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We have been working on an experiment to determine the force of gravity on
positrons and electrons. We have also been investigating the anomalous shielding effect in
copper discovered during the course of that work. Three graduate students have been
working on this project: John Henderson and Wayne Rigby, whose theses are enclosed as
Appendices A and B to this report, and Mark Rzchowski, who is currently working on his
thesis. We proposed a cooperative experiment working with Lawrence Livermore National
Laboratory and we have included it as Appendix C. Appendix D, submitted to the 18th
International Conference on Low Temperature Physics, August 1987, is a paper
summarizing our work on the copper shielding effect.
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Abstract

We propose to modify the apparatus used to measure the gravitational acceleration of
electrons! to make the same measurements on positrons in a cooperative effort with the Lawrence
Livermore National Laboratory, and to make electron measurements with the modified apparatus at
Stanford. This will be the first comparison of the gravitational acceleration of matter and antimatter,
and will test several current theories of this fundamental interactionZ. We also intend to investigate
further the extraordinarily small ambient electric fields observed in the experiment at low
temperatures. These investigations involve measurements of the microwave surface impedance and
DC surface potential of metals at low temperatures.

In section 1 we present a brief discussion of the results obtained on electrons with the
gravitational force apparatus. Section 2 describes the apparatus and the modifications necessary to
make it compatible with the positron source at Livermore. We also discuss a technique to decrease
the energy spread of the incoming beam. Sections 3 and 4 describe the two measurement
techniques employed in the gravitational force experiment: the time of flight technique and the
movable drift tube technique. The first method takes advantage of the small ambient fields
observed at low temperature, while the second is independent of this effect. We show that both of
these methods are capable of 1% accuracy with three hours of data taking. Section 5 presents our
surface impedance and surface potential investigations into a shielding effect that may be
responsible for the observed small ambient fields. We observe low temperature anomalies in the
microwave surface impedance of copper and aluminum, and propose a surface potential

measurement in an operational apparatus to correlate the anomalies with a shielding effect.
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SECTION 1 - HISTORICAL BACKGROUND

Motivated by the desire to measure for the first time the force of gravity on antimatter,

Witteborn and Fairbank (WF)! developed a low temperature apparatus to measure the force of gravity X

on individual electrons and positrons. That experiment 3 successfully measured the force of gravity

on electrons. N
The force of gravity on an electron is extremely small. In order to make the measurement it 3

is necessary to provide electrostatic shielding from external electric fields. This is accomplished by

using a copper drift tube for the electrons to travel through. There are two background effects that k
were expected to contribute forces much larger than the measured force. The patch effect, which is -
due to the polycrystalline nature of the drift tube, was expected to be around 10° mg to 105 mg. An F
overall potential gradient between 1076 V/m and 10°3 V/m ( 10* mg to 10° mg) due to gravitational :
sagging of the drift tube was also expected. (Both effects will be discussed in the next section.) ;
Measurements were made with two methods. The movable drift tube method gives the ;
gravitational force on the electron jndependent of the background forces on the electron while it is in ]
the drift tubes. (This will be discussed in detail later.) To make the time-of-flight ( TOF) \
measurements, a pulse of low energy electrons was repeatedly shot upward through a 0.9m long drift
tube. Their transit times were determined by measuring their time of arrival at a photomultiplier tube :
relative to the time the pulse of electrons was launched. The photomultiplier tube is above the drift Y
tube. Knowing the initial energy distribution of the pulse and the number seen at the detector as a ¢
function of time, the net force on the electron while it is in the drift tube can be determined. (This E
method is discussed further in section [II.) The TOF method can only measure the net force on the v
test particle. This means that the TOF method cannot measure the gravitational acceleration of the :-
electron and the positron independently. If F, is the net force measured on the electron, and E is the :
ambient electric field in the drift tube, then (taking up to be positive) .:;
"

(1) 'mg‘CE-—'Fl
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where m is the inertial mass of the electron, ¢ is its charge, and g is its gravitational acceleration.
Similarly, with g' the gravitational acceleration of the positron and F, the measured net force,

) -mg'+eE=F,

Adding equations (1) and (2), we obtain

3) -m (g+g') =F; + F,

Since there are three unknowns (g, g', and E) and only two fundamental equations [(1) and (2)}, it is
not possible to solve for both gravitational forces directly. However, using the accepted value of g
for the electron, the force of gravity on the positron can be found from equation (3). The accuracy of
that value depends on the accuracy to which F, and F, are known. Since the term teE cancels from
F, and F,, it is advantageous to have ¢E (hence F; and F,) as small as possible. (One needs the
uncertainty in F; and F, to be smaller than mg. The larger ¢E is, the smaller the relative uncertainty
in F; and F, has to be.)

Using the movable drift tube technique, WF measured the accepted value of g for the electron
to 30%. With the TOF technique, they found the net force on the electron in the drift tube to be
0.0010.09 mg. This low value of the net force makes it easier to measure the force of gravity on
positrons. These experiments were performed at 4.2K to use low-noise superconducting electronics.

To discover why these background forces were not present at 4.2K, the apparatus was
modified to operate at a variety of temperatures. Lockhart, Witteborn, and Fairbank? found a sharp
change in the net force at 4.5K, from essentially zero to a value consistent with the theoretically
expected forces of approximately 10* mg. To account for this behavior, a shielding effect that would
screen out the large forces was proposed. Recent results with microwave cavities (discussed later)
indicate that the effect may take place on aluminum surfaces as well as on copper surfaces. An
experiment to look at the shielding effect directly has been constructed and tested (see section V).

The original motivation of comparing the force of gravity on matter and antimatter is even

stronger than before. In addition to the fundamental nature of the measurement, there is now the

possibility that the force of gravity may be different on anitmatter2.
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During the last few years there has been a rapid growth of experiments which use low energy
positrons to study a wide variety of problems. Some of this work has become possible due to the
development of a linear accelerator as a high intensity positron source>. Such a source makes it
feasible to measure the force of gravity on positrons. In addition to giving the first measurement of

the force of gravity on antimatter, such an experiment would also give a definitive value for the

electrostatic sheilding seen in the drift tube below 4.5K.




SECTION 2 - MODIFICATIONS TO THE GRAVITATIONAL FORCE
EXPERIMENT

The major effort required will be to modify the present working apparatus to accomodate the
positron beam. A technique to reduce the energy spread of the incoming beam will be implemented to
enhance the data rate.

The methods used to reduce background forces have been extensively discussed in the
litterature!-3 and will only be discussed briefly here. All of the conditions described in this paragraph
have been met successfully in the original electron experiment. A metal tube needs to be used as the
test region to prevent static charge buildup and shield external fields from the drift region. Particles
(electrons or positrons) displaced from the tube axis feel an attractive force to the nearest tube wall
due to an asymmetrical image charge distribution. This is minimized by using an axial magnetic field
to prevent the particles from drifting off axis. Thermally induced electric fields are reduced below 0.1
mgle by using a thick walled drift tube and having only one point of thermal contact with the liquid
helium bath. Thermal fluctuations in the electric field due to 4.2K black body radiation are on the
order of 10 mg/e.” Variations in the magnetic field used to guide the particles can cause variations
in the kinetic energy of the particle. Using the present magnet system and selecting particles with the
lowest cyclotron energy (lowest magnetic state), these fluctuations can be reduced to 103 mg/e.
Interactions with residual gas can be reduced to an acceptable level by keeping the pressure below
3x10"11 torr at 4.2K.

The fact that the drift tubes themselves are in a gravitational field results in an induced
electric field along the tube axis. This is due to sagging of both the electrons and the ion cores in the
metal. The original theoretical prediction by Schiff and Barnhill8 was that a downward electric field

of amplitude mg/e would be produced. Since this just cancels the gravitational force for an electrron,

the net force on an electron would be zero, consistent with the WF results at 4.2K. A different
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derivation by Dessler et. al’® predicted the field should be around 0.2 Mg/e upward (M is the ion
mass). The discrepancy between the two predictions was resolved by Herring!? when he showed
that the result of Dessler ez. al. could be obtained using the approach of Schiff and Bamnhill by taking
into account certain surface effects. The expected field is then approximately 10* mg/e, which is
consistent with the experimental results above 4.5K, but not below 4.5K.

The drift tube is made of many crystallites. The inside surface of the drift tube will have
random crystal faces exposed, so the potential on the surface will vary also. This leads to a variation
in the potential on the axis of the tube. The rms potential variation on the axis, <®2>172, js!!

<OBV2=026(WH O
where w is the mean crystallite width on the surface, r is the tube radius, and ¢ is the rms variation of
the surface potential. In this experiment, w = 104 cm, r = 2.5 cm, and ¢ = 0.1 V. Then
<®2>12% 106 V (or forces of approximately 105 mg). Again, this is consistent with the results
above 4.5K, but not below 4.5K.

These last two effects are only relevant to the TOF technique. Figure 2.1 shows a diagram
of the modified apparatus. The modified apparatus differs from the original apparatus in that the
detector is at the bottom instead of the top, the source of particles is now brought in through the top
and can therefore be changed, a velocity selector tube has been added to narrow the energy
distribution of the incoming particles, and the system of guide magnets must be altered to account for
the above changes.

Operation of the system begins with a 10 nanosecond bunch of more than 108 positrons from
the Lawrence Livermore National Laboratory (LLNL) linac.12 The bunch has an average energy of
~103 eV and an energy spread of a few eV. To lower the energy spread, the beam will be brought in
at an angle to the main guiding magnetic field so as to impinge upon the rethermalizer. The
rethermalizer is a cooled crystal of copper. The positrons embed in the rethermalizer and diffuse back

out due to the negative work function of positrons in the rethermalizer. Some of the positrons
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annihilate with electrons in the crystal. The remaining 10% to 40% of the positrons rethermalize by
collisions in the crystal. Rethermalization has been demonstrated!3 at temperatures below 20K. By
cooling the rethermalizer to 4.2K (or below) we should be able to reduce the spread of energy
(perpendicular to the crystal face) of the reemitted positrons to ~0.5 x 10-3 eV. In order to
preferrentially populate the lowest magnetic states (lowest cylotron energy), the magnetic field needs
to be high in the region of rethermalization. Use of an existing 50 kgauss magnet at a field of 10
kgauss to 20 kgauss will populate the magnetic ground state with 20% to 40% of the reemitted
positrons. The magnetic fields are such that the high magnetic state positrons have short transit times
in the drift tubes and can be excluded from the data analysis. The positrons are reemitted with a
center of energy corresponding to their work function in the crystal (~2 eV), and a spread as
described above (~0.5 x 103 eV). There will be ~10° positrons per pulse in the magnetic ground
state emitteed from the rethermalizer. Since the intcracﬁgn’ii;tk‘is Jlé rethermalizer is on the order of
10-11 sec, the 108 sec pulse width is unaffected.

The positrons are magnetically guided to the velocity selector tube (see figure 2.1) where the
energy spread is reduced further. This is accomplished by using the transit time of a particle through
the velocity selector to determine its energy. Knowing the particle energy, a time-dependent voltage
can be applied to the velocity selector to offset the known energy (see figure 2.2). In other words, a
retarding voltage can be used to slow down the faster particles, so they all leave the velocity selector
region with the same kinetic energy. Physically, a fast particle has high energy, so the velocity
selector should be a comparatively deep potential well so the particle has a low kinetic energy in the
test region. Conversely, a slow particle already has a low energy, so the velocity selector only needs

to be a shallow well. In the process of narrowing the energy spread, the pulse is spread over a longer

time interval. The reverse of this procedure has been successfully used to time bunch monoenergetic
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positrons. 14

The operation of the velocity selector has been computer simulated. The procedure used was
to wait until the particle pulse was in the velocity selector and then start varying the voltage of the
velocity selector. Nominally, the energy is given by
4 E=12mL%?
where L is the length of the velocity selector, and t is the transit time. The form chosen for the
applied potential was

a t<t,
S VvVi= t.-2

a (-‘;) t2t,
where t,, is chosen to be a time after the pulse has entered the velocity selector, and before the first
particles exit. If equation (4) were exact, the appropriate choice of & in (5) would result in all of the
particles exiting with the same energy. In actuality, electric field pepetration into the velocity selector
alters equation (5). Also, the fringe electric fields at the end of tﬁc velocity selector tube will be
changing in time, so the total energy of the particles will change in time also. Both of these effects
are included in the simulation, so the t*2 trial function used will result in some energy spread in the
final distribution. Figure 2.3a shows the energy distribution incident on the velocity selector. Itis a
gaussian with a width of 0.5 meV and is centered at 1.0 meV. Figure 2.3b shows the resulting
energy distribution when a was chosen ignoring the corrections to (4). The width is approximately
35 peV . Figure 2.3c shows the result of raising the incident center of energy to 2.5 meV and
chosing a to minimize the energy spread. Now the width is only a few peV. A more complicated
trial function in equation (5) would result in a more symmetric, narrower energy distribution. In

both cases t;, = 20 ps and the pulse is spread to ~10 us wide.
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There are several factors which tend to increase the spread in the output energy distribution.
One is Johnson (thermal) noise on the electrodes. The Johnson noise in the present system is below
1011 pV. The noise on the velocity selector will be higher due to the time varying voltages, but can
still be kept below 10°7 V through the use of superconducting electronics and appropriate circuit
design. This will not limit the veloctiy selector effectiveness.

This method of reducing the energy spread requires synchronization between the application
of the time-varying voltage and the entrance of the pulse into the velocity selector. The timing errors
in the electronics should be less than 10 nanosecond, and there will be a 10 nanosecond uncertainty
due to the pulse width. For a 0.5 meV wide distribution centered at 1.0 meV, these timing errors will
spread the final distribution by 0.3 peV and should not be a limitation on the technique.

If there are patch effect fields in the velocity selector, the transit time will be changed. If tis
the transit time without patches, then the modified transit time, t', is!!

2
3<<D>]

2
(6) t'=t[1+ 3 E>><®d >
E

where E is the particle's energy. For <®2> = 106 V determined earlier, and E = 103 eV used here,
(t' - 1) = 2x10°1! sec. This is much less than the 108 sec timing uncertainties, hence negligible.

Overall, the velocity selector should be able to narrow the energy spread of the exiting
particles to ~109 V. When used with the LLNL linac positron source, this will result in 10° usable
positrons per pulse. The calculations in the next sections assume only a one meV wide distribution
(typical of the rethermalizer), so use of the velocity selector will allow us to obtain more accurate
results in a shorter time than is calculated there.

The modifications we propose include installing the velocity selector and modifying the
magnet system and detector location to use an external source of particles. These changes will be

tested by using an electron cathode in place of the positron rethermalizer. The current electron

12




cathode has an energy spread of ~0.5 eV, and produces ~10? electrons per pulse, so the number of
low energy electrons would be essentially the same as for the positron source. This will allow us to
verify the original measurement of g for the electron (by the movable drift tube technique), and to

obtain the electron measurement needed to calibrate the TOF technique. The following sections

discuss these two techniques in detail.
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SECTION 3 - THE TIME OF FLIGHT MEASUREMENT

In its simplest form, the measurement of the gravitational acceleration of the electron
(positron) requires only a knowledge of the time in which the particle falls ( or rises, because of
some initial velocity ) in a gravitational field. But because of the weakness of the gravitational
interaction ( a change in energy of 5.5 x 10°!! eV over one meter ), there are practical difficulties.
The large ratio of the electromagnetic interaction to the gravitational interaction at laboratory scales
requires that the charged particle traverse a test region that is field-free to a high degree of accuracy.
This is the purpose of the drift tubes.

We have manufactured very regular cylindrical coppper tubes to shield particles on the axis
from stray electric fields. Yet this device itself creates stray fields because its surface is not at an
equal electrostatic potential. Due to a polycrystalline surface, rms fluctuations on the order of 106
volts will be found on the axis of a five centimeter diameter metal tube!l. These are much larger
than the gravitational energy scale mentioned above and tend to mask the gravitationally induced
change in time of flight. However, a low temperature shielding that reduce these fluctuations to a
negligible level has been reported by Witteborn and airbank!*6 and Lockhart, Witteborn, and
Fairbank*. (See also section 1 of this proposal). We complete the analysis of this section
assuming that stray fields are completely shielded. (Although see section 4 for a measurement
technique that is independent of the patch effect fields).

Since the incident beam cannot be strictly monoenergetic, electrons do not arrive at the
detector simultaneously, but with a particular time dependence. For sufficiently low energy
electrons (those with energies much less than the energy spread of the incoming beam) we will see
that the number versus time curve measured at the detector is very insensitive to the exact energy
distribution of the incident pulse. The gravitational force on the particle, however, enters in a way
large enough to let us measure the force of gravity on an electron or positron to an accuracy of 1%
after approximately three hours of data taking. The rest of this section describes the measurement
process in detail, and makes the above estimate of its accuracy.

We can write the position dependent electron ( positron ) kinetic energy as

14

.........

-‘. -

5 LAY

a8l
> \

& PPl

_ - R . . Vs
¥V 2% B A%\ ") AN v %L Y U LA N W ) e e e e N e T e e S e NN P T S0 T Y ">’ P I T S
OO Ot At T Y et i O W Pt e € ) ' NP A A AN B AR N A A AT NI



-m( ) =—mvz+mgz

where v, is the initial velocity of the particle. ( The particle is directed downward here, as is the z
“ axis ). This equation can be integrated to give the time of flight as a function of initial energy, and

then inverted to give initial velocity as a function of time:

5 1

0 2

d v,

I: t:-ﬂ[(]...i;) -1] M V0=-l--%t-

!:: g vo t

.
:?:

:::; We therefore see that there is a maximum time of flightt = given by

" 1

2

| (2)

{ . t = —

i max g
K

W . . - . ..

X which corresponds to the time of flight of a particle with zero initial velocity as it is accelerated
. down the gravitational well. For g of 9.8 m/s and a length / of one meter, tax 18 0.45 seconds.
4

2 The particles leaving the thermalizer ( see section 2 ) have a Maxwell distribution of
3 velocities'4

" 2

B i" 1 ) -_g.

::I P(V ) = € 292

W : oJ2x

where G is the thermal velocity spread, which for electrons at 4.2 K is 7.8 x 10 m/s. From the

"y relation

A

”

» { gt()

::;' P(t<ty) = P v0>§-7)

3 we find the probability density for the time of flight by taking a derivative with respect to t,,:
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0 otherwise
Therefore the mean number of particles detected in the time interval 8t around t is
<N(t)> = N_ P(1) :

where N, , is the total number of particles. .

The above expression for P(t) is relatively complicated, but it simplifies when we consider

"

only those particles with time of flights near the cutoff time. Since the velocities corresponding to .:
&

these long time of flights are small compared with the distribution width o, the argument of the h
exponential in P(t) is small. Thus to a very good approximation .
N 4

<N(1)> = =X St(iz+§-) o

o F :

We find the gravitational force on the electron (positron) by fitting this form to the data and

extracting g from the coefficients. This is a simple linear regression problem in t'2, but because b ‘
N, and G are not known to a high degree of accuracy we fit both the intercept and the slope, then g
divide tofind g : _
b b ;
<N(t)>=-—‘-¢-b0 ; g=-21_°_ '
t2 bl -
In order to find the expected error in measuring g with this method, we need to know the h}
width of the distribution N(t) for particular times t,. If the time axis is divided into bins of width b
ot ( with a multichannel analyzer ), a particle will be found in bin ¢ with probability P(t)dt and in N
any of the remaining bins with probability 1 - P(t)dt. Thus the probability that N(t) particles arrive \
in bin ¢ out of a total number of particles N, , is binomially distributed with mean <N(t)> = R
N,,,P(1)5t and variance <N2(1)> = <N(1)>(1-<N(t)>/N_ ). For N(1) << N, (small bin size) this K
becomes a Poisson distribution, which approaches a gaussian as N, gets large. This gaussian has ‘:
-
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variance 6%(t) = <N(t)>. We solve for the coefficients by and b, using the method of weighted

least squares!3, finding the variance matrix of the coefficient vector to be
X(ic )2 -X(t/o) ] [
1
& L)’

A = 36'20’0)” - (Zuo)?)

where

With these variances and covariances ( by and b, are correleated ) we find the uncertainty in g
(calculated from g = -2/by/b, ) using the method of propagation of errors. If we divide the time axis
into 100 bins between 0.2 and 0.4 seconds, one calculates in this way that a 1% error in the value
of g can be obtained with 10° particles falling a distance of one meter. This assumes an initial
energy width thermalized to 4.2 K as discussed in section 2. With 10° particles per pulse ( section
2 ) and a repetition rate of one second to allow the long time of flight electrons to arrive at the
detector, this 1% accurracy level requires 2.8 hours of running time.

We have ignored certain complicating features in the actual experiment because, as we now
argue, they do not substantially affect the conclusions. Because the incoming electron ( positron )
pulse is centered around a nonzero energy (see section 2 ), we must bias the drift tube in order to
operate at the center of the energy distribution, maximising the number of slow electrons. Thus the
potential near the entrance of the tube is modified slightly from the form assumed in the kinetic
energy equation at the beginning of this section (gravity only), and will affect the time of flight. A
further end effect is the image force experienced by the charge as it enters the drift tube'®. These
effects can be calculated to determine what functional form to numerically fit to the the data.
Because an analytic fitting function is not available, the error cannot be caluculated using the linear

regression formalism developed here, although the accurracy to which we can extract g will remain

substantially the same.
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SECTION 4 - THE MOVABLE DRIFT TUBE MEASUREMENT

The method to measure the electron (positron) gravitational acceleration that we have just
described uses the time of flight chartacteristics of slow electrons, and hence relies on the low
temperature shielding effect to screen patch effect fields as observed in the original low temperature
experiments3-6. However, an alternative method using a second, movable drift tube has been
demonstrated to measure the gravitational acceleration of the electron even with an unshielded patch
effect! (see section 1). This section of the proposal describes the measurement in detail, showing
that a 1% measurement of the gravitational acceleration of the positron can be obtained in three
hours using the positron linac at LLNL. (Similar results can be obtained with electrons at
Stanford).

The measurement involves finding the potential difference between the movable and fixed
tubes that maximises the number of slow particles seen at the detector for a given tube separation.
This method uses the fact that both both the upper (fixed) and lower (movable) drift tubes have a
region along the axis of maximum potential (due to the patch effect) that acts as a barrier to the
clectron pulse and moves with the tubes. Now, the number of particles arriving after some time t,
is equal to the number in the pulse with initial velocity less than v(t,), the velocity needed to
traverse the two tubes in time t;,. Suppose that the two tubes are biased so that their potential
maxima are of equal height. When the barrier height of the movable tube is lowered, the initial
velocity required to traverse this new potential in time t, becomes smaller. Hence the number of
particles arriving after this time has decreased. The number also decreases as the movable tube is
raised in potential, as can be seen from considening the two tubes in opposite order. Thus the
number of particles arriving at the detector after some time t, is 2 maximum when the barrier
heights of the tubes are equal.

Suppose now that the separation of the tubes is changed from a configuration where the

applied potential difference is such that the barmier heights are equal. The particle will gain kinetic

energy from gravitational acceleration through the additional distance between the bamers. Then
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the energy of the particle relative to the first barrier is no longer equal to its energy relative to the
second, decreasing the number of slow particles. The applied potential necessary to again
maximise the number of slow particles is equal to mgAh, where Ah is the change in tube
separation. Since we are sensitive only to changes induced by changing *iie tube separation, this
measurement is independent of the patch field and gravitational sag effects mentioned earlier, since
they move along with the tube.

There is, however, another effect when the two tubes are connected with a wire, as they
must be to control their relative potentials. Before the drift tubes are connected, they are not in
thermodynamic equilibrium because the gravitational potential terms in the free energies are
different. When they are connected, charge flows between the tubes, creating an electrostatic
potential that exactly cancels the difference in gravitational energies. This can be seen more clearly
from Fig. 4.1. Consider a particle moving from the region of highest potential in the upper (fixed)
tube (point A) to the region of highest potential in the movable tube (point B) along the path AB. If

we take the particle from point B, through the surface of the lower drift tube, through the wire and
into the upper tube, then out through the surface to its original position at point A, we can have
done no work in the conservative potential. Since no work is done in moving from point C to point
D (the metals are in equilibrium under electron exchange), and the work done in moving from D to
A and from B to C is independent of tube separation, the work done in moving the electron from
point A to point B must be independent of the tube separation. Hence the energy of the electron
relative to the movable drift tube’s potential maximum is independent of tube position, and no
additional potential is required to stop the beam from reaching the detector when the tube separation
is increased. But the electrostatic potentials that cancel the force of gravity on an electron add to
gravity for the oppositely charged positron, resulting in a net measured acceleration of 2g if the
gravitational mass of the electron and positron are equal.

We now show that additional complications due to stray electric fields and non-axial particle
trajectories can be made small enough to measure the gravitational acceleration of our test particles

with this method. Because the two drift tubes are within a third, larger. shielding tube, there are
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Fig. 4.1 Conservation of energy argument for the movable drift tube experiment
(see text).

P S S e f e
! .

W e R G T R R R R T R Ry R AT SRS ST RT AN
......... 8 AN -"‘:.o‘qtg.t’.l. l.ql.u'. .‘ AN 'F v.-k'n " X "t~ A ..




(PO O TR TUX T O (T TLN T ERANRENRAS UK A [ "] ‘g Atad

random electric fields generated by its surface which do not move along with the movable drift
tube. These can in principle change the height of the movable potential barrier and introduce a
systematic error. But we can now make use of the static shielding properties of a metal cylinder.
Far inside a very long cylinder, these stray ficlds would be attenuated to zero; it is only field
penetration at the ends that poses a possible problem. The quantity of interest is the amount that the .
external fields have been attenuated at the position of the potential maximum cof the movable drift .
tube, which we can easily estimate as follows.

Suppose that both drift tubes are biased at a negative (positive) voltage so that the electrons -

(positrons) move with relatively high energy through the approximately zero potential region

rrry

separating them. As the particles enter the movable drift tube ( see Fig. 4.2 ), the potential is rising
toward its asymptotic average value deep inside the cylinder. Even in the asymptotic region,
however, it fluctuates around the average with an rms deviation 6. One can see from Fig. 4.2 that
the particles entering the movable drift tube will not encounter a fluctuation large enough to turn
them back until the axial potential has risen to within © of its asymptotic average. Since this rms
deviation 6 is on the order of 106 volts!!, we see that biasing the tube at a potential of ten volts
means that the particle will not be turned around until it is in a region where external fields are
attenuated by a factor of 10-7. Since we expect ambient potential fluctuations generated by the
larger, outside tube to be also on the order of 106 volts, we see that possible offsets are attenuated
to a level of 10'13 volts - a small fraction of the 5 x 101! volt gravitational potential change of an
electron over one meter.

Another possible difficulty is that since the test particles are not confined exactly to the axis

of the drift tubes, the maximum potential along different paths can vary slightly. This effect is
independent of tube separation and is easily seen to be equivalent to a variation in the initial energy
of the particle. Since the patch effect potentials have a correlation length on the order of the tube
radius®), we see that any variation in particle trajectory will most probably be much less than the "
s fluctuation level of 10 volts, and certainly no larger than this. We will find later that an initial

energy spread of 103 volts in the electron pulse is adequate to give accurate measurements of the
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gravitational mass of electron (positron): therefore the effect due to different particle paths can be
absorbed into an initial energy spread with little loss of accuracy.

We have shown that the systematic errors are small, but the problem remains that the number
of incoming particles in the velocity range of interest fluctuates because of the energy spread of the
incoming beam. We can reduce this error by averaging over many incident pulses. The running
time necessary for such an average to yield an accurate measurement of g can be calculated in the
following way.

If v(t,) is the initial velocity required for a particle to traverse the two drift tubes in time to

then the probability that a particle reaches the detector after time t, can be written

v(ty)

of2n

P(t>1y) = P(v<v(ty)) = V(ty) << ©

where we have used the same Maxwell distribution for the incident velocities as in section 3. The
last equality holds because, as in section 3, we consider only particles with velocities much less
than the width o of the velocity distribution. In this region, the distribution is flat to a very good
approximation. If the total number of particles is N,,, then the mean number arriving after time t,
is

N

Dt

<NN@>ty> = v(ty)

of2n

Suppose that a particle moves through the potential of fig. 4.3 . For anlaytic convenience we

assume that the particle moves quickly between the regions of drift tube maxima, and that the
maxima of the two tubes are of identical shape. (These conditions are not crucial to the experiment,

but allow us to present a concise derivation of the expected sensitivity.) The total time of flight is

then the sum of the time of flights in regions I and II:
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Fig. 4.3 Potentials in the two tube syste, contributing to the measured time of flight
(see text). The time of flight is maximized for 8V equal to zero.
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dz J dz
+

o = ) > > 3
,v0+EV(z) \/Vo + EV(z)+a

2 2
=f(vy) + f(vy+ )
Here V(z) is the shape of the potential maxima and a is equal to 2/m8V, where 8V is as in fig.4.3.

If we could invert this relation, we would write

ot

<N(t>1ty)> = v(ty )

of2x

As discussed at the beginning of this section, < N(t > t;) > is a decreasing function of lal with a

maximum at o = 0. To know how accurately we can determine this maximum, we must calculate

the sensitivity of < N(t>t,) > to a change in a. Using the chain rule,

-1
d I Nn dt) (dt )I
—<N(t>t))> 6o = _— Sa
da to a=0 da a=0

oo

The assumption of identical potential maxima, leading to the expression for ¢ in eqn. (), gives a

very simple form for this result, letting us write

A<N(t>15)> = o

i Ny, 1 5
of2n 4V(tp0=0)
The limit of detectability is determined by setting this change equal to the standard deviation

of the total number of particles detected after time t). Since N('t > t; ) has a standard deviation

propotional to the square root of the mean,

1
A<N_(t>1) N 2 % >
ot _ 0t 2r)” "2 _
et sa(Te) B -

The unknown quantity is still v( t; ), since this depends on the exact potential that the particle
traverses. However, we can make an estimate of the running time needed to make a 1%

measurement of g at the 1 G level by considering a t; such that 1/2mv2(t,) = 10°eV. Fora o of
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7.8 x 10° m/s ( corresponding to a distribution thermalized to 4.2 K ), this requires 10° particles to
resolve a 8V of 10°13 eV. This is 1% of g for a tube displacement of 20 cm. This is the same
number of particles as we required in section 3, where we saw it to correspond to three hours of

running time. ,
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SECTION S - INVE IGATIONS OF THE LOW
TEMPERATUE SHIELDING EFFECT

In section 3 we described a time of flight measurement of the electron and positron
gravitational acceleration. This method requires that the stray electric fields on the axis of the
cylindrical drift tube be quite small, much smaller, in fact, that one might reasonably expect. The
observations of Witteborn and Fairbank3® and of Lockhart, Wittebom and Fairbank* suggest that
the ambient electric field inside the metal drift tube is unusually small at 4.2 K. Theoretical models
have been suggested by Bardeen!” and Hanni and Madey!® to account for this. The models
propose that a layer of electrons bound to the oxide layer on the metal surface become conducting at
low temperature, so that the mobility is high enough to screen variations in the surface potential.
Calculations show® that electron densities on the order of 10'? electrons / cm? will substantially
screen potential variations on the metal surface.

Because of the importance of such an effect to the time-of-flight measurements, and because
of its intrinsic interest as a new solid state phenomenon, we have built two experiments to
investigate it more directly. The first of these is a system for high precision measurements of the
microwave surface impedance of metals at low temperatures. With this apparatus we have found
sharp, anomalous increases in the surface conductivity of copper and aluminum surfaces as the
temperature is decreased. Such and anomaly could be generated by an increase in the number of
conducting surface electrons. The second experiment is a surface potential probe which can
measure directly the local electric fields above a metal surface as a function of position. We
propose to modify the first apparatus so that the same samples may be measured in both systems.
In this way we may verify, or rule out, whether the phenomenon which causes the anomalies in the
surface conductivity reduces the variation in surface potential. We note that recent, independent
measurements of the surface potential in an apparatus similiar to ours indicate a dramatic change in
the magnitude of the patch effect field at low temperatures!?; these preliminary measurements have

not yet been verified, however.
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The microwave cavity system can measure the resonant frequency of a cavity as a function of
temperature to better than 1 part in 10'% at 9 GHz over the temperature range 2-20 K. The shift in
resonant frequency due to a surface conducting layer can easily be computed. For cavities made of
pure metals at low temperatures (i.c., in the “extreme anomalous limit" of the surface impedance) ;
one finds that the shift depends only upon the surface carrier density n, the effective mass m, and

the scattering time 7

. m . wt wt << |
Af (Hz) ~ 10‘2(—°) n (cmz) X
m 1 ot >> 1

.

2> = B

N

The behavior in other regimes is more complicated, but, in general, changes in the conductivity of

a surface layer of 10!2- 10'%electrons cm2 can be detected. This is a small number compared E
with the number of surface atoms ( ~ 101> cm2) and a very small number of electrons within the :
clectromagnetic field penetration depth of the surface ( 10'® cm™2). \
We have observed sharp changes in the resonant frequency as a fucntion of temperature in '\
cavities made of copper and of aluminum. Of the four copper samples tested (high purity,
oxygen-free copper), three showed measurable anomalies. Two of four aluminum samples (6061 o
aluminum alloy) showed anomalies. All samples had natural oxide layers. Figs. 5.1 and 5.2 show f"
the resonant frequency shift as a function of temperature from two runs, with a background shift '
due to thermal expansion subtracted. The temperature at which the anomaly appears is ‘
sample-dependent, ranging from 3.40 K to 3.85 K. One copper sample showed a second anomaly :
at a higher temperature, 7.15 K. In all cases the effective surface conductivity increases as the ;
temperature is lowered. The anomalies were stable and reproducible from run to run; the effect on
one sample was unchanged after an interval of over a year. }
The lower-temperature anomalies are eliminated, and the upper anomaly reduced, by 3
i relatively small, static magnetic fields ( 200 G: see Figs. 5.1 and 5.2). We have also demonstrated :
~
R\,
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Fig. 5.1 The anomalous frequency shift as a function of temperature for one aluminum
sample, with and without a static magnetic ficld. Thermal expansion has been subtracied by
fitting the data above 3.8 K. The magnetic field increases in equal increments of 13.3 G from 0
G (1op curve) 1o about 200 G (bottom curve). Note that the curve in 200 G lies very nearly

along the extrapolation of the thermal expansion fit.

£(T) = (fo+ aT2+ bT*) (Hz)

Fig. 5.2 The anomalous frequency shift as a function of temperature for one copper sample with

and without a static magnetic. This sample showed two anomalies, one at about 3.6 K and one




that the anomalies can be perturbed by deliberate contamination of the surface; Fig. 5.3 shows the
effect of helium, Fig. 5.4 oxygen, and Fig. 5.5 a hydrocarbon grease. We believe we have ruled
out the possibility of any superconducting contamination.

The second apparatus is an instrument to measure the local surface potential on metal
surfaces at low temperature and ultrahigh vacuum as a function of temperature. This apparatus is
shown in fig. 5.6. A rotating electrode forms a capacitor with the sample, which is mounted below
it on an adjustable stage. The changing voltage across this capacitor as the electrode moves 1o a
region of different sample surface potential causes charge flow to and from the sample. This signal
is converted to a voltage by the low temperature amplifier and averaged over 1000 rotations. The
result is a measurement of the surface potential along an annulus ( see fig. 5.7 ). Since we are
trying to detect an effect that would manifest itself by shielding spatial variations in the surface
potential, the sensing area must be kept small. But the voltage sensitivity varies inversely as this
sensing area because of the capacitive coupling to the signal. We presently operate with a spatial
sensitivity of one millimeter and a voltage sensitivity of one millivolt. Two polycrystalline copper
samples, one annealed to grow crystallites large enough to generate resolvable potential changes
above the surface, have been measured at temperatures down to 2.9 K. Neither showed evidence
of a shielding effect at the present limit of sensitivity. In the microwave cavity experiment,
however, we know that the low temperature anomaly did not appear on all samples at the original
level of sensitivity, or at all on some. It would therefore be extremely desirable to measure in this

apparatus a sample that was known to have an anomaly in its microwave conductivity.
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Fig. 5.7 Recent daw taken at 77 K. The structure
shows large crystallites in the sample (annealed at 1000
C for six hours). The voltage resolubon is one meV

with a one millimeter spaual resolunon.
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Inoicecions of a Migh Mobility. ..
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Indicetiona of a Nigh Mobility Surface Leyer on Oxidiszed Copper and Aluminum Surfaces at

Low Temperatures

N.§. RICNOWSKI, K.%. RIGBY, and W.M. FAIRBANK

Physics Department, Stanford Unversity, Stenford, CA 94305, USA

We discus® progress in the comparison of the tempersture dependence of the microwave
surface impedance and of the spatial varistions in the surface potential on oxidized
copper and aluminum. These msasurements test the hypothesis that sharp increases in
the microwave surface conductivity of copper and aluminum are caused by the appearance
of & high mobility surface layer at lowv temperstures. An in-situ evaporastor in our UHV
surface potentisl apparratus will sllow work function messurements of well-characterized
surfaces, but the samples must be transferred in air to the surface impedance

experiment .

4 INIRCDUCTION

In the models suggested by Bardeen(l] and
Hanni and Madey{2) to explain the absence of large
electric “"patch effect” fields(d,4,5) above a
polycystalline metal surface, 3 layer of electrons
bounay to the surface oxide layer of a metal
bacomes conducting at low temperatures.
Calculations show({2) that electron densities on
the order of 1012 electrons / cm? will
substantially screen potential variations on the
mstal surface.

We have constructed two exzperiments to
investigate this effect more directly. The first
of these 1is a system for nigh precision
messurements of the microwave surface impedance of
metals st lov temperstures. With this apparatus
we have found sharp, snomalous increases in the
surface conductivity of copper and aluminum
surfaces as the tempersture is decreased. Such
anomalies would be generated by an increase in the
number of conducting surface electrons. The second
experiment is a surface potential probe which can
measure directly the local electric fields above a
metal surface as 8 function of position. We report
here on modifications of the microwave cavity
SpPFaratus to accept samples compatible with the
surface potential appacstus.

Examining the same samples in both experiments
indicates whether the surface impedance anomalies
are in fact caused by an asdditional surface
conducting layer capable of screening surface
potential variations.

2. EXPERIMENTAL DETAILS

The microwave cevity system can measure the
resonant frequency of & cavity as a function of
temperature to better than 1 part in 1010 at its
resonant frequency of 9 GHz over the temperature
range ?-20 K. For cavities made of pure metals at
low temperastures (i.e., in the "extreme anomalous
limit® of the surface impedance) one finds that
the shift depends only upon the surface carrier
density n, the effective mass m, and the

scattering time ¢

e m e«
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In general, changes in the conductivity of a
surface layer of 1037 = 1014 glectrons / cm? can
be detected.

We have observed sharp changes in the resonant
frequency as & function of temperature in
cylindrical cavities made of copper and aluminum.
The effective surface conductivity increases as
the tempersture is lowered. The anomalies were
stable and reproducible from run to run; the
effect on one sample was unchanged after an
interval of over s year.

Figure 1 shows the frequency shift as a
function of temperature for several magnetic
fields applied along the axis of the cavity. The
effect of the field is strongly temperature
dependent, with the suppression largest at higher
temperatures. A field of 200 gauss suppresses the
anomaly almost entirely, bringing the f£(T) curve
very nesr to the extrapolation of the fit to the
thermal expansion form above the anomaly.

10

1(T) = (1 ~ oT2 = pT*) ()
¥t
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20 23 30 33 40 453
T(K)

Fig. 1. Resonant frequency of the microwave cavity
a3 a function of temperature in different
axial magnetic fields. The thermal expansion
background has been fit and subtracted.

Since the appearance of a surface conducting
.ayer would reduce the spatisl varistion of the
surface potential as discussed earlier, we have
deveivped a work function apparatus operating in
JHV snd at cCryogeritc temperatures. A rotatang
electrode forms a capaciter with the sample, whach
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i mounted below it on sn adjustable stage. The
changing voltage across this capacitor as the
electrode moves to & region of different sample
surfsce potential causes charge flow to and from
the sample. This signal is converted to a voltage
by the low temperature amplifier and signal
averaged. The result (s a measurement of the
surface potential along sn annulus (see fig. 2}).
Cryogenic temperatures are obtained by immersing
the probe in liquid helium.

4

!‘
V

SURFACE POTENTIAL ( meV)

40 ¥
.w i .
0.00 1.00 2.00 3.00
ANGLE ( RADIANS )
Fig. 2. The 77 X surface potential along an

annulus of polycrystalline copper annealed at
1000 C for six hours, resulting in macroscopic
crystallites. Sample temperatures of 2.9 K are
attained in the surface potential apparatus.

We presently operate with a spatial
sensitivity of one millimeter and a voltage
sensitivity of one millivolt. Two polycrystalline
copper samples, one annealed to grow crystallites
large enough to generate resolvable potential
changes above the surface, have been measured at

temperatures down to 2.9 K. Neither showed
evidence of a shielding effect at the present
limit of sensitivity. In the microwave cavity

experiment, however, we know that the low
temperature anomaly did not appear on all samples
at the original level of sensitivity, or at all on
some.

3, DISCUSSION

We have ruled out a number of explanations for
the anomalies. However, the possibility of a
superconducting contaminant cannot be completely
eliminated at this time. We have deliberately
introduced a superconducting contaminant, and
observed frequency shifts and magnetic effects
similar to those described above. But the amount
of contaminant must be quite large - about 072
cm? for a %0 Hz. shift. Furthermore, we observe a
small but clear perturbation to the anomaly with
deliberate surface contamination (helium, oxygen,
hydrocarbons), which suggest a surface phenomenon.
With the modified experiment described below, we
can control and analyze the sample purity
sufficiently to determine whether a super-
conducting contaminant i»s responsible for the
conductivity anomalies.

- fMRHINJNJ~I~{¢I~ﬁ$

4. FUBTIHER WORK

We have modified the surfece impedance
experiment to accept, as a removable insert {n the
ceavity wall, a sample compatible with our surface
potentiasl aspparatus. The insert and cavity are
thermally isolated from one snother so that their
temperatures can be varied independently. Surface
potential mesasurements of & sample with & surface
impedance anomaly would clearly test the existence
of a shielding conducting layer of electrons.
Preliminary measurements of one insert show no
anomalous effect, although the main cavity has a
small but clearly recognizable temperature
dependent frequency shift (see Fig. 3).

Figure 3 shows the (frequency shift on
application of a 200 gauss magnetic field. As can
be seen in Fig. 1, there i3 a temperature
dependent shift in the resonant frequency with
axial magnetic field only below the transition
temperature. (In Fig. 3, & shift with magnetic
field due to the constant 2.5 K tamperature of the
main cavity has been subtracted, as well a3 s
temperature independent shift of the insert with
magnetic field).The method of Fig. 3 eliminates
long term drift, resulting in a more sensitive
measurement .
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Fig. 3. Shift in resonant frequency of the

microwave cavity on application of a 200 gauss
magnetic field. The triangles are shifts in
the main cavity; the pluses are for the
thermally isolated insert (see text).

We are currently installing a resistive
evaporator in the surface potential apparatus 30
that surfaces can be deposited in-situ at low
temperature. However, samples must be transferred
in air to the surface impedance probe.
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