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i.e., it corresponds to the Coulomb interaction
of three particles of charge e„e„and e,. It is
then easily seen that the boundedness conditions

(10) yield

and the corresponding energy is
2 2$, (e, +e,e, +e, )E = —~3' a e e,
(e ~ +e3)

(23)

e,e, &Q (22a)

je, l &2le, l
or le, l&2le, l. (22b)

Thus, if these conditions are satisfied, the

ground-state of the system is the three-body
bound state described by the function p of Eq. (3),
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Interpretations of the "X-point paradox" are narrowed significantly by recent experi-
mental findings. Penney's proposal that the paradox originates in effects of room-tem-
perature radiation f~&»ng on the disk is disproved. Further, by rotating the disk through

the helium rather than rotating the liquid past the disk, the paradox is found to be depen-
dent only on relative rotation. This invariance to absolute rotation of helium evidently
eliminates any role of the rotational properties Per se of the liquid.

Although by no means offering a complete reso-
lution to the 4-point rotation paradox, the two ex-
perimental results reported here do greatly nar-
row the scope of the problem. One should be re-
minded that the rotation paradox" concerns the
observed temperature dependence of torque ex-
erted by rotating liquid helium on a Rayleigh
disk, in particular the decrease of this torque
toward zero as the temperature is increased to-
ward the a point.

One of the present findings eliminates the ef-
fects of radiation as recently proposed to explain
the paradox. The other reveals that A. -point phe-
nomenon is in fact rooted in other than the rota-
tion properties Pn se of liquid helium.

(1) Penney's radiation hyjothesis. —Recently
Penney' suggested that the rotation paradox might
be attributed to the action of room-temperature
radiation falling upon the disk. The heating gen-
erated over the surface of the disk by such radia-
tion would set up internal convection currents be-
tween normal fluid and superfluid, and these in
turn would modify the individual fluid flow pat-
terns about the disk. According to Penney's cal-
culations, the process would result in decreased
net torque exerted upon the disk similar in behav-
ior to the observed effect. This includes the to-

tal disappearance of torque at the X point.
Perhaps the least convincing aspect of the ar-

gument is the apparent strictness placed upon the
amount of radiation incident upon the disk. Rath-
er than comprising a "saturation" effect (and thus
some minimum threshhold), the process requires
a specific level of radiation to suppress the
torque at the ~ point. Immediately the explana-
tion hangs upon the fortuitous values of room-
temperature radiation balanced against other fac-
tors.

Clearly a test by direct experiment was re-
quired. A helium- temperature "radiation envel-
ope" was provided for the test region by painting
the outer surface of the original precision glass
rotor and the supporting glass tube with Aquadag.
Thus, except for two small "windows" left in the
Aquadag painting as observation apertures, the
rotating liquid-helium sample and suspended disk
probe were completely shielded from all but liq-
uid-helium-temperature radiation. Such a geom-
etry permitted the original experimental method
of observing disk behavior by measuring deflec-
tions of a beam of light reflected from the disk
surface. (See Ref. 2, Fig. 1 for the basic system
to which Aquadag shielding was applied. )

One small circular hole was provided in the
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rotating container for admitting the light beam
and one horizontally elongated slot for observing
disk deflections, so that a single measurement
could be taken per rotation. To protect against
leakage of external radiation into the test region
through these moving apertures, a stationary
shield of cylindrical shape was also placed about
the blackened rotor It. was also black (matte)
and was provided with a matching pair of aper-
tures (one circular and one elongated); external
radiation couM enter the apertures only during
each brief period of coincidence per rotation.
Measurements were taken in nearly complete
darkness and the only visible light present was
the brief (about 1 sec duration) and dimly visible
beam activated during periods of aperture coin-
cidence.

The results are presented in Fig. 1 where ob-
served deflections are plotted (circles) versus
temperature. Deflections are normalized to uni-
ty at the low-temperature limit. The familiar
decrease in observed disk deflection with in-
crease in temperature toward the A. point is clear-
ly evident. We must conclude on the basis of
these measurements that Penney's radiation hy-
pothesis does not explain the X-point paradox.

(2) Principle of relative rotation. —Probably

more significant are the results of measuring
disk deflections when the role of rotating and sta-
tionary components of the experiment are inter-
changed. If the paradox is attributable to some
property of rotating liquid helium —uch as quan-
tized vorticity, for example —then a different re-
sponse might be expected when the disk rather
than the helium performs the rotation. This was
accomplished experimentally by rotating the en-
tire Dewar cap of the earlier system in the op-
posite direction at the same (2 rpm) rate S.uch
a rotational retrogression imposed upon the sys-
tem left the sample chamber- and thus the test
helium sample —stationary, but carried the disk
probe about on a circular path through the sam-
ple. The same radiation shielding was retained
(the apertures in the Aquadag coating were now

stationary), and a high-speed light flash (10
p, sec) system permitted one observation per rota-
tion of the disk assembly. As before, deflections
of the reflected light beam indicated the disk re-
sponse.

The results of these observations are plotted
(triangles) in Fig. 1. Note that the X-point para-
dox persists even though the liquid is not rotating
and the only motion involves that of the disk
through an otherwise stationary fluid background.
Slightly larger values of deflection are observed
for the disk rotating through stationary liquid,
but this difference is not considered significant
to the present argument.

Evidently the property of liquid helium respon-
sible for the A. -point paradox does not originate
in the rotational characteristics Per se of the liq-
uid. In particular, a role of quantized vorticity
appears to be ruled out.

The author is indebted to Mr. R. Horton for
technical assistance throughout, particularly for
the construction of the retrorotating system, and
to both Mr. Horton and Mr. R. Lynch for aiding
in the measurements.
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FIG. 1. Deflection produced on a Rayleigh disk
probe in absence of room-temperature radiation plot-
ted versus temperature. Circles and solid curve indi-
cate results for helium rotating past a stationary disk
{data normalized to low-temperature limit) . Triangles
represent torque for the disk rotating through station-
ary helium. Dashed line indicates theoretical value ob-
tained by application of Khg formula {Ref.4).

cwork supported in part by the National Science
Foundation.

~J. R. Pellam, Phys. Rev. Lett ~5 189 (1960).
J. R. Pellam, in Proceedings of the Seventh Intema-

tional Conference in Low-Temperature Physics, To-
ronto, 2'960, edited by G. M. Graham and A. C. Hollis
Hallet (U. of Toronto Press, Toronto, Canada, 1961),
Vol. 19-5, p. 446.

3R. Penney, Phys. Rev. Lett. 25, 138 (1970).
4%. Konig, Ann. Phys. {Leipzig) 43, 43 {1891).

89


