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at =n/(v+g v), (5)

where a*, g, and V are an effective excitation
cross section, the density of the solid, and the
ion velocity, respectively. In the above example
for iodine ions passing through carbon, we
estimate 0*=4X10 "cm'jatom and Eq. (5) leads
to 4f, = 10 "sec, a not unreasonable lifetime for
the Auger effect. This mean time is then also
the time for the first electrons to de-excite after
the ions leave the solid.

Possibilities for experimental tests of the
present model are evident. Ne also note that the
properties of the emerging ions —the many states
of excitation and angular momentum —have im-
plications for several fields such as beam foil
spectroscopy or perturbed angular correlations

d„ in solids is noticeably larger than in gases.
There is some evidence that d „ in a carbon foil
is 10 times as much as in argon gas for Br ions
at 140 MeV. '

(4) In dilute gaseous targets, charge-changing
cross sections can be derived from the measure-
ment of nonequilibrium charge distributions. A
similar technique is applicable to solids only if
one also includes the complex excitation cross
sections and Auger probabilities.

(5) We conjecture that inside a solid the equilib-
rium value of ne will be reached when the Auger
process which results in de-excitation and elec-
tron loss balances collision excitation and loss.
In that case, the mean time for de-excitation by
the Auger effect is of the order of

of nuclear states following recoil from solids
into vacuum.
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DETECTION OF A VORTEX-FREE REGION IN ROTATING LIQUID HELIUM Ii)
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(Received 5 June 1970)

We observe a nonlinear dependence of the number of vortex lines in a rotating contain-
er on the rotation frequency. The data are consistent with a model in which there are
about two missing rows of vortices near the walls.

The question of the distribution of quantized
vortex lines in rotating superfluid helium has re-
ceived considerable attention, both theoretical"
and experimental, ' ' in the past decade. Most ex-
perimental studies have been carried out either
in situations in which the distribution is indistin-
guishable from a uni. form one, or at the other ex-
treme, near the threshold for production of vorti-
ces. In the latter case the distribution may be
determined more by the dynamics of vortex nu-

cleation than by considerations of thermodynamic
equilibrium.

We will present here the results of an experi-
ment concerning an intermediate region —one far
enough from threshold so that nucleation should
not interfere with the achievement of thermody-
namic equilibrium, yet close enough so that cer-
tain nonuniformities in the distribution predicted
by the equilibrium theory become apparent.

In the absence of boundaries the free energy of
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rotating He II will be minimized by a uniform dis-
tribution of vortex lines parallel to the rotation
axis. The density of vortex lines n, is related to
the angular frequency ~ by

n, =20jx,
where & is the quantum of circulation (It/m H, ).
%hen the effect of boundaries is included this the-
oretical vortex configuration is modified slight-
ly, '~ As a first approximation the minimum free
energy should be achieved by a distribution like
that indicated schematically in Fig. 1(a). Vorti-
ces are present with their normal density n,
everywhere except in a vortex-free region next
to the boundaries whose width

(R-Rg =Pn,

is proportional to the mean vortex spacing. The
predicted value of the constant P is about 1.4,
which corresponds roughly to one missing rom of
vortices near the walls. The only previous at-
tempt' to detect this effect experimentally has
been interpreted as indicating the existence of a
vortex-free region more than an order of magni-
tude larger than predicted.

%hen these boundary effects are included, the
total number of vortices N in a rotating container
is no longer a linear function of A but instead has
the form N ccQ(1-o.g ' '), where o'. is a constant.
Our experiment is designed to look for this low-
frequency departure from linearity, by a techni-
que which utilizes the trapping of negative ions
by vortex lines. Electrons in liquid helium form
small bubbles which are attracted to vortex lines
by the Bernoulli force and captured. The trap-
ping of free charges propagating perpendicular
to the vortex lines can be adequately described
in terms of a capture diameter or cross section. '
Once trapped, the charges are free to move
along the line and discharge at the ends. At the
temperatures of concern here they have a negli-
gible probability of escape radially from the line.

Our apparatus is illustrated schematically in
Fig. 1(b). The cell is in the form of an enclosed
annulus formed by a sequence of gold-plated elec-
trodes whose potentials could be independently
adjusted. These electrodes are spaced 0.005 in.
apart by means of insulating rings [shown as
black squares in Fig. 1(b)]. Note that these spac-
ers are recessed 0.040 in. to avoid the possibility
of space charge accumulating on them. The en-
tire apparatus and Dewar are mounted on a large
rotating table which has been described previous-

6
ly. At room temperature the cell was measured
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FIG. 1. (a) Schematic of model vortex distribution
viewed along rotation axis. The dots represent a re-
gion of uniform vortex density bounded on the outside
by a circle of radius A~. (b) Schematic of experi-
mental cell. The electrode potentials for the data
shown in Figs. 2 and 3 were as follows:. V& =20 V,
V2 =30 V, V3 = 40 V, V4 = 42.5 V, Vg = 45 V, V6 = 55 V,
and VV=65 V.
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to be concentx'i. c with the table rotation axis to
within 0.005 in. and to have no measurable tilt,
but this measuxement couM not be checked at low
temperatures.

A 10-mCi Po'" n source is plated on the inside
of electrode ~. A radial electric field draws a
negative ion cux rent 10 from ~ to;x collector C,
which forms part of the inner cylinder. Some of
this transverse current is trappei on each vortex
line and, undex' the influence of spa, ce-charge
fields, diffusi. on, and any ve~'tical component of
the applied fieM, will x each i second collector C
Rt the top of the annulus, Th:.3 cux'1'eDt I 18 Q1ea-

sured by a Cary vibrating-ree~$ ele~;trometer.
Undex' the assumption that th&, c,aptut'e cross sec-
tion o 18 1DdepeDdent of the p()sit%on 3f a voltex
line, ' the ratio I/I, will be pri)pi)etio»al to the
numbex of lines ending on C. Our data consist of
measurements of this ratio a. a fuze'. ion of A.
The procedure followed mas ti) adju t 0 to a new
value, wait 15 minutes to ensux e equi. librium,
and then by digital integration techniq ~es average
the current ovex a 45-min peri. od to produce one
data point. During this time the curren, ",s mere
turned on and off by alternately switching ~ be-
bveen ~4 and ground over a 5-min cycle, and the
difference signals wex e measux ed. This very
low-frequency manual "lock-in" procedure effec-
tively eliminated any electronic drift.

Repxesentative data are shown in Fig. 2. These
data are a combination of the results of three
separate runs taken over a. period of two weeks.
Data were taken both by increasing and decreas-

ing 0 in steps, and also by returning to ~ = 0 be-
tween each measurement. At this temperature,
1.43'K, there was little hysteresis. However, at
1.25'K there was considerable hysteresis which
prevented meaningful measurements at lower
temperatures. In this case the transverse cur-
rent Io was about 4X10 '2 A and the reproducibil-
ity of the point at & = 0.05 rad/sec reflects a
noise in I of less than 1&10 '6 A. The additional
noise at large ~ is caused by fluctuations inr and
not instrumental effects. Note that 0 = 0.05 rad/
8ec co1 x'espond8 to R MeRD vox'tex spRc1Dg of
1 mm. The angular frequency was stable to with-
in +0.003 rad/sec when averaged over 2-sec in-
tervals. Temperature was regulated electron-
ically to within 0.001'K.

It is clear from the figure that the fraction of
the transverse current collected is not linear in
0 but drops consistently below a straight line at
low frequencies. This behavior is more clearly
illustrated in Fig. 3, where we have plotted (I/
I,)/0 against Q»'. A linear relation would give
a horizontal line on this graph. The vortex-free
strip model predicts that for our geometry

(I/I )/a =a(1 aa-»2)

where

A = o(2/z)(R-R ),
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FIG. 3. (I/Io)IQ vs & ' . The straight line has been
fitted by least squares to the data. Values of P and 0.

obtR1Iled by Eq. (5) are in this ease, P=2.5, (T=4.5
x 10 cm.
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and A and 8 are the outer radius of the annulus
and the 1nner radius of + respectively. Th18
predicted decrease, linear in ~ '~', is consis-
tent with the data. The straight line in Fig. 3 has
been fitted by least squares to the data, and the
value of the parameter P so determined is 2.5.
On different runs we have measured values of P
which range from 2.3 to 3.1 with an average val-
ue of 2.7. This means that we measure about two
missing rows near the boundary rather than the
predicted value of about one missing row. There
may be a slight systematic dependence of the
measured value of P on the field configuration,
but 1t 18 d1fflcult to d18tlngu18h lt from the exper-
imental scatter. If present, it is too small to
affect the conclusions px'esented here.

The values of the cross section determined are
in reasonably good agr cement with measurements
of & made by Douglass' and are about a factor of
2 smaller than those obtained by Tannex'. "o They
show the expected invexse relationship with the
mean transverse electx ic field.

While we obtain a value of P much closer to the
calculated value than did Tsakadze, ' we regard
our measurement as still signifi:cantly larger
than the theoretical prediction. This difference
is too large to be accounted for either by uncer-
tainties in the vortex core parameters ox by the
approximations made in the calculation. Cer-
tainly one possible explanation could be that the
assumption of thermodynamic equilibrium is in-
appropx'iate in the present situation. However,
we would like to propose a second possible rea-
son for the discrepancy. %e suggest that the
liquid may well have the equilibrium distribution
of vortices, but that the lifetime of vortices in
the outermost row is too short for them to be
detected in this experiment. There may be a
detailed balance between vortices entering the
outermost row from the walls and others leaving
it, so that the row is filled on the average, yet
an individual vortex line is not present for a suf-
ficient length of time to trap charge and deliver
it to the top collector. If this lifetime is much
shorter than a minute we are not likely to detect

such a vortex in this experiment. Consequently,
our measurements would indicate that the outer-
most rom was absent.

In this model we must conclude that our mea-
sured value of P is an upper bound on the true
value, and that the discrepancy is a qualitative
measure of the amount of motion taking place in
the outer rows of the vortex array. A related
conclusion is that any experiments designed to
determine the detailed vortex lattice structure
and which require long-term stability of the lat-
tice are unlikely to succeed.
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strength, this is not strictly true However. , correc-.
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We believe that the reason for the discrepancy lies
in the fact that our measurements and those of Qoug-
lass are not affected by vortex lines overlapping the
recombination region in front of the source. It is
possible that such an overlap can produce an additional
attenuation of tx ansverse current by mechanisms
distinct from those associated with vortices in the
bulk fluid. In oux' apparatus we can recover approxi-
mately Tanner's values by measuring transvex'se cur-
rent attenuation at values of il- 1 rad/sec where such
overlap occurs.


