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A, EVAPORATION OF NEUTRAL ATOMS FROM Hell STIMULATED
BY HEAT PULSES

1. Introduction

Since the first measurements of the velocity distribution of atoms evaporating from
the surface of bulk liquid helium by Johnston and King,1 several theories have been
advanced to explain the helium evaporation process.Z In these theories, the excita-
tions in liquid HeII, phonons and rotons, play an important role in the evaporation mech-
anism.

In this report, we discuss an experiment designed to study the evaporation mech-
anism and describe an apparatus built to carry out this experiment.

In the Johnston-King evaporation experiment the velocity distribution of the evap-
oration of atoms from bulk liquid helium was measured and they found that the distribu-
tion was a Maxwell-Boltzmann distribution characterized by an effective temperature
approximately 1°K hotter than the source. Attempts to explain this unusual result
centered on the part that phonons and rotons play in the conversion of internal energy
of the bulk helium into free particles in the vapor. Phonon conversion at the surface
would give a broad low-energy spectrum of particles in the vapor, while roton conver-
sion would give a high-energy tail starting at A- p = 1.5°K, where A is the roton mini-
mum equal to 8. 68°K, and p is the latent heat of evaporation equal to 7. 18°K per atom.
This combination of conversion processes could explain the higher energy velocity dis-
tribution of the wvapor.

When McWane3 and Tinker4 repeated the experiment under better experimental con-
ditions, however, they found that the temperature shift in the vapor was not greater
than 0.3°K, and in all probability that the temperature of the evaporating atoms was
in equilibrium with the bulk fluid. This shows that we still do not understand the pro-

cesses that are important in the creation of evaporation atoms from the surface of

*This work was supported by the Joint Services Electronics Programs (U.5. Army,
U.S. Navy, and U.S. Air Force) under Contract DA 28-043-AMC-02536(E).
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the bulk fluid and, in particular, how rotons and phonons interact with the surface
and how energy is transported across the surface.

One way of investigating the surface interactions of phonons and rotons is to
direct a beam of these excitations at the surface. These beams of phonons and rotons
are the well-known phenomena of second sound in liquid He II.5 It was demonstrated
early in the investigation of second sound, that second-sound pulses incident on the sur-
face of the bulk liquid could be detected by the density variation in the vapor.éThe density
variations in the vapor are due to the heating of the surface and the resultant evaporation
of atoms when the pulse of second sound arrives at the surface. This suggests that
by applying neutral-beam techniques, the interactions of phonons and rotons at the

surface of liquid HeII could be studied.

2. Experimental Apparatus

The study of liquid helium by neutral-beam techniques in the temperature range of
interest has presented many experimental problems. Various me‘thodsB’7 have been devel~
oped in this laboratory to deal with them and apparatus utilizing these methods has been
built.

The apparatus (see Fig. I-1)comprises a stainless-steel vacuum chamber, a He3-He
pot structure isolated from the He4 bath by a stainless-steel pumping tube, a cop-
per septem, a field-ionizing needle, and an electron multiplier. The whole can is
immersed in a standard He4 dewar containing a liquid-helium bath which can be
pumped down to 1.2° K. By the use of standard one -shot He3 refrigeration methods, a
no-load temperature of 0. 3°K can be obtained on the He3-He4 pot structure,

The I—I<93-PIe4 pot structure (see Fig. I-2) is crucial to the experiment, This
structure is composed of the He3 pot with sintered copper bottom, an He4 fill line
and sintered heat exchanger, and an oven onto which the He4 pot is soldered.
The He4 pot is a stainless-steel tube, of 0.125 in. diameter, with an epoxy bot-
tom through which a copper wire has been embedded. The heater is a carbon
resistor built up from an aquadag solution deposited on the epoxy bottom. A
voltage is placed across the heater to the grounded walls by the central copper-wire
lead.

The He4 pot is filled by letting in a predetermined amount of gas from a
gas-handling system at room temperature into the He4 fill line. This line passes down
through a sintered copper heat exchanger in the He4 bath, into a thin wall capillary
passing down the He3 pump line into the sintered copper heat exchanger in the He3 pot.
The liquid He4 is then allowed to fall into the He4 pot from the end of a cap-
illary of small diameter.

This design for the unusual He4 fill system where the liquid drops into the He4
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pot is required because of the superfluid qualities of He4 liquid. If the He4 pot
on the He3 refrigerator were directly connected to the bath through a fill cap-
illary, then there would be a large heat leak to the He3 refrigerator, which would
limit the lowest temperature that could be achieved. In McWane's experiment,3
he was unable to achieve a temperature lower than 0, 5°K, because of the 5-MW heat leak
from the bath. Thus, by decoupling the He4 pot from the bath, we eliminate
this large heat leak and should be able to obtain temperatures down to 0.3°K.
We could have obtained the same decoupling effect by changing the size and length
of the fill capillary,8 but if the fill capillary is made too small in cross sec-
tion, then the He4 pot could not be filled, on account of film flow out of the
pot.

The fact that liquid He II forms films and that these films can flow and transport

bulk helium is well known.4 The rate of film flow from the pot is proportional
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Fig. I-2. He3-He4 pot structure.
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to the perimeter of the pot, and for a pot of 1/8 in. diameter, is of the order
of 1018 atoms/second. The rate of evaporation is proportional to the surface
area, and at 0.5°K is approximately lO17 atoms/second. The rate of evapora-
tion from the pot surface and those surfaces covered by the films are the same,
but since the film covers larger areas, the pumping system must be designed
for the flow rates of the films.

Pumping is done entirely by Molecular Seive (zeolite) in the form of pellets. In
order that the zeolite pump properly, it must be in good thermal contact with the
He4 bath, as the latent heat of adsorption of the helium gas will quickly heat up the zeo-
lite and reduce its effectiveness.

The vacuum chamber is divided into two pumping regions by the copper septem, the
detector chamber, and the lower source chamber., In the upper chamber the zeolite is
held against the walls of the chamber by thin mesh screening.

The lower chamber is a specially designed zeolite pump (see Fig. I-1). The zeolite
is held in 29 cold fingers projecting from the bottom of the chamber and on the walls by
thin mesh screening. The core of each finger is a copper rod in direct contact with the
He4 bath. The rate at which zeolite pumps is a function of its temperature and surface
area. Thus the design maximizes the surface area of the zeolite and the thermal con-
tact with the He4 bath.

The beam from the He4 pot passes through a small exit slit in the septum,
and is detected by means of field ionization at the tip of a sharp tungsten needle main-
tained at 10-15 kV, The ions are detected by an Allen type of electron multiplier
having a gain of ~106. The resultant pulses are then amplified and counted by standard

pulse amplification and counting systems.

3. Preliminary Tests

Tests have been made at liquid-helium temperatures to test the various components.
The results, at present, are very sketchy but encouraging.

After a 12-16 hour cool-down at liquid-helium temperatures the count rate for a
600 A needle at 10 kV was 1 or 2 counts/second, corresponding to a pressure in the
10_13-10_12 Torr range. By letting gas in the helium fill line at low flow rates, we were
able to see a beam of atoms from the source chamber. We have not yet been able to
determine the pumping speed of the zeolite pumping, but hope to do so soon. Also,
because of various malfunctions, we have not determined with certainty that we have
collected liquid in the He4 pot. Indications are, however, that we shall be
able to fill the pot and achieve temperatures in the range 0.35-0.4°K at the
low end.

W. B. Davis
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B. CORRECTION OF THE SPHERICAL ABERRATION OF
ELECTRON MICROSCOPE OBJECTIVE LENSES USING
TRANSPARENT FOILS

1. Introduction

Iarly in the history of the development of the electron microscope it was found by
Scherzer1 that any conventional electron lens would have a coefficient of spherical aber-
ration that is positive and nonzero. By a conventional lens we mean a static elec-
tric or magnetic field possessing cylindrical symmetry about the electron beam axis,
with no free charges or electric currents within the space traversed by the beam. The
aberration is always found to be such that marginal rays are focussed more strongly
than paraxial cnes (Fig, I-3).

Fig. I-3. Cylindrically symmetric lens with positive spherical aberration
coefficient.
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The ill effects of spherical aberration, and at the same time of chromatic aber-
ration, can be minimized by reducing the focal length of the lens, and by using a mag-
netic, rather than an electrostatic, field. The focal length is limited by the maximum
attainable magnetic field strengths and the mechanical difficulties involved in con-
structing the lens pole pieces, In commercial high-resolution instruments it will be
less than 1 cm, and in at least one research microscope it is less than 1 mm with a
30-keV electron beam. The best achieved point-to-point resolution is around 2 A. The
construction of these lenses has been brought to a fine art, involving tolerances of ~1 pm
in critical areas, and further development along these lines is expected to be very slow.
(The reader is referred to any electron optics textbook, for example, Klemperer.z)

An obvious alternative approach is to construct suitably "unconventional®™ lenses in
which at least one of the assumptions made in Scherzer's theorem becomes invalid. Most
of the work has been directed toward the removal of cylindrical symmetry and its
replacement with two mutually perpendicular planes of symmetry. Such lenses are called
"doubly symmetric" or "strong focussing," and include quadrupoles and octopoles

(Fig. 1-4).3 Unfortunately, a large number of lens elements are required even to

Fig. I-4. "Doubly symmetric" triplet, employing 3 quadrupole lenses. The
behavior in the X-Z and Y-Z planes differs, but a stigmatic image
may still be formed.

produce a composite that will correct the aberration of a round lens; typically, four
quadrupoles and three octopoles will be used. To improve upon the best resolution
achieved thus far, tolerances of the order of 1 um are required, but now they apply to
the positioning of 40 pole pieces instead of just the machining tolerances of two circular
ones. It is not surprising that such a lens has never been successfully made,

A second method is to vary the excitation of an electrostatic lens while the elec-

trons are passing through. Unfortunately, the transit time is very short at the
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energies which are useful in electron microscopy, so the design involves the use
of alternating voltages of kilovolt magnitude and 109 Hz frequency. Furthermore, the
electron beam must be chopped into pulses 10—12 s long.

The technique with which we are primarily concerned is the introduction of electro-
static charges within the beam. In other work this has been attempted by the introduc-
tion of space charge, but it has been found very difficult to control and stabilize the
large charge densities that are required. Because of the lack of success of the high-
frequency and space-charge experiments, there is very little published work.

The distribution of charge can be well defined by introducing conductors within the
electron beam. This conductor can be either a fine mesh, or a very thin metal foil. The
former suffers from the irregularity of the distribution across the mesh holes, while the

latter usually involves foils of such thickness that the beam is badly Scattered.4’ >

2. Foil Lenses

In a foil lens we place one or more very thin metal foils across the axis. The cylin-
drical symmetry of the system is preserved; the beam passes perpendicularly through
the foil (Fig. I-5). By shaping the foils and introducing nearby charged electrodes we
can obtain a useful distribution of charge on the foil surface, and hence can control the
focussing properties and the aberrations of this lens. In the following discussion we
speak of the axial potential distribution through the lens, rather than of the charge den-
sity, since the former is physically more significant.

The difficulties lie in the construction of acceptable foils. These must accurately

/

Vv

Fig. I-5. A foil lens is constructed by placing one or more thin conducting
foils at right angles to the axis. Other electrodes produce the
required charge and potential distribution.
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hold their shape over an area a fraction of a millimeter square, and yet be suffi-
ciently thin that a negligible fraction of the beam is scattered. They will also be
subjected to large electrostatic fields, Theoretical scattering results evaluated at 65 keV
indicate that if we can make a 100 A thick beryllium foil, then this will scatter 5% of the
beam elastically and 30% inelastically.6We feel that these amounts, which at first sight
seem large, will not be prohibitively so. The inelastically scattered electrons, having
lost at least a few eV energy, can be removed with a spectrometer and, by suitable
placing of apertures, it should be possible to remove most of the elastically scattered
electrons. Thus there will be a reduction in intensity, but only a small degradation in
image quality. Experiments on the construction of these foils are being performed
by E. H. Jacobsen.

By applying Laplace's equation, VZVz 0, we can determine the potential at all off-
axis points from knowledge of the potential and its Z-derivations on the axis; that is,
from V(0,Z) we can find V(r,Z). Thus the electron-optical properties of these foil
lenses can be visualized most easily in terms of the axial potential. To a first

approximation, the focal length I of a lens is given by

Image
= g (V1 /4V) dZ
Object

| =

where the prime denotes 8/9Z, and V is measured relative to the potential at which the
electrons would be at rest.

A strongly convergent lens will thus have a net positive curvature of the potential
(V"), and similarly we can obtain a strongly divergent lens by specifying a net negative
curvature. (Without foils we would be unable to do the last.)

The third-order spherical aberration can less accurately be considered a function
of

1 Image iv
— (VVY NV dz,

N VO Object

where VO is the potential in the plane in which the aberration is measured, or to

a slightly better approximation as a function of

Image .
NV W NT- vl 32y az,
Object

The most promising use of the lens is in conjunction with a magnetic objective lens,

arranging for the spherical aberrations to cancel each other. The two lenses may
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be placed next to each other, or the foils may be constructed within the bore of the mag-
netic lens. The last arrangement has advantages that we shall not discuss here. To
achieve an over-all aberration of zero, we require [ (Viv/\/V) dZ to be as large as pos-
sible. Figure I-6 shows examples of suitable axial potential distributions using fairly
simple electrodes and flat foils. TFigure I-6a shows a one-foil converging lens, and

Fig. I-6b a two-foil diverging lens.

t

I
| I
| |
I [
| |
L I

)

{

) (b)

Fig. I-6. Examples of potential distributions in foil lenses. Both correct
spherical aberration. (a) one-foil converging lens; (b) two-foil
diverging lens,

These suggestions have been accurately evaluated by extensive numerical integra-
tion, using a development of the aberration formulation of Hawkes,7 and the ideas
mentioned above have been confirmed. In particular, using the configuration in
Fig. 1-6b, with a foil separation of approximately 1 cm, we can correct the spher-

ical aberration of a magnetic lens with ~1 cm focal length. The potential variation
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within the lens is 10% of the external beam voltage.

3. Conclusion

It is apparently simple to design a one- or two-foil electrostatic lens that will cor-
rect the aberrations of a magnetic objective lens. The difficulties lie in construc-
tion of suitably thin, strong foils, and there will inevitably be some degradation of the
image quality caused by the elastic and inelastic scattering of the electron beam.

It also appears possible that we may be able to extend the design to include simul-
taneous correction of the paraxial chromatic aberration, but the results, at present,

are speculative,
M. G. R. Thomson
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C. AN ACOUSTIC MEANS OF DETECTING AN ELECTRON-
PROTON CHARGE DIFFERENCE

This report describes a new experimental technique for testing the electrical neu-
trality of molecules. The assumed equality of the electron and proton charges repre-
sents a symmetry in nature which corresponds to no known conservation law, but
is based directly on a series of sensitive experimental measurements dating from
1925 (see Table I-1). These measurements have involved three different experimental
techniques: the gas-efflux method, the isolated-body method, and the molecular-beam
method. The first two methods involve the measurement of the total charge on a macro-
scopic number of molecules, and the third method involves the measurement of the
deflection of the trajectory of a beam of molecules in a region of homogeneous elec-
tric field. When care has been taken to eliminate the effect of ions and other charged
particles (as in methods 1 or 2), the findings of these experiments are consistent with

the assumption that matter is neutral; that is, the measured charge per molecule is
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Table I-1.

Comparison of neutrality measurements.

Upper Limit

Upper Limit

Method Molecule for lQl for € Reference
N -16
Millikan (2) - - 1X10 1
-17
Hopper and Laby (2) - - 5X 10 2
Stover, Moran and (2) _ - 1x 10717 3
Trischka
. -19 =21
Piccard and Kessler (1) CO2 2X10 4X10 4
Hillas and Cranshaw (1) g x 1020 2% 1072t 5
) 12 x 10720 5% 10 2!
King (1) H, 2x 10720 1x107%0 6,17
He 4x10729  1x107%0
SF, 7 x 10721 5% 10723
Hughes (3) Csl ax107%0 2x107!? 8
. -17 -19
Zorn, Chamberlain, (3) Cs 1 X10 5% 10 9
and Hughes
ax 1077 1x 10718
H, 2 x 1012 1x 10717
D, 3x10 10 1x1071°
-18 -20
Fraser, Carlson, and (3) Cs 2X10 1X10 10
Hughes - _
K 1 X10 18 3X10 20
. . -12 -12
Shapiro and Estulin (3) n 6 X 10 6 X 10 11
. -18 -18
Shull, Billman, and (3) n 2X10 2X10 12

Wedgwood
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zero within the experimental errors.

This upper limit for the molecular charge can then be used to establish upper limits
on an electron-proton charge difference, €e (€ «1, e = 4.8 X 10_10 esu) and the neutron
charge, q, With the condition that €e = a, which follows from the assumption of charge
conservation in the beta decay of the neutron (n = p+e +7V) with the additional assump-
tion of zero charge carried by the antineutrino, the upper limit for the electron-
proton charge difference is the measured molecular charge divided by the total number
of nucleons, M = Z + N.

The experiment described in this report presents an experimental method which is
independent of the three existing methods just described. The sensitivity of the experi-
ment has equaled the best published number for the upper limit of an electron-proton

2
21 e), but more important, this limit does not represent the

charge difference, (1 X 10~
ultimate sensitivity of experiment. Also, this method is far less sensitive to the pres-
ence of ions and other free charged particles which necessarily complicate the inter-
pretation of previous microscopic neutrality measurements.

The experiment concerns the effect of an oscillating electric field on a gas contained
within a high-Q acoustic cavity. Under the assumption that the gas has a charge density
because of a small charge, Mee, on each molecule, and a molecular polarizability, «,

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

F_ = nMeeE + & oVE?, (1)
v 8
If the applied electric field is harmonically time-variant at the frequency W, then the
volume force will have an oscillating component at Wy attributable to the first term and
a component at Zwo, because of the second term. Such time-variant volume forces
will give rise to harmonic pressure variations or sound waves in the gas, Mathemati-
cally, the divergence of the volume force is the source term for the wave equation for
first-order pressure variations:
2 1 dp
Vp~- S5 =div F_. (2)
CZ dt2 v
The basis of an experiment to define an upper limit for the charge of a molecule is
now apparent. The apparatus is designed to detect the presence of sound waves in
the gas at the same frequency as the applied electric field: (i) if the medium is free
of ions‘, (ii) if care has been taken to prevent coupling between the electrical and
acoustic circuits, and (iii) if harmonic distortion in the electric field has been appro-
priately minimized to prevent coupling of the polarization signal at Zwo, then the

detected sound wave at wg should be proportional to the charge on the molecule. Of
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course, a null result is expected. Therefore the sensitivity of the experiment is
limited by the ability to minimize the inherent noise sources (Johnson noise, back-
ground acoustics, and so forth) and the effective elimination of the experimental prob-
lems mentioned above. The experiment gains sensitivity by adjusting the frequency of
the applied electric field to coincide with a cavity resonance, and by discriminating
against all but this single frequency in the detection circuitry. Detection of the polariza-
tion signal at Zwo offers a convenient means of calibrating the apparatus.

The acoustic cavity chosen for the experiment was a sphere, of 20-cm radius,
constructed from two hemispheres, 1.5 mm thick. The cavity exhibited Q's greater
than 103 for 1 atm of gas when excited in its first radial mode, thereby eliminating vis-
cous boundary losses. The Q measurements were made with two different gases, N2
and SF6. The measurements with N2 were useful because its acoustic properties are
similar to air, and the microphone response was known for air. The actual neutrality

measurements were made with SF, because of its large mass number (M= 146). Details

6
of the spherical cavity are shown in Fig. I-7. In addition to two microphones and a

/ KOVAR

INSULATOR

ELECTRODE Fig. I-7. Spherical cavity.

O

GAS INTAKE

(1/4 SCALE)

gas intake on the periphery of the cavity, a high-voltage electrode, which is a 1 in, brass
sphere, is supported at the center of the cavity. The cavity is mounted on an elastic sup-
port within a large iron vacuum chamber, which could be evacuated with a mechanical
forepump as a means of acoustic isolation. All electrical and gas connections to the
sphere are made flexible to prevent coupling of external vibrations.

The detection circuit begins with the microphones and ends with an analog signal on
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a strip chart recorder proportional to the pressure differential at the microphone dia-
phragm. The microphones are so wired in series that acoustic signals add and
electrostatic and magnetic pickup from the high-voltage electrode cancel. The resulting
signal is first preamplified wideband and then amplified by a lock-in amplifier with a
0.1 Hz bandwidth referenced to the frequency of the high-voltage driving circuit. The
cancellation of the pickup from the high-voltage circuit is not exact, because of asym-
metries in the circuit parameters. A balance circuit provides an equivalent amount of
signal of the same frequency but opposite phase to cancel the residual pickup at the input
of the lock-in amplifier. Pickup can be distinguished from any true acoustic signal by
its lack of frequency dependence in the vicinity of the acoustic resonance,

The largest source of inherent electrical noise is the Johnson noise of the resistive
elements of the microphone windings. Figure I-8a shows the output of the detection
circuit with a 600 Q resistor replacing the microphones. The measured mean volt-
age deviation of 8V = 1.5 X 10_9
value of the Johnson noise of a 600 @ source. Figure I-8b shows the output of the

V referred to the input agrees with the calculated

Isv=0.1V

MINUTES

(b)

Fig. 1I-8. (a) Total electronic noise with 600 Q resistor in place

of microphones: 6§V = 1.5 . 1077 V referred to
input (f=494 Hz, Af=0.1Hz).

(b) Total noise with 12 psi SFé in cavity (f=494Hz,
Af=0.1Hz).
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detection circuit with a pressure of 12 psi SF6 in the cavity. Comparison of the two
plots shows that the acoustic isolation of the cavity has attenuated the background acous-
tic noise to a level below that of the Johnson noise.

The high-voltage driving signal is provided by a transformer. The input of the frans-
former is the amplified output of the reference audio oscillator. Considerations in the
design of this circuit included the prevention of any DC or second-harmonic com-
ponents in the output signal which would couple a fraction of the real sound signals
at 2@0 to the fundamental and mask the hypothetical charge signal. A 300-V batiery
in the high-voltage circuit provides a means of intentionally producing a signal at
the fundamental frequency for the purpose of tuning the detection circuit. The DC
voltage also sweeps the cavity of ions and charged particles that might interfere
with the neutrality measurement.

The apparatus is calibrated at its resonant frequency W by driving the high-voltage
circuit at wO/Z, thereby producing a signal at Wg s because of the polarizability of the
molecules. (Sound is also produced at twice the fundamental, since the electric field
exerts mechanical forces on the electrode structure, but this signal was calculated to
be three orders of magnitude smaller than the polarization signal.) The measured polar-
ization signal voltage AVSIG/V2 divided by the calculated wvalue of the polarization
signal pressure APD/V2 yields the desired calibration, BVSIG/BPD. The calculation
of PD/V2 involves solving the wave equation with the second term of Eq, 1 as the
source term. The calculated value of the polarization signal pressure for 12 psi
of SF, at 300°K is

o

P
—22 = 2.8x10° dyne-cm_z/(esu)z. (3)

<

Figure I-9 shows two measurements of the polarization signal with these same experi-
mental conditions. The differences in the slopes of the two runs can be accounted for
by temperature drifts within the cavity. By using the average slope VSIG/VZ’ the fol-

lowing number is obtained for the calibration

WVsig _ Vsia, v°
o, T 2 P

=1.9X 10° V/dyne-cm“2 . (4)

"d|<1

The calculation and measurement of the polarization signal was repeated for NZ'
Since the microphone calibration in air (air = 0, 78% NZ) is known, the calculated value
of PD/V2 for N2 can be multiplied by the response and the measured detection cir-
cuit gain. This predicted value of the N2 polarization signal can be compared with
the observed value as a check on the polarization calculation. The two values were

found to agree by better than a factor of two, which is more than sufficient agreement
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for its intended purpose.

The specific measurement of the neutrality of the SF6 molecule now remains to

RUN 2:SF6

Vo _
2

Vg (VOLTS)
el
C
ba
o
&4
o

V2 (kv)?
Fig. I-9. Polarization data.
be discussed. First of all, the wave equation was solved with a source term given

by the product of the charge density p = nMee and the field within the cavity. The

result, when solved for Me is

APDkT z‘iko
Me < , (5)
~ QPeV ik r sink a
00, 0
k r 3 k a3
e o

where P and T are the ambient temperature and pressure of the gas. Ivaluation
of the geometric factor (with the constants ro = 1.27 cm, a=19.7 cm, ko= 0.228 cm_l)
and substitution of the calibration results in the expression of the charge per molecule

directly in terms of the chart recorder signal yield

0AP

D
Vg o Vsig
Me < QPev . (6)

KT(0. 45)

Recorder plots of two runs are shown in Fig. I-10. Ixperimental data for these

runs are the following.
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P =12 psi SF, (= 8.2 X 10° dyne/cm’)

6
= 300°K
Q@ =1040 (Run 1), 1120 (Run 2)
V = 3500 V (rms) (= 11. 7 esu).

The recorder plots show the decay of the DC coupled polarization signal used for tuning
the detection circuit to below the inherent noise level, thus revealing no charge signal

greater than the noise, This noise voltage is nothing but the Johnson noise in the

DC OFF

VOLTS

IsV=0.1V

(POLY=2.6V

VOLTS

IsV=0.1V

MINUTES

(b)

Fig. I-10. (a) Neutrality measurement: Run 1 (f=494Hz, Af=0.1Hz).
(b) Neutrality measurement: Run 2 (f=494 Hz, Af=0.1Hz).



(I. MOLECULAR BEAMS)

detection circuit, as can be seen by comparing these data with the plots of background
noise shown in Fig. I-8.

If a signal attributable to a molecular charge were present, it could be seen with a
signal-to-noise ratio of approximately one, if the detected signal were of 0.1 V magni-
tude. Substituting the value VSIG = 0.1 V in Eq. 6 yields an upper limit for the charge
on the SF6 molecule:

Me < 1.9 - 10719, (7)

Dividing Eq. 7 by the mass number of SFé (M=146) gives an upper limit for a funda-
mental electron-proton charge difference:

21

€§l.3><10— (8)

From Eq. 6 it is seen that the experiment gains sensitivity linearly with the elec-
trode voltage V, and by better than a linear factor with the cavity pressure P, since
the Q also increases with pressure. Both of these parameters were conservatively
chosen in the initial experiment. A gain in sensitivity by a factor between lO2 and 103

seems reasonably possible.
H. F. Dylla, J. G. King
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