislit consisting of 31 slits. For a toler-
able image smearing of 10 pm, a lens aperture of 4X 10
and a mean angle of incidence of 80——1.2', we can
tolerate an object width of 2 mm.

B. Deflection of a charge q„ in an electric field
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FIG. 3. The image of the multislit system scanned with the
multislit MS2 with 14-pm width of each single slit.

counter with low ' B content was used as the neutron
detector with a surrounding shielding of a 30-cm-thick
paraSn-boron mixture having an entrance window of 4-
mm width.

The supports for all optical elements from L, to MS2
are granite blocks, which are mounted on a vibration iso-
lated and heat treated optical bench of 10-m length and
about 4000-kg weight. The bench, a rectangular steel
tube, was filled with water to increase its heat capacity
and was surrounded by 5-cm polystyrene and a thermal
isolation foil. Movement of this bench caused by
currents of air from the reactor air conditioning were
successfully reduced by plastic foils surrounding the ap-
paratus. It was established that drifts in the alignment of
the optical elements did not exceed a few rnicrons per
day.

Because of aberrations in the optical system, the image
of each single slit will have Gaussian shape to first ap-
proximation. The broadening within the image structure
arises from the precision of the mirror itself, from the la-
teral dimensions of the object, and from movements of
the optical components especially those from vibration of
the mirror Lb about a vertical axis.

For Lb the radius of curvature is given by
Rb ——200+0. 5 m and this implies that deviations from the
ideal cylindrical shape are restricted to about +10 nm
over the entire mirror surface of 300 by 80 mm. At
present this is about the ultimate precision attainable in
fabricating such a mirror. Together with spherical aber-
ration we expect an image error of about 15 pm for an
ideal adjustment of all optical components. Thus a width
of 30 1M' for one slit and a distance of 60 pm between the
slits seemed to be reasonable in the design of the object

Equation (1) is valid for a beam which travels freely
over the length L in an electric field. For our optical de-
vice some modifications are required. First, the electric
field is divided by the mirror Lb into two sections of
equal length L&I2. The optical components themselves
are excluded from the field. For a symmetric arrange-
ment of these two fields with respect to the optical ele-
ments, the term L in Eq. (1) is replaced by LoL, with Lo
being the flight path between MS& and MS2. Second, the
deflection y is smaller than without imaging. Because of
the focusing properties of the mirror Lb, the flight path is
bent back to the optical axis. In our setup with unit
magnification, this implies that the deflection is reduced
by a factor of 2.

For a hypothetical neutron charge q„=10 'q„we ex-
pect a deflection of

y =2.3 (14.7) X10 '0 m (4)

for neutrons with wavelengths of 1.2 (3) nm respectively,
Eo =+6X 10 V/m, Lo 10 rn, and L——

&

——9 m.

C. The neutron spectrum

Compared to the previously used optical system with
its severely chromatic lens, ' ' our present arrangement
allows for a broad spectral width. We use the full spec-
trum from the cold-neutron guide H18 of the high-flux
reactor in Grenoble down to a wavelength of Ao ——1.2 nm,
determined by the cutoff wavelength of the mirror sur-
face material at the chosen angle of incidence 50 (Fig. 4).
(80——1.23' for A,o with Ni as surface reflecting material. )

The deflection of a charge q„ in a static E field is pro-
portional to 1/v and hence proportional to A, . The sen-
sitivity for the rneasurernent remains unchanged if all
neutrons are characterized by one wavelength A, instead
of the given distribution e(A, ):

f x'e(x)dr
A,
' =(A,'),„= (5)f e(x)dx

which indicates that the weighting of the different wave-
lengths is proportional to their deflection.

From a time-of-flight measurement (shown in Fig. 4)
we get for A, a value of 1.74 nm. Note that for the
present experimental arrangement the sensitivity for a
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Several tests with different electrode materials and spe-
cially treated surfaces showed no significant increase of
the maximum electric field strength, which was limited
partly by problems with cleaning the large electrode
areas.

During the charge measurement the vacuum in the two
chambers was maintained lower then 1.3 &( 10 Pa.
%'ith an electrode gap of 3 mrn and an applied electric
field of +6 kV/mm, the number of high-voltage break-
down events was less than 10 per hour.

IV. MEASUREMENTS AND RESULTS
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FIG. 4. The spectrum of the neutrons measured with a time-
of-Bight method.

charge measurement should be independent of the cutoff
wavelength A,p of the mirror, provided that the neutron
spectrum (from Ao to ~ ) is proportional to 1/A, . This is
valid for A, &&A,,h with X,h being the mean wavelength of
the Maxwellian distribution. In this case the intensity
N(A, O) and the mean wavelength A, depend only upon
the cutoff wavelength Ao:

N(ko)- f 8(A, )dA, = f c(1/A, )dk. =c/4AO, (6)
A

Q

where c is proportional to the reactor power and inverse-

ly proportional to the square of the moderator tempera-
ture. Using the 1/A, law for the neutron spectrum we

get, from Eq. (5),

A. Measurement procedure

The neutron-charge measurement reported here be-
longs to a certain class of experiments where a tiny effect
is searched for by repeated reversal of one physical pa-
rameter. In our case we look for a difference in intensity
for opposite directions of the electric field. The charge
measurement was performed with a large number of re-
versal cycles and within each cycle the counting rate
behind the detector slits was measured for 10 sec in one
field direction and 10 sec in the other field direction. In-
cluding the time to charge and discharge the electrodes,
one cycle lasted about one-half minute. The short
measuring time for each field direction was chosen in or-
der to reduce systematical errors caused by long-time
drifts of the position of the image. Several hundred to
several thousand of such cycles were combined to form a
run. In cases where a breakdown of the high voltage oc-
curred, the actual rneasurernent was stopped and the
counting rate was deleted. The quality of the image was
checked regularly in order to verify the deflection sensi-
tivity of the apparatus.

~m 2~p (7) B. Data, analysis, and results

By setting the deflection [Eq. (1)] equal to the measurable
shift 0 [Eq. (2)] we deduce, for a measurable neutron
charge q„,

1
q„(minimal )—

A~ [N(ke)]'

( 4g4 )
1/2

c' c'pc

which is independent of A.p.

D. The electric Seld

The present experiment was performed with the same
electrostatic deflection system used in our previous exper-
iment. ' ' The electrodes consist of two 4.5-rn-long
stainless steel tubes with rectangular cross section. Their
surfaces were milled to a precision of about 0.2 mm over
the whole area. The electrodes are mounted inside vacu-
um chambers of 0.8 m diameter and 4.6 m length. An
improved mechanical support for the vacuum chambers
allows a precise adjustment of the electrodes relative to
the neutron beam. A more detailed description is given
in Refs. 15 and 16.

During tmo reactor periods of 44 days each, 91 runs
were carried out with 26 being performed with only one
of the electrode pairs in operation (see Sec. V). For each
run the difference in counting rate for the two field direc-
tions (hN =N N+ ) was c—alculated and compared in a
first analysis to the statistical error given by
(N +N+ )'~ . This procedure provides a test for the
presence of eventual systematic errors.

A detailed analysis of the data sho~ed that the distri-
bution of the bN values for each measuring cycle was
broader than me would expect assuming only statistical
errors e„„.A 7 test for the actual 4N values of each
cycle and for AN =0 as the expectation value results in a
mean value of 1.39 for 7 . This indicates the presence of
an additional systematic error o.,»——0.6'„„.The distri-
bution of the actual 7 for the different runs around the
mean value of 1.39 is in aeeordanee with the expectation
for a normal distribution. A similar 7 test was per-
forrned for the monitor counting rate. This suggested
that the change of the neutron flux was one of the main
reasons for this systematic error. The monitor count rate
is proportional to the intensity of the neutrons entering
the deflection apparatus and mas measured in front of slit
S& by means of a transmission counter. Variations of this
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FIG. 5. Diagram of all individual measurements (runs) of the
neutron charge. The error bars indicated are calculated from
the distribution of the hN values of each measuring cycle. The
run numbers are ordered chronologically.

monitor count rate arise from the control of the reactor
power. These variations account for about 50% of o.

gyp.

By taking into account the systematic error of
0 8y8 8tzt the fina 1 resul t is

q„=q, ( —0.6+1.1)X 10 ' (68% confidence) . (9)

It turned out that the quality of the runs depended
upon factors additional to the measuring time I (i.e., the
number of cycles in the run). Therefore we made an in-

dependent analysis of the data taking into account the ac-
tual fluctuation of the data. These results are collected in
Fig. 5. As the final result of this analysis we obtained

q„=q, ( —0.4+1.1)X10 ' (68% confidence) . (10)

The difference in the values of Eqs. (9) and (10) stems
from the fact that the weighting of the individual runs is
different for the two data evaluations.

The errors from the determination of the mean wave-
length A. , the lengths LO, L, , and the electric field Eo
are negligible compared to the statistical errors.

A strange effect, which is not fully understood, should
be mentioned. The image quality showed a periodic vari-
ation of frequency between 2X10 and 8)&10 Hz
over periods of many days. The amplitude of these "os-
cillations" was about 1% of the counting rate and was in
antiphase at the maxima and at the minima of the
profiles. The counting rate of the total image remained
constant. Many tests were carried out to look for the ori-
gin of these "oscillations. " Finally we obtained some in-
dication that small movements of the mirror Lb might
have caused this effect. Changing the support of the mir-
ror with some extra weight ( =10-kg lead) we were able
to change reproducibly the amplitudes of these oscilla-
tions, but their origin was not found.

The charge measurement was not influenced by this
effect, because these oscillations were not present in the

slope of the image, where the multislit MS2 was posi-
tioned for sensing a systematic deflection due to the E
field.

V. SYSTEMATIC ERRORS
DUE TO THE ELECTRIC FIELD

In our opinion the most sensitive parameter of the op-
tic system is the angle of Inirror Lb with respect to the
beam axis. A systematic change of this angle by 10
rad coupled to the direction of the electrostatic fields
should simulate a beam deflection and thus a neutron
charge of the order of magnitude we were looking for.
The mirror with its solid support is positioned symmetri-
cally between the two electric field regions which are
screened by the vacuum chambers. Nevertheless, distur-
bance of the mirror position caused by these fields, due to
leakage currents or due to the supply cables might not be
completely excluded on this scale of angular sensitivity.
To check this, about 30% of the runs were performed
with maximum field in front of the mirror but no field
behind, which should somehow vary the effect, if caused
by this interaction. The analysis of these data gave
q„=q, ( —0.2+3.3)X10 ' (68% confidence) which indi-
cates no systematic coupling of the E field to the mirror
position.

Apart from a neutron charge, the magnetic moment
and the intrinsic structure of the neutron can also give
rise to a deflection in the electric field. ' Most of these
forces are coupled to the field direction and hence are ex-
perimentally unseparable from a force on a possible neu-
tron charge. A calculation of these undesired effects has
been given in Ref. 15. It is shown that the deflection
caused by a neutron charge q„=10 2'q, (the sensitivity
of the present experiment) is large compared to other
deflections. Assuming a total polarized beam, only the
"EXv" term (Ref. 20) (v is the velocity of the neutrons)
causes a force on the magnetic dipole moment of the neu-
tron which is of the same order of magnitude as the force
acting on a neutron charge of 10 'q, in an electric field
of 6X10 V/m. Because of the relativistic field equa-
tions, a neutron moving with velocity v in an E field sees
a magnetic field B=(1/c )EXv. With a neutron beam
traveling in the x direction through a transverse homo-
geneous electric field E=E the neutron sees only a mag-
netic field in the z direction which cannot give rise to a la-
teral deflection of the beam.

For a closer examination of this effect, inhomogeneous
E fields and the beam divergence must be taken into ac-
count. In this case, the B field arising in the y direction
can be written as

B =e (E,v —E v, )(1/c ) .

As v„ is about 2 orders of magnitude larger than v, only
the term E,v has to be considered. Electric fields in the
z direction can occur by a small tilting of the electrode
plates with respect to each other. Assuming that the
electrode gap at the upper edge of the plates is about 1

mm smaller than at the lower one, the resulting electric
field in the z direction is given by
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E, =Eosina, (12)

where o, is the tilting angle between the two electrode
plates ( =3 X 10 rad). Hence the resulting magnetic
field can be written in the form

beam used in the experiment reduces this effect by at least
another order of magnitude.

VI. CONCLUSIONS

8 =Eoau, /c (13)

With a field gradient M l5y =B /d (d is the mean dis-
tance between the electrode plates), the force acting on
the magnetic dipole moment of the neutron p„ is given by

The reported value for the charge of the free neutron is
lower than the recently known upper limit by more than
one order of magnitude. As shown in Secs. IV B and V,
further improvement of this value with a more refined ap-
paratus would require a major effort.

p„(Eoau„/dc )=1.3X10 N . (14)

This is smaller than the force acting on a neutron charge
of 10 q

q„EO ——10 ')&1.6&(10 ' )&6)&10

(15)

A realistic estimation for the polarization of the neutron
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