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Precise Determination of the Cooper-Pair Mass
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The ratio h/m' of Panck's constant to the observable Cooper-pair mass (—2m, ) is determined direct-
ly using a rotating superconducting ring by measuring the London moment flux (2m'c/e*)coS, where S
is the area bounded by the ring, in units of the flux quantum (hc/e ). The flux in the ring is zero for
a set of rotation frequencies which are equally spaced by Av, and h/m'=2S&v. We have measured
3,v and S with a precision of 5 ppm and an accuracy of 21 ppm. Our result for niobium,
(m'/2m, )Nb =1.000084(21), disagrees with theoretical nredictions of 0.999992.

PACS numbers: 06.20.3r, 71.10.+x, 74.90.+n

A rotating superconductor has a uniform magnetic
field throughout its interior given by BL = —(2m *c/
e*)co, as first predicted by London' and verified experi-
mentally to a few percent. Higher-precision measure-
ments of the mass parameter are possible by determining
the London Aux through a rotating ring in terms of an
area S and the fiux quantum go =bc/e* as first reported
by Zimmerman and Mercereau, later by Parker and
Simmonds, and most recently by ourselves. Unlike the
Ilux quantum po, shown theoretically and experimentally
to contain no relativistic corrections (e*=—2

~
e

~ ), the
mass appearing in the London magnetic field is expected
to differ from the free-electron mass m, . ' The
Cooper-pair mass parameter m* is defined as the pro-
portionality constant between the velocity v and momen-
tum m*v=(h/2tr)Vp —(e*/c)A, where ta is the phase
of the macroscopic order parameter and A is the mag-
netic vector potential. The deviations from 2m, arise
from two sources. First, the mass of the composite
Cooper pair contains a large kinetic-energy term for
electrons near the Fermi surface such that m* is greater
than 2m, by about 180 ppm for niobium (on this scale
the binding energy of a Cooper pair is negligible). We
call this mass m* the intrinsic Cooper mass. Second,
there is a contribution to the magnetic vector potential 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 the metal, it is convenient to define an ob-
servable mass m' such that m*v+ (e*/c)A =m'v
+(e*/c)A, b„where now A,b, contains only contribu-
tions from currents which can be measured from outside
the superconductor. We find A =A,b, + (v/c)(N), where
(C) is an averaged 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 paper, 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 Aux quantiza-
tion and the London moment in a rotating superconduct-
ing ring within the framework of the Ginzburg-Landau
current equation, suitably modified to include the effects
of rotation. We may use nonrelativistic equations be-
cause the rotation velocity v=m&&r is at most 1 m/s. In
this limit, the relativistic corrections are included in the
parameter m', and the effect of rotation is kinematically
equivalent to the application of a uniform magnetic field
(or an additional vector potential) so that

(4tt) /c)j =(hc/2tre*)Vp —A,b.

—(m'c/e*)m x r, (1)

where k is the London penetration depth. Integrating
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Eq. (I) around the ring for a closed path I entirely
within the superconductor and requiring that the order
parameter be single valued, we obtain

(4rrz2/c) J j dl =n(hc/e*) —y, b,

—(2m'c/e*)co S,
~here 5 is the area bounded by I and n is an integer.
This equation relates the observed Ilux p, b, through the
ring to its rotation rate, co =2~v, and describes a family
of parallel straight lines, one for each n. Figure 1 shows
our experimental data for p,b, vs v. There exists a fre-
quency v„ for each n such that the flux tt,b, and j are
zero together. We define the flux null spacing by
h, v= v, —v, I and subtract equations for n and n —1 to
obtain

h/2am
' =2SA v, (3)

the primary relation used to analyze our experiment.
The superconducting ring in our experiment is a thin-

film band of niobium, 20 pm wide and 40 nm thick, de-
posited on the equator of a fused-quartz rotor. The posi-
tion and dimensions of the ring ensure that its area
diA'ers from the cross-sectional area of the rotor by less
than 2 ppm. The area bounded by the ring is determined
from absolute diameter measurements together with a
roundness verification. We used an interferometric tech-
nique'' to measure two perpendicular diameters at the
operating temperature of the experiment. The average
diameter at 6 K is 5.075835(22) cm with the uncertain-
ty primarily due to the optical aperture, location of
fringe centers, and phase changes on reflection. We
measured the roundness at room temperature with a
Talyrond, ' and found that the out-of-roundness contrib-
utes less than 2 ppm to the uncertainty in the area.

Figure 2 shows the apparatus used to measure the flux
null spacing. The fused-quartz rotor, which is slightly
more than a hemisphere and approximately 5 cm in di-
ameter, is levitated and spun about its symmetry axis in
a helium-gas bearing at 6 K. The tolerances of the bear-
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ing constrain the area vector and spin axis of Eq. (2) to
be coincident to better than a milliradian. We use rota-
tion frequencies up to 5 Hz in either direction that are
stabilized to 1 mHz with feedback control. A frosted
pattern on the rotor top flat modulates the intensity of
reflected light and this signal is used for determining the
average frequency to seven-digit accuracy. For the
magnetic-flux readout, the current in the ring couples in-
ductively to the external pickup loop of a SQUID mag-
netometer which is located in a groove in the rotor hous-
ing and remains stationary as the ring rotates. The flux
measurement is gated by a frequency counter so that
each point in Fig. 1 represents the speed and flux aver-
aged over an integer number of rotations. Between mea-
surements, diA'erent quantum states n in Eq. (2) are ac-
cessed because a section of the Nb ring is driven normal
by a heat pulse from a 789-nm pulsed laser diode via an
optical fiber. The most likely flux state is the one with
the least current, and higher current states are accessed
with decreasing probability such that the distribution is
Gaussian. ' The entire apparatus is encased in a
double-walled vacuum jacket surrounded by a supercon-
ducting lead shield, ' which maintains the ambient mag-
netic field at 5X10 G.

In early runs, we found that the dominant systematic
shift in the flux null spacing was caused by electrostatic
charging of the rotor surface. The presence of this
charge introduces an additional rotation-rate-dependent
term into Eq. (2), which results in a correction to m' in
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FIG. 3. Data acquisition scheme to simultaneously measure
m' and rotor charge.
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Eq. (3). We measured the surface charge by monitoring
the change of flux with rotation rate above and below T„
expressing the ratio as 6= (6$/aalu)„. „.„/(aq/aalu), „,.„.„,.
We also calculated the effect of a charge distribution on
h, v, and found

(4)

where e is a constant which depends on the charge distri-
bution. For a uniform distribution @=0.70, and for a
general surface or volume distribution it deviates from
this value by less than a few percent, as long as the
charge distribution varies slowly within —1 mm of the
niobium line. Attempts to eliminate the charge with
ionizing c sources and grounded surfaces succeeded in

reducing its size and produced a distribution of 8 about
zero, allowing a good fit with Eq. (4).

The data-taking procedure' outlined in Fig. 3 exploit-
ed the linear relation in Eq. (4) to extract the fiux spac-
ing at zero charge. With the ring superconducting, we
set the rotor at a constant speed and took seventy Aux

per frequency data pairs, then rapidly changed the fre-
quency by —2 or -8 Hz and took seventy more pairs.
Between each pair, the ring was driven normal at the
same spot by the laser heat pulse. These data fall into
well-defined Aux states, allowing the number of un-
recorded Aux nulls between the two frequencies to be
determined by the method of exact fractions. The inter-
cept v„on the p =0 axis was obtained for each point, us-

ing the previously determined London moment slope.
We obtained h, v from the slope of the least-squares
straight-line fit to the points (v„,n). The corresponding
value for 6 was found from the slope of the straight-line
fit to the pairs of Aux per frequency points taken when
the ring was normal.

Using Eq. (3) to obtain m' from hv, we plot m'/2m,
against 6 and obtain Fig. 4 which contains 630 points
(206 with —2-Hz interval and 424 with —8-Hz interval,
of which 27 were reported earlier ). The linear relation
m'(8)/2m, =m'(0)/2m, (1+e8) predicted by Eq. (4) is
verified and we obtain an experimental value of
@=0.695(7) in agreement with the value predicted from
calculations based on the geometry. Trapping of a vor-

m'/(2m, )
I.IG. 4. The measured value of m' as a function of rotor

charge. Inset: Superimposed distributions of m' values about
the least-squares line (a=0.695) for —2-Hz and —8-Hz inter-
vals.

tex in the niobium ring can cause large and nonstatistical
deviations in the results, so the best-fit slope to our data
is obtained by discarding any points that lie more than
2.5 standard deviations from the least-squares straight
line of all data. Then, in an iterative process known as
Chauvenet's criterion' we recompute the least-squares
straight line and standard deviation from the remaining
data and discard data points until none lie outside of 2.5
standard deviations (15% of the data points were dis-
carded). We find that the Cooper-pair mass in the ab-
sence of a rotor charge is (m'/2m, )Nb =1.000084(5),
determined by the intercept of the best-fit line with the
6=0 axis. The inset in Fig. 4 shows the distribution of
all points translated to 6=0 with slope a=0.695, and is
consistent with the scatter expected from the SQUID 1/f
noise spectrum.

The error quoted above is statistical, but systematic
errors also exist and are summarized in Table I. The
magnetic susceptibility of fused quartz produces a
volume magnetization as the rotor spins (Barnett mo-
ment), which is mathematically equivalent to a surface-
current distribution. It is accounted for by the fitting
procedure described above, as is any systematic motion
of the rotor-housing assembly in the magnetic gradient
of the shield. Drifts in the SQUID output result from
changes in the helium bath temperature and have the
same effect whether the ring is normal or superconduct-
ing (a=1). It produces a slight symmetric broadening
in the data distribution along the line in Fig. 4, but will
shift the intercept for an asymmetric range of 6. The
vertical motion of the rotor in the housing produces
changes in the SQUID output, due to modulation of the
mutual inductance between the ring and the pickup loop
in nonuniform magnetic fields which are generated by a
current in the pickup loop itself. We reduced this motion
sensitivity by nulling the current trapped in the pickup
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Flux null spacing determination
Statistical fit for rotation-dependent moments

(e =0.70)
Nonuniform charge distribution (e~0.70)
SQUID drift (e= I)
Motion of rotor position within housing

Frequency counter

W5
+5
+2

+18
~ 0. 1

TABLE I. Error budget for determination of m' in ppm. struction, and G. Siddall for the room-temperature area
determination. We also thank W. A. Little and C. W. F.
Everitt for many helpful discussions. This research has
been funded in part by NSF Grants No. 80-26007 and
No. 84-05384 and by a Precision Measurement Grant
from NBS.

Area determination and fundamental constants
S =20.235 057 (179) cm
h =6.6260755(40) x10 3 J s

m, =9.1093897(54)x10 ' kg

Cooper-pair mass
(m '/2m, )Nb

= 1.000084(21 )

+ 8.9
+' 0.60
~ 0.59
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loop. However, the possible errors from this effect dom-
inate our systematic error budget and would be reduced

by directly monitoring the position of the rotor in the
housing with an improved optical system. The runs re-
ported here were taken over several years with many
changes in the apparatus which would aA'ect these sys-
tematics. Remarkably, the data from all of these runs,
as well as our earlier data from four years ago (see "old
data" in Fig. 4), consistently fall on a universal straight
line, indicating that remaining systematics are small.

In conclusion, we have obtained the first data for the
Cooper-pair mass in the relativistic region, and our result
disagrees with theory. In fact, the result is almost half-
way between the predicted values for the observable
mass rn' and the intrinsic mass rn* and —5 standard de-
viations from each. In the next phase of the experimen-
tal work, we intend to perform a diff'erential measure-
ment comparing two superconductors with high precision
which will avoid many of the systematic effects seen
here. As for the theory, all published work to data has
been based on mean-field analysis of the macroscopic
fields. We believe that an approach based on a relativis-
tic microscopic many-body theory may be needed, to ac-
count properly for all lowest-order relativistic contribu-
tions.
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