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Focusing of Negative Ions by Vortices in Rotating *He-A4
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Experiments with negative ions in rotating superfluid *He- A4 show strong retardation and defor-
mation of ion pulses drifting parallel to the angular velocity . This is caused by the interaction
between the ions and the 1 texture in the soft cores of A-phase vortices. The interaction is mediat-
ed by the anisotropic ion mobility: v=u, E—Au(E-1)1. The (Q,T) dependence of the retarda-
tion is explained by a model that assumes focusing of ions into the vortex cores, along which the
mobility u . is lower than that in the bulk liquid, x;. Wefindu.=pn; —0.6Au.

PACS numbers: 67.50.Fi

The structure of the order parameter of superfluid
3He gives rise to a variety of different vortex states
when the superfluid is set into rotation. Recent NMR
experiments' on *He-A have demonstrated the effect
of rotation on the texture of the 1 vector (angular
momentum of Cooper pairs). These experiments have
inspired efforts to identify the vortices and especially
the nature of the vortex cores,? but a complete identi-
fication has not been achieved yet. In this situation we
felt it worthwhile to investigate the rotation-induced
textures with a different technique: We studied the in-
fluence of rotation on the motion of negative ions
through a sample of He-A4.> In this Letter we report
on our first results of these experiments.

We find that an ion pulse moving parallel or an-
tiparallel with € is considerably delayed compared to
the nonrotating case. Furthermore, large changes in
the shapes of the pulses are observed. We attribute
this behavior to a deflection of the ion trajectories by
the 1 texture in the soft cores of the vortices present
under rotation. This deflection is due to the anisotro-
pic ion mobility and leads to a focusing effect which
concentrates the ion paths along the vortex cores. We
analyze our results quantitatively by using a model that
relates the observed time of flight to the properties of
the focusing texture.

The experimental volume is a cylinder with its axis
along the common direction of ) and H; see Fig. 1.
Pulses of negative ions, produced by a field-emission
tip, were driven along the axis of the cylinder and
detected by an electrometer. The driving electric field
was obtained by biasing of the cell base to V3= —20 to
—60 V, the casing to V,=%V,, and the top to
V,= ;— Vo. In addition to this ‘‘converging’’ field con-
figuration where the electric field is roughly uniform
and along z, a ‘‘diverging” one with V.= V,= V{/3
was used where the field is more spherical, thus
spreading the ion pulses partly onto the cylindrical
electrode.

The measurements were performed at P=29.3 bar,
at H=28.4 mT, and in the temperature range 7/ T,
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=0.7. Pulsed NMR on platinum (powder immersed
in the liquid) was used as the primary thermometer.
The superfluid transition temperature 7, marked by a
rapid change in the ion mobility,* and the B— A tran-
sition during warmup provided the calibration points.
At T,p the pulse shape changes and we also observe
an increase in the mobility.

The time of flight of the ions was measured by in-
jecting short (1-5 ms) pulses at a constant frequency
f=0.6-1.2 Hz and detecting the electrometer output
by a vector lockin amplifier. The phase output & of
the lockin amplifier is determined by the ‘‘center of
mass’’> of the current pulses /(¢). Therefore, ® and
the time of flight (¢) averaged over all the ions in a
pulse are related by ®=®y+ 27 f(t), where ®, is an
arbitrary constant. Because of the steep temperature
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FIG. 1. Our time-of-flight spectrometer. The walls facing
the experimental volume (#=20.5 mm, R =9.3 mm) con-
sist of three electrodes made of gold-plated copper. The
base and top electrodes have circular windows (r =2 and 7.3
mm, respectively) covered with thin grids made of gold.
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dependence of mobility u, the time-of-flight measure-
ment provides a sensitive secondary thermometer’
below T, with an on-line display and a noise level cor-
responding to 1-10 uK.

The drift velocity v of ions in *He-A4 is given by
v=w,E—Au(E-D1 where u, (T) and u,(T)=
w, (T)—Aun(T) are the mobilities perpendicular and
parallel to the anisotropy axis 1. For negative ions
i,y <0, and the anisotropy Aum/pm, grows toward
lower temperatures being 0.57 at T=0.77..%7 When
) =0 we basically measure u | in the converging elec-
tric field, because EIIH L1 (dipole-locked condition).
A natural temperature scale for the focusing phenome-
na is provided by the normalized mobility w /uy
where wy is the mobility in the normal 3He. Conse-
quently we use @, /u v as our temperature variable.?

The experiments were done by cooling the sample
below T, and then accelerating (Q =0.02-0.04 rad/s?)
the cryostat to a constant angular velocity ) =< 2 rad/s.
After a few minutes of rotation the cryostat was
brought back to rest. Our basic observable was a
rotation-induced increase in the time of flight of the
ion pulses, A(t) = (r)*— (1), in the converging elec-
tric field. Here (¢)* denotes the time of flight during
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FIG. 2. The effect of rotation on pulses of negative ions
drifting parallel to the angular velocity €} in a converging
electric field E= Eyz, with Ey= —6.55 V/cm. (a) The
current pulses recorded by the electrometer. When Q=0
the leading and the trailing edges of the ion pulse reach the
top grid at # and f,, respectively. During rotation the
current pulse prolongs drastically. In the experiment ion
pulses are fired at a constant frequency and the electrometer
output is fed into a vector lockin amplifier. (b) The ampli-
tude and phase outputs of the amplifier recorded over an 8-
min-long rotation period. The angular velocity of the cryo-
stat is also shown. The phase output is converted into aver-
aged time of flight (¢), and the rotation-induced increase in
(t) is our basic observable. The data shown are recorded at
T=073T..
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rotation. The retardation was accompanied by a dis-
tinct deformation of the current pulses and a decrease
in the total charge reaching the collector; see Fig. 2.
All these effects were absent in the normal fluid and
also in the B phase, which was used to check for a pos-
sible change in the time of flight caused by rotation-
induced heating. Alternatively, in diverging electric
field the amount of charge reaching the collector was
increased by a factor of 2—-8 when the cryostat was set
into rotation.

The observed (¢)*/(t) versus Q is shown in Fig. 3.
The relative retardation A (¢)/(t) is large, of the order
of Au/w . It depends on the size of the ion pulses and
is not strictly linear in Q (= density of vortices). The
temperature dependence of (r)*/(t) is illustrated in
Fig. 4. These data also show that A{¢)/(t) is in-
dependent of the sense of rotation as well as of the
strength of the electric field.

We attribute the observed delay A{¢) to focusing of
the ions by the 1 texture in the soft cores of the vor-
tices. The reasoning is as follows. The retardation
A(t) vanishes in the B phase, and in the A phase it
scales well with the calculated® temperature depen-
dence of the mobility anisotropy (as shown quantita-
tively below). Therefore, A(t) is associated with
some rotation-induced changes in the 1 texture. On
the other hand, any textural defect created by rotation
would lead to retardation of the pulses because at
=0 we measure the maximal mobility in the A
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FIG. 3. Reduced time of flight (r)*/(¢) of ion pulses vs
Q in a converging electric field. N indicates the number of
ions per pulse. Inset: The dependence of (¢)*/(t) on pulse
size. All solid lines correspond to fits of Eq. (1) with the
corresponding values for parameters a and (2, indicated in
the text.
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FIG. 4. Reduced time-of-flight data vs temperature. In
addition to the natural temperature variable wu ;/u 5 the prop-
er temperature scale is shown at the top. A considerable
fraction of the temperature range covered is in supercooled
A phase. Plus and minus signs indicate that € is parallel
and opposite to H, respectively. Open and filled symbols
correspond to Vo= —30.0 and —20.1 V. The solid lines are
obtained from a fit of Eq. (1) to all our data with the
N =7x10* pulses.

phase, w,. The hypothesis that the ions are indeed
focused into the vortex cores is, however, supported
by several experimental observations: The observed
increase of the charge collected in the diverging elec-
tric field indicates that during rotation the motion of
ions is strongly modified by an effect that favors an
ion current parallel with . The crucial finding is that
A(t)/(t) =Ap/n,. This large retardation can result
only if there is strong concentration of the ions into re-
gions where 1 is essentially along Z and Aw(E-1)1-2
= Ap E, that is into soft vortex cores.” The fact that
A(t) is not linear in Q and depends on the size (rigi-
dity) of the pulses also indicates that the pulses are
severely deformed instead of staying uniform and sim-
ply sampling the 1 texture of the vortex lattice. The
rotation-induced decrease of the current in converging
electric field (see Fig. 2) may be due to partial pinning
of the vortex lattice on the grid wires in front of the
collector; ions coming along the pinned vortices never
reach the collector.

Assuming complete focusing immediately after the
ions enter the vortex lattice would give (1)*/(t)
= (1—Au/w, )~ ", which is larger than our experi-
mental values and independent of Q. Therefore a
more detailed treatment of the focusing process is
necessary. Let us consider the converging field case

where E= Eyz (E;<0). In our low-density pulses
focusing by texture dominates over Coulomb repul-
sion between the ions.!® Consequently, we make two
assumptions: (1) The focused charge concentrates
into relatively small focal regions!® where it is left
behind the ion pulse propagating in the bulk, because
the velocity of the ions along the soft core
(vz}c= (/J'L—A“'{Izz}c)EOE(/‘L—aA“)EOE/J'cEO is
less than the velocity in the bulk v,=u E;.!! Here
{ ]. denotes averaging over the focal region and
{2}, =a. (2) Once focused, the ions stay in the core
and propagate along it even when left behind the pulse
in the bulk. Additionally, to explain the size of the
observed A(t) it is necessary to assume continual
focusing: the asymptotic (r — oo) form of the 1 tex-
ture must be such that there is a continual flux of ions
into the core (fv-r d¢ < 0). This implies that we can
take the charge density being focused at each moment
to be proportional to the roughly uniform charge den-
sity in the part of the pulse propagating in the bulk:
{pl.(t)=cpy(t) and ¢ > 0 constant. With these as-
sumptions a straightforward calculation’ of the time of
flight (¢)* averaged over all the ions in one unit cell of
the vortex lattice leads to

(0" 4B ()"
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where a characteristic angular velocity () is defined by
Qo/Q=A,d/cA.h. Here hand dare the length of the
drift space and the thickness of the ion pulse in the z
direction, respectively. A, and 4,= pmh/2m; Q) are
the areas of the soft core and the unit cell of the vor-
tex lattice; pis the number of circulation quanta in one
vortex.

Equation (1) is a good fit to the (Q,7T) dependence
of our data when Au/u, from Ref. 6 is used. For the
fitting parameters we find «=0.58 +0.05 and
Q=0.16 +0.02 rad/s when pulses with N=7x10*
electrons are used. The curves in Figs. 3 (not in the
inset) and 4 correspond to these values. The current
pulses measured at Q=0 give us d/h=(t,— ;)]
(see Fig. 2), and if p=2 is also assumed,? the ob-
served Qg implies c4,=4.4x10~% m?. This being
larger than the core size (3x10~% m?) calculated for
continuous, doubly quantized vortices? probably re-
sults from the fact that v in the bulk liquid is not
strictly along £, which increases the effective capture
cross section of the cores.

Our data taken with small (N=6x10%) and large
(N=7x10%) pulses (see insert in Fig. 3) give Q,
=0.13 rad/s, «a=0.66, and Q7=0.17 rad/s, a =0.49,
respectively. )y changes more than d, which suggests
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that also ¢ depends on the pulse size. The decrease of
o toward larger pulses is explained by Coulomb repul-
sion: A larger focal region is sampled by larger pulses
having a higher charge density. This results in a lower
averaged /2.

In summary, our experiment on ion motion in rotat-
ing superfluid He has given the first evidence that
ions, because of their anisotropic mobility, are a useful
probe for the vortex textures in the 4 phase. The ob-
served focusing phenomenon is sensitive to both the
core structure in the focal region where the ions gather
and the asymptotic form of the 1 texture far from the
center of the core. Further studies with this technique
appear promising for a more detailed identification of
the vortices.
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