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Thin-film cold-cathode emitters were used to inject electrons into solid helium, liquid
helium under pressure, and gaseous helium at 4. 2 and 20'K. The cross section for the in-
teraction of the injected quasifree electrons with the helium was deduced by use of an appro-
priate model for the thermalization of the electrons, and sundry other parameters of the quasi-
free state, such as its lifetime and collision frequency of the electron therein, were deduced.
The cross section derived is within a factor of 2 of the value for the elastic scattering cross
section for the isolated atom. The description of the scattering and thermalization process
is dependent only on the helium atomic density and is independent of phase.

I. INTRODUCTION

In an earlier paper' we examined the thermaliza-
tion of hot electrons emitted from a cold-cathode
emitter into liquid helium under saturated vapor
pressure. %e have extended this work to liquid
helium under pressures up to 100 atm, to solid
helium, and to gaseous helium at liquid-hydrogen
temperature and high pressure. In the last case,
the numerical atomic density achieved was com-
parable to that in the liquid helium. A considerable
advance is possible beyond our previous work be-
cause of our increased knowledge of the energy
distribution of the electrons emitted from our
cathodes, because of the much wider range of he-
lium densities studied, and by comparison of the
thermalization process in the three helium phases.

There is considerable evidence, theoretical and
experimental, that the negative ion in liquid he-
lium consists of a self-trapped electron in a "bub-
ble" of about 15-20-A radius, with a well depth of
approximately 1 eV at 4. 2 'K. This structure is
energetically preferred to its alternative, a quasi-
free nonlocalized electron, because of the strong
short-range repulsive interaction between the elec-
tron and the helium atoms. Recent calculations
have shown that the bubble state will be preferred
in solid helium also. '

Shalnikov first succeeded in obtaining currents
in solid helium by the use of a radioactive source. "
He later studied the temperature dependence of the
current. ' From these measurements the estimat-
ed mobility of the electron in solid helium has the
same order of magnitude as the mobility in liquid
helium, providing some experimental evidence
that the thermalized state may also be a bubble.

II ~ THEORY

The model that we use for describing the injec-
tion process has been described previously, ' and

the current-voltage characteristics deduced. Both
will be reviewed here for completeness and in
order to point out developments in interpretation
in the present work.

Figure 1 is a schematic of the injection model.
The injected electrons are initially quasifree and
will lose their energy in some manner to the he-
lium until thermalized. The thermalized state is
not necessarily the final bubble state, but at least
represents a large drop in the mobility of the elec-
tron, of the type that Sanders and Levins have
observed and interpreted as due to a fully formed
bubble or an incipient bubble as proposed by Silver,
Hernandez, and Onn' and expanded upon by Her-
nandez and Silver. " The thermalization may be
characterized by a "range" xo, which is com-
parable to x„,the distance from the injecting sur-
face to the peak in the potential caused by the ap-
plied and image potentials,

&„=(e/4E„) '

where F& is the applied field.
It is confirmed from this study that all of the

energy of the injected electron cannot be dissipated
by elastic scattering within the range xo, which
indicates that a final inelastic process occurs at
range xo. If the effective momentum exchange
mean free path for scattering of the quasifree elec-
trons is symbolized by x„, then the current col-
lected would be

where A (for attenuation) represents the effect of
the electron helium barrier. The barrier will
attenuate the vacuum current (I, ) because, of all
the emitted electrons, only the more energetic
electrons can penetrate into the helium. The en-
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ta' ed the numerical factor (6/v)
usin 1.5, which is used by Loeb'6 and by Theo-using 1 5y w c i
bald'~; however, the numerical di eifference is
small.

IH. EXPERIMENTAL
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FIG. I. Schemat c o ei f th injection model. For clarity,
d ma bethe electron- e turn-h l barrier is suppressed, and may e

taken as eth total effective work function.

r of thetire term in parentheses in the denominato
preexponen a xsti 1

' the effect of back diffusion of the
d h t 1 ctrons. "'6 Note that in equation

(2) a typographical error from Eqs. ,20, an
of Ref. I has been corrected. I„ is the extrap-
olated current for infinite applied field.

In Ref. 1 x„and A were both unknown. Be-
thatcause of these uncertainties, we assumed

~, = 6xgx„', (3)

(4)

(6)

v= 6x cx„,2

v = N, /v = c/x„,
where c is the average velocity of the injected
electrons. o et N te that Eq. (3) is a correction of
Eq. (19b) of Ref. 1. Our results will be presen e
in the form of values for xo, x„, 0„, v,p and 7' as
functions of the helium atomic density in the three
phases of helium studied.

It should be noted that in Eq. (2) we have re-

x =x,=l/no, ,
where g, and o, are the mean free path (mfp) and
Cl OSSss section for elastic scattering, and n is the

fatomic ense. y.d 't . Now that we have an estimate o
A under the assumption that the electron-helium
barrier calculations are correc, '

pt it is ossible
with xto obtain information on x„and compare i w'

and other estimates of the relevant mfp. This
would also enable us to evaluate whether a simple
perturbation approach to scattering including atom-
atom correlation used so successfully in argon' '
is also applicable to helium.

It is also possible to determine the lifetime be-
fore thermalizatton (7) of the quasifree electrons,
and the collision frequency (v) which have implica-
tions in other discussion of the interactions of
charges with liquid helium. The number of
collisions undergone by the electron before thermal-
ization is

C0

IO

Lai

a

E

0 I.O 2.0
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FIG. 2. Energy distribution of emitted electrons from
itte crated at 9.4 V. This distribution wasan emitter opera a

th lanarin d sing a retarding voltage technique wi p
geometry. Energy scale on the abscissa correspos nds to
the retarding vo tage. erolta Zero was taken at the zero applied
retarding voltage.

4.05.0

The experimental arrangementents and circuits
used were essen It'ally the same as those used in

1' aper. ' A new sample chamber of
hi h- ressurethic s n eh' k tainless steel was used for the g -p

ided as. A copper cold-finger insert provi eruns ~ co
M t" for mounting the emztters. T~ ~ The emitter-

mm soto-collector distance was reduced to 0. 5 m
that higher fields could be obtained within the op-
era irating limits of our electrometers.

The emitters used were of the same constru-e-

was standardized and most of the emitters operated
which resultedat the same applied voltage (10.2 V w

of aboutin a repeatable current in vacuum
000 A. No emitters were used with thickness3 p

driving voltages of less than 8requirxng rivin
a idl for't known that x decreases quite rapi y or

such thin emitters. ' This is probably due to the
narrow energy s idistributions from the thinner emi-

of thehich allows a considerable number o eters, w c
thermalizeemitted electrons of lower energy to therm

without any inelastic process before reaching x&,
s fraction couldthus effectively lowering xz. This fra

be calculated and corrected for, but can be ne-
out 8 V.glected with emitters operating above abou

The cryos watat as cooled in a Dewar containing
li uid helium or hydrogen, and the Dewar could
be pressurized to obtain data above
liquid helium, though this method was limited by
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TABLE I. Attenuation factor A. [Eq. (2)] and average
injection velocity C calculated by Burdick's method
(Ref. 7).

Electron-
helium
barrier

(ey)

Reciprocal
helium

atomic density
N ~

(10 22 cm3atom ~)

Attenuation Average
factor injection

velocity
C

(107 cmsec ')

0.6
0.8
1.0
1.2
1.4
1.6
1.8

0.760
0.595
0.490
0.420
0.373
0.335
0.305

0.63
0.51
0.40
0.31
0.23
0.16
0.11

4.85
4.63
4, 45
4. 24
4.10
3.90
3.70

thermal instabilities. The sample container was
pressurized from a helium cylinder, and the pres-
sure read from a precision dial pressure gauge.
No special measures were taken to purify the he-
lium used, but confirmation tests with ultrapure
helium indicate that impurities do not affect our
results.

The energy distributions of the emitters were
obtained by use of a modulated grid-retarding
potential method. Further details of the method
and of the distributions will be given elsewhere.
A typical energy distribution for the type of emit-
ter and operating conditions of our experiment is
shown in Fig. 2. From such a distribution it is
possible to calculate approximately the fraction
of the total current able to be injected over a
known barrier, and also to calculate the average
velocity of the electrons injected. Typical results
are listed in Table I. The precise shape of the
energy distribution at low energies is difficult
both to determine and, at present, to interpret, and
may contain instrumental effects from the analyzer
design. However, this region contributes rela-
tively little to the total current and, since we are
working with potential barriers of the order of 1

eV, causes only slight uncertainty in both the frac-
tion injected and the average energy.

A possible other source of error is in the "aging"
effects experienced in working with our emitters.
Although these effects, which affect both I,~ and
the details of the energy distribution, can be ame-
liorated to some extent by long periods of operation
of the emitter in vacuum before use for data col-
lection, we have found no way of determining the
effects of pressure on the ernitters themselves.
%e observed generally that the emitters did age
more rapidly under high pressures, particularly
at 20'K, and showed a marked reduction (10-15%)
in emission after operation at high pressure for
some time. Corrections for this were made by
reducing the pressure periodically to some stan-

dard pressure to provide a reference point to de-
termine I,

Solid helium was made in two ways. The sam-

ple was pressurized slowly while the liquid was

below the X point until the solidification curve was

crossed. This method has the disadvantage that

once the solid is formed, the pressure applied is
no longer transmitted easily to the small volume

of the experimental chamber used for the injec-
tion experiments. Currents obtained with increas-
ing pressure on the solid corresponded to helium

densities at which the solid first formed. How-

ever, above a critical pressure in the region of 45
atm the current decreased rapidly, became un-

stable, or disappeared, but, after annealing for
some time close to the melting curve, the current
stabilized to a new value, though the sample density
was not known. Similar effects were reported by
Shalnikov.

The solid was also formed by cooling the liquid
under pressure. This could not be done at con-
stant volume with the present apparatus, so that
there was still some uncertainty in the density.
In both methods, the use of a cold-finger copper
support for the emitter, which was in good thermal
contact with the bath, combined with the thick-
walled stainless-steel sample chamber ensured
that the solid was first formed on the emitter and

finger. Our main concern in studying injection is
with the helium in contact with the emitter surface.

IV. RESULTS

A. Liquid under Pressure

Ne obtained characteristics of collected current
I, as a function of the electric field E& applied to
the helium sample between the emitter and the col-
lector; a typical set of data is shown in Fig. 3.
The abscissa in both plots has been reduced to show
the peak potential distance x„obtained from Eq.
(1). From these plots we can determine the ther-
malization distance xo directly from the inverse
of the slope, and, from the intercept on the current
axis, we can determine the current I„available
at (unattainable) infinite applied field. It is clear
from Fig. 3 that both xo and I„decrease rapidly
as the density of the helium is increased.

The extrapolation of the data lines back to the
current axis intercept becomes increasingly dif-
ficult as xo decreases (the slope increases) be-
cause of the experimental limits imposed by the
maximum applied field and the noise level at low
currents. These two limits combine to reduce
the range of x„over which I, can be measured ac-
curately. The variation of I„as a function of den-
sity is now well outside the errors due to the ex-
trapolation difficulties. This was not true in
earlier work' and spurious variations of I„, due
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in current at solidification is due to the density
change, which causes a change in the barrier to
injection as well as in the scattering mfp.

In order to obtain xo and I„for various solid den-
sities, samples were prepared by cooling the pres-
surized liquid. As a result the densities of the
solid are not as well known as for the liquid, but
the relative accuracy of determination of xo and

I„make this unimportant at present. The values
of these two parameters agreed with those expected
for a liquid at the same densities.

C. High-Density Gas

10 4
0

I I

100 200 300
XM(A)

I I

400 500 0 100

4 0
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XM(A)

FIG. 3. Collected current data for liquid helium under
pressure at 4. 2 K. The two sets of data are for different
emitters. Typical slight variations in xo and I,/I„are
illustratedby these two sets of data.

in part to unrecognized aging effects in our emit-
ters, were given too much weight in interpretation.

There still remains some variation in I„from
one emitter to another which is probably due to
some variations in the energy distribution. But,
for each emitter, the variation of I„with helium
density is repeatable relative to I„at the standard
conditions of liquid at 4. 2 'K and one atmosphere
pressure. Accordingly we selected this value of
I„as a standard reference I„ finally averaging
the results of many emitters for which I, varied
from 0.07I„, to 0. 03I„,. The results will be sum-
marized below.

B. Solid Helium

Collected current characteristics I, vs x& for
helium compressed at 1.O'K are shown in Fig. 4.
A clear decrease in current occurs at the pressure
at which the solid forms. The current increased
sharply again as the pressure was released. A
similar effect was observed by Shalnikov. " The
discontinuities we observe are, however, always
reproducible for a given field strength, and
furthermore the same current increase is ob-
served at 1.5'K when a solid sample melts after
formation by increasing pressure at temperatures
just below the ~ point. This strongly suggests
that we are observing the true current change due
to solidification of the helium.

A characteristic for the current in the solid he-
lium is shown in Fig. 4 and has a determinable
value of xo and I„, though the experimental limita-
tions described above for the dense liquid apply
once more. The variations of xo and I„ in the liquid
at this temperature are similar to those at 4. 2'K.
No detectable discontinuity in xo or I„was seen at
the ~ line. As will appear later, the discontinuity

IO'
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FIG. 4. Collected current data for liquid helium at
1.52'K under pressure, and for solid helium. Although
the applied pressure for these data was 40 atm the helium
density was that at solid formation at approximately 28
atm (see text).

Characteristics obtained in pressurized helium

gas at liquid-hydrogen temperatures are shown in

Fig. 5. At pressures above about 40 atm the
characteristics are similar to those obtained in the

liquid at the same atomic densities, in that we can
determine xo from the slope, and I„depends on
density as it does in the liquid. At pressures below
about 40 atm the characteristics take on a form
typical of characteristics obtained in many other
gases at higher temperatures, and in helium gas
at 77'K. This more complex behavior will be dis-
cussed in a separate publication. ' It should be
noted, however, that the apparent change in the forn
of the characteristic at 40 atm (about 1.4 && 10aa

atoms cm ') is not necessarily comparable to the

large mobility drop observed by Sanders and Le-
vine at approximately an order of magnitude lower
density.
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not imply that there is no bubble, only that the
time of formation may be relatively long so that
xo would be large compared with x„. However,
we have observed ' a sharp decrease in collected
current in high-density hydrogen gas at both 77
and 160'K at an atomic density of about 1.8&&10

atoms cm showing that this method is capable of
determining changes in electron states at these
densities if xo is short enough. Work in this area
is continuing, and the results will be collated
later. 2'

V. DISCUSSION
V
I

I 1

100 200 300 400 500 600
XM(A)

FIG. 5. Collected current characteristics for helium gas
under pressure at 20. 3'K.

x Liquid (S.Y.P)
~ Liquid (4.2'K)
0 I iquid (1.5'K)
& Solid
L Gas(20. 5 K)

L

We have extensively studied the current-voltage
characteristics obtained by electron injection into
helium vapor, saturated and unsaturated, at 4. 2 K
in the region where Sanders and Levine observed
the mobility drop. We observed only a steady de-
crease in collected current as a function of in-
creasing atomic density. There is not necessarily
any disagreement between our results and Sanders
and Levine's at the lower density. Our results do

Figures 6 and 7 combine the results of many
sets of collected current characteristics. In Fig.
6, values of xo in the solid, liquid, and gaseous
phases are plotted against the reciprocal atomic
density (N ') of the helium. All points are normal-
ized to the value of xo obtained in the liquid for
each emitter at 4. 2 'K and 1 atm pressure, ex-
cept that in the case of the gas normalization was
made to the xo obtained at the same numerical den-
sity. The atomic densities for the gas phase were
computed from the known virial coefficients. ~

From Fig. 6, the thermalization range for the
injected electron in dense helium xo is seen to
vary with density in the same way for all three
phases, with no discontinuity for any phase bound-
ary. The sole determinant of xo appears to be the
atomic density of the helium. The intercept on
the reciprocal density axis has little direct physical
meaning however, being to some extent dependent
on the details of the energy distribution, though
this is concealed by the normalization. The in-
tercept corresponds to immediate thermalization,
but the barrier to injection at these densities has
increased so much that the remaining electrons
have a very narrow energy distribution, leading
to difficulties similar to those discussed earlier
for thin oxide emitters. In addition, the diffusion
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FIG. 6. Summary of values of the thermalization range
for varying reciprocal atomic densities in threy phases
of helium.

FIG. 7. Variation of the "infinite field intercept, "
relative to its value in liquid at 4. 2'K and 1 atm, as a
function of reciprocal atomic density in the liquid.
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model on which Eq. (2) is based contains assump-
tions no longer valid in this region.

Figure 7 shows the dependence of the normalized
"infinite field" current (I„/I,) as a function of N '
for the liquid under pressure. Points obtained in
the solid and dense gas follow the same curve. The
error bars increase at high and low densities be-
cause of the difficulties of extrapolation, which can
only partially be overcome by accumulation of
data from many runs. The coincidence of I„/I,
values for the three phases points out the numerical
density as the sole determinant of the preexponen-
tial factor in Eq. (2). The combination of the
evidence from Figs. 6 and 7 implies that the scat-
tering and final thermalization of the quasifree
injected electrons is quite independent of the phase,
and depends only on the atomic density of the he-
lium. This does not mean that the final thermal-
ized state is identical in each phase, though calcu-
lations and experiment suggest that this may be
the case 10&12

We have been apprised of some data obtained by
Surko and Reif ' on secondary-electron emission
from a gold electrode due to bombardment by neu-
tral excitations in liquid helium. Those observa-
tions were made in the temperature range 0. 35-
0. 55 'K. The derived value of xo from their cur-
rent-versus-voltage charac teristic is approxi-
mately 55 L which is in very good agreement with
our data at higher temperature but the same den-
sity. This lends support to the notion that density
is the controlling factor in determining the thermal
ization range.

We can use the information from Figs. 6 and 7,
together with a knowledge of the electron-helium
barrier as a function of atomic density to obtain
values of the scattering cross section for the
quasifree electrons before they thermalize, and
to determine the quasifree-state lifetime v and
collision frequency v.

Several methods exist for calculating the effec-
tive electron-helium barrier. & ' ' We used the
method of Burdick to determine the dependence

of the barrier on atomic density, and made the
assumption that once the barrier was known this
determined the fraction of a typical electron en-
ergy distribution that was injected into the helium,
thus determining the factor A in Eq (.2). We ne-
glected any possible variation in A due to varying
transmission coefficient due to, for instance, the
Kapitza layer. The resulting values of A and the
average injection velocity are summarized in
Table I for a sample energy distribution.

From the above-determined values of A, xo,
and I„/I,~ we can calculate the scattering mfp,
x„, as a function of helium atomic density from
Eq. (2). The cross section for scattering is de-
termined from Eq. (3), and Eqs. (4) and (5) de-
termine the lifetime and collision frequency.
Finally, as a consistency check we can calculate
the ratio v/N, which should be constant. The re-
sults of these calculations are summarized in
Table II.

The values of the cross section lie within a
factor of 2 of the value obtained in gas studies at
higher temperatures, which agree in turn ex-
tremely well with calculations. ~6 These calcula-
tions in no way include atom-atom correlation as
was done by Lekner'7 and by Cohen'4 for electron
scattering in argon. A blind application of this
perturbation approach yields too small a cross
section by a factor of about 10 and one which de-
pends upon temperature which is not found experi-
mentally. The correct formulation of the problem
of scattering of quasifree electrons in liquid he-
lium where the electron-medium interaction is
strong is yet to be made. In any case, the cross
section is approximately constant over the density
range studied with a possible higher cross section
at the highest densities studied (see Table II).

The quasifree electron state lifetimes listed in
Table II are more certain than in our previous
paper' because of the added knowledge of the in-
jected electron energy distribution. The lifetime
clearly decreases rapidly with increasing helium
density, whereas the collision frequency rises as

TABLE G. Results of calculations.

Reciprocal helium
atomic density

N ~

{10-"cm'atom-')

0.760
0.595
0.490
0.420
Q. 373
0.335
Q. 305

Range
Xo

155 +10
111+ 8
77+ 4
55+ 4
40+ 4
29+ 5
20+ 7

21+4
18+3
14+3

11.5 a2
10+2
7+2

45+2

Calculated
cross section

Og

0.0-" cm')

3.6+0.7
3.3+0.5
3.5+0.7
3.7+0.6
3.7+0.7

5+1.5
7+3

Quasif ree-
state

lifetime
r (psec)

1.4+0.3
0.9+0.2
0.6+0.15
0.4+0.1

0.25 + 0.1
0.15+0.1

Collision
frequency

V

(1014 sec-1)

2.3+0.4
2.6+0.4
3.2+0.4
3.7+0.4

5+1
7+2

Consistency
R/N

(arbitrary
units)

1.8
1.5
1.6
1.6
1.8
2. 2



INJECTION AND THERMALIZATION OF HOT ELECTRONS ~ . . 1779

expected. The consistency check shows v/N to be
constant within our experimental error, except in
the case of the highest densities studied. Whether
this increase is real or not is yet to be determined

From Eg. (5) and the values of 7 and v it is pos-
sible to calculate the number of collisions of the
quasifree electron within the range xo. This varies
from about 300 at the lowest densities, to less than
100 at the highest. If these collisions are elastic,
(and the calculated cross sections show this to be
essentially true) then the energy lost in such a. low
number of collisions cannot account for all of the
energy of the injected electrons, showing that a
final inelastic process must account for the ther-
maliz ation.

VI. SUMMARY AND CONCLUSIONS

Thin-film cold-cathode emitters have been used
as sources of electron current in solid helium,
liquid helium, and high-pressure gaseous helium.
The thermalization of the injected hot electrons
from their quasifree state is independent of the
phase of helium, at least as reflected by the param-
eters that we determine. The primary determinant
of the lifetime of the quasifree state and the col-
lision frequency of the electron in this state is the
helium atomic density. This fact provides further

evidence that the thermalized electron state is also
independent of the phd, se, as calculations and mo-
bility values had indicated.

The quasifree-state lifetimes determined are in
the order of picoseconds, or less, with the life-
time decreasing very rapidly with increasing he-
lium density. The collision frequency is propor-
tional to the atomic density, which is reasonable.
By knowing the energy distribution of the injected
electrons we have been able to calculate the scat-
tering cross section for the quasifree electrons be-
fore thermalization. The value obtained lies within
a factor of 2 of the elastic scattering cross section
obtained by conventional techniques and calcula-
tions.

The technique of injecting hot electrons into in-
sulating media from cold-cathode emitters has
been improved by knowledge of the energy distribu-
tion of the emitted electrons, and may readily be
extended to many other systems.
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