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Study of the electron spin resonance of negative ions field emitted into liquid helium*

Peter H. Zimmermannt and Jonathan F. Reichert
Department of Physics and Astronomy, State University of New York at Buffalo, Amherst, ¹wYork 14260

Arnold J. Dahm
Department of Physics, Case Western Reserve University, Cleveland, Ohio 44106

(Received 30 July 1976)

We report the unambiguous detection of the ESR signals of negative ions in liquid helium. The linewidth was

measured to be 5.0 ~ 0.4 mG, the g value was found to be pressure independent and equal to the free-electron

g value to within 10 ppm, and T, was estimated to be greater than 100 msec. A theoretical framework has

been developed which explains the microwave power and temperature dependence of the signal intensity and

demonstrates the existence of an initial polarization at the time of formation of the bubble state. A striking

dependence of this initial polarization on pressure was discovered. Studies have been made which apparently

rule out the possibility that other species contributed to our observed signal. Extensive optical studies of a

discharge region near the field emission tip have been carried out in an attempt to understand the mechanism

responsible for the initial polarization. A correlation between the pressure dependences of the intensity of the

ultraviolet radiation from the discharge region and the initial polarization was observed.

I. INTRODUCTION

Excess electrons injected into liquid helium
have been the subject of experimental and theo-
retical studies for more than 15 years. ' It is now

well established that such electrons form a stable
microscopically large conf iguration consisting of
a single electron trapped inside a spherical void
in the liquid of about 17-A radius. ' The reason for
this bubble formation is quantum mechanical in na-
ture. Due to the Pauli exclusion principle, the
short-range interaction between the excess elec-
tron and the neutral helium atoms is repulsive.
The weak long-range interaction of the single elec-
tron with the induced electric dipoles of the sur-
rounding helium atoms is attractive. Thus to a
first approximation, it is reasonable to consider
the wave functions of the bound electron to be solu-
tions of a noninteracting particle in a three-dimen-
sional spherical "square" well. In its ground state,
the electron is an S-state configuration. Such an
isolated electron will form a two-level quantum
system when placed in a uniform magnetic field.
Magnetic dipole transitions between these two
states should be detectable by standard electron-
spin-resonance (ESR} techniques. Although these
negative ions have been extensively studied, pri-
marily by measuring their transport properties,
it was only recently that some of their magnetic-
resonance properties were reported. ' ESH mea-
surements probably would have been made long ago
if it mere not for the predicted long spin-lattice
relaxation time and the extremely low ion densities
(5 x 109 ious/cm') that can reasonably be obtained
because of space- charge limitations.

In this paper, we shall present the results of an
extensive study of this unique system. The nega-
tive ion in helium is one of the .simplest bound

electronic systems in nature, possibly the sim-
plest. That is, of all bound electronic configura-
tions in condensed matter, the electron in the he-
lium void would be expected to have the weakest
interactions with its surroundings. The measured
magnetic-resonance parameters can be used to
verify this theoretical expectation. This paper re-
ports the measurements of the linewidth, g value,
and signal intensity as a function of pressure and

temperature. We have carried out independent ex-
periments on the ion mobilities to verify that the
charged entities we were detecting were indeed the
single electron in the bubble state. Section II de-
scribes the details of the special microwave cavity,
the magnetic field stabilizing and homogenizing in-
strumentation, and the methods used to fabricate
the negative-ion field emission source ~ Section III
reports the experimental results including the un-
expected signal intensity variation with pressure,
the variation of signal intensity mith microwave
power and ion mobility, the measurement of the

g value and g value dependence on bubble diameter,
the search for a positive-ion ESR signal, and the
study of the signal intensity as a function of the ma-
terial used for the field emission tip. Section IV
details our search for charged carriers other than
the electron bubble state.

The measured optical properties of the plasma
discharge surrounding the field-emission tip are
discussed in Sec. V. Section VI is a general dis-
cussion of the nature of the plasma and how the
processes taking place in the plasma might be re-

2630



STUDY OF THE ELECTRON SPIN RESONANCE OF NEGATIVE. . . 2631

lated to possible mechanisms for electron-spin
polarization. Future experiments are considered
in Sec. VII.
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II. APPARATUS

A. Microwave cavity

A pressure-sealed TE,~ mode rectangular cavity
was fabricated to operate at a frequency of 13.5
GHz(KM band}. This cavity was designed to be
compatible with the field emission sources used in
this experiment. Field emission from sharp me-
tallic tips proved to be the best method for pro-
ducing the large ion densities needed in this experi-
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ment. Figure 1 shows an exploded view of the cav-
ity. Since external high-voltage connections were
needed for both the field emission tip and ion col-
lector, special sealed and electrically insulated
microwave chokes were designed to prevent micro-
wave power from leaking out of the cavity. Such
leakage reduces the cavity Q and makes the spec-
trometer both microphonic and unstable to any mo-
tion in its vicinity. Two cross-sectional views of
these —,'-wavelength chokes are shown in Fig. 2.
Locating the tip and collector in the center of the
broad face of the cavity reduced the coupling of the
microwave fields to these two perturbations of the
simple cavity configuration. It was not possible to
detect any microwave leakage outside the cavity
using these chokes. Properly constructed, using
carefully machined virgin Teflon dielectric, these
chokes were capable of withstanding a dc potential
6.5 kV with respect to the cavity body at liquid-he-
lium temperatures.

The collector caused a significant perturbation
of the microwave field configuration. The presence
of the collector allowed a reasonably high loaded
Q(-3000) TEo» mode to be excited at a frequency
near the desired frequency of the TEyp2 mode Of
course, this mode has a node of microwave mag-
netic field in the region that the ions traverse.
Future experimenters should avoid this mode since
it will dramatically reduce the observed ESR sig-
nal.

The cavity iris was pressure sealed by a simple
technique. Fiberglass boards, commonly used for
electronic circuit layout, proved to be a strong,
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FIG. 1. Exploded view of the pressure sealed micro-
wave cavity.

FIG. 2. Cross-sectional view of the collector and field
emission tip showing the details of the electrically insul-
ated microwave choke.
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reliable, low-loss dielectric material which bonds
extremely well to copper using a readily available
epoxy. ' The cavity withstood 400-lb/in. ' pressure
at liquid-helium temperature using a 1.5-mm
thick fiberboard cemented over the cavity iris.
With such an arrangement, we were able to use a
standard beyond cutoff dielectric variable micro-
wave coupler for adjusting the bridge to critical
coupling. The iris seal never cracked or developed
leaks.

Early experiments using brass components
mounted on an oxygen-free high-conductivity
(OFHC) copper cavity showed the presence of
strong paramagnetic materials. Such materials
produce a significant temperature-dependent con-
tribution to the dc magnetic field inside the micro-
wave cavity and make accurate g-shift determina-
tions difficult. In selecting appropriate materials
to fabricate an optimum cavity, the following fac-
tors were considered: (i) temperature-indepen-
dent diamagnetic metals, (ii) electrical conduc-
tivity, and (iii) machineability. Commercially
available tellurium copper proved to be the best
compromise. Although it is a much poorer elec-
trical conductor than OFHC copper, it has about
the same measured diamagnetic susceptibility and
is far more machineable. To improve the cavity
Q, the internal walls were electroplated with high-
purity silver and gold flashed. ' This plating proved
to give no measurable additional paramagnetic
fields inside the cavity. The microwave chokes,
all screws, nuts, and other metallic accessories
were also made of tellurium copper. The epoxy
seals as well as the fiberglass board used in the
microwave coupling iris were paramagnetic. Care-
ful attempts were made to use as little of these
materials as possible and still obtain reliable
seals.

To facilitate fabricating the cavity, it was de-
signed in three separate sections. This also sim-
plified the task of plating and polishing the internal
surfaces. However, such a cavity has potential
microwave discontinuities at the edges where the
surface current densities are large. This did not
prove to be a problem. Indium seals at the joints
were not only extremely reliable for sealing against
superfluid helium leaks, but also were excellent
conductors for microwave surface currents. Load-
ed cavity Q's of 10000 were readily obtained at low
temperatures with these seals. The sealing sur-
faces were pretinned with indium to assure uni-
form seals of the indium joints.

It was necessary to design a cavity tuning me-
chanism for the measurements of g shift as a func-
tion of pressure. Because of the limited space in
the Dewar and the high-voltage electrodes, the
cavity tuning mechanism was placed on the bottom

of the cavity. It consisted of 0.635-cm diamQFHC
copper rod which was inserted into the center of
the cavity. A detailed drawing of the tuning me-
chanism is shown in Fig. 3. This method of tuning
produces a change in cavity frequency of 20 MHz

per millimeter of insertion. It produces only a
small degradation in Q for a total change of fre-
quency of 60 MHz. The tuning mechanism was
stable and not microphonic. The bellows seal has
withstood several hundreds of cycles at low tem-
peratures without fracturing.

B. Microwave spectrometer
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FIG. 3. Detailed cross-sectional view of cavity tuning
mechanism.

Of the many types of electron-spin-resonance
spectrometers that have been used for various
kinds of experiments, the reflection bridge super-
heterodyne detector is the optimum choice for sig-
nals studied at power levels of the order of micro-
watts. The microwave power level required is es-
timated as follows. If we make the assumption
that the spin-lattice relaxation time is long com-
pared to the lifetime or transit time of the negative
ion (the time it takes to traverse the microwave
cavity in going from the tip to the collector), then
the microwave power needed in this experiment can
be estimated by considering the microwave magnet-
ic field (H, ) necessary to cause a spin flip within a
transit time. For a spin system which is described
phenomenologically by the Bloch equations and
which has a long T„ the characteristic spin flip
time or transition time (T) can be written as
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(2)

For the cavity used in these experiments, this
equation can approximately be written as

H, = 1.7(P„,„„)'~', (3)

where H, is in gauss and P„,„, is in watts. For
this configuration only about 10 ' W of microwave
power are needed to induce transitions in the spin
system. At such power levels, the balanced bridge
superheterodyne spectrometer is the optimum de-
sign.

Figure 4 shows a block diagram of the spectrom-
eter. The frequency of the main klystron is phase
locked to an external stabilizer and the local oscil-
lator klystron is locked by a second phase-lock
stabilizer precisely 60 MHz away from the fre-
quency of the main klystron. ' This stabilization

T = cH/&a'„

where &H is the linewidth of the resonance, and

y is the gyromagnetic ratio of the electron. In a
typical experiment the transit time was approxi-
mately 1 msec, and the linewidth was about 20 mo.
The required microwave magnetic fields are es-
timated [Eg. (1)]to be approximately 3 mG. The
cavity Q, input power, H„and angular frequency
+ are related by the equation

scheme optimally reduces the fm noise. Imbalance
did occur in the bridge because of long-term drift
in the resonant frequency of the cavity. Such drift
could have been eliminated by using a second slow
feedback loop to adjust klystron frequency, but

this would sacrifice the long-term frequency sta-
bility of the system. For typical ESR signals which
have broad lines, such a slow feedback might be
appropriate, but for these narrow lines and our in-
terest in measuring absolute and relative g values,
such a loop would have been counterproductive.

Another source of long-termdrift (-15-20 min)
in the spectrometer balance was traced to thermal
expansion of the waveguide in the Dewar as the he-
lium level dropped. A standard dc carbon resistor
temperature controller was used to eliminate short-
term (-30 sec) fluctuations. The long-term drifts
were compensated for by fine tuning the cavity.
Such tuning was accomplished by varying the tem-
perature of the bath with corresponding changes in
the dielectric constant of the liquid using the same
temperature controller. The drifts were sufficient-
ly small so that changes in bath temperature of
only 0.001 K/h were needed to maintain bridge
balance in the spectrometer.

Small changes in the pressure were also respon-
sible for bridge imbalance in the spectrometer.
Standard mechanical pressure regulators were not

capable of sufficiently regulating the pressure of the
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liquid inside the microwave cavity. Pressure regu-
lation was accomplished by connecting the cavity,
through a stainless-steel fill line, to a large storage
tankof helium, gas at room temperature. The ther-
mally insulated 45-1 storage tank served as a ballast,
which reduced the pressure fluctuations in the cav-
ity to an unperceptably low level. Some difficulty
did arise from what were believed to be Taconis
oscillations in the fill tube. Various attempts were
made to dampen these very-low-frequency (-0.1-1
Hz) oscillations. Small capillary fill tubes stuffed
with fine multistranded nylon string were tried and

although they reduced both the amplitude and the
frequency oscillation, they did not eliminate them.
It was empirically discovered that fill tubes of
3-mm i.d. or larger prevented these oscillations.

C. Magnetic field

The magnets designed for standard ESR experi-
ments do not have sufficient stability and homo-
geneity for optimum studies of this narrow-line-
width spin system. Special modifications were
made in order to improve both of these param-
eters for our experiments. Following Blume, ' a
special stabilizer was constructed which locked
the magnetic field near the sample cavity to an
external NMR frequency standard. The block
diagram of this locking loop is shown in Fig. 5.
The NMR probe was placed outside the Dewar
(about 5 cm from the cavity center) for most ex-
perimental runs. The error signal from the phase
detected cw NMR signal was fed back through a
power amplifier to a small coil placed on top of
the Hall sensor. The current through this coil

produced a local magnetic field which was sensed
by the Hall probe, and the Varian Hall circuitry
responded to correct for the field in the gap. A
slow servoloop was added to the system for use
when the field was swept. The error signal was
fed back to both the fast feedback (the coil on the Hall
probe) and the slow servoloop. The servomotor
mechanically swept the external sweep on the
Fieldial control. The advantage in this fast-slow
system is that even for sweeps of the order of 1 G,
only extremely small error signal fields (-5 mG)
are needed at the coil on the Hall probe. Larger
magnetic fields from this coil would produce mag-
netic field gradients at the sample which would
broaden the measured spin-resonance signal.

The magnetic field is then swept by varying the
NMR frequency from the frequency synthesizer.
Mineral oil was used as the proton standard in all
experiments. ' It gave strong signals with rea-
sonably narrow lines and sufficiently short spin-
lattice relaxation times. The frequency synthe-
sizer was swept from the analog ramp voltage
generated inside the signal averager. A special
modification in the sweep circuit of the signal
averager generated a slow sweep return ramp,
which permitted recycling of the magnetic field
back to its original value without the feedback
circuit coming out of the lock.
This stabilization scheme was effective in dras-

tically reducing long-term drift to less than 1 mG.
Measurements of the magnetic field homogeneity,
using cw NMR as well as measurements of the
free induction decay of mineral oil in a pulsed
NMR experiment, indicated that the field homo-
geniety was considerably poorer than the long-
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term stability. Specially designed electromagnetic
shim coils' were constructed for our particular
magnet gap (12-in. pole diameter, 4-in. gap).
These coils produced an X, Y, Z linear gradient
adjustable fields as well as one quadratic gradient
correction in the direction of the main magnetic
field. These coils were empirically adjusted to
produce the longest free induction decay of the pro-
ton signal after a 90 pulse. Plots of the magnetic
field using cw NMR also indicated a dramatic im-
provement in the field homogeneity across the
sample volume. However, measurements of the
cw NMR linewidth of protons and the ESR linewidth
of the negative ion consistently gave inhomogene-
ities about five to ten times larger than the mea-
sured field gradients.

The reason for this discrepancy was traced to
short-term instability of the magnetic field. Al-
though the average field at the sample over a time
of the order of 10 sec was uniform and stable to
better than 1 mG, the short-term stability was
much poorer. We attempted to improve the short-
term stability by increasing the response time of
the fast loop. This resulted in oscillations of the
stabilizing loop. The transfer characteristics of
the highly compensated ovarian Hall loop produced
180' phase shifts at frequencies as low as 1 Hz.
In a vain attempt to circumvent this problem, we
constructed a separate fast loop to an auxiliary
pair of coils on the pole pieces which had only
small phase shifts in this range of frequencies.
This system did not work because the Varian Hall
loop sensed the magnetic field from this second
loop and in attempting to cancel it caused oscilla-
tions. We were finally unable to eliminate the
short-term fluctuations of the magnetic field.
These field fluctuations determined the observed
linewidth of the ESB signals.

Measurements of the absolute g value of the
negative ion required accurate measurements of
the magnetic field inside the microwave cavity
during an experimental run. In order to facilitate
these difficult measurements, we developed a
technique for measuring the NMR resonance of
room-temperature mineral oil inside a cavity im-
mersed in liquid helium. The basic idea was to
surround a small vessel of mineral oil with high-
density styrofoam" insulation in an evacuated en-
vironment. The mineral oil was then indirectly
heated by a niobium (nonmagnetic) electric heater.
The heater was wrapped (noninductively) around an
OFHC copper rod at one end, and the mineral oil
was attached to the other end of the rod with G. E.
varnish. " Such devices were used as magnetic
field probes and were placed both inside and out-
side the microwave cavity for field calibration. A
special bottom for the microwave cavity was used

to support this NMR probe while using it to cali-
brate the other NMR probe permanently mounted
on the outside of the cavity. The ratio of the field
at the two probes was accurately established.
During the actual experiment, with the inside
probe removed and the tip collector installed, the
magnetic field inside the cavity could be inferred
from the measurements of the magnetic field at
the probe outside the cavity.

D. Field emission tips

Electrons from field emission tips of tungsten,
iron, and copper were used in various experi-
ments. The 25- p.m diameter metallic wire was
soldered on the end of the copper support rod.
Each tip was electrochemically sharpened using
standard techniques. " Tips were examined under
&&100 magnification for sharpness. It was empiri-
cally observed that tips exceeding 1.5 mm in length
caused a 3-kHz oscillation in the reflected power
while emitting electrons. This oscillation was at-
tributed to mechanical vibrations of the longer
tips. Shorter tips did not cause this problem.
Tips that were used for many hours became blunted
presumably due to positive-ion bombardment. This
blunting has little effect on the magnitude of the
negative-ion current.

Typical operating conditions in these experi-
ments were tip voltage, 5.5 kV (riegative with re-
spect to ground); collector voltage, 4.5 kV (posi-
tive with respect to ground); tip current, 1.6 x 10 '
A; collector current, 1.4 && 10 ' A.

The collector and tip currents were measured
with a special floating electrometer circuit em-
ploying a 741HC operational amplifier. These in-
tegrated circuit operational amplifiers could easily
and cheaply be replaced in the event that a short-
circuit breakdown occurred between the insulating
chokes and the grounded cavity body. After about
1 h of initial breakin, where presumably tip as-
perities were smoothed out by ion bombardment,
the tip currents stabilized and remained remark-
ably stable during the experimental runs. Fluctua-
tions in this current contributed only a small frac-
tion of the overall spectrometer noise.

III. EXPERIMENTAL RESULTS

A. Signal intensity as a function of microwave
power and temperature

The paramagnetic ions that we observed differ
from the standard static spin systems in that they
are both created and annihilated inside the micro-
wave cavity in a time period of the order of milli-
seconds. The steady-state magnetization of such
a system, which might be expected to have a long
spin-lattice relaxation time, can be studied by
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measuring the signal intensity as function of the
incident microwave power. A plot of ESR signal
intensity versus microwave power is shown in Fig.
6. These data are analyzed with a theory first
applied to the NMR signals of flowing liquids in the

following manner. "
Electrons are field emitted from tungsten tips

in electric fields" of the order of 20 MV/cm.
These primary electrons, and perhaps secondary
electrons created in a discharge near the tip,
drift through large electric fields until they ther-
malize and form bubbles in regions of smaller
electric fields at a distance of a few tip radii from
the emitter. We shall assume that upon formation
of the bubble, these negative ions have an initial
magnetization M „and subsequently drift across
the microwave cavity to the collector in a transit
time 7. During this transit time, the variation of
the magnetization depends upon the competition
between the spin-lattice relaxation processes,
which tend to drive the spin system toward its
thermal equilibrium magnetization M„, and the rf
induced transitions which drive the system towards
saturation. The steady- state magnetization M„ is
related to the spin-lattice relaxation time T, and
the linewidth as M„=M„Z, where

Z =(1+yH, T, /nH) ' . (4)

Consider the magnetization of a hypothetical
pulse of ions as a function of time as it traverses
the cavity The ma.gnetism M(t) is given by

the transit time is given by

(M) =M„+(M,. —M„)(T/v)[l —exp(-7/T)] . ('l)

Observe from Fig. 7 orEq. (5) that if M(t) de-
creases as a function of transit time, then the ini-
tial magnetization must be greater than the steady-
state magnetization, which in turn can be arbi-
trarily small for a long T, . It then follows from
Eq. (7) that if the time average magnetization is a
decreasing function of the parameter r/T, then an
initial magnetization is implied. We also note
that if M„«M, as is the case in these experi-
ments, then by Eqs. (4) and (6) we have T, » &H/

yfP, and 7/T=yHj hH. Thus r/T is proportional
to the microwave power in this limit.

One may consider our sample to be a sequence
of such pulses. Thus the observed magnetization is
the average magnetization of these pulses. The
signal intensity S from a superheterodyne bridge
spectrometer isproportional to this average mag-
netization times the rf field H, ." This can be
written in the form

M(t)

Mi

&M&

M(t) =M„+ (M, —M„)exp(-t/T),
where

T ' = T,'+ yH,'/&H .

(5)

Mss

I

r TIME

This is illustrated in Fig. 7 for the case of M,
& M„, and v'=0.85T.

The time average magnetization of the pulse over

FIG. 7. An illustration of the magnetization of a pulse
of electrons crossing the cavity as a function of time for
M; & M„&0 and v. =0.85T.
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S =A(M) Hi, (8)

where (M) is given by Eq. (I), and A is a calcu-
lated parameter which depends on the cavity Q,
linewidth, and spectrometer gain.

The solid and dashed lines in Fig. 6 are theoreti-
cal curves calculated from Eqs. (7) and (8) for two
values of r/T assuming T, =~. Using no adjust-
able parameters, we calculate 7/T=0. 9+0.4 at
10 ' W of incident microwave power. The expres-
sion for calculating w is given in Appendix A. The
large error in this estimate is due to the inherent
difficulties in determining the average transit time
of the ions. This calculated value is in reasonable
agreement with the value of 0.78 x 10 ' W which
fits the data in the low-power region. It is not
possible to pick a value of 7/T which fits the data
over the entire range. Even if finite values of T,
are assumed, and used to generate a family of
theoretical curves, one cannot obtain a signifi-
cantly better fit to the data. We offer no explana-
tion for this discrepancy.

The mobility of the ions is strongly temperature
dependent. " The transit time can be changed by a
factor of four by varying the temperature from 1.6
to 2.1 K. However, for our space-charge limited
currents, '4 which are inversely proportional to the
transit time, the density of ions is independent of
mobility for a fixed applied voltage. Equation (I)
demonstrates that the average magnetization (for
constant ion density) depends only on the ratio 7'/T,
and thus the temperature dependence which varies
w, and the power dependence which varies T, can
be presented on a single curve. Figure 8 presents
both the temperature and power dependence of the

magnetization, which by Eq. (8) is proportional to
the ratio SP ~', on a single curve.

This universal curve clearly shows that the mag-
netization has the dependence on 7'/T as given by
Eq. ( I). The decrease in magnetization with in-
creasing values of the transit time demonstrates
that an initial magnetization exists at the time the
bubble state is formed.

The magnitude of the initial polarization, based
on a calibration of our spectrometer with a stan-
dard sample, is approximately 1/p. This may be
compared with the thermal equilibrium polari-
zation (which varies as the inverse temperature)
of 20% at 1.6 K. We have assumed a temperature-
independent polarization in this analysis. Adjust-
ments based on the assumption that the initial po-
larization is equal to the thermal equilibrium po-
larization leads to a significantly poorer fit to the
theoretical curve.

The steady-state magnetization represents a
polarization of less than 0.2%. Since Z =M„/M, ,
the value of Z is less than 10 '. Using Eq. (4),
we set a lower limit on T, of 100 msec.

B. Signal intensity as a function of pressure

The ESH signal was observed to dramatically in-
crease with decreasing pressure below 10 atm. at
constant microwave power and temperature. Our
results are shown in Fig. 9. This effect cannot
be explained by the small change in mobility over
this pressure range. " The variation in the signal
is attributed to an enhanced initial polarization,
possibly associated with a discharge near the
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emitter tip. There is no evidence that any of the
other ESR parameters vary with pressure.

D. g value

Any influence that the helium medium might
have on the g value of the bound electron would be

C. Signal intensity versus emitter material

In our initial work, field emission tips were
fabricated from iron whiskers with the expecta-
tion that the electrons emitted from a ferromag-
netic tip would be polarized" and would retain this
spin orientation during the process of thermaliza-
tion and bubble formation. Early measurements
seemed to indicate a significantly larger spin-
resonance signal for electrons ejected from ferro-
magnetic iron tips as compared to electrons from
tungsten field emitters. ' Subsequent measure-
ments on iron, copper, and tungsten tips showed
no reproducible significant difference in the ESR
signal that could be attributed to the emitter ma-
terials. The signal also did not depend on the
shape of the tip. Ion bombardment caused pro-
gressive blunting of the tip during the course of a
typical 10-h experimental run, but this did not
affect the signal intensity.
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FIG. 10. Measured percentage g shift as a function of
liquid pressure.

expected to depend on the pressure-dependent
bubble radius. ' Vfe report both an absolute mea-
surement of the g value and a measurement of its
pressure dependence.

The calibration of the magnetic field inside the
microwave cavity was described in Sec. IIC. The
magnetic field was locked to the monitor probe just
outside the cavity. The magnitude of the field in-
side the cavity was inferred from field ratios as
measured with a second NMR probe inserted in the
cavity, both before and after ESR measurements.
The magnetic field was maintained near the reso-
nant value between these two calibrations. Care
was taken to sweep slowly enough to preserve the
true line shape. The g value was determined to be
equal to the free-electron g value to within an ac-
curacy of one part in 10'. The inability to repro-
duce the field ratio of the two NMR probes limited
the accuracy with which the g value could be de-
termined.

A complete absolute g-value measurement re-
cluired the following experimental sequence: (a) a
measurement of the magnetic field using an NMR
probe inside the cavity; (b) removal of this probe,
replacing the bottom of the cavity, and running an
experiment on the ions; and (c) replacing the NMB
probe and remeasuring the magnetic field. All this
requires several days of running and several cy-
cles to low temperature while maintaining constant
magnetic field gradients. Thus long-term drifts in
the magnetic field together with inaccuracies in re-
positioning the probe appeared to be the main li-
mitations in all calibrations.

An investigation of the pressure dependence of
the g value does not require an absolute calibra-
tion of the magnetic field. These measurements
were performed in a 12-h period while keeping the
magnetic field at a fixed value and locked to the
NMR monitor probe and the microwave cavity
maintained at a fixed temperature.

In Fig. 10, the relative g value is plotted as a
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function of pressure. T& within an accuracy of at
least one part in 10', the g value was found to be
independent of pressure over the range 21- 248
lb/in. ' while the volume of the bubble decreased by
about a factor of three. It is unlikely that any shifts
at higher pressures will be observed, since the
volume changes by only 30% with pressure between
250 and 400 lbs/in. '

E. Linewidth measurement

The measured linewidth was consistently found

to be independent of pressure, temperature, tip
voltage, and tip current. We report here a line-
width (half-width at maximum derivative} of 5.0
+0.4 mG. This width is not believed to be the na-
tural linewidth. The amplitude of the short-term
fluctuations of the magnet were measured by two
independent techniques and were of a magnitude
which would adequately explain the measured line-
widths. Larger linewidths reported earlier' were
instrumental in origin.

F. Positive ions

A search for a positive-ion signal was also un-
dertaken. The positive-ion current was obtained
by reversing the tip and collector voltages. Since
positive-ion currents were sustained at tip voltages
less than those required for field ionization, "it is
believed that positive ions are created in a dis-
charge near the tip. Previous attempts to observe
the positive-ion signals in our laboratory were un-
successful, ' but with the subsequent improvements
in the magnetic field homogeneity and enhanced sig-
nal-to-noise ratios for the low-pressure negative-
ion signals, we again attempted to observe the
positive- ion signal.

The results again indicate no positive-ion signal.
With the improved apparatus, a signal of at least
~ of the negative-ion signal intensity could have
been observed, an improvement by a factor of three
over the previous search. Broadening of the ex-
pected signal due to close proximity of bulk mole-
cules to the unpaired electron in the positive-ion
core or a smaller initial polarization of these spe-
cies may preclude the observation of an ESR sig-
nal.

IV. SEARCH FOR CHARGED CARRIERS
OTHER THAN THE ELECTRON BUBBLE STATE

The experimentally measured parameters, the
long spin relaxation time, the narrow linewidth,
and in particular the upper limit of 10 ' on the de-
viation of the g value from the free-electron value,
are characteristic of values expected for the elec-
tron isolated in a bubble in liquid helium. Never-

theless, other negatively charged entities with un-

known magnetic resonance properties and with mo-
bilities differing from the bubble state have been
observed"'" in the temperature range 0.85 & T
& 1.05 K. These ions, called exotic carriers, were
created, along with normal carriers, by Doake and
Gibbon" in strong electric fields in the vicinity of
n-particle source, and by Ihas and Sanders" with
either a P source at the liquid surface or with a
gaseous discharge in the helium vapor. Some of
these same conditions, namely a strong electric
field and a discharge region, exist at our electron
source. One might expect that some exotic car-
riers would be produced. We carried out an experi-
ment to determine whether such carriers were
propagated across our chamber.

A cell similar in design to that described by Ihas
and Sanders" was constructed to measure the mo-
bility of charge carriers created by a field emis-
sion tip. A search for carriers with mobilities
different than the normal negative-ion carrier was
made throughout the pressure-temperature plane of
helium II above 1.05 K. No exotic carriers were
observed. An upper limit on the fraction of car-
riers with a specific mobility differing from the
normal carrier mobility by more than 25% was set
at 0.03%. The density of negatively charged enti-
ties, other than the bubble state, is insufficient to
account for our signals even if a thermal equili-
brium magnetization is assumed.

V. STUDY OF A DISCHARGE AT THE FIELD EMISSION TIP

Electrons field emitted into liquid helium travel
through a region of large electric field (up to 20
MV/cm) before entering a smaller field and form-
ing the bubble state as schematically shown in Fig.
11. This statement is based on theoretical calcu-
lations which suggest that electrons will tunnel
out of the bubble state at electric fields greater
than 2 MV/cm. Our results indicate that the elec-
trons have a net polarization when the bubble state
is formed. The pressure dependence of this po-
larization cannot be explained if it is assumed that
the polarization of the bubble state results from the
field emission of polarized electrons from the me-
tallic tip. We conclude that the electrons acquired
a polarization in the time between field emission
and bubble formation.

Field emission into liquid helium has been dis-
cussed in some detail in the literature. ' ""' We
comment here on those observations which con-
firm that a discharge exists in the region of the tip
at the vapor pressure during field emission and
field ionization processes. Hysteresis in the I-V
characteristics of sharp metallic tips in liquid he-



2640 ZIMMKRMAX, REICHERT, AND DAHN 15

FIG. 11. Pictorial repre-
sentation of the formation
and motion of the negative
ions in the liquid helium in-
side the microwave cavity.

lium have been reported for both modes. '"""
This phenomenon, as well as erratic currents near
threshold, " are characteristic of corona dis-
charges, "where a higher voltage is required to
initiate a discharge than to sustain it.

Hickson and McClintock" visually observed a
discharge of radius = 10 ' cm in the region around
the tip at the saturated vapor pressure for negative
currents greater than 10 ' A. Such a large radius
implies that the discharge is occurring in the vapor
for the following reasons. The electric field near
a tip of radius r, decreases as (r,/r) from a value
of 2 & 10' V/cm at the tip, and the electron is ex-
pected to form the bubble state in the liquid in fields
of =10' V/cm (r=10r,). This low mobility state
could not sustain the discharge, and thus if the
discharge occurred in the liquid, it would have con-
siderably smaller dimensions. The existence of a
gaseous discharge at the vapor pressure is con-
sistent with the Joule heating at the tip.

%'e had evidence that a discharge exists in the
region near the tip not only at the vapor pressure,
but at higher operating pressures as well. Hy-
steresis in the I-V characteristics and erratic
currents near threshold were observed under pres-
sures up to the melting pressure. Further evidence
for a discharge was the fact that sputtering of the
tip occurred during field emission under pressure,
and that the tip was operated under pressure as a
positive-ion source at voltages less than those re-
quired for field ionization.

An investigation of the properties of this dis-
charge was undertaken in an attempt to understand
the mechanism by which the electrons acquire a

polarization as they move through this region. The
spatial extent, the spectral distribution, and the
intensity of the electromagnetic radiation of the
discharge were measured to parameterize this re-
gion. To carry out these studies a sealed 1-cm i.d.
cylindrical quartz cell was constructed and placed
in an optical Dewar. A field emission tip was
placed on the axis of the cell and a copper disc col-
lector 0.95 cm in diameter was located =0.5 cm
below the tip. Helium gas was introduced into the
cell after passing through a cold trap at 77 K.
These studies were carried out at 1.7 K.

A. Spatial extent of discharge

The discharge was viewed at right angles to the
tip axis through a x30 power binocular micro-
scope with a graticule in one eyepiece. The sep-
aration of the markings on the graticule corres-
ponded to 33 p, m. The apparent shape of the dis-
charge region was not spherical in all cases, and
we defined an average discharge radius B~ such
that ~R2~ is approximately equal to the visible
cross-sectional area. The value of 8„ is plotted
as a function of tip current for a pressure of 1 atm
and as a function of pressure at a current of 1.6
pA in Figs. 12(a) and 12(b), respectively. Two sets
of data are presented in each graph corresponding
to data taken on a nearly virgin tip and data taken
after the tip had been blunted by operating it at
2 p, A for approximately 6 h. The later data were
taken just before the run was terminated. The ra-
dius of the tip after the run was & 1 p, m and could
not be determined with the use of an optical micro-
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the Dewar, approximately 4.5 cm from the tip,
with no attempt made to collimate the light. Opti-
cal radiation was monitored in the range 2000-7500
A with RCA 7326 (S-20) and EMI6526(S-13) photo-
multiplier tubes.

Thirty-six lines were observed, 18 of which were
identified as atomic helium transitions and 11 as
molecular helium electronic transitions. " No lines
due to energy transfer from metastable helium
states to N, or 0, impurities were observed. "

I6—

&?
l2-

E

0
lo

I I I

I 02
P ( Torr )

I I

IO' I04

FIG. 12. Radius of the discharge at a field emitter tip
operated in liquid helium at 1.7 K as measured with a
x 30 power binoculars. (a) Radius vs tip current at
1-atm pressure. (b) Radius vs pressure at a tip current
of 1.6 pA. The symbols represent: 0 data taken with a
nearly virgin tip; 0 data taken with a tip blunted with use.
The lines are a guide to the eye. The uncertainties are
given by the error bar unless otherwise shown.
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scope. An estimate of the tip radius can be ob-
tained with the use of the formula" V/5r, =E„
where V is the voltage applied to the tip, r, is the

tip radius, and E, is the field at the tip. Near the
end of the run, emission was initiated at about
4000 V which should correspond to the fieldE,
= 2 x 10' V/cm required for field emission into
liquid helium. '~ This yields a tip radius of
=0.4 p.m.

Photographs of the discharge were taken using a
different tip by imaging the discharge on the focal
plane of a Polaroid camera with a lens of magnifi-
cation 11 and with an exposure time of 40 sec on
Polaroid-type 107 film. The tip radius was not
measured, but this tip also struck at about 4000 V.
This technique yielded the same variation of the
discharge radius with current and pressure, but
the magnitude of B~ was four times larger than the
value obtained from visual observations.

B. Spectral distribution of radiation

The spectral distribution of the radiation from
the discharge was studied by placing a 4-m Jar-
rell-Ash scanning monochromator with a 37-A in-
strumental linewidth in front of the outer window of
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FIG. 13. (a) Relative peak intensities of four dominant
lines vs pressure. The symbols represent the following
transitions: 0 3 S 2~P (7281 A). 0 338 2 P (7065 A);
&&D Z+ B m (6596k.); andEd Zg &n~ (6400 A).
The intensities are normalized to unity at the vapor
pressure. The lines are a guide to the eye. (b) Wave-
length shift of the 7065-A line vs pressure. The solid
line represents a pressure shift of —1.6 A/atm. The
dashed line represents the relative shift in wavelength
with pressure (- 3.2 A/atm) for the liquid given in Ref.
33.
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The singlet and triplet states were nearly equally
populated. The intensity ratios of the triplet to the
corresponding singlet transitions ranged from 0.3
to 3 for atomic transitions and from 3 to 6 for mo-
lecular transitions.

The pressure dependence of the peak intensity of
four dominant lines, 3'S-2'P (V281 A), 3'S-2'P
('IQ65 A), D 'Z'„-8 'w~ (6596 A), and d'Z'„- 5'w

(6400 A), are shown in Fig. 13(a). The relative in-
tensities are normalized at the vapor pressure,
The molecular lines shown exhibit a sharp increase
in intensity at pressures on the order of 1 atm.

The wavelength shift of the 7065-A line with pres-
sure is presented in Fig. 13(b). The pressure shift
of -1.6 A/atm is compared with the -3.2 A/atm
shift in the liquid shown by the dashed line." The
absolute shift in wavelength from the vapor to the
liquid reported in Ref. 32 is not shown.

C. Intensity of visible radiation

The total intensity of light emanating from the tip
in the range 3100-7300 A was measured with the
RCA photomultiplier tube located, just outside the
quartz window of the Dewar. The light intensity at
a fixed temperature and pressure was proportional
to the tip current in the range 10-500 nA. The
ratio of the photon flux to the tip current remained
constant while the tip voltage varied by factor of 7.
This is a result of the fact that the voltage drop
near the tip is independent of current for space-
charge limited currents. (See Appendix A.) Taking
into account the solid angle subtended by the photo-
cathode, the reflection from the quartz windows,
and the efficiency of the photomultiplier tube at
the dominant wavelengths, we calculate one photon
emitted from the discharge in the range 3100-7300
A per 25 electrons collected.

D. UItravioIet radiation

Ultraviolet radiation at wavelengths shorter than
1800 A was measured by placing a photodiode con-
sisting of a 0.95-cm diameter copper cathode and
a nickel grid separated by 0.076 cm in a sealed
metal chamber. The photocathode was located 1.65
cm from the tip." The photodiode was tested by
replacing the tip with a tritium P source and mea-
suring both the total photocurrent due to light emit-
ted by the electron-bombarded helium and the de-
crease in the photocurrent when an electric field
was applied in the region of the beta tracks to pre-
vent recombination of ion pairs. The I-V char-
acteristics of the photodiode were analyzed with the
theory of Onn and Silver'4 for electrons injected into
liquid helium from a conducting surface. With an
assumed quantum efficiency of 0.1 for the photo-
cathode, we obtained a measurement of one uv pho-

ton emitted for each ion pair created by the P
source and one uv photon per 5 electrons in the tip
current. We estimate the latter figure to be cor-
rect to within a factor of three. As in the visible
region, the ratio of photocurrent to tip current was
independent of tip voltage in the range -3000 to
-4000 V. Negative-ion currents were more effic-
ient in generating uv radiation than positive-ion
currents.

The most important result of our optical mea-
surements was the correlation between the pressure
dependencies of the initial polarization and the uv

radiation intensity. The variation of the uv photo-
current with pressure for a fixed tip voltage and

temperature is shown in Fig. 9 for tip voltages of
-3000 and -4000 V. The tip current varied by less
than + 5%%u~ over the pressure range 0-4 atm.

E. Neutral excitations

Previous spectroscopic studies in the infrared
and vacuum ultraviolet have shown that a large per-
centage of the energy of the incident electron is
converted into the creation of metastable molecular
states. " We have detected neutral excitations, ""
which we presume to be metastable molecular
states, ' generated by our field emission tips. At
this time we are prepared to make three state-
ments concerning these neutrals: (i) For a given
tip current the signal from our neutral current de-
tector was normally larger when the tip was opera-
ted in the field ionization mode as compared to op-
eration in the field emission mode. (ii) Approxi-
mately one neutral excitation was created per elec-
tron in the tip current. This must be considered
a crude order-of-magnitude estimate. (iii) The
ratio of neutral current to tip current was indepen-
dent of pressure to within our relatively large ex-
perimental errors.

VI. DISCUSSION

Our results unambiguously demonstrate that the
observed ESR signal is that of the bubble state of
the electron in liquid helium. The variation of the
signal intensity with transit time and microwave
power, the uniquely narrow linewidth, a pressure
independent g value characteristic of the free elec-
tron, and the long spin-lattice relaxation time, are
all experimental parameters expected for an iso-
lated spin trapped in a void surrounded by inert-
gas atoms. We have ruled out the possibility thai
our ESR signals are due to neutral species on the
basis of the variation of signal intensity with tem-
perature and microwave power as well as the fact
that no signal was observed with positive voltages
applied to the tip even though more neutral entities
were detected with the tip operated in this mode.
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The measured upper limit of the concentration of
other charge carriers eliminates the possibility of
their contribution to the observed ESR signal.

The analysis of our data shows that the electrons
acquire a polarization in the region near the tip.
It is reasonable to assume that this polarization oc-
curs prior to the formation of the bubble state
while the electron is interacting strongly with its
environment. The mechanism which is responsible
for .he initial polarization is not understood at this
time, but the correlation between the pressure de-
pendencies of the initial polarization and the inten-
sity of uv radiation strongly suggests that the po-
larization mechanism is related to processes occur-
ring in the discharge.

Let us now analyze the data on the discharge pre-
sented in the previous section in an attempt to dis-
cover mechanisms which may be responsible for
the polarization. There is ample evidence that the
discharge occurs in the vapor state at pressures
up to 10 atm. The evidence is as follows:

(a) Our measurements of the blue shift of the
7065-A atomic line with pressure is one-half of the
reported wavelength shift in the liquid.

(b) The rapid growth in the occupation of the
D'Z'„and d'Z„' states with a small increase in
pressure results from an increase in the collision
rate of metastable atomic states with helium atoms
is not expected to occur in the liquid.

(c) No atomic or molecular transitions in the
visible range at wavelengths below 6400 A are ob-
served in electron-bombarded liquid helium, "'~
while we have identified 24 helium lines in the
range 3000-6100 A.

(d) All molecular transitions which have been
observed in liquid helium originate on symmetric

states, '"'" while we observed transitions origi-
nating on r and & states as mell.

Visual observations of the discharge near blunted
tips at large currents and lom pressures yielded a
discharge radius of 18 + 3p, m while photographs of
the discharge gave a larger value by a factor of
four. An explanation of this discrepancy may be
that the intensity of the discharge does not termin-
ate abruptly at some given R~, and that a faint glow
at larger radii was not detected visually. In our
calculations we will use the value R„=30 p. m.

These data show that the radius of the discharge
is independent of current in the range 1-2 p, A and
nearly independent of pressure below 3 atm. The
pressure independence is particularly surprising
and may suggest that the mechanism for charge
generation at low pressures is not field emission.

In order to investigate this point further we cal-
culate the energy gained by an electron in a mean
free path near the tip. The average temperature
of the vapor bubble created by Joule heating near

the tip at pressures greater than the vapor pres-
sure is calculated in Appendix B under the assump-
tion that the current is derived from field emis-
sion. The average temperature, which determines
the atomic density, is approximately 50% larger
than the vaporization temperature. At 1 atm of
pressure we take the density of helium atoms in
the vapor to be equalto the density at the normal
boiling point, n =2.5 x 10 '/cm'. Atomic densities
of this order are supported by our wavelength-shift
Ineasurements of the 7065-A transition. The abso-
lute shift of this line from low-density vapor to the
liquid at the vapor pressure has been measured"
to be -5 A. The theoretical~ shift from the vapor
to the liquid state is -19 A with an uncertainty" of
+5 A. The data then imply that the density in the
discharge at a few atmospheres is equal to the li-
quid density at the vapor pressure. The electron
helium atom elastic collision cross section" is
=- 5 & 10 "cm', which leads to a mean free path in
the vapor of ~ = 10 ' cm. The energy gain in a mean
free path near the tip is E,& =—20 eV, and many
electrons will gain enough energy to ionize helium
atoms. At the vapor pressure at 1.t K(P =10 '
atm), where the mea. n free path is two orders of
magnitude larger, the electrons will gain sufficient
energy to create a plasma of ions at large tip
fields.

It seems reasonable to assume that at pressures
less than a few atmospheres electrons leaving the
tip initiate a cascade process in which additional
electrons are formed by the ionization of helium
atoms near the tip. This process can occur in
electric field to density ratios too small to allow
ionization of helium atoms by positive-ion bom-
bardment, since positive ions, as opposed to free
electrons, lose a large fraction of their energy in
a collision. However, positive ions can bombard
the tip to eject additional electrons. At larger
electric fields a self-sustained discharge can occur
in which helium atoms are ionized by both electron
and positive-ion bombardment. At these fields the
tip can be used as either a positive or negative cur-
rent source. The fact that positive voltages larger
in magnitude are required to use the tip as a posi-
tive-ion source"'-' suggests that the discharge is
not sustained by the ionization of helium atoms via
positive-ion bombardment in the negative current
mode. The field at the tip will drop below the field
necessary for field emission to a pressure-depen-
dent value sufficient to sustain the space-charge
limited current. Heating near the tip will be re-
duced, and the approximation that the average tem-
perature in the vapor is near the vaporization tem-
perature is strengthened. A pressure-independent
discharge radius under these conditions is more
plausible than under field emission conditions.
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An upper limit to the radius of the vapor bubble
is also calculated in Appendix 8 again under the
assumption that the current is derived from field
emission. Our expression for the vapor bubble
radius is

r, ~ 10"Ir,/(T„T,)-, (9)

where I is the tip current in amperes, T„ is the
vaporization temperature, and T, is the ambient
liquid temperature. For our operating conditions
at 1 atm, I=1.6 p,A, ~, =0.4 p.m, and T„—T,-2.5
K, this expression yields a radius of 1 cm. The
vapor bubble radius is certainly less than this upper
limit since a large vapor region would cause a fre-
quency shift of the microwave cavity resonance.
Such a shif'. was not observed. The bubble radius
would be much smaller if the field and hence the
heating at the tip were reduced.

We are unable to determine the radius of the va-
por bubble at this point, but it may be larger than
the discharge radius.

A possible mechanism for the polarization of the
electrons is via exchange collisions with polarized
triplet metastable atoms or molecules in the dis-
charge. To evaluate this mechanism we need a
crude estimate of the production rate of triplet
metastable states which can be inferred from our
studies of the discharge.

Excited states of helium atoms are created in the
discharge by electron bombardment. These states
may then decay into metastable molecules by com-
bining with another helium atom. We first esti-
mate the number of singlet excited atomic and mo-
lecular states created per collected electron. The
singlet states decay to the ground state via photon
emission or a collision-induced nonradiative de-
cay. The 2 'S, state can decay by forming an A 'Z'„
molecule which subsequently decays in the pro-
cess ""A'Z'„-X'Z;+hv. The X'Z, state is the
unbound molecule 1 'S, + 1 Sp This process occurs
even more rapidly if the singlet metastable state
escapes from the discharge into the liquid. We
argue that nonradiative processes in the liquid can-
not dominate the decay rate since =30% of the en-
ergy of 160-keV electrons incident on liquid helium
is transformed into uv radiation. " The nonradia-
tive channel is small since the potential curves for
the A 'Z„' and X'Z,+ ground state do not cross at low
energies. " This statement also applies to the va-
por phase. We, therefore, assume that the uv pho-
ton production rate, 02 photons per electron (to
within a factor of 3) is a good estimate of the gen-
eration rate of excited singlet states.

Our measured intensity ratios of the triplet to
singlet lines show that triplet states are also ap-
preciably populated in our experiment. We believe
that the production rate for excited triplet states is

comparable to the production rate of singlet states
due to the lower threshold energy and larger im-
pact excitation cross section for the production of
the 2'S, atomic state." From our measurements
of the electromagnetic radiation and neutral ex-
citatioqs initiated in the discharge, we estimate
0.1-1 excited triplet states per electron in the tip
current at the vapor pressure. We further assume
that the metastable production rate varies as the
uv intensity with pressure (see Fig. 9).

An absolute upper limit on the generation rate is
obtained by dividing the voltage drop across the
discharge by the lowest excitation energy of helium
atoms (-20 eV). The voltage drop across the dis-
charge is of the order of V„a parameter obtained
from the I-V characteristic of our space-charge
limited currents. A discussion of the I-V char-
acteristic and a more precise definition of V, is
given in Appendix A. Our experimental values of
V, are less than 2000 V, which gives an upper limit
of 10' metastables generated per tip electron.
Since some of the energy of the electrons is con-
verted into kinetic energy of the helium atoms,
and we are only interested in the triplet component
of the metastables, an absolute upper limit is =10
triplet metastables generated per electron. We be-
lieve this to be an overestimate based on our mea-
surements of the uv radiation. We write the gen-
eration rate of triplets as N, =yI/e, where 10 '
«y» 1 at the vapor pressure, and I/e =10" sec '
for our measurements.

Our summarized conclusions drawn from the
analysis of the discharge data are (i) the discha. rge
occurs in a vapor at pressures up to and probably
greater than 10 atm; (ii} at pressures less than a
few atmospheres the process of electron genera-
tion is probably via positive-ion bombardment of
the tip and electron multiplication by ionization of
helium atoms in the discharge via electron bom-
bardment; (iii) the discharge radius is =30 p, m
for I&1 pA and p &3 atm; (iv) the average temper-
ature in the discharge is a few degrees; (v) the
generation rate for triplet metastables at I=1.6 p, A
is =0.1-1 per collected electron at the vapor pres-
sure and decreases with increasing pressure as
the uv intensity.

We next consider some polarization mechanisms.
The insensitivity of the polarization to the tip ma-
terial (tungsten, iron, or copper} and polarizations
on the order of 1% from nonferromagnetic tips
tend to rule out the possibility that the measured
polarization results from a polarization of the
electrons in the metallic tip. This independence
of tip material is expected if a majority of the
electrons are produced by the ionization of helium
atoms in the discharge. Exchange collisions will
further partially or completely destroy such a po-
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larization. Ordinary spin-lattice relaxation as a
polarization mechanism would appear to be ruled
out because of the short lifetime as a free electron
in the discharge, especially at the vapor pressure
where the polarization is largest. The spin-orbit
interaction is small in helium because of the
small Z. In Appendix C we show that the electron
leaves the discharge in =10 ' sec. If the electron
forms the bubble state at R &RD, the lifetime as a
free electron is 10 '(R/R~)' sec.

A process consistent with our data is electron
exchange in collisions with Polan', red triplet me-
tastables. We estimate in Appendix C that the
average number of exchange collisions with triplet
metastable states is N„=y, where y is the number
of triplet metastable states created per collected
electron (0.1 ay ~ 1). If these triplet states are
polarized with a polarization J'„ then this exchange
process will lead to an electron polarization pro-
portional to yP, for y &1. We have argued that the
uv intensity is proportional to the rate at which
single metastable states are created. If we fur-
ther make the ansatz that the ratio of triplet to
singlet production rates are independent of pres-
sure, then y and hence the electron polarization
will be proportional to the uv intensity. This is
observed experimentally as illustrated in Fig. 9.
The rapid decrease in electron polarization with
increased pressure would then be explained by a
decrease in the free-electron mean free path re-
sulting in a reduced metastable production rate.
We remark that the neutral current, assumed to
be composed of triplet metastable molecules, "
generated by a field emission tip was reported in
Sec. V to be relatively pressure independent. How-
ever, the neutral current is a measure of the rate
at which metastables escape the discharge and
reach the detector, and its dependence on pres-
sure is more difficult to predict.

There are also a number of difficulties in the
above explanation. At least part of the polariza-
tion is destroyed in exchange collisions which
create the triplet state. Further, we estimate in
Appendix D the density of metastable states in the
liquid to be a factor of ten larger than the electron
density. However, w'e observe no signal from
metastables for a g value of =2 with the tip oper-
ated in either the field emission or field ioniza-
tion mode. This lack of signal might be explained
by a linewidth which is 10' greater than the elec-
tron-resonance linewidth at a metastable polariza-
tion of 1%.M Perhaps the most disturbing feature
of this mechanism is the need for a process to
polarize the triplet metastable states in 10 ' sec.
We are not aware of such a process.

Last of all scattering from polarized impurities
should be considered as a polarization mechanism.

Although we have taken no special precautions in
purifying the helium gas introduced into our mi-
crowave cavity, we believe this process to be an
unlikely candidate. Calculations analogous to those
given in Appendix C show the required impurity
density in the discharge to be of the order of the
helium metastable density (=10'' cm '). Such con-
centrations (&1 ppm) are unlikely at 2 K. Further-
more, a likely candidate for a polarized impurity
would be oxygen molecules, but oxygen impurities
would result in negative 0, ion formation. Even-
tually, the 0, atoms would be carried to the col-
lector at the rate of 10"per sec." Even without
this process we expect that impurities would even-
tually plate out on the walls of the cavity. We ob-
serve no time dependence of our signal over the
period of 10 h.

Although we have been unsuccessful in determin-
ing the source of our electron polarization, we re-
ported our results of experiments performed on the
discharge in the belief that processes occurring in
the discharge are related to the polarization mech-
anism, and with the hope that others may be able to
use this data to develop a more satisfactory ex-
planation.

VII. FUTURE EXPERIMENTS

A new magnet system is being installed which
should have better than an order-of-magnitude im-
provement in short-term field stability. Such
stability, combined with our field gradient coils,
should not only dramatically increase our signal
to noise, but will permit us to measure ESR line-
widths of 0.5 mG. This will also permit us to
measure the g shift with pressure to about 1 part
in 10' and to set a better upper limit on the natural
linewidth of the negative ion.

Experiments are underway to measure the spin-
resonance properties of the negative ions in liq-
uid 'He. The magnetic nucleus of the 'He atoms
may have a measurable hyperfine interaction with
the bound electrons, which will give us important
detailed information about the electronic wave
function. We are also designing a series of exper-
iments to study the negative ion in liquid neon.
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APPENDIX A: TRANSIT TIMES

The transit time for the average carrier to move
from the emitter to the collector is given by
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dr
„u.E(r)

' (A1)

Here the distance r is measured from the emitter
tip, p, is the mobility, E(r) is the electric field,
R is the emitter-to-collector separation, and r,
is the location at which the bubble state is formed.
In Eq. (Al) we have assumed a field-independent
mobility and neglected the short lifetime of the
electron in the free state.

A thorough treatment of the spatially dependent
electric fields near field emission tips and the I-V
characteristics of these tips under various condi-
tions has been given by Halpern and Gomer. '
Their analysis is used here. The field emission
tip and collector are represented by concentric
spheres of radii r, and R, respectively. A solu-
tion of Poisson's equation in this geometry yields
the following expression for the electric field,

(&s &s) & 4 i/a

SQE p.
(A2)

Here I is the total emission current, o.m is the
solid angle of emission, & is the dielectric con-
stant of the medium, and E, is defined as the field
at the tip which would produce the current I in the
limit p, =~ (no space-charge effects). Since I is a
rapidly varying function of the tip field, E, can be
set equal to the value of the tip field at which cur-
rent is first detected. In the limit of large cur-
rents, the current is given in terms of the applied
voltage as

I = 3am p(V —Vo)~/32R, (A3)

where V, =E,r, . We combine Eqs. (A2) and (A3) to
write

E( )
(V- Vo)' E, ( — 0)', ' ' '

(A4)4Rr ' 4Rr,

The parameter Vo is obtained from a plot of I' '
versus V and varied with aging from 500 to 2000 V
for tips which have been operated at low pressures
at emitter-to-coQector voltages equal to 6000 V.

For our typical operating conditions given in Sec.
ffD and with R =1 cm, E', »(V —V,)'/4Rr„and to
within 20%

E(v) =(V- V )/(4Rr)'~' r&10r

E(r) =E,(r,/r)', r&6r, .
The low mobility bubble state cannot be formed

in electric fields much greater than 3 MV/cm
since the electron can tunnel out of this state in
larger electric fields. " Thus the bubble state is
formed at r, ~ 10r, . Substituting the approximation
for the electric field in this region into Eq. (Al),
we obtain

v =4R'/3p(V —V,) . (A6)

(A6)

The value of z/I =8/3aeij. is approximately 40
Vsse cm ~. For small currents (Ez'rz»y) the ex-
pressions for the current and transit times are
given by Eqs. (A3) and (A5) with V, replaced by
V, =Vf+Ef7 f Here Vf is the electric potential at
rf relative to the grounded emitter tip. The pa-
rameter V, is again an experimental parameter.
The experimental I-V characteristics obey Eq.

The transit time is insensitive to small changes in
the location at which the bubble is formed since
the ion spends relatively little time in the high-
field region at small values of r. Since our col-
lector is not spherically shaped, there is a spread
in ion path lengths of about 10%. The value of R'
in Eq. (A5) is an average over the square of the
ion path lengths. The deviation from the assumed
spherical geometry for the tip should not appre-
ciably affect the far field for space-charge limited
currents or the transit time.

In the above derivations we have implicitly as-
sumed that the low mobility state of the ion is
formed near the emitter (ro ~10'r, ) and that p, is
independent of field for r & 10'r, . We consider
here the effect of relaxing these assumptions. The
velocity of the ion is limited to a value v, by vortex
ring creation" in the large fields near the tip. The
correct expression for the electric field is ob-
tained by solving Poisson's equation for the ease
of a constant ionic velocity" in the region near the
tip and for a constant mobility at larger distances
and requiring continuity of the electric field at a
radius r, given by pE(r, ) =e, . The enhanced space
charge in the vicinity of the tip slightly increases
the far field thus partially cancelling the effect o'f
a smaller velocity near the tip. We avoided oper-
ating conditions (large mobility and large electric
field) for which this effect is appreciable when the
transit time was a parameter of interest in the
data analysis. Corrections due to a limiting criti-
cal velocity were less than 2%.

In the text we have shown that a discharge re-
gion of radius=30 p, m surrounds the tip and have
argued that the electrons are created in the dis-
charge by positive-ion bombardment of the tip and
by the ionization of helium atoms in the vapor
rather than by field emission. For these condi-
tions, with the low mobility state formed at a ra-
dius rf «10'r, =30 p, m, our equations are altered
in the following way. " The electric field is given
by Eq. (A2) with x, replaced by xz, and E, re-
placed by Ef, the field at the radius rf. We re-
write Eq. (A2) with y= 8I/3oe p, as
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(AS) which implies that V&+E&r& is independent of
The parameter V, increases as the tip is aged.

The motion of the liquid in the cavity resulting
from the force exerted on the liquid by the ions is
discussed in Appendix D and decreases the transit
time by 10%.

We calculated the transit time from the expres-
sion

r = (1.4 +0.1)R o/p, (V —V,), (A f)

where R, is the minimum emitter-to-collector
spacing, and V, is the zero-current intercept on a
plot of I' ' versus V.

The uncertainties in V, and the positioning of the
tip, which affects R„ lead to an additional 30%
error.

APPENDIX B: AVERAGE TEMPERATURE AND RADIUS
OF VAPOR BUBBLE

r~ =IEtr, /2&Q(T„T, ) . - (B2)

Halpern and Gomer"" calculate the temperature
increase near an emitter tip and discuss the effect
of the resultant vapor bubble on their I-V charac-
teristics for both positive and negative tip currents
taken at the vapor pressure. The temperature rise
is a result of the localized Joule heating in the
large electric fields near the tip. They assume an
ideal spherical geometry with the current emitted
from a sphere of radius r, and obtain for a homo-
geneous medium a temperature increase given by

&T = (IE,r, /8vcr')(r r,), —

where I is the current, E, is the field at the tip,
v is the thermal conductivity of the medium, and
r is the distance from the center of the sphere.
The sphere is assumed to be at the ambient tem-
perature T, . If a vapor bubble extends to the tip,
which is probably the ease for large currents, then
w is the thermal conductivity of the gas which is
small and leads to a large local temperature in-
crease. The heating is further enhanced by the
fact that emission occurs from the tip through a
solid angle 0 &4w, where 0 = 0.6w for emitters in
vacuum where space-charge effects and diffusion
out of the emission cone can be neglected. If one
neglects heat transfer out of the sides of the emis-
sion cone, the temperature rise within the emis-
sion cone is enhanced by the factor 4v/Q.

Under the above assumptions, one can calculate
the radius of the vapor bubble at pressures greater
than the saturated vapor pressure but less than the
critical-point pressure by applying the boundary
condition that the temperature at the bubble radius
r~» r, be equal to the vaporization temperature
T„. This yields

r~ = 5 x10"Ir,/(T„—T,), (B4)

where I is given in amperes.
The expressions for the temperature difference

and the vapor bubble radius should be considered
as upper limits for the case of a field emission
source since heat transfer at the side of the emis-
sion cone and the escape of photons and metastable
states from the discharge have been neglected.

We have argued in the text that electron produc-
tion occurs via positive-ion bombardment of the
tip and the ionization of helium atoms in discharge
surrounding the tip. For this case Eq. (Bl) is not
valid. The Joule heating is delocalized, the fieM
in the region of the tip is reduced, and the emis-
sion cone is enlarged. " These effects lead to a
much smaller bubble radius.

APPENDIX C: AVERAGE NUMBER OF FREE-ELECTRON
EXCHANGE COLLISIONS WITH TRIPLET METASTABLES

It was estimated in Sec. VI that between 0.1 and 1
triplet metastable states were created per col-
lected electron at the vapor pressure. We esti-
mate here the average number of exchange colli-
sions with these triplet metastable states that an

electron undergoes in the discharge region before
forming the bubble state. Such collisions outside
of the discharge region will be ignored although
some metastable states will diffuse out of this re-
gion, and if an electron does not form the bubble
state at the edge of the discharge, additional ex-
change collisions may occur. In this approxima-
tion, the number of exchange collisions per elec-
tron is approximately given by

(C1)

where &,„ is the mean free path for electron ex-
change with triplet metastable states, and / is the
total distance traversed by the electron in the dis-
charge. We assume that the electron executes a
random walk to the edge of the discharge, in which
case l =R2~/X =10 ' cm at the vapor pressure and
=10 cm at 1 atm. The values of R~ and ~ given in
Sec. VI are used here. The numerical values given
below will refer to the vapor pressure, and the

This equation does not hold at the vapor pressure
(T „=T,). Although the maximum temperature is
large, the average temperature over the vapor
bubble is

(T) =T,+ ', T„.—
It is appropriate to use the thermal conductivity

of helium gas at its normal boiling point, v = 10 '
W/cm K, in Eqs. (Bl) and (B2). Upon substitution
of the values E, =2 x 10' V/cm, "and Q =0.6w into
Eq. (B2), we obtain
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extrapolation to other atomic densities n in the dis-
charge will be obvious. In traversing the distance
l and electron undergoes l/X = (R~/X)'-= 10' elastic
collisions with helium atoms. Since electrons at-
tain enough energy to excite helium atoms, their
average energy in the discharge must be of the or-
der of 1 eV with a velocity v, =10' cm/sec. They
exist in the discharge for a time ~, = 10 ' sec be-
fore entering the liquid and forming a bubble state.
The electron density n, in the vapor is (3I/e4mR', )
7' ]0e

The density of metastables in the discharge is
given in steady state by equating the generation
rate to the rate at which metastables either decay
to ground-state helium atoms or leave the dis-
charge. The generation rate was given in Sec. VI
as 1V, =yI/e =10"y sec ', where 10 '«y —1. The
volume generation rate is ri, =3K,/4''„=1020y cm '
sec '. Three mechanisms for the loss of triplet
states from the discharge are considered: (1) con-
version to singlet states in exchange collisions
with electrons, (2) deexcitation in triplet-triplet
collisions, 'o and (3) loss through the boundaries of
the discharge in the liquid.

For the case where metastable decay is limited
by exchange collisions with electrons each metasta-
ble is created and destroyed by an electron, and
the average number of exchange collisions per
electron N,„ is equal to y. The lifetime of the trip-
let metastable is given by r, =(n,v, o,„) '=10 ' sec,
where o,„=10 "cm' is the electron metastabl. e ex-
change cross section. " The density of triplet
metastables is n, =ri,r, =y/fo, „=10"y cm '. The
value of n, varies as y/R2~n The va. lue N =y is
an upper limit.
For the metastable-metastable collision limited

decay, the volume decay rate will be equal to
-nn'„where n =vo is the bilinear reaction coeffi-
cient. For thermal velocities n = 10' cm sec ' and
a cross section'"" of 0'=10 "cm', we obtain from
the equation, ri, =o.n'-„a density of y' ' x10" cm-'
metastables in the discharge and a lifetime of n, /
ri, =y ' '

&& 10 ' sec for metastables. With an elec-
tron metastable exchange cross section of 10 "
cm', we obtain an electron exchange mean free
path of A,„=y '/' x 10 ' cm and an average of f/&, „
=y' ' exchange collisions per electron with meta-
stables. The value of iV,„can be written explicitly
as ngo ~1/2R1/2/(4vo/3)1/2

We estimate the time for metastables to diffuse
through the surface of the vapor bubble as 7~= x~/
X,v = 10 ' sec, where &, =(ncr) ' = 10 ' cm is the
metastable mean free path. The escape rate would
be increased if the metastables had a net drift
velocity through the vapor. A mechanism for a
drift velocity is discussed in Appendix D, but any
estimate of the drift velocity in the vapor is at

best an order-of-magnitude estimate. With a
superimposed drift velocity, the generation rate
10"y sec ' is set equal to =n,v~r„'. For a drift vel-
ocity v, of 10' cm sec ', we obtain n, = 10"y cm ',
and a lifetime in the vapor of 7, = r, /v, = 10 ' sec.
The number of exchange collisions is N, „=En@,„
=10' for values of the parameters defined above.
This value is independent of R~, but varies linearly
with the density of helium atoms in the vapor. For
values of v~&10' cm sec ' the surface escape pro-
cess is less efficient than electron exchange as a
mechanism for the loss of metastables.

The most effective process in destroying meta-
stables will be that process which yields the small-
est value of the metastable density or since n,
=N, „/fo, „, the smallest value of N,„. Although some
of the parameters used in our estimates are ap-
proximate, we conclude that the electron exchange
process dominates, or in the worst case is com-
petitive in the annihilation of metastables at the
vapor pressure. As the pressure increases, the
density of helium atoms in the vapor will increase
rapidly and the value of 6',„for the triplet-triplet
collision limited process will become very large.
Thus this latter process becomes even less com-
petitive with increased pressure. Since we have
shown that the electron exchange process domin-
ates the decay of the triplet state, we use A',„=y
for the number of collisions per electron with trip-
let metastables.

APPENDIX D: AYERAGE NUMBER OF METASTABLES
IN THE LIQUID

In our estimate of the time average number of
metastables in the liquid, we use results from our
experiment on the detection of neutral excitations,
assumed to be metastable molecules. A more com-
plete discussion of the neutral excitations will ap-
pear in a later publication. %'e were able to show
that the motion of these particles resulted from the
flow of the liquid as a whole. The liquid is set in
motion by the electric force on the ions which is
transmitted to the fluid via collisions. Blaisse
et a/. "write the total force on the liquid as

F = neEdv = j/p. d&=J)/p. , (Dl)

where n is the density of ions, E is the electric
field, d~ is a volume element, j is the current den-
sity, p, is the mobility, I is the total current, and
( is the distance traveled by the ions. The current
acts as a pump in the center of the cavity setting
up a flow pattern within the cavity. This flow is
resisted by the frictional force at the walls of the
cavity. To estimate this force we adapt the force
equation for turbulent flow in a pipe. " The fric-
tional force per unit area is pv,', where p is the
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u = (v, /5) ln(yv, p/q). (D2)

Here u is the characteristic velocity of the fluid,
5 =0.417 cm is an experimentally determined con-
stant, Y = 1 cm is a characteristic dimension of
the cavity, and q is the viscosity. By equating the
total frictional force to the force exerted by the
ions, we obtain

A pvo I(/p, (D3)

and v, = 6 cm/sec. We have used the values 4 =10
cm' for the area of the cavity walls, p =0.146 g/

fluid density, and v, is a parameter characteristic
of the logarithmic velocity profile near the surface
defined as

A =I)/eu, (D4)

with a transit time of = 10 msec. Our order-of-
magnitude estimate for the average number of
metastables in the cavity is 10" as compared with- 10"electrons.

cm', I=1 p,A, )=1 cm, and p. =0.2 cm'/&sec.
Upon substitution of this value of v, and q =10 '
poise into Eq. (D2) one obtains a chars. cteristic ve-
locity of =10' cm/sec. The Reynolds number is
=10' consistent with the assumption of turbulent
flow at the cavity walls.

We observed that to within an order of magnitude
one metastable per tip electron escaped the vapor
bubble and moved with the liquid. The number of
metastables estimated as
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