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and Es z do correspond to J ~-1, whereas Fmx
and Mdj: correspond to J „-3. Only Bkj; with its
value corresponding to J „-2appears to be
anomalous; presumably it arises from a competi-
tion about exchange and direct interactions as noted
above in connection with Ce crx.
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We report a new experimental technique for testing the electrical neutrality of molecules. An

alternating electric field applied to an acoustic cavity containing SF6 gas will generate sound at the

electric field frequency if the gas has a charge. With a suitably calibrated microphone in the cavity the

sound pressure can be measured yielding an upper limit for the charge per molecule e. Dividing by the
mass number of the molecule (jk46) yields an upper limit for an electron-proton charge difference. , (This
last result assumes that the electron-proton charge difference equals the neutron charge. ) The results:

~e(&2XIO "e and )epM &1X10 "e, where e is the magnitude of the electronic charge, are consistent

with the fundamental belief of zero charge imbalance. The measurement is less affected by the presence
of ions than other macroscopic neutrality measurements and has an estimated maximum sensitivity of
/e/&iO "e.

I. INTRODUCTION

The assumed equality of the electron and proton
charges represents a symmetry in nature which
corresponds to no known conservation law, but is
based directly on a series of sensitive experimen-t
tal measurements dating from 1925 (see Table 1).
These measurements have involved three different
experimental technitlues: (1) the gas-efflux meth-
od, (2) the isolated-body method (analogous to the
Millikan oil-drop experiment), and (3) the molecu-
lar-beam method. We report a new experimental

technique for testing the electrical neutrality of
molecule s.

One must recognize that all measurements be-
come difficult as one approaches the limit of sensi-
tivity imposed by noise. The sensitivity of meth-
ods (1) and (2) is high, because the experiments
are bulk measurements using large numbers of
molecules. Particular care must be taken to elim-
inate the effects of ions and other charged parti-
cles. The gas-efflux method involves the measure-
ment of the change in potential of an electrically
insulated container as the enclosed volume of gas
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is allowed to escape. Considerable effort is re-
quired to minimize the spurious charging effects
which result from the flow of the gas through an
insulated pipe. In the molecular-beam method the
deflection of a beam of molecules by a homoge-
neous electric field is measured. In such experi-
ments, an asymmetrical reversal of the electric
field and the interaction of induced electric multi-
poles in the molecule with electric field gradients
can produce deflections which mimic a charge im-
balance. The isolated-body method, which is a
refinement of the Millikan oil-drop experiment,
also suffers from such electric-field-gradient
problems.

The results of these experiments are consistent
with the assumption that the charge per molecule
is zero within the experimental error. We de-
scribe an experimental technique, free of many of
the difficulties of the other methods, with a sensi-
tivity capable of reducing the upper limit on the
charge per molecule lower than any established re-
sult.

II. DESCRIPTION OF METHOD

The experiment depends on the effect of an al-
ternating electric field on a gas contained within a
high-Q acoustic cavity. If the ga,s has a charge
density because of a small charge ee (g «1, e
= 4.8 X 10 '0 esu) on each molecule, and a molecular

polarizability n, then the force per unit volume of
the gas in the presence of the field is given by

E„=neeE+ (nj8m)@ATE

If the applied electric field has the frequency 0,
the volume force will have a component at ~0 at-
tributable to the first term in Eg. (1), and a com-
ponent at 2(do because of the second term. Such
alternating volume forces will generate sound
waves i.n the gas.

The apparatus is designed to detect the presence
of sound waves in the cavity at the same frequency
as the applied electric field. If care is taken to
prevent coupling between the electric driving and
detection circuits, and if harmonic distortion in the
electric field is minimized to prevent coupling of
the polarization signal at 2~0, then the detected
sound pressure at ~0 is proportional to the charge
on the molecule. The sensitivity of the experi-
ment is limited by the inherent noise sources, pri-
marily Johnson noise in the detection circuit, and

by background sound and spurious signals from the
driving field. The experiment gains sensitivity by
adjusting the frequency of the applied electric field
to coincide with a cavity resonance, and by dis-
criminating against all but this single frequency in
the detection circuitry.

The acoustic cavity chosen for the experiment
was a sphere of 20-cm radius. A radial electric

TABLE I. Comparison of neutrality measurements.

Millikan

Stover, Moran, and
Tris chka

Piccard and Kessler

Hillas and Cranshaw

King

Hughes

Zorn, Chamberlain,
and Hughes

Fraser, Carlson, and
Hughes

Method

(2)

{2)

(3)

(3)

(3)

Molecule

CO2

Ar
N2

H2

He
SF8

CsI

Cs
K
H2

D2

Cs
K

Upper limit
for 6

+ 2x10-~9

(4 + 4) x 10
(6+ 6) x1O-"

(1.8+ 5.4) x 10 '~

(-0.7+ 4.7) x 10-2~

(0+ 4.3) x 10-"

4 x 1O-"

(1.3+ 5.6) x 10-~7

(-3.8+ 11.8) x 10 iv

+ 2 x1O-"
+ 2.8x 10-"

+ 1.7x10 &8

+ 1.3 x10-"

Upper limitb
for ~/M

*10~6

+0.8x10 '9

+ 5x10-2'

(1+ 1) x10-"
(2+ 2) x10-2~

+ {0.9 ~ 2.7) x 10-2~

(-0.2 + l.2) x 10-2~

(O+ 3.O) x 1O-"

2 x 1O-"

(1.0+ 4.2) x10-"
(-1.O + 3.O) x1O-"

~ 1x ].0-»
~ 7x 1O-"

+1.3x10 '0

+ 3.3x 1O-"

Ref.

(3)

(3)

Shapiro and Estulin

Shull, Hillman, and n
Wedgwood

Measured charge per molecule in units of the electronic
charge.

6 x 10"~2

(-1.9+ 3.7) x 10-"
6 x10""

(-1.9+ 3.7) x 10-'

"Measured charge per molecule divided by the total
number of nucleons.
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field could be produced within the cavity by a
spherical electrode located at the center. When
excited in its first radial mode [P(x) = Po jo(ky)I,
the cavity exhibited Q's greater than 10~ at 1 atm.

The solution of the wave equation with a source
term given by the product of the charge density,

p = e&e, and an electric field alternating at the
resonant frequency yields the following expression

FM

T2

HIGH-VOLTAGE CIRCUIT

+VACUUM CHAMBER BR

~—FLEX I BLE SUPPORT
BAL

REF
2

DETECT I ON C I RCUI T
OUTPUT

VACUUM

PUMP
VACUUM

PUMP

GAS HANDLING SYSTEM

FIG. 1. Experimental apparatus. The spherical resonator consisted of two 20-cm-radius copper hemispheres from
a liquid-N~ Dewar soft soldered together. Two microphones (M~, M2) and a gas intake (I) were positionedontheperiphery
of the sphere, and the high-voltage electrode (E), consisting of a 1-in. brass sphere, was supported at the center of the
sphere. The sphere was mounted on flexible supports within a large iron vacuum chamber for acoustic isolation. A
gas-handling system enabled the sphere to be evacuated or pressurized with any gas from standard high-pressure cyl-
inders (T). All connections to the sphere were made flexible to minimize the transmission of vibrations. The micro-
phones (Lafayette PA-74) were wired in series with the primary of a matching transformer (T~), such that common-
mode sound signals added and electrostatic pickup from the electrode canceled. The resultant signal was first preampli-
fied (A~, Hewlett-Packard 466A) and then amplified by a lock-in amplifier (A2, PAR JB-5) referenced to the electric
field frequency. The dc output of the lock-in was displayed on a strip chart recorder (R). The initial driving signal for
the electrode was supplied by an audio oscillator (0, Hewlett-Packard 202C). This signal was amplified (As, McIntosh
MC75) and then fed into the primary of a high-voltage transformer (T2, N. E. Transformer Co. No. 8142). A switched
300-V battery (B) in the high-voltage secondary circuit was used (1) for tuning the resonator to resonance by coupling a
fraction of the second-harmonic polarization signal to the fundamental and (2) for sweeping ions from the resonator.
The high voltage was measured with a voltmeter across the secondary (V, Simpson 260), and the driving frequency was
measured with a digital frequency meter (FM, General Radio 1138) at the oscillator output. The frequency stability of
the entire system (over a period of one run) was limited by temperature variations in the resonator gas to + 0.1 Hz. In-
compl. ete cancellation of electrostatic pickup in the microphone circuit, and stray magnetic fields from the high-voltage
transformer and amplifier, resulted in a residual pickup at the lock-in input that was typically 10 V (corresponding to
the signal that a gas carrying a charge per molecule of 10" e would produce). An equivalent amount of signal of the
same frequency, but opposite phase, was obtained from the balance circuit (BR), and added tn the lock-in input to cancel
the residual pickup. A signal in the lock-in could be distinguished as electrical pickup or a true acoustic signal by virtue
of the frequency dependence of the respective signals. This same circuit provided a convenient isolated reference
voltage for the lock-in.
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FIG. 2. Polarization signal measurements.

for the molecular charge in terms of the sound
pressure at the cavity walls:

Pgr vko/2ro
@PeVo [(sinkoro)/koxt+ (s i"koa)/koa ]

The details of the apparatus and a block diagram
of the electronics are shown in Fig. 1. An audio
oscillator driving a transformer with a turns ra,tio
of 2000: 1 was used as a, source of high voltage.
The problem of electrostatic pickup in the detection
circuit was minimized by using low-impedance
magnetic microphones. Two gases„SFS and N2,
were employed in the experiment. The actual
neutrality measurements were made with SFS be-

where a is the radius of the cavity and ro is the
radius of the electrode. The sensitivity of the ex-
periment is seen to depend linearly on the detected
sound pressure PD and the electrode voltage Vo,
and depend faster than linearly on the cavity gas
pressure P, since the cavity Q also increases with
pressure. Taking reasonable values for the pa-
rameters, the maximum sensitivity obtainable
should be of the order of ~ & I & 10

The apparatus is calibrated at its resonant fre-
quency 0, by driving the electrode at —,'&0, there-
by generating sound at (do because of the polariza-
bility of the molecules. In this case the sound
pressure is given by the solution to the wave equa, -
tion with the second term of Eq. (1) as the source
term:

2
PD 1 02 Qko+&&o

Vo a jo(koa)

There is also sound produced at twice the driving
frequency because of electromechanical forces on
the cavity walls, but this signal is three orders of
magnitude smaller than the polarization signal in
the present apparatus.

III. APPARATUS

cause of its large mass number (M= 146) and small
acoustic absorption coefficient at the frequency of
interest. Polarization signal measurements were
made with SF8 and with N2. The SFS polarization
signal was used to calibrate the neutrality mea-
surements, and the N2 signal served as a cheek on
the calibration procedure, since the microphone
free-field response in air was known. No special
precautions were taken in purifying the gases.
They were used directly from standard tanks in
pressures up to 1 atm, which was the pressure
limit of the apparatus.

Before a neutrality measurement, a steady po-
tential I/"& was added to the alternating potential
Woe'"' applied to the electrode so that the polariza-
tion signal - (V, + Voe'"') contained a term at the
fundamental frequency to be used to set the fre-
quency of the alternating potential & to the cavity
resonance ~~0. This steady potential also served to
remove any ions or other stray charged particles
from the cavity. For any plausible ion density,
calculations show that the ion motion would couple
a negligible amount of energy to the acoustic mo-
tion of the gas molecules. Thus, the effect of ions
in the cavity (resulting from residual radioactivity
in the solder joints, cosmic rays, etc. ) is prob-
ably not important and need be considered only in
the event of a non-null result.

IV. RESULTS

An experimental calibration is obtained from
measurements of the slope of the polarization sig-
nal of SFo (Fig. 2) and Eq. (3):

2V
~V Vo 1 9 10

V
n.Pn Vo Po dyn/cm

With this result and the quantities &0=1.2V cm, g
= 19.7 cm, and ko=0. 228 cm ~. Eciuation (2) yields
an expression for the charge per molecule direct-
ly in terms of the voltage V, which deflects the
chart recorder trace,

n.Po k T(0. 45) V,
& V, QPVo

Recorder plots and other experimental data for
two runs are shown in Fig. 3. These plots show
the decay of the polarization signal used fpr tuning
the detection circuit to below the inherent noise
level, thus revealing no charge signal greater than
the noise. This noise voltage is the Johnson noise
in the detection circuit, as can be seen by compar-
ing these data with the plots of the background noise
shown in Fig. 4. If a signal attributable to a mo-
lecular charge were present of 0. 1-V magnitude,
it could be seen with a signal-to-noise ratio of ap-
proximately 1. Substituting the value V, =0.1 V in-
to Eg. (4) yields an upper limit for the charge on
the SFS molecule in units of the fundamental
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dc 0FF P= I2 psi SF (=8.2& IO dyne/cm )
T= 500 K
Q= I040 (RUN I), I I 20 (RUN 2)
V= 3500 V (rms) (=II.7 esu)

V)

0

ISV=0.I V

0—
I I I l I I I I I I I I I I I I I I

dc 0FF
FIG. 3. Neutrality measur ements.

rSV=O. I V

0
I I I I I

I 2
I

5
MINUTES

(b)

I I I I I I

6 7 8 9

charge e.

l~l &1.9~io-".
With the assumption that a fundamental electron-

proton charge difference is equal to the charge of
the neutron, which follows from the assumption of
charge conservation in the P decay of the neutron, "
n- p+ e + v, an upper limit for the electron-proton
charge difference is the measured molecular
charge divided by the total number of nucleons, M
= Z+¹

~
eI/m&1. 3xio-" .

V. CONCLUSIONS AND RECOMMENDATIONS

I.O—

I.0—

j:8V=0.I V

I I I I I I I I I

(a)

The experiment just described represents a sen-
sitive new method of establishing upper limits on
the charge carried by molecules and on the elec-
tron-proton charge difference. The results are
consistent with the assumption that a molecule car-
ries no charge, thus confirming by an independent
technique the results of previous neutrality mea-
surements. The experimental technique avoids the
problem of stray ions and stray charged particles,
which complicate neutrality measurements by other

—l.0
0

I I I I I I

I 2 3
IVI INUT ES

{b)

I I

5

FIG. 4. (a) Total electronic noise with 600-0 resistor
in place of microphones: 6 V= l.5 && 10 9 V referred to in-
put (t'=494 Hz, ~=0.1 Hz}. (b} Total noise with 12-psi
SF6 in cavity (f=494 Hz, off=0. 1 Hz).
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macroscopic techniques.
The sensitivity could be increased by a factor of

10-100 by using higher pressures, by a factor of
10 by using a higher voltage, and by a factor of 5
with better-quality microphones chosen specifical-
ly for the detection of small signals near the ther-
mal limit. With all the improvements that could
be made, we estimate that a limit of Iq) &10
could be achieved.

An interesting application of the experimental
method (as suggested by Dr. S. G. Kukolich)
would be the measurement of the magnetic suscep-
tibilities of gases. Preliminary experimental

work for such measurements was performed by
Gleitsman. "
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The hyperfine interactions in the 2 'P, 3 'P, and 4 'P states of Li are studied, using the spin-optimized
self-consistent-field (SO-SCF) and unrestricted Hartree —Pock methods. It is found that the use of a single

( r '
& parameter to describe all three hyperfine interactions is inadequate for all states considered, as has

previously been found for the 2 'P state. The experimental results for 3 'P and 4'P states are reanalyzed
and the following values are obtained: 3 'P: a„„=2.58+0.05 MHz, ad;, ———0.57+0.02 MHz, a, =
—2.98+0.06 MHz; 4'P: a„b=1.10+0.03 MHz, ad;p= —0.24+0.01 MHz, a, = —1.27+0.03 MHz. The
lifetimes of the 2 'P and 3 'P states are calculated using the SO-SCF method, showing good agreement with
experimental values for the 2 'P state, but giving a lifetime for the 3 '-P state which is about 20% too long.

I. INTRODUCTION

Accurate experimental results for the hyperfine
structure (hfsl in the P states of atomic lithium
have been available for some time, for the 2 I'
state' as well as the 3 I' and 4 E' states. The
2 I' state has been the subject of numerous theo-
retical treatments, ' some of which using very
accurate computational methods. " The 3 I' state
has however been treated only briefly in some of

these papers ' ' and so far no calculations of the
hfs in the 4 I' state have been reported. One of the
purposes of the present investigation is therefore
to supplement the experimental data with results
obtained from calculations, which hopefully will
give some additional aspects on the approximations
used in the analysis of the experimental results. '
In this connection one is greatly helped by the ex-
tensive material on the 2 I' state, as well as a
wealth of hfs calculations for other systems, which


