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field. With mean-field indices p =-,', b, = s, Eq.
(14) becomes the usual mean-field equation of
state, and M~ vanishes linearly with h.

In the case when the specific heat has a loga-
rithmic singularity, Eq. (12) is replaced by

(15)

Since s*/s is not a function of h/s alone, M~ is
not of the homogeneous form assumed in scaling
theories. However, the linear scaling relations
among the indices are still satisfied. When h/e
«1, e*= e, so h/e In(s ') is a good approximate
scaling variable. This shows' that for 7&T„
X„=De /In(e '), as e-0. For h/c»1, e*
= (Ah)'~, so h/e In[(Ah) 'l ] is a good scaling
variable in this region. Consequently, when e
=0, M~+s =Dh/In[(Ah) ' ] as h-0. For the
square Ising lattice, P = -', , 6 = '-,', and the coeffi-
cients D = 0.0208 and D = 2.77 can be evaluated
from Onsager's' free energy and Yang's sponta-
neous magnetization. The logarithms appearing
in these asymptotic forms for y~ and M~ are a re-
sult of our approximation, and are not believed
to be present in the actual solution of the two-di-
mensional Ising model.
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Significant Deviation of Rotational Decay from Theory
at a Reliability in the 10 sec Range*
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New drag-versus-speed measurements with a freely spinning steel sphere in a cavity-
type permanent-magnet suspension confirm the up-to-date theories of residual drag (Co-
riolis, eddy-current, and relaxation effects). A small excessive drag is of particular in-
terest for the discussion of Keith's gravitational radiation effect.

The investigation of the residual drag torque
on magnetically suspended rotors' ' was partic-
ularly promoted due to the predictions of Keith
on the effect of gravitational radiation. "' Ac-
cording to Keith, the associated energy loss
would cause a rotor deceleration of the order
10 " sec ' in the case of a 2. 5-mm-diam sphere
at rim velocities of about 700 m/sec. In con-
trast to the generally accepted Einstein-Edding-

ton-Weber theory, Keith expects a damping ef-
fect also for axially symmetric rotors.

We have previously shown that, in accordance
with another (nongravitational) theory of Keith's, s

a residual drag of a few 10 ' sec ' appears, due
to Earth's rotation (Coriolis effect), if the rotor
is suspended in a magnetic field of about 400 G.'
The same theory, which also suggests how to
account for geometry disturbances of the suspen-
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FIG. 1. Permanent magnet system (16 cm diam) for
rotor suspension, with a 2.5-mm sphere at its equilib-
rium position.

It is easy to show that the decay ratio is propor-
tional to the power dissipation involved, and that
the latter is proportional to the square of m~,
which may be determined by measuring the "dy-
namo voltage" U induced at the drive coils' (this
voltage controls the time-measuring system as
well" ). The rotating moment m~ is relatively
large when the rotor is accelerated for the first
time after having been suspended, and is de-
creased by the effect of the rotor drive during
the successive acceleration/deceleration cycles. '
One may thus obtain several values of the decay
ratio and of the corresponding dynamo voltage
for the same frequency. In most cases, we have
recorded three values of each [see Fig. 2(a)].
Because of the quadratic relation between the
decay ratio and the dynamo voltage, the corre-
sponding values of Fig. 2(a) can be reduced ac-
cording to, e.g. ,

('u (U~/U~) ( —(u/(u), —( —(i)/(o),
(U„/U~)' —1

in order to eliminate the effect of m&.
Most of the reduced values come down very

closely above the theoretical curve, which rep-
resents the Coriolis effect at zero field asym-
metry,

(2)

sion field, shows that the Coriolis effect may be
considerably reduced by a stronger coupling of
the rotor spin to the magnetic field axis, i.e. , by
increasing the field at the rotor. These results,
and the previously developed permanent-magnet
suspension, ' led to the construction of a cavity-
type magnet system which provides a flux den-
sity B=915+2 G at the rotor equilibrium posi-
tion (Fig. 1).

The rotational decay observations have been
carried out with a 2.495-mm-diam ball-bearing
sphere" at gas pressures below 10 ' Torr, and
at a temperature stability of about 1 mK. ' The
results are shown in Fig. 2. The measured de-
cay ratio was appreciably larger than the Cori-
olis effect [see Fig. 2(a)]. The additional drag
must be ascribed to eddy-current losses due to
the rotating component m& of the rotor magnetiza-
tion. This type of drag has been observed even
with open-magnet designs, where special care
had been taken to keep the distance between the
rotor and conducting parts of the apparatus large, '
and it will have more influence in the new type
of suspension because of the smaller distances.

where 80 denotes the equilibrium hang-off angle
between the rotor spin and the magnetic field ax-
is, due to Earth's rotation, and 7 is the time con-
stant of the equilibrium approach. s"" A small
negative correction term accounts for the elas-
tic rotor deformation due to centrifugal forces,
where k„=0.6 involves Poisson's ratio, aw is
the equatorial speed, and c, denotes the speed
of sound within the rotor material. "

The deviations of the reduced experimental
points from the theoretical curve (2) are plotted
on an expanded ordinate scale in Fig. 2(b). The
open circles result from combining branches 1,
2, A, B of Fig. 2(a) according to (1). The remark-
able drop of these values toward high frequen-
cies may be related to relaxation processes. In
a previous paper' we have discussed the shifting
of the rotor magnetization (this process starts
at low frequencies, and may be recognized by a
settling down of the dynamo voltage), and the
plastic flow of the rotor material, which appears
at high frequencies due to internal stresses. "
Such processes are accompanied by energy losses
which enhance the decay ratio. As the magnetic
relaxations are promoted by the rotor drive, '
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FIG. 2. Rotational decay observations from a 2.5-mm ball bearing sphere. (a) Three branches of the decay ra-
tio (1,2, 3), and the simultaneously recorded dynamo voltages (A, J3, C). The bottom curve represents the theoret-
ical Coriolis effect at zero field asymmetry. (b) Deviations of the reduced values (exterior eddy current losses
eliminated) from the bottom curve in (a) . The weak lines belong to constant field asymmetries (j. ppm spacing) .
The labeled curves represent the gravitational Keith effect (3.05-ppm field asymmetry), with eithe»'= & (Birkhoff)
or 4'=2m (Einstein) .

they become successively smaller when turning
over to another frequency. Therefore, the cor-
responding drag was larger at the first branch
than at the second, and still lower at the third,
and we always obtain an overcompensation of the
exterior eddy-current losses (due to m~) when

using Eq. (1). Similar considerations apply in

the case of the strain relaxations (predominant
at &u/2m & 70 kHz), which are promoted by running
the rotor still farther beyond the stretching

strain limit (branches No. 3, C have been record-
ed after a short run at 100 kHz). The presence
of relaxation processes is even more emphasized
by the fact that those points of the first branch
in Fig. 2(a), which contribute to the three points
on the broken curve in Fig. 2(b), were recorded
half a day after switching off the rotor drive,
whereas all the following points were recorded
after a whole day of free rotation.

The multiple-branch recording of the decay
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ratio is a highly sensitive method for detecting
the described relaxation processes, and it is
important to note that when a small effect which
increases with &u (such as the Keith effect) is to
be looked for, this method may only obscure the
effect rather than simulate it.

The filled circles in Fig. 2(b) denote those val-
ues which result from working with branches 2,
3, B,C of Fig. 2(a). Since this time the rather
strong relaxations of the first branch are not in-
volved, we expect a much weaker drop of the re-
duced values with regard to the "equilibrium" de-
cay ratio, which is not affected by relaxations.
Indeed, at frequencies between 50 and 70 kHz,
the decay ratio now increases with ~ instead of
being nearly constant, and the strain-related
drop above 70 kHz (shaded circles) does not pro-
duce negative deviations from the Coriolis ef-
fect (2).

From the up-to-date theories of residual drag, "
we mould expect a downward trend of the filled
circles i.n correspondence with the field asym-
metry level lines. The significant upward trend
of these points seems to indicate the existence
of a small real excessive drag which strongly
increases with the rotor speed. We shall now

discuss some phenomena which obviously may be
thought of when additional rotor drag is to be
considered.

It had previously' been suggested that shape de-
viations and unequal moments of inertia of the
sphere might cause additional eddy-current drag.
Of course, the appearance of the rotating com-
ponent m~ of the rotor magnetization, and the
mutual shift of the rotor spin and magnetization
have to be regarded as being due to the above
phenomena. ' We have already considered the ad-
ditional drag due to the exterior eddy currents
induced by m~. It is easy to show that, because
of the rapid change (at high rotor speeds) of the
direction of the magnetic torque associated with
m~, the resulting (slowly relaxing) spin-axis de-
viations are so small that the effect of interior
eddy currents (induced at the sphere itself)"
may be neglected.

The electromagnetic radiation damping due to
m j corresponds to a decay ratio of less than
10 "sec

It can be shown from elementary theory that
the radiation damping due to electric surface
charges on the sphere is negligible unless the
rotor potential exceeds the million-volt range,
and drags due to a rotating-charge-induced mag-
netic moment are negligible even compared to

radiation damping.
The electric and magnetic properties of the

rotor material" within the surface region of the
sphere (the interior regions are shielded against
high-frequency alternating fields due to the skin
effect) may be regarded as constant, i.e. , they
do not change enough due to the elastic deforma-
tions of the rotor material to have a significant
effect on our experiments. This statement has
been proved experimentally with cylindrical steel
probes under axial stress.

The residual gas friction at pressures below
10 ' Torr has a smaller effect than the consid-
ered one, and the associated decay ratio is in-
dependent of ~ "o

The effect of the residual lateral rotor vibra-
tions decreases with increasing rotor speed, as
may be concluded from a previous discussion, '
its magnitude being comparable with the scatter
of the experimental points. The scatter is much
smaller than the effect considered, and, in the
higher frequency region, amounts to only a few
10 ' sec '. This is, at present, the overall re-
liability of the new instrument and method.

Errors in the determination of the experimen-
tal parameters entering the Coriolis effect (2)
may cause a vertical shift of all values in Fig.
2(b) by less than 5X10 "sec ' without affecting
the characteristics of their frequency dependence.

We cannot give a conclusive explanation of the
detected effect after the preliminary observa-
tions described in this paper. However, the re-
liability of the experimental results seems to
allow the conclusion that we have observed a real
additional drag on top of that which can be ex-
plained by well-known theories, and it seems in-
teresting that the filled circles in Fig. 2(b) are
quite a good fit to the upper bold curve which
represents the gravitational Keith effect, with
k' =27T, ' at a field asymmetry of about 3 ppm.

The author is much indebted to Professor Dr.
Wilhelm Groth for his support.
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1 =28.0
The reversible permeability p =44.5 the r

0 =28.0X 10
e resxstzvxty

=28.0 6 Q cm, and the density of the rotor ma-

terial p =7.79 g/cm, which all are involved in eo and v

(see Bef. 7), have been determined with a cylindrical
probe after a 6-h bake at 400'C. The sphere had been
treated similarly during outgassing of the vacuum sys-
tem.

12G. Comsa and J. K. Fremerey, to be published.
' The associated relaxation has been observedserve more
cree y y the author [dissertation, University of Bonn,

1969 (unpublished) ] .
14The k' parameters 1 and 2n involve the feedback coef-
icient of the universe as calculated according t B' k-
off or Einstein, respectively (see Bef. 9).
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Measurements of the far-infrared b kg d
radiometer at an altitude of 44 km. E uiv

ac roun radiation were made vnth a balloon-borne
e o m. Equivalent blackbody temperatures of 2.55.+ ' '

~ $ p5 and 2 ~ 75 2 75 K were obtained for the back round r
o . , 13.5, and 18.5 cm ~. The totao. . . e otal measured flux in the largest

i xs ominated by the atmospheric emission by ozone and water Twa er. he radiation

radio t rs t l s o
ponen s was determined inde endentl

This Letter reports the results of a balloon
flight made on 1 October 1972 from the National
Center for Atmospheric Research (NCAR) Scien-
tific Balloon Facility at Palestine, Texas. The
results of earlier flights and a description of the
instrument have been published. There were
several differences between this and previous
flights.

(yi& ~ The radiometer had new filters which gave
the overall system responses shown i F'
SRI is the same as in previous flights. SR2 and
SR3 are determined by sharp-cutoff low-pass
capacitive-grid interference filters with cutoff
frequencies chosen to reject atmospheric radia-
tion. SR4 and SR5 are determined by two-ele™
ment capacitive-grid filters with transmission
peaks at the 22-cm ~

Q branch of ozone and the
18.6-cm ~ water line. The purpose of these nar-
row-band filters was to allow specific measure-
ments of the ozone and water radiation, which
are used to subtract the atmospheric contr'bu-
tions to the signals in the other spectral respon-
ses. Th~s procedure is intended to supplement
zenith scanning, which can only give a lower lim-
it for the atmospheric contribution.

The measurements were carried out at 442 The
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FIG. 1 Spectral responses of radiometer.


