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duces quantized vortices into the superfluid
to establish the initial stationary shear flow.

I am indebted to Dr. P. W. Anderson for a
detailed discussion of his ideas and experiments.
I am also grateful for several discussions with

Professor G. Wentzel, Professor J. C. Phillips,
Dr. J. E. Mercereau, and Dr. J. J. Domingo.
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It has recently been suggested' that in the flow
of He II about obstacles, such as Rayleigh disks
and airfoils, perfect potential flow does not in-
variably obtain, and flow separation of the type
discovered by Helmholtz' commonly occurs.
In this Letter we report experiments verifying
this suggestion by means of direct observation
of the motion of particles of frozen H-D gas
about obstacles placed in a bath of rotating He II.

One of the most unambiguous methods of study-
ing the nature of hydrodynamic flow is by intro-
ducing into the flow tracer particles which fol-
low trajectories known as path lines. In steady-
state flow, path lines are identical with stream-
lines. Dyes and gas bubbles are typically used
in classical studies, but these techniques are
impractical in He II. An alternative approach
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is the use as tracers of small particles of den-
sity equal to that of He II. Such particles are
unaffected by gravity and remain suspended
for long periods. An excellent material for
this purpose is frozen H-D gas, which was orig-
inally used by Chopra and Brown in studies of
acoustic streaming.

In our experiments He II was brought into
rotation inside a horizontally mounted cylinder
(length 2.9 cm, diameter 2.3 cm) of wire mesh
which was driven from outside the cryostat.
One end of the cylinder was closed with an op-
tically blackened cover and the other with a
glass plate, thereby permitting viewing along
the cylinder axis. H-D gas could be introduced
above the He level. Upon freezing, particles
of 20-100 p, diameter were found, some of which
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drifted through the mesh and into the viewing
space. The particles were observed as they
flowed past a "wing" (a flat plate 2.3 mm wide
by 0.14 mm thick by 14 mm long) mounted with
the long axis parallel to but radially displaced
6 mm from the axis of the rotating cylinder.
Dark-field illumination was provided by an ex-
ternal light source and a Pyrex light pipe. The
observed particle motion was essentially two

dimensional as expected. Particle motion was
recorded at unit magnification on 16-mm mo-
tion picture film at 24 frames/sec. Particle
trajectories and velocities were later obtained
from frame-by-frame analysis.

Experiments were performed at a number
of temperatures and angular velocities, and
for wing attack angles of 27', 45', and 90' (the
attack angle is the angle between the plane of
the wing and the fluid velocity vector in the ab-
sence of the wing). Approximately 3 && 10» sus-
pended particles have been photographed, occa-
sionally with as many as 50 present simultane-
ously. Figure 1(a) displays typical trajectories
obtained at 2.08'K with an attack angle of 45'.
The average fluid velocity at the wing is v = r~
=0.9 mm/sec. The points are plotted at 2-sec-
ond intervals, so that the spacing between points
is proportional to the particle velocities. The
broken curve is a section of a circle of 6-mm
radius, and typifies particle trajectories in the
absence of the wing. Particles some distance
from the wing are essentially uninfluenced by
it. Particles approaching head-on slow down
and move around the wing. Behind the wing
particles are caught in back eddies. Dashed
lines represent the motion of large numbers
of particles in such eddies. This type of flow
pattern is found over the entire temperature
and velocity ranges studied (1.3'K& T & 2.1'K
and 0.9&v &26 mm/sec). Results obtained at
a 90' attack angle are similar to those at 45'
except that at the highest velocities a turbulent
pattern of alternate vortex shedding is evident,
closely resembling the classical von Karman
vortex street. In none of the studies at these
high attack angles did the flow show evidence
of closing in upon itself behing the wing. The
region of turbulence extended downstream to
the edge of the field of view.

The behavior at an attack angle of 27' is sim-
ilar at high velocities to that at the larger at-
tack angles. However, at 27' there exists a
(temperature-dependent) critical velocity be-
low which there are no large eddies in the wake;
instead there is only a small eddy close behind

450
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FIG. 1. (a) Typical trajectories of frozen particles
of H-D about an airfoil immersed in clockwise-rotat-
ing He II. On the downstream side of the wing the Qow
is turbulent with discontinuities in the velocity stream-
lines, indicating the existence of Helmholtz flow. The
wing attack angle is 45'. (b) Flow about a wing at 27
attack angle. Flow separation is not complete, and ap-
proaches much more closely to potential flow than
Fig. l(a).

the wing. This transition has not been fully
characterized as yet, but appears to occur near
v = 5 mm/sec at 2.07'K and near v = 10 mm/sec
at 1.30'K. A typical case of this type is illus-
trated in Fig. 1(b), which shows the closing
of the flow pattern about a bound vortex behind
the wing, indicating only partial flow separa-
tion.

Because of the possibility of excess viscosity
effects in rotating He II, we are performing
classical studies on wings in rotating water-
glycerol mixtures as a function of Reynolds
number and attack angle, for comparison with



VOLUME 14, NUMBER 23 PHYSICAL REVIEW LETTERS 7 JUNE 1965

the He II results. Flow patterns may be visu-
alized by sprinkling aluminum dust on the liq-
uid surface. Figure 2 shows typical classical
flow patterns obtained at a Reynolds number
(referred to the wing width) of 80. The veloci-
ty discontinuities associated with Helmholtz
flow are apparent, and the flow is closely anal-
ogous to that of Fig. 1. In this situation, because
of the lorn Reynolds number, the streamlines
close upon themselves a few wing chords down-

stream.
The results presented above demonstrate that

H-D particles in He II undergo motion approx-
imating classical Helmholtz flow. In order to
relate this conclusion to the forces on the wing,
me must consider the forces acting on the H-D
particles. The superfluid component of He II
is known to undergo perfect potential flow at
low velocities. '~' This result implies that the
drag force is zero (d'Alembert's paradox). '

, C''I'

The normal fluid (velocity v„)is expected to
exert a drag force varying between v„and v„',
depending on Reynolds number; and, therefore,
the particles are expected to move with the nor-
mal fluid (though possibly at a reduced veloc-
ity). This contention finds partial support in
measurements we have performed on the mo-
tion of H-D particles in a heat current counter-
flow experiment, in which the particles were
observed to move with the normal fluid, away
from the heater. Our preliminary results sug-
gest that for 1 & v„&10 mm/sec and 1.24 & T
&2.07'K, the particle velocities lie between
0.4m~ and 1.Oval.

Although the H-D particles appear to move
with the normal fluid, the normal fluid motion
is intimately related to that of the superfluid,
for even in the absence of nonlinear terms (e.g. ,
the Gorter-Mellink force), the superfluid and
normal fluid are coupled through the quadratic
terms (Bernoulli forces) which occur in the
substantial derivatives in the equation of motion. '

Because our results in rotating He II are sub-
stantially temperature independent, they do not
appear to lead to an understanding of the remark-
able temperature dependence of the torque on
a Rayleigh disk observed by Pellam. ~ It is, how-
ever, now clear that Helmholtz flow can play an
important role in the flow of He II about obstacles,
and that in many cases the angular dependence
and magnitude of torque and of lift and drag
forces will differ appreciably from the predic-
tions of perfect potential flow.

FIG. 2. A classical illustration of Helmholtz flow in
a rotating water-glycerol mixture. The attack angle
is 47' in Fig. 2(a) and 27' in Fig. 2(b). In both cases
the Reynolds number Be= 80. The center of rotation
is the light Qare in the lower right.
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When a beam of energetic positively charged
particles is passed through a thin single crys-
tal oriented with a major symmetry axis close
to the beam direction, one observes many ef-
fects produced by "channeling" of the incident
beam. ' These effects are presumed'~ to re-
sult from the influence of parallel strings of
atoms which collectively confine a fraction of
the beam within the open "channels'" lying be-
tween low-index atomic planes.

This Letter reports the observation of a re-
lated but distinct phenomenon seen when one
detects charged particles emitted from atomic
nuclei occupying sites within the crystal lattice.
Our experiments were prompted by the expec-
tation that the spatial and energy distributions
of charged reaction products produced in a
crystalline target should be strongly modified
in directions corresponding to major crystal-
lographic axes and planes. For example, con-
sider a simple model in which the atoms of the
crystal do not vibrate. Suppose also that the
nuclei of these atoms emit particles with charged
Zye and energy E in a direction in which there
is a chain of atoms with interatomic spacing

Such a model would predict the complete
extinction of particles emitted in a small cone
about this direction. The extinction is entire-
ly due to the blocking effect of Rutherford scat-
tering at the nucleus of the nearest-neighbor
atom in the chain. Neglecting recoil effects,
electronic screening effects, and possible chan-
neling effects, the total angular width of the
region of extinction is given to a good approx-
imation by

16Z/Zye
lE

where Zp is the nuclear charge of an atom in
the crystal. Recoil and screening effects may
be expected to reduce the angular width of the

anomaly. Thermal vibrations and channeling
effects may also be expected to modify the
angular width and to permit some transmis-
sion in the direction of the atomic chain. For
4-MeV protons in a, silicon lattice, the value
of the expression in Eq. (l) is about l'.

Evidence for such an axial blocking effect
has been found by Domeij and Bjt5rkqvist' who

studied the distribution of n-particles emitted
from Rn'~' ions lodged in a tungsten crystal.

We have used two experimental techniques
to look for effects of the type discussed above.
Firstly, we have employed photographic emul-
sions to examine the spatial distribution of pro-
tons, deuterons, and alpha particles scattered
from a silicon single crystal and of protons
scattered from a germanium crystal. Protons
from the (d, P) reaction in a silicon crystal were
also studied by use of emulsions. Secondly,
by using a position-sensitive semiconductor
detector, 9 we have performed two-parameter
pulse-height analyses (256 x 256 channels) of
both the energies and positions of charged par-
ticles scattered at wide angles from a silicon
single crystal. The emulsion technique per-
mitted simultaneous measurements over a wide
range while the detector gave more detailed
information over a small angular range.

The photographic emulsions, on glass back-
ings, were exposed inside an 18-in. scattering
chamber. The incident beam was produced by
the Argonne tandem Van de Graaff and was re-
stricted by a series of collimators to have a
total angular divergence of less than 0.03'.
The size of the beam spot at the target position
was less than 0.8 rnm. Initially, without the
emulsion in the chamber, the ta.rget crystal
was suitably oriented by observing the fluo-
rescence pattern of a transmitted beam of 4-
MeV protons on a quartz plate at the end of
the chamber. In this manner one ea.n easily




