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laser shots. In view of previously mentioned un-
certainties in equipment performance, this is in

good agreement with the 15 counts theoretically
predicted.

We are indebted to Dr. R. K. Mueller for his
continued interest in the course of this experi-
ment, to Professor B. L. Donnally and Dr. J. L.
McKibben for most useful discussions on the pro-
duction of metastable hydrogen atoms, and to
R. Hall who contributed greatly to the construc-
tion and operation of the apparatus.

We would like to thank Melissa Lambropoulos
for calling our attention to the work of Professor
B. L. Donnally on the cesium charge-exchange
reaction.
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Experiment (c) is based on only 100 laser shots

and control experiments. Therefore, the standard
deviation of these results is larger.
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The temperature dependence of the torque on a Rayleigh disk immersed in rotating he-
lium is explained qualitatively on the basis of superfluid dynamics. A heat-exchange
torque peculiar to two-fluid mechanics arises due to the disk being bathed in ambient
room-temperature radiation.

In the present note it will be shown that the ap-
parently paradoxical results obtained for the
torque on a Rayleigh disk immersed in rotating
helium by Pellam' are explainable on the basis of
heat torques due to ambient room-temperature
radiation.

Using Landau's equations of superfluid dynam-

ics, ' the torque on the Rayleigh disk is given by

v' = Jrx(7 dS), (I)

where the integral is taken over the surface of
the disk. r is the position vector of the surface
element dS and & is the momentum-flux-density

tensor given by

Pn Vn Vn + ~sVs Vs +P 1. (2)

The torque is quite difficult to calculate in de-
tail, but it is possib1. e to examine the contribu-
tions to it due to two separate effects. To do so,
we must realize the appropriate boundary condi-
tions for the flow. In the first place, we assume
that at the surface of the disk the normal fluid
behaves as a viscous fluid, whence the parallel
component of vn vanishes.

The condition on the mass current density at
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J dS=O=(p„v„+p, v, ) dS,

a,s uSual.
Next, me suppose that the disk is a heat source

and thereby realize that the energy-flux density
must match the heat-flow input at the disk. In
terms of the energy-flux density Q,

Q = ( p. + 2v, ')J+ps Tv„+p„v„[v„~(v„-v, ) ], (4)

asymptotic velocity' v, of the f lorn, in texms of
which the pressure is of the oI'der of &p~o'. Thus
the BeI'noulll term Rnd the heRt-tol que term mill
be of the same order of magnitude if

p„~v,/ps T q
——'pv, '

Which requires &, the heat supplied to the disk
f

lorn

ambient I'RdlRtlon, to be of the order of
0.1 W/cm' for Pellam's experiment. In fact, a
simple-minded estimate of the pomer given to
the disk by room radiation gives

mheI e & is the heat flow from the disk.
The torque is nom given by

p~ K(v~ —v8)dS~x P 1 dS~ 1l 5 8

psT+p„v„. (v„-v,} '

mheI'e the first term is the Bernoulli term mhich
gives the usual torque egression first calculated
by Konig. ' It is important to realize that this
Bernoulli term is relatively insensitive to the de-
tails of the flow simply because it is a pressure
term. That is, in calculating the Bernoulli term
one need not worry about the full Navier-Stokes
equation for the helium, but may assume poten-
tial flow of a nonviscous Quid fox' both normal
and superfluids. The I'esulting flow pattexn mould

be in error only very close to the surface of the
disk.

The Other term Hl the torque expression is pe-
culiax to superfluid dynamics and is a heat-ex-
change torque. It is the contention of the present
authoI' that the heat absorption of the Rayleigh
disk fI'om the surrounding room xadiation, and
consequent heat exchange with the superfluid, is
responsible for the results of Pellam. To calcu-
late the heat torque in detail is, in principle, ex-
ceedingly difficult, but is not difficult to see that
the heat torque is capable of explaining Pellam'8
I'e suits.

First of RH. , it is obvious that the phenomenon
mhich leads to the heat torque is peculiar to the
two-fluid Dlodels Rnd 18 therefore dlscontlnuous
at Tp,.

Next, let us examine some of the behavior of
the heat torque. Suppose the helium is just below
the A, point. Then, since p, is vexy small, v„
nearly vanishes on the disk. In that case, me can
neglect the quadratic term in the denominator of
the integrand, and obtain approximately

v „„,(r =—T g) = fr x(p. &v.-/p»ddsc (7).

Now ( v, ) will certainly be of the order of the

Which lends credence to the possibility that the
heat torque is comparable with the Bernoulli
torque near T~.

The behaviox' of the heRt torque near T = 0 is
easily assessed by realizing that the boundary
condition of J gives

(1O)

for the normal component, while the paxallel v„
component remains zexo. The heat torque is then
of the oldex' of magnitude

( ) (r x(p Icv )dS
AT+ p„v„

t'r&(p. p. &v. ) dS
3 pp 8T+p 8 (11)

which vanishes as p„as T appxoaches absolute
zex'o,

Lastly, me need remark that the heat torque is
directed opposite to the Bernoulli torque. To
see this mithout too much detail, recall that the
Bernoulli torque is such as to turn the disk per-
pendicular to the flow. Indeed, the angular de-
pendence of the Bernoulli torque ean easily be
seen to be proportional to 81n2~, mheI'e ~ is the
angle of attack. That I'esult folloms simply by
reali. zing, on the basis of symmetry, that the
equilibrium position must be either pRx'Rllel OI'

perpendicular to the flow. The same considera-
tions dictate that the angular dependence of the
heat tox'que shouM be px'oportional to either
sin2~ or cos2~. One needs merely to exa, mine the
tmo equilibxium possibilities to decide which is
stable. The heat torque tends to turn the disk to
be parallel to the flow, hence opposing the Ber-
noull. i torque.

To see the txuth of the last statement, look at
the torque expI'ession near Tq whence the ele-
ment of torque goes like -rxv, . If me imagine
the disk parallel to the flow, then turn the disk
slightly, the velocity of the flow will be greater
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at the "top" of the leading edge than at the "bot-
tom, "as with an airfoil. The torque will there-
fore tend to decrease the angle of attack.

In conclusion, we have shown that for super-
fluid dynamics there exists a heat-exchange
torque which is of sufficient magnitude to counter
the Bernoulli torque at Tq. Indeed, it would seem
extremely fortuitous that the heat supplied to the
disk by ambient room temperature radiation be
very close to the value necessary to compensate
for the Bernoulli torque at Tq. Nonetheless, the
existence of such a heat-exchange torque seems
indisputable, and there seems little doubt, in
spite of a lack of detailed hydrodynamics, that
the heat torque exhibits the required temperature
dependence to account for the "paradoxical" re-
sults of Pellam.

The present analysis is consistent with the re-
sults of Pellam and probably also with the re-
sults of Tsakadze and Shanshiashvili, ' who per-
formed a variation of the experiment with two

disks. In the Tsakadze-Shanshiashvili exper-
iment, the torque on the disk was independent of
T when the disk immersed in the liquid helium
was not illuminated, but the torque exhibited the
same behavior as in Pellam's experiment when

the disk in the liquid helium was illuminated.
The duplication of the Pellam results needs no

explanation, but it is necessary to assume that
when Tsakadze and Shanshiashvilli used the upper
disk to measure the deflections, they deliberately
or inadvertently masked the immersed disk from
the ambient room radiation. It is difficult to
judge whether this was the case.

One obvious way to check the present theory
would be to change the emissivity of the disk
material or the ambient temperature. Such a
change should vary the amount by which the
torque decreases at Tq. Some further conse-
quences of the existence of such a heat torque
will be reported later.

I wish to acknowledge helpful discussions with
A. %. Overhauser who first interested me in the
problem, T. K. Hunt who supplied much informa-
tion, and H. W. Jackson who offered invaluable
assistance in understanding super fluids.
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A strong absorption of extreme uv radiation by a laser-generated ionized metallic
plasma has been observed. A discussion is made about the mechanisms likely to be re-
sponsible for this absorption. Attention is paid to photoionization and, overall, to the
inverse bremsstrahlung process.

%e describe here an experiment in which the
absorption of extreme-uv radiation by an ionized
metallic plasma has been observed. The uv

source and the absorbing plasma are constituted
by two plasma bursts produced by the focusing of
two Nd laser beams (CGE type VD 160 la, ser) on
the surface of aluminum rods. Up to now, the
study of such plasmas has been achieved only by
emission spectroscopy. '

The experimental design is shown in Fig. 1. A

target I is placed at a fixed distance from the en-
trance axis of an extreme-uv spectrograph. This
distance, about 0.5 mm, is chosen to obtain max-

imum illumination of the spectrograph by the con-
tinuous radiation emitted by the plasma formed
near the target. ' Between target I and the spec-
trograph entrance slit, another target II is found
whose distance from the spectrograph entrance
axis can be varied. The plasma II forms the
"sample" to be studied with the target-I plasma
radiation. As shown in the figure, the spectro-
graph slits delimit the observed "sample" zone.
It is therefore possible to explore the different
plasma regions by the way they absorb the target-
I radiation. Furthermore, time exploration can
be obtained by using optical delay variations in
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