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We have measured the ratio of Planck’s constant A to the observable mass m’ of a Cooper pair in
a superconductor, using a rotating superconducting ring. The flux through such a ring of area S is
zero for a set of rotation frequencies evenly spaced by Av and h /27m’'=2SAv. Our measurements
of S and Av enable us to quote a value of m’/2m, for niobium of 1.000084(21). This result
disagrees with predictions from currently available theories.

I. INTRODUCTION

This paper presents the results of an experiment to
measure the mass of a Cooper pair of electrons in a su-
perconductor to an accuracy approaching the part-per-
million (ppm) level. It was London' who first predicted
that a superconductor, rotating at angular velocity o,
should have a uniform magnetic field throughout its inte-
rior given by B, =—(2m*c/e*)w, where e* is the
charge of the supercurrent carriers (<0) and m* their
mass. His prediction has been verified experimentally to
a few percent,’ and at this level is consistent with e* =2e
(e <0) and m*=2m,, with m, the free-electron mass.
Much higher precision measurements of the mass are
possible by determining the London flux through a rotat-
ing ring in terms of an area S and the flux quantum
do=hc/|le*| as first reported by Zimmerman and Mer-
cereau,’ later by Parker and Simmonds,* and most re-
cently by our group.>® Unlike the flux quantum b0
which is Lorentz invariant, the mass appearing in the
London magnetic field contains relativistic corrections
and is expected to differ from twice the free-electron mass
2m,.”” "' The measured mass is expected to be about 8
ppm smaller than 2m, for niobiuim.!" Our experiment
measured a mass 84 ppm larger than 2m, with an accura-
cy of 21 ppm. This error is dominated by systematic
effects, and the statistical error of 5 ppm is small in com-
parison. In Sec. II we describe the present theory relat-
ing to the relativistic corrections and outline our experi-
ment in terms of the Ginzburg-Landau theory. Section
IIT deals with the experimental realization of the mea-
surement of the London moment flux in terms of the flux
quantum using a rotating thin-film ring. The results and
the all-important discussion of systematic errors are con-
tained in Sec. IV and some prospects for improving the
precision are discussed in Sec. V.

II. THEORY

There have been a number of theoretical discussions in
the literature which address the question of the Cooper-
pair mass.””!' Here we summarize the approach of Ca-
brera and Peskin which we believe reconciles previous
theoretical discrepancies (see discussions in Ref. 11). The
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Cooper-pair mass parameter m * is defined as the propor-
tionality constant between the velocity v and momentum
m*v=(h/27)Vep—(e*/c) A, where @ is the phase of the
macroscopic and coherent order parameter and A is the
magnetic vector potential. Deviations from 2m, arise
from two sources. First, the mass of the composite Coop-
er pair contains a large kinetic-energy term such that m*
is greater than 2m, by about 180 ppm for niobium (on
this scale the binding energy of a Cooper pair is negligi-
ble). We call this mass m* the intrinsic Cooper mass.
Second, there is a contribution to the magnetic vector po-
tential A within the superconductor which arises from
the motion of the internal electrostatic potential in the
laboratory frame. Since this contribution to A cannot be
observed from outside of the metal, it is convenient to
define an observable mass m’ such that

m*v+(e*/c)A=m'v+(e*/c) A,y ,

where now A,  contains only contributions from
currents and can be measured outside the superconduc-
tor, and A= A, +(v/c){®), where (®) is an aver-
aged value of the electrostatic potential in the lattice.”!!
This second correction is slightly greater than the first in
magnitude and of opposite sign so that it is predicted that
m' is less than 2m, by ~8 ppm for niobium. In this pa-
per, we report on an experimental determination of m’ of
sufficient accuracy to probe the relativistic regime for the
first time.

To analyze our experiment, we consider flux quantiza-
tion and the London moment in a rotating, supercon-
ducting ring within the framework of the Ginzburg-
Landau current equation suitably modified to include the
effects of rotation. We may use nonrelativistic equations
because the rotation velocity v=e Xr is, at most, 1 m/s.
In this limit, the relativistic corrections are included in
the parameter m’, and the effect of rotation is kinemati-
cally equivalent to the application of a uniform magnetic
field (or an additional vector potential) so that

(4mA?/c)j=(hc 2me*)VNp— A, —(m'c/e*)oXr ,
(1)

where A is the London penetration depth. Integrating
Eq. (1) around the ring for a closed path I' entirely within
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FIG. 1. SQUID output as a function of the rotation rate of the niobium ring over a 440-mHz interval.
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the superconductor and requiring that the order parame-
ter be single valued, we obtain

(47rkz/c)frj~dl=n(hc/e*)—¢obs—(2m'c/e*)m~S ,

()

where S is the area bounded by I'" and n is an integer.
This equation relates the observed flux ¢, through the
ring to its rotation rate @ =2mv and describes a family of
parallel straight lines, one for each n. Figure 1 shows our
experimental data for Eq. (2). There exists a frequency v,,
for each n such that the flux ¢, and j are zero together.
We define this flux null spacing by Av=v, —v, | and
subtract equations for n and n — 1 to obtain

h/Q2Qmrm')=2SAv , (3)

the primary relation used to analyze our experiment.

III. EXPERIMENT

The determination of h/m’ was accomplished by
measuring the flux through a thin-film superconducting
niobium ring as a function of its rotation rate. The ring
was deposited on the equator of a quartz rotor which was
slightly larger than a hemisphere. The rotor defined the
area of the ring and facilitated its rotation in a cryogenic
helium-gas bearing. The technique used for the area
measurement was the subject of a separate publication'?
and is only summarized here. The results of the flux null
determination were summarized in an earlier publica-
tion,® and this paper details the experimental procedure,
the data analysis, and the error sources.
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FIG. 2. (a) Schematic of the rotor in the optically contacted
Fabry-Perot etalon used for the diameter determination. (b)
Photograph of the apparatus.
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FIG. 3. Circular interference pattern produced by the laser
light in one of the optical cavities in Fig. 2. The superimposed
parallel line diffraction pattern is from the niobium ring.

A. Area measurement

The cross-sectional area of the thin-film niobium ring
was obtained from measurements of two perpendicular
diameters of the rotor at 6 K and a roundness measure-
ment at room temperature. We also measured the same
diameters at room temperature, confirming previous mea-
surements by the National Bureau of Standards.!* We
found that the area of the ring at 6 K was 20.235057(179)
cm?  This number includes a correction for a small
misalignment of the ring with respect to the rotor’s equa-
tor, and the quoted error includes the finite width and
thickness of the ring and the out-of-roundness of the ro-
tor. At 6 K, the area of the rotor is 90 ppm larger than
at room temperature.

We used an interferometric technique to measure the
diameter of the rotor."> The rotor was placed inside a
plane parallel, optically contacted Fabry-Perot etalon as
shown in Fig. 2, and cooled to 6 K in a rarified atmo-
sphere of helium. A tunable, single-frequency dye laser
was used to produce circular interference patterns (shown
in Fig. 3) from the separations Ly, L,, and L,. As the
frequency of the laser changed, the intensity at the center
of each pattern was modulated as new fringes appeared
or disappeared at the center. The number of fringes N,
(i =0,1,2) that appeared for a given change in frequency
Af is related to the corresponding separation L; by

Af=N;,c/2uL, , @)

where c is the speed of light in vacuum and u is the index
of refraction of the medium traversed by the light. The
rotor diameter was obtained from

d =(Ny—N,—N,)c/2ulf =Nc /2ulf . (5)

We used Doppler-free saturation spectroscopy to refer-
ence the laser frequency to accurately calibrated absorp-
tion lines in each of molecular tellurium and molecular
iodine, and determined Af (approximately 34 THz) to
0.16 ppm. For our 5-cm-diam rotor, this frequency range
corresponded to N =(N,—N,;—N,)=11500. We deter-
mined the integral part of N exactly, and the fractional
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part to 3%, giving a total error in N of 2.6 ppm. The
dominant error in the length determination came from
systematic effects relating to the size of the aperture used
to view the fringe patterns, giving an overall uncertainty
in the cross-sectional area of the niobium ring of 8.8 ppm.
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FIG. 4. (a) Schematic of the fused quartz apparatus used to
determine flux null spacing. (b) Photograph of the apparatus.
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B. Flux null spacing measurement

Figure 4 shows the apparatus used to measure the flux
null spacing. We describe it briefly and refer the reader
to Ref. 5 for details. The superconducting ring, a thin-
film band of niobium, 20-um wide and 40-nm thick, was
deposited on the equator of a 5-cm-diam fused quartz ro-
tor. The rotor was levitated and spun about its symmetry
axis in a cryogenic helium-gas bearing. The position of
the ring on the rotor and the tolerances in the bearing
constrained the area vector and spin axis to be coincident
to within a mrad. The torque to spin the rotor was pro-
vided by 99.999% pure helium gas at approximately 6 K.
The maximum rotation frequency used was 5 Hz, in ei-
ther direction. A frosted pattern on the rotor flat provid-
ed a signal at ten times the rotor frequency. This was
used in a feedback loop to stabilize the frequency to 1
mHz. The signal was electronically divided by ten to
produce a signal at the rotor frequency which was read
by a frequency counter to seven-digit accuracy. A
SQUID (superconducting quantum interference device)
magnetometer measured the flux through the ring. The
SQUID pickup loop, inductively coupled to the niobium
ring, was located in a groove in the rotor housing, and
remained stationary as the ring rotated. The bearing was
encased in a double-walled vacuum jacket which was im-
mersed in liquid helium. A superconducting lead shield'*
surrounded the apparatus and maintained the ambient
magnetic field at 5X 103 G, thus providing an adequate
signal-to-noise ratio.

Typical data showing flux through the ring as a func-
tion of rotation rate are shown in Fig. 1. The prediction
of Eq. (2) is clearly fulfilled, with each point in Fig. 1 as-
signable to a quantum state n. The spacing of the points
on any line of constant frequency corresponds to a
change in the flux in the ring of one flux quantum. For
our system, this implies a change in magnetic field of
about 10 nG, which produced a change of 11.2 mV in the
SQUID output. The spacing of the points on any line of
constant flux is the Av of Eq. (3) and was about 14.3
mHz. Each point in Fig. 1 is the average speed and flux
over an integer number of rotations—usually two or
three. Between each data point, a portion of the niobium
ring was driven normal by a 100-ns burst of radiation
from a 789-nm laser diode directed onto the ring via a
single fiber optic. A few mW of radiation was sufficient
to destroy superconductivity in a small section, thus des-
troying the phase coherence around the ring and allowing
the magnetic field to leave or enter. Upon removal of the
heat, phase coherence was reestablished after about 100
ms (the thermal time constant of the quartz rotor) and a
definite quantum state accessed. The most likely quan-
tum state is the one with the least current in the ring, and
states with larger current (in either direction) are ac-
cessed with decreasing probability. In fact, the probabili-
ty distribution is Gaussian, with a standard deviation
given by

o=(LkyT*/$3)'"?, (6

where L is the self-inductance of the ring, kz is the
Boltzmann constant, and ¢, is the superconducting flux
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quantum. T* is the temperature at which the rate of
thermally activated transitions between quantum states
becomes unobservable, and is slightly lower than the
thermodynamic transition temperature 7,.. In this case,
L =0.275 pH, which gives T*=6.2 K, expected for a
film of this thickness.!’

Magnetic flux could be trapped as a vortex in the niobi-
um film itself during the superconducting transition. In
this case, the average flux measured by the SQUID was
nonintegral, because the current paths in the ring above
the vortex enclosed one more (or less) flux quantum than
those below. Provided the same portion of the ring was
driven normal each time (accomplished by triggering the
heat pulse with the rotor frequency signal), any vortex
trapped was likely to be released at the next heat pulse.
Such events were easily identifiable in the data, and the
offending point was discarded. If the flux vortex
remained trapped, however, all subsequent flux measure-
ments were displaced relative to those before the trapping
by some fraction of a flux quantum. This, of course,
shifted all subsequent flux nulls by some amount, intro-
ducing an error into the null spacing determination. If
permanent vortex trapping was identified in the data, that
data set was discarded, but if it happened while the flux
was not being recorded, the only indication of the oc-
currence was an anomalous value of Av. We will return
to this point in our discussion of the data analysis.

1. Electrostatic charging of the rotor

Equation (3) was derived assuming that the current
measured by the SQUID pickup loop is due only to the
supercurrent in the niobium ring. The change in flux
with rotation rate is then the London moment
(0¢ /0w)gc. We tested the accuracy of the assumption by
heating the ring above its critical temperature and moni-
toring the SQUID output as the rotor spun. We mea-
sured a small change in flux with rotation rate (9¢ /dw)y
proportional to the rotation rate, caused by an electric
charge on the rotor. The parameter

8=(3¢/0w)y /(3¢ /3w )sc

varied between +0.0025 and —0.003 during different ex-
perimental runs. We calculated®'® the effect of a charge
distribution on the flux null spacing by considering the
rotor to consist of bands of current which couple to the
supercurrents in the ring and the SQUID pickup loop.
The result was that the flux null spacing measured in the
presence of a rotor charge Av(8) is related to the spacing
in the absence of charge Av(0) by

Av(8)=Av(0)(1—€d), ¢)

or, stated in terms of the corresponding mass parameters
[From Eq. (3)],

m'(8)=m'(0)(1+¢€b) , (8)

where € is a constant which depends on the charge distri-
bution and the inductive coupling between the current
bands. Calculation of the relevant inductances based on
the geometry of the apparatus yielded a numerical esti-
mate of €=0.702(35) for a uniform charge distribution to
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compare with the experimentally determined value. For
any nonuniform charge distribution, € deviates from this
value by only a few percent as long as the surface charge
density varies slowly over the small region around the
niobium line (see Ref. 5 for details).

We made several attempts to reduce the charge. We
introduced grounded wires and radioactive sources into
the gas lines as close as possible to the rotor. We also
coated the rotor with a 10-nm film of granular aluminum,
and pushed it against a grounded plane before each run.
It proved impossible to ground the rotor continuously.
Although we were unsuccessful in eliminating the charge,
these data show charge levels that are ten times lower
than in the earliest runs. Within this reduced range, we
managed to vary the size and sign of the charge for a
range of § values allowing a good fit to Eq. (7). The ori-
gin of the charge remains something of a mystery. In the
original configuration, the charge was positive, and the
value of 8 led to an estimate of 10'? charges on the rotor,
which put the rotor potential at roughly 1 kV. We esti-
mate that, for such a potential, the gas-flow viscosity can
just carry an ion against the electric force. The charge
built up over a period of hours and discharged somewhat
over a period of days if the rotor was not spun. We as-
sume that helium gas flowing through teflon bellows
(which were often charged negatively when the apparatus
was warmed up) became positively charged and then
stripped electrons from the quartz as it flowed past sharp
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surfaces. Once the rotor was coated with a thin metallic
film, the sign of & reversed but then gradually (over
weeks) headed towards zero, and became positive again.

2. Data acquisition

The data acquisition was designed to exploit the pre-
dicted linear dependence of Av, or equivalently m’, on &
[Egs. (7) and (8)]. The scheme is outlined in Fig. 5, which
shows the magnetometer output when the ring is super-
conducting (quantized flux labeled ““S”’) and normal (“N’)
at different rotor frequencies. With the rotor spinning at
a constant frequency v, and the niobium ring normal, 70
pairs of flux-frequency points were recorded. Then, with
the ring superconducting at v,, 70 more pairs were
recorded, with a small portion of the ring being driven
normal between each pair so as to obtain data similar to
that in Fig. 1, but at a fixed frequency (1 mHz). The ro-
tor frequency was then changed as quickly as possible to
v, and the measurement sequence performed in reverse,
i.e., first with the ring superconducting and then normal.
The value of 6 was obtained from the two “N” data sets
and the corresponding Av(8) from the two included “S”
sets. During the change from v, to v,, the same small
portion of the ring was driven normal periodically to
keep the current in the ring close to zero, and no data
were recorded. The fact that the flux nulls between v,
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FIG. 5. Data acquisition scheme. The upper box shows the rotor spin frequency and the lower box the corresponding flux mea-
sured by the magnetometer. When the ring is superconducting (.S), the flux is quantized, and when it is normal (N) the flux has a sin-

gle value.
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and v, went unrecorded was of no consequence because
preliminary measurements at intermediate, incommensu-
rately spaced, frequencies gave a value of Av with
sufficient accuracy to determine exactly the integer num-
ber of unrecorded nulls.

It took about 5 s to record each flux-frequency pair,
and an average of 2 min/Hz to change the rotor frequen-
cy, including stabilizing the temperature of the gas flow
at the new frequency. The end frequencies of the range
were sometimes of opposite sign, and sometimes not, in
order to reveal any asymmetry in the rotor’s operation in
the clockwise (cw) and counterclockwise (ccw) directions.
Typical frequency ranges were 2 and 8 Hz. In effect, this

(90/9w),, /(0P/9w),,

(0D/), /(D).

bttt

Jo
B a &£ “Jin 0 |
ﬂ.- a

u " -0.002 o
0.999 1.001 (

(d0/dw), /(OP/Iw),,

m'(8)/2m,

FIG. 6. (a) Plot of §=(3¢/dw)y /(3¢dw)sc vs m'(8)/2m,
showing 310 points. Diamonds represent the 202 points ob-
tained from a 2-Hz interval and squares the 108 points from an
8-Hz interval. The dotted line corresponds to €=0.705 and
m'(0)/2m,=1.000084. (b) Same as (a) for ~2-Hz data only.
Open symbols show points that were discarded in the cut. (c)
Same as (a) for ~8-Hz data only. Open symbols show points
that were discarded in the cut.
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was a low-frequency ac measurement with a period of or-
der 20 min. In principle, the larger the frequency range,
the greater the accuracy of Av, because of the greater
number of nulls spanned. In practice, a larger frequency
range also meant a longer time between the two measure-
ments and increased problems with SQUID drift. Also,
the rotor’s performance at higher rotation rates (> 5 Hz)
was less reliable.

Usually, about 10 (8,Av(8)) points were recorded in a
1-d run, and many such sets were recorded. The experi-
ment was removed from the cryostat every few months,
various changes implemented, and then run once again.
Most of the data presented below were taken during the
course of a year, but data from the previous two years of
operation show remarkable consistency.

O
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FIG. 7. Plot of 6=(38¢/0w)y /(3¢dw)sc vs m'(0)/2m, ob-
tained from each point by translation along the line correspond-
ing to €=0.705. Open symbols show points that were discarded
in the cutting procedure. The bar graph below the plot shows
the distribution for all data points (open bars) and for the subset
that survived the cut (solid bars). (a) Data from an ~2-Hz in-
terval. (b) Data from an ~ 8-Hz interval.
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FIG. 8. Effect of altering the cutoff criterion in the analysis
procedure.

IV. RESULTS

Each point in the S data sets in Fig. 5 was assigned
(without error) its quantum state n and the corresponding
flux null v, was calculated from the predetermined Lon-
don moment slope (approximately 70 ¢,/Hz for our
geometry). The flux null spacing Av was computed from
the slope of the line relating v, to n. The statistical error
in Av was typically 10 ppm for a frequency range
(v,—v;) of 8 Hz. Since about 560 flux nulls were
spanned, this implies that each v, was determined to
about 0.4%. The corresponding value of § was obtained
from the data taken with the ring normal. In Fig. 5, for
example, the value of (3¢/dw)y is ~O0.1¢,/Hz, or
8~1077. Note that the data determining & bracket those
which determine Av. The results are plotted in Fig. 6,
which show & as the y axis and the measured value of
m'(8)/2m, (inversely proportional to Av) as the x axis.
The linear relationship predicted by Eq. (8) is verified and
the slope of the line through the points agrees well with
the calculated value of €=0.7. The 310 data points
presented in Fig. 6 were taken during a set of runs care-
fully designed to test many sources of systematic error.
What is remarkable is that 630 data points were taken
during different runs over a period of some 3 yr (includ-
ing those presented in Ref. 5), with various changes im-
plemented from time to time, all fall close to the same
straight line.

The extraction of the value of m’'/2m, at §=0 was
complicated by the presence of the outlying data points
evident in Fig. 6(a). Most of the points form a Gaussian
distribution about the best-fit line, with the remaining
15% of the points distributed in a nonstatistical fashion.
One explanation for the existence of these outliers is that
a flux vortex became trapped in the niobium film during
the time that the flux was not recorded. This results in
an offset between the flux measured (when the ring is su-
perconducting) at v, with respect to that at v, by some
unknown amount, and a large error in Av (up to 900 ppm
at v;—v,=8 Hz and larger for smaller-frequency ranges).

The procedure adopted to extract a sensible value for
m'(0) is known as Chauvenet’s criterion,!” which, for a

single variable, involves computing the mean and stan-
dard deviation of all data, including outliers, then dis-
carding data points which lie more than 2.5 standard de-
viations from the mean. A new mean and standard devi-
ation are calculated with the remaining points, and the
procedure repeated until no more points are discarded.
In our case, with two correlated variables, we adjust the
procedure slightly. The slope of the least-squares straight
line through all the data is found, and each point
translated to the § =0 axis along a line with such a slope.
The problem is then the same as for the single variable
case, and outliers are discarded according to the cri-
terion. The least-squares straight line for the remaining
points is calculated, and the points translated to the §=0
axis with the new slope, and so on. For the data shown
in Fig. 6(a), five such iterations were necessary, and 45
points were discarded. The & intercept and slope, with
their corresponding error estimates, for the least-squares
line in the final iteration gave m'(0)/2m, and € with sta-
tistical errors

m'(0)/2m,=1.000084(5)
and

€=0.705(7) .

Figure 6(a) shows all the points included in this
analysis with a dotted line superimposed corresponding
to the parameters obtained in the final iteration. Figures
6(b) and 6(c) show the data in 6(a) divided into points ob-
tained from ~2 and ~ 8-Hz intervals, respectively. Open
symbols represent points removed in the cut. Figures 7(a)
and 7(b) present the data in 6(b) and 6(c), respectively, in
a different way. Using the best-fit parameters, a value of
m'(0) is obtained from each measured value for m'(§),
and is plotted against § in the upper part of each figure.
The lower part is a histogram which counts the number
of points in each 50-ppm range of m’(0). The solid por-
tion of the bar represents the points that survived the cut,
with a cutoff criterion of 2.5 standard deviations in this
case. The effect of varying this criterion is displayed in
Fig. 8.

To make certain that the analysis did not bias the re-
sults, subsets of the data were analyzed separately. Those
data obtained from an 8-Hz frequency change [~ 560
nulls, Figs. 6(c), and 7(b)] were analyzed separately from
those obtained from a 2-Hz change [~ 140 nulls, Figs.
6(b) and 7(a)]. The spread in the data was narrower for
the data taken over an 8-Hz range, as expected. Also,
data were divided into smaller groups according to other
criteria, e.g., whether the two end frequencies used were
both clockwise, both counterclockwise, or one of each.
No clear evidence of systematic error from such sources
was found.

Even if the rotor had not been not charged, a similar
effect would have been present at a lower level because
quartz has a finite magnetic susceptibility, and, when set
into rotation, becomes uniformly magnetized. This mag-
netization is known as the Barnett moment!® and is
M=y, (2m,c/e)o if the magnetization is produced by
electron orbital moments and M=y, (mc/e)o if it is
produced by electron-spin moments. The resultant mag-
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TABLE I. Error budget for the determination of m'.

Flux null spacing determination

Statistical fit for rotation-dependent moments (e =0.70) *5
Nonuniform charge distribution +5
SQUID drift (e=1) +2
Rotor position shift in housing +16
Frequency counter +0.1
Misalignment of area and spin vectors *1
Area determination and fundamental constants

S =20.235057(179) cm? +8.86
h =6.6260755(40)X 1073 Js +0.6
m,=9.109 3897(54) X 107*' kg +0.59
Cooper-pair mass

[m'/(2m,)]n,=1.000084 +21

netic field inside the quartz has the same sign as the Lon-
don moment (Y,, <0 as quartz is diamagnetic and e <0
since the charges responsible for the diamagnetism are
electrons) and is smaller by a factor of 4m7y,,. Since a
uniform magnetization is mathematically equivalent to a
surface current distribution, the Barnett moment couples
to the supercurrents in the ring and SQUID pickup loop
in exactly the same way as the electrostatic charge
(e=0.7). From the value of y,, for quartz,'” we deduce a
value of 8 of about 1X 1073, so even in the absence of a
rotor charge, we would expect our measured value of m’
to be shifted by 7 ppm. The effect of the Barnett moment
is accounted for in the fitting procedure described above.
The flux at the SQUID can change as the rotor spins
for reasons unrelated to charge- or rotation-dependent
moments. The SQUID itself has a 1/f noise spectrum
below a knee frequency of about 0.1 Hz, and exhibits
white noise above. Since one measurement of 8 and
Av(8) took up to 20 min, we are firmly in the 1/f region.
We modeled the effect of the 1/f noise on the measure-
ment of Av using a computer-generated 1/f noise spec-
trum to simulate the SQUID output, and found that vari-
ations in 8 and Av(8) of order 200 ppm are to be expect-
ed on top of the actual variations in the charge. Thus,
while the large-scale variation in § (some 4000 ppm over
a period of months) was due to real change in the amount
of charge on the rotor, short-term variations on the order
of 100 ppm were probably due to SQUID 1/f noise.
Temperature changes also caused the output of the
SQUID to change by about 0.004 ¢,/mK, so the temper-
ature of the bearing exhaust gas, as recorded by a ger-
manium resistance thermometer (GRT), was measured
after each set of 70 data pairs. There were heaters in the
gas lines, as part of a feedback loop which also included
the GRT, to regulate the temperature of the exhaust gas,
but the temperature tended to stabilize at different values
for the same control parameter, depending on the gas
flow. The maximum temperature shift was about 2-3
mK for a frequency range of 8 Hz and less than 1 mK for
a range of 2 Hz. The effect on this type of drift on the

flux null spacing is similar to that described by Eq. (7),
only with e=1, because there is no coupling to the super-
current in the ring. Since we estimate that the magnitude
of the shifts in m'/2m, due to drift to be in the region
1073 to 10 ™%, while shifts due to the charge can range up
to £2X 1073, we expect that the effect of the drift is to
broaden the distribution of points around the straight
line with a slope of 0.7. If the distribution of charge on
the rotor changes in shape as well as magnitude, we also
expect a broadening of the distribution of points because
of the differing values of € near 0.7. We estimate that the
maximum uncertainty in m'(0)/2m, introduced by this
broadening is 7 ppm.

The SQUID was also sensitive to changes of the rotor
position in the housing when the ring was superconduct-
ing, because the effective mutual inductance between the
ring and SQUID pickup loop changed, and because of the
magnetic field gradient at the ring generated by the
current in the pickup loop. Thermal gradients generated
large currents in the pickup loop as it cooled from its su-
perconducting transition temperature to 6 K. Rather
drastic changes in the gas flows to the top and bottom
bearings of the housing caused an offset at the SQUID
which corresponded to about 1 ¢, at the ring. It proved
possible to null the effects of the thermal gradients by
trapping a suitable field in the pickup loop as it went
through its superconducting transition. The sensitivity to
the rotor position was thereby reduced to less than 0.05
¢, at the ring. Also, the changes in gas flow during the
experiment were not nearly as extreme as those used to
test this sensitivity, so we conservatively estimate a 0.01-
¢ residual effect. This introduces an uncertainty of
about 16 ppm in our determination of the flux null spac-
ing. This source of error is not accounted for by our
linear fitting procedure because the SQUID is insensitive
to changes in the rotor position when the ring is normal.

An error budget is presented in Table I. In addition to
the error sources discussed above, we include the error in
the frequency counter (0.1 ppm), misalignment of the ro-
tor spin axis and area vector (1 ppm), and the errors in
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the fundamental constants used to calculate the final re-
sults.?? The errors from systematic effects we estimate at
21 ppm, and thus our final result is

(m'/2m, )y =1.000084(21) ,

where the statistical and systematic errors have been
combined as the root sum of squares.

V. DISCUSSION

The result disagrees with the theories presented in Sec.
II and, in fact, lies almost halfway between the predicted
values of the observable mass m' and the intrinsic mass
m* and ~5 standard deviations from each. Much of the
scatter in the data from this experiment can be attributed
to the SQUID magnetometer whose noise spectrum is
1/f below 100 mHz, and white above. A SQUID with a
knee frequency in the mHz region would significantly
reduce the spread. A scheme to switch the SQUID input
circuit at high frequency is presently being developed to
overcome this problem.?! The area determination could
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be fairly readily improved to ppm accuracy.'? The effect
of the charge on the rotor could be somewhat reduced in
a setup where two superconducting rings of different ma-
terials were deposited close together, one on either side of
the rotor equator so that their areas were equal. A
differential measurement of the masses would then be
possible at a single frequency by determining whether the
flux nulls for the different rings are coincident.
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FIG. 2. (a) Schematic of the rotor in the optically contacted
Fabry-Perot etalon used for the diameter determination. (b)
Photograph of the apparatus.



FIG. 3. Circular interference pattern produced by the laser
light in one of the optical cavities in Fig. 2. The superimposed
parallel line diffraction pattern is from the niobium ring.
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FIG. 4. (a) Schematic of the fused quartz apparatus used to
determine flux null spacing. (b) Photograph of the apparatus.



