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, We present electxon mobxmy measmements in Hz gasfor 5 X 10‘9 <p<5X 10" om™ and 26 < T < 32°K
The data consist of COex‘lstlng high and low mobxhty branches. The high mobility branch is due to electrons; the low
- moblhty, probably due to mns The electron ‘branch shows stxorg evxdence ofbubble fomatmn in accordance thh

Lath :’f-theorehc:sl ptedlcuons

E]ectrons form mxcroscoplc bubbles (R ~10 A) in

k fcertam ﬂdxds, this fact being reﬂected in mobilities

* some orders of magnitude lower thari ‘one would ' pre-

. dict for free electrons. A theory [1] has been devel-

~"oped for the stability of such bubbles in non—polar

- fluids and it prédicts that under certain conditions -
 they will form in He, Hy, D, and perhaps Ne. Such
‘bubbles were first observed and explained in liquid He

2], and subsequently the systematics of their forma:

tion in gaseous He have been: studied [3—6]. Limited
measurements in the hquxd and solid have so far not-
shown thelr existence in Ne [7]. The only pubhshed
results for. H,.at reasonably !ugh densities are those of
Grunberg [8] at.293°K and Halpern and Gomer [9]1.
in the liquid. G-unberg s data show an anomalous[y
varying cross section, wiulst in'[9]a mobility of ap-

- proximately 0.02 cm? V—1 sec=!'was found. Both of.

these results are compatxble with bubbie formation.

The data we present in this letter are a ﬁrst attempt to~
study bubble formation in gaseous H;: by observmg the

assoclated moblhly collapse. Our resuls are not en- - -
tirely conclusive because of some unexpected expen- '
mental limitations. . -

‘We used a heavﬂy gold plated trmum source and a’
 single gate’ veloc:ty spectrometer: to measure the mobil-

ity as‘a function of’ p\and T 'The gas numbex densxty
was obtamed from pressurc and temperature measurc-

* Woxk supponed in part by
mlmon. L :

:4'1§_ :

' ments and empmcal equatlons of state {10]. Detalls ‘
~ of the experimental arrangement may be found in [5].
- We.presumeé we had normal rather than equilibrium
-H,, but this should net make any significant differ-
‘ence to our results. In fig. 1a we present smoothed

anues of our measurements, wluch have an absolute
accuracy of +10%, and each curve has an internal accu-

. racy of 5%. Also included in fig. 1a are the 293°K

data of [8], the dashed part being an extrapolation

_ based on a cross section which increases linearly with
-dansity, since such a cross section used in-conjunc-

tion with the standard expressions reproduces the -

- data very well. We might note that the theory of

Legler {11] with a cross section, o, of 9.1 X '10-16

" ¢m? also fits this curve well. As is apparent, we ob-
serve coexisting lugh and low mobility branches; (the

- data for the 30.0°K isotherm lying virtually on top of -

- that for 31 7°K isotherm for the low mobility. branch).t

There is no diffi iculty in discerning the two. mobilities

- Vexpenmentally since they are so well separated. -

‘The limitations on these curves are the following: -

(l) our. cell is hmxted in the presure it'can thhstand-
(i), the values.of p, T that can’ be obtained are-re-

stricted by the coexlstence curve of Hz sin fact; from

" our *He measutements. [4 5] we know that the values »
E _“of p, T that would’ ‘be most. favorable for bubble for-
e matlon are. maccesmble and

our sour e

' ‘decreased as p'mcreased- and further. the relative sxgnal,
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strengths of the two carriers changes markedly with
density, as illustrated in fig. 1b. These factors com-
bined to prevent us from obtalmng data at higher p
and/or lower 7.

We shall discuss first the high mobility branch in
terms of the expected behavior. Semn-clessrcally, the
- mobility is given by [3]

n-%e(l+Brp)/p0(27rmk73"’2" o .M

where m is the electronic mass and B is the second
virial coefficient. At the lower densities, this equation
“describes the data quite well, but u decreases well be--
low the value given by (1) as the density increases. In
particular, note that the 30.0°K isotherm has a defi-
‘nite downward trend and seems to cross the 293°K

isotherm. This is preclseiy the behavior observed in He

[5]- ‘How close we are to a mobility collapse is hard to,

"'say by direct examination of these curves. The coexist-

“ence curve prevents us from going: to hlgher densmes
_on the 30,0°K isotherm. For this and higher tempera-

tures the: srgnal strength due to. electrons becomes too" g

¥ small to detectat the hxghest densities. One can how-
- ever plot the- data in amore revealmg manner. The '

",underlymg cause f0r bubble formauon is that the zero ” “': '
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Fig. 1. (a) Mobility of negative particles versus number density
at fixed temperatures (marked on curves in degrees kelvin).

- (b) Relative signal strengths of the high and low mobility

branches versus number density for the 31.7°K isotherm.

point eneigy of the electron becomes greater than &7,
so that the electron prefers to dig a hole in the gas
which lowers the energy of the whole electron—gas
system [1]. The zefo point energy at the densities in
questron is given well encugh by the optrcai potentral

Vo = (2 / 2m)4npa , : (2)

where a is the electron—atom scattering length. The
quantity Vo/kT then is a measuré of the probabiiity

- of bubble formation. Legler made use of this factin o

his theory [11}. Fig. 2 shows Legler’s theory as the
solid line. The dashed line in fig. 2 is our data for *He,
where the ratio of measured to calculated free electron
mobility is plotted against ¥/k7". This dashed curve

‘is obtained from about one hundred data points and

covers the range of mobility collapse in He where one

“is certain bubbles are being formed. The dafa plotted
' as squares are from {8] and our data from fig. 1aare-

plotted as circles: As can be seen our H, data depart

~_significantly from unity, the value we expect using (1),
- and follows the He data very closely. We take this to
.~ be’strong evrdence for electron bubble fozmation in -
- Hp.We might remark that the crossing of the mobility -

curves for the vanous lsot.herms is nct expnnmental

g '4':19__[_
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uncertamty but a real effect due to bubble formation.
This is because at low density y < T-Y2 and at high

“ density p1.5 exp [—A(p)/kT] , thus at fixed p, pisade-
.creasing funcuon of T at low densxty and an mcreasmg 7

funcnon of T at high density. = :
“The low moblhty branch is due enher to electron

bubbles orions. We were able to rule out impurities

by a senes of checks during the course of the experi- '
. ments — notably that the results were unaffected by

- using Hz gas-of drfferent impurity levels. We first eval-

~uated the radius, R, of the low mobxhty obJect by us-
_ mg an mterpolanon formula [3] for B,

(8/61mR) l1+9m/4pR(2anT)"2] R '(37)‘ -

' where 7 is the gas wscosny andM isa molecular re-
" duced mass. (3). ylelded values of R Whlch vaned as’
“shown by. the solid line in ﬁg 3a. It.can be seen that
‘the. object is quite- large as we expect'a bubble tobe. -

Usmg the theory of electron bubbles’ L 5] we calcu- .

lated the expected size and obtamed the curves shown

--in fig.:3a, which seem to’ suggest that the low: moblhty v g

branch ‘may be due to bubbles. If th*s is.the case itiis -
hard to'see why electrons and bubbles should coexxst ‘
' lies long relaxatmn umes for both the
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- Flg 3a. Radms of the low mobility ob_;ect versus number den-

sity for the 31.7°K isotherm; values extracted from the data
and various predlcnons !

electron and the bubble. If we are seeing a stable bub-.

- ble, then, there must be a very large barrier against it -
" relaxing back into an electron, because at the densities
_ in question the bmdmg energy of the bubble is barely

larger than AT. In fact, if we take the view that H; "

. paralleis He quite closely the bubble lifetime should be

considerably shorter than its transrt time through our
apparatus. Thus we feel it ‘unlikely that the low mobil:
ity branch is due to bubbles. However, as the details
of bubble formation, as opposed to bubble stability,
are unknown we cannot completely ehmmate this pos-
sibility.. : :
Since we are usmg a radloacuve source thh amean
f~ energy of =2 keV we must consider negative ion
creation. The two possibilities are H; and H™. On the
basis of cloud chamber theory. [12] we calculated the
expected size of cluster ions with the result shown in
fig. 3a. This too appears compatlble with experiment.

- The calculatlon is approximate in that we used an ideal
- gas equation of state. -Assuming that the low mobxhty

‘branch is due to ions we can use data like those of .
fig. 1b to obtam the ratlo of electron-to-ion densities.
Inserting this result in a mass action equation allow> us’

“to find the. dependence of the activation energy, A, on

* density. Because ¥ deperids on p we expect 4 to de-
-~ pend on p, whlch we'indeed ﬁnd to be. true. Since we
- are dealmg with, a cluster ion, however we must take

.. its formation mto account in the mass action formula

'»,The result is that the followmg‘ \quatlon should be sat-




_ Volume 10, number 4
“where [
. cerned, """IHZ is the cluster ion containing the bare

“ion plus 7 H, molecules, R is the radius obtained from -

-(3), A, A; are activation energies mvolved in forming

" the cluster and bare ion respecnvely, and A, depends '

very slowly on p, ¥y is as given by (2) and occurs be-
cause we expect A; to shift by the electron’s zero- *
“point energy, and Cis a constant which comes from
the mass action equations. The expression on the left-

hand side of (4) can be obtained fromour data, noting

“that ["1H; 1/[e™] = (I_/r_) (e/I.), where I is the
current as shown in fig. 1b. If then we plot the Lh.s. of
(4), which is an experimental quantity, against p—pgas

“we should get a straight line of slope -

(#22m) (AnafkT) = 1.49 X 1020 cm*3 for 2=0. 85A.

This plot is shown in fig. 3b. The slope of the straight
-line shown there is (2.0£0.2) X 1020 cm*3 which is
in very good agreement with the predicted value.

In conclusion, we have presented evidence that
electrons do form bubbles in H; gas. Calculations
based on [1] predict that we should see the bubbl°
formation process occurring where we do, i.e.,p 2
1.5 X 102! cm=3 for T'~ 30°K. The low mobility ob-
ject we see appears to be a cluster ion formed in the

. source region, though we cannot rule out the possibil--

ity that it is a stable bubble. In order to provide incon--

trovertible evidence for bubble creation, that is, to
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Fxg 3b LHS. of eq. (4) versus gas number density, fxom the '
data at 31.7°K

CHEMICAL PHYSICS LEI‘TERS

] means concentration of the quannty con-

: '. IS‘August 1971_

-- follow the mobillty collapse in its ennrety, it is nec-

essary to perform experiments at T> Tpje, P> 25

‘atm, using a low energy electron source so that the

probability of formation of cluster ions is severely

“reduced, and to use more sophisticated measurement

schemes in order to detect the very low signals to be

_expected in these circumstances. To perform similar

measurements in Ne, even higher pressures would be
necessary because of the small value of the scattering
length for that gas. - :

We are grateﬁxl for useful suggestions ﬁadé by Drs.

_T.M. Sanders Jr., and LM. Sander, and Mr. John
- Yoder for the use of some ultra-high purity hydrogen -
gas. ) .
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