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tude without altering the Zeeman-exchange relaxa-
tion rate. The quantity 7~1 is roughly indepen-
dent of 4He concentration at 1'K, but it is less
strongly dependent on temperature-i. e. , has a
lower activation energy (6)—for the more impure
samples.

%e observe at least three relaxation times in

the more impure samples below 0.7 K; so the
three-bath model does not provide a complete de-
scription at the lowest temperatures. Because
of this, we cannot perform a meaningful analysis
of the nonexponential recoveries at the lowest
temperatures. However, it may be noted that
the difference between recoveries following short
and long saturation periods is even more marked
at these low temperatures than shown in Fig. 3.
The mechanism for this additional bottleneck is
at present unknown to us. It occurs at higher
temperatures than those for which the 'He- He

phase separation has been observed. e

An extensive program of measurement is cur-
rently in progress.
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In a recent study' &' of the Hell (3&,p, d) —(4+,p~

d,f) line complex excited in a liquid helium-cooled
hollow cathode plasma at pressures between 0. 12
and 0. 06 Torr and current densities of about
5 mA/cm, an important shift of the position of
the lines was discovered. It appears that the
most likely origin of the shift of the lines is a
Doppler effect caused by a drift of the ions in the
direction of the small axial electric field in the
plasma. A comparison of measurements of the
relative line positions with the calculated posi-
tions and with those measured by Series' indicates
a possible differential shift apparently arising
from different drift velocities for ions in the 4s,
4P, 4d, and 4f states. Because of the importance
of this type of shift for spectroscopic measure-
ments, and because of its potential use as a tool
for studying the hollow cathode plasma and atomic

properties, an investigation of this effect has
been begun. This note is a report of the prelim-
inary experiments.

The discharge tube consisted of three cylindri-
cal copper electrodes held coaxially one above
the other by insulating glass spacers. The as-
sembly was closed at the bottom by a glass light
trap, and attached at the top to a 40-crn long coni-
cal tube with an end window for viewing the plasma
along the axis of the electrodes. The middle elec-
trode, which had an 8-cm bore, was the cathode
within which the plasma was contained. The two
identical, symmetrically placed extremal elec-
trodes were alternately made anodes so that the
plasma could be viewed with the electric field
either toward or away from the observer. The
discharge was operated under conditions similar
to those of the first study.
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The faint light from the HeII (3s,p, d) - (4&,p,
d,f) complex (A. = 4686 A, @=21335cm ') was
analyzed by a high-luminosity pressure-scanned
photoelectric Fabry-Perot spectrometer of the
Bellevue type. '~' A Fabry-Perot etalon with a
2. 1-mm spacer was employed to provide a reso-
lution of about 225000. This arrangement pro-
vided sufficient resolution and free spectral
range to study the fine-structure lines 3P &,/, -
4s 'S,q„3s 'S,q, -4p 'P,q„and 3d 'D», 4f 'E,t-„
hereafter called lines No. 3, No. 4, and No. 9,
respectively, in accordance with previous work. '
The output of the photomultiplier was recorded
on the first channel of a two-channel recorder.
Reference fringes from a widely spaced Fabry-
Perot connected in parallel with the main Fabry-
Perot and illuminated by a '

Hg lamp were re-
corded on the second channel of the recorder to
provide a fixed background against which to mea-
sure shifts of the lines under study. These
fringes could be measured to within +0. 1 mK,
but measurements of the HeII lines were limited
by low signal-to-noise ratio. A possible instru-
mental shift was checked by measuring the shift
of the neutral helium line 2P'I'0-4s'S~, which
in previous work' showed a 1-mk shift corre-
sponding to motion opposite the field direction.
The measurements were of sufficient accuracy
to verify that the instrumental shift was less than
2 mK.

The results of the measurements are shown in
Table I. It is clear from Table Ia that the separa-
tion of lines No. 3 and No. 4 depends strongly on
the direction of the field. The average separa-
tion, however, is close to the calculated separa-
tion. It is not surprising that the average lies
below the calculated value because of the reduc-
tion in the apparent separation of the recorded
peaks brought about by the incompleteness of
their resolution. This reduction is estimated to
be between 1.5 and 3 mK in the direction of
decreased separation.

Table Ib shows the shift between the two field
directions for each measurable component. The
shift was taken as positive if the lines were
shifted to the violet when the field was towards
the observer. It is clear from these measure-
ments that there is a significant differential
shift of the lines.

The observed shifts are inconsistent with the
assumption that they are caused by Stark shifts
of the levels. In particular, any electric field
would push lines No. 3 and No. 4 apart and the

Table la. Experimental results. The separation go.
=No. 3(3p Pf/2 4s $f/2) —No. 4(3s $f/2 4p Pf/2).

Field
direction

Qo.

(mK)a a
Qbserved Average Calculated

Toward
spectrometer 202. 7 + 2. 5

Away from
spectrometer 190.0+ 2. 5

196.7 ~ 2. 5 198.6

aErrors are estimates of the probable error.
See reference 2.

Table lb. Shifts of individual lines with field reversal.

No.
Line

transition

l value of ion
upper Shift ' ' velocity
state (mK) (m//sec)

(3p Pf/2 4s Sf/2) 0 (8) + 9 ~ 5+ 2 ~ 5 + 6&

4 (3s Sf/2-4P 2Pf/2) 1 (P) — 3.0+ 2. 5 — 21
(M D —4f 2F) 3 (F) +19.2+ 1.5 +135

aErrors are estimates of the probable error.
Plus sign indicates positive ions drift in the direc-

tion of the electric fieM.c
These shifts may be subject to a small instrumen-

tal shift. See text.

shift of line No. 4 should be equal and opposite
to that of line No. 3."

We are led to postulate that the shift is a Dop-
pler shift caused by motion of the ions along the
small axial electric field in the plasma, and that
the differential shift is caused by a dependence of
the probable velocity of an ion at the time of emis-
sion upon its l value. An elementary explana-
tion can be given using the information in Table II.
Assume that on the average all ions excited to
n= 4 have the same velocity immediately after
excitation. This is probable if ionization and
excitation occur in a single step.

Then: (1) In the absence of collisions with neu-
tral atoms, the increment in the velocity of an
ion up to the time of emission is dependent upon
the lifetime of the upper (n = 4) state since the
ion accelerates in the electric field. Thus the
ions in the short-lived 4P state have a much
smaller velocity in the direction of the field than
those in the relatively long-lived 4S and 4F states
and show a correspondingly smaller line shift.
The electric fields of about 1 V/cm expected in
the hollow cathode are sufficient to explain the
shifts.
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Table II. Properties of He II, n =4.

Relative li fetimea
(t0/t)}

t 0
= 1.4154 & 10 sec

Atomic radius

(atomic units)
Relative mean free

path in He

0 (4s)
1 (4P)
2 (4d)
3 (4f)

1
0. 05431
0. 15953
0.32012

12
112
10-,'

9

1
1.082
1.279
1.695

G. Herzberg, Z. Physik 146, 269 (1956).
bE. U. Condon and G. H. Shortley, Theory of Atomic Spectra (Cambridge University Press, New York, 1953),

2nd ed. , p. 117.
cSee text.

(2) If the ions have sufficiently long lifetimes,
their velocities are limited by atomic collisions.
In this case the drift velocity, and hence the line
shift, is proportional to the mean free path of the
ions in the He gas. In the hard-sphere approxi-
mation the mean free path is inversely propor-
tional to the square of the sum of the radii of the
He ion and the neutral He atom. Taking for the
radius of the ion the appropriate expectation
value (rf) listed in Table II, and for the radius
of the neutral atom the value 6', ) =0. 929&, cal-
culated by Pekeris' for the HeI 1s''So state, one
obtains the relative mean free paths listed in
Table II. This ratio is expected to be equal to
the line-shift ratio when the velocity is limited
by atomic collisions. For lines No. 3 and No. 9,
which have relatively long-lived upper states,
this ratio is 2. 0+0. 5, in good agreement with
the mean-free-path ratio of 1.695. For the con-
ditions of this experiment, the collision time for
the excited He ions is estimated to be &10 ' sec.

It is possible that the apparent backward shift
of the 4P ions is a result of the impact of the
exciting electrons. In reference 2, a backward
shift of the neutral atoms was observed, and it
is reasonable to expect a similar shift for the
ions. The backward shift of the ions might be

larger than that of the neutra1. atoms because on
the average higher energy electrons are involved
in the excitation. Only the lines emitted from the
short-lived 4P levels of HeII would be expected
to show directly the recoil shift because their
lifetime is too short for the weak electric field
to cause an appreciable velocity change.
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