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PART I

Thermal_Properties:of Hot Filament in Liquid Helium II

-Abstract

Thermal pfoperﬁies of a hot tungsten filament and a gas
sheath around the filament in liquid Hé'II were ihvestigated
both experimentally and theoreticall&. - It was found that
the gritical'Heat powéf'wc‘ébove which the gas sheath appears
éfound Lhe wire, cén be explained by introducing an effective
heat conductivity coming from the.Khalatnikov theory. |
The stablility of the gas sheath and‘itg varidus properties
were discﬁésed by extending KnudSen‘s heat trahsport theory
in gas gnd the treatment could well explain the expefimen‘cal_.i
results.’ Frequently, the-gas sheath makes an éudible hiss
énd'the phenémepon ﬁas_analysed as an oscillation of the she-

ath.



§ 1. Introduction
‘The injectlon of excess charge carriers into liguld He II

1) and also by Mayer and Re1f2)

wassiniﬁiated by Careri et al.
using the radioactive isotooe 210P°8ﬂ immersed in the lquld o
helium bath. a—perticles‘emitting from the'isotope produce
both + and - ions in He IT and almost all experiments have been
done .using this‘method It is now well known that the negative
charge carriers which are mainly electrons from so called bubble
.state while the positlve ions such as He' make the iceberg or

3)

The éffective mass was estimated to be about

M)

snowball state

lOOfu2QO M for the bubble and about 50 M for the latter

He
where My, means the atomic mass of hellum.

On the other hand, there is an increasing requirment to have
‘more dense charge carriers in the helium bath because the 1sot0pe
method can only produce 105~u 107 ions per c.c. ‘so that it 1s
. not sufficient to do more extensive studles such as pre01se optic-‘
alstudies or electroﬁ spin resonence . Therefore, varlous new
methods to generate excess charge carriers in He IT were trled
by many researchers. As an example, we 1n1t1ated the spark

5)

dischafge method”’ to get more than,lOlQ charge carriers in the
liquid. - In 1968, Spangler and Herefords) obtained about 10%/ce.
electrons by using a hot tungsten filament immersed in-the-liquid
bath. - - ThlS method is useful 'to study electron buobles because
it can only a lot of electrons. ' However, many | |

-phenomena associated with this .method have not yet been  analysed.

In their experiment, tungsten filaments have been operated while



immerseduin He II at temperatures up to-2500 K,-and electron
currents as high as 0.5luA have been prodnced in the super- .
fluid. The fluid in the vicinity of the filament remains:
qaiescentlunder these conditions as a resultlof a stable Vapof
film or a gaspsheath which forms around the filament. The
process near the wire more nearly resembles film boiling when |
the helium depth is shallow '(S 3 cm) oi:?'_ temperature is high
(2 1.8 K) while it seems to be a quiescent yapor bubble in the
deep bath (.2 10 em) at low temperatures ($1.5 K). It is noted
tnat these results are still qualitative and have no theoretioal
explanations |

On the other hand, our group tried to measure the size of
the gas SheathT) and obtained tne following results: the dia—
meter of the sheath is of the order of 100 um and str_ongly_
depenos on the liquid depth ané tempefatures of both tne liQuid
and the filament. | In their experiment, a tungsten filament of
4.5 uym in radius and 7 mm in length was placed in the microwave
“cavity where the electric field was maximum. A_rectangular
cayity of iE102 mode was used with a superconducting metal wall
to get a high Q-value of about 10", When the gas sheath is
produced in the cavity, a shift of the resonant ffequency'of the
cavity occurs because the sheath removes the same volume of liquid
out of the cavity. | Thus we now have. a systematic and quantitative
datum about the size,'and this allows. us‘to_extend the_precise h
analysis of the gas sheath problem in liquid helium II, as will

be shown in the present paper.



$ 2. Experimental

_'A:conmercially available tungaten'wire‘with 9lum in diameter’
and~l cm in lengthoﬁas used ae the hot filament. The uniformity
of the wire was checked by using a nicroscOpe The wire showed
the residual resistivity of 0. 516 0.05 x 107% @ cm at]iiquid -
 helium temperatures. As the electrical contact between.the
wire and copper leads is not always guaranteed because of the
'small diameter in the tungsten filament the four terminal method.
was used for all electrical measurlngs as is usually done in
semlconductor study. _ _

A typical enample of the Ivecharacteristic of the tungsten
:filament is shown in Fig. 1. . At the low nOWer region, the wire
shows an chmic Current increase with residual resistivitym
Above.0.0T V01ts ( point,A), however,‘the'ohmicity is.broken_
_ahowing a negative resistance and a large hysteresis,between
A and B. These curious phenomena may be_due‘to the onset of
a complex turbulent flow .around the wire with an increase of
- the wire temperature. It is noticed that an audible hiss _
occurs at point B above which the gas sheath appearsT),although
the oocurencesof the hiss and gas sheath become not so clear
when the liquid bath is shallow or the'liqﬁid temperature‘is
,high Near p01nt C the filament begins to gllmmer and the
light becomes strong as the input power increases. The fllament
temperature was measured by u81ng an optical pllometer and at
the same time, the}temperature'was monitored by measuring the.

eleotrical resistivity of the filament. The results'are shown

-y -



in Fig. 2. The hysteresis of the IV-characteristic is not
shown in this figure. There ie a considerable-difference
between‘the_filament center and average temperatures showing
the temperature gradient in the wire. When the filament
teﬁperature exceeds'looo K, one can find the thermally emitted
electrons in the liQuid bath as was found by Spangler et. al.g):
A brecise treatment of the electric propertieslof the eystem
will be described elsewhere.

It should be: noted that a reliable IV=characteristic was
obtalned only after the cleanying of the- filament surface or
after the heat flush of the wire. = This means that one can

not have a good datum when the filament is. dirty.u Therefore,
the filament was heated up to 1500 K during several minutes
before d01ng the experiment and almost of all surface 1mpurities
were ellminated by this procedure. As will be seen later,

this fact is strongly concerned with the stability mechanism

of the gas sheath.

§ 3. Critical Heat Flow and Heat Conductivity of'He II

| It is well known that the heat conductivity of superfluld

He II is so large that the temperature gradient in the 1iquid

is ‘usually negligible. This is a reason why the boiling bubbles
can not be seen in the He II. The presence of the gas sheath,
.however, means that the sheath 1is obv1ously a kind of bubble

newly found in liquid He II giving rise a possibility that the



'temperature gradient may be found near the filament when the
'heaﬁ flow is exfremely strong; ~In such a_casé; a finite
'thermal conducﬁivity coefficient is usually introduced by
aséuming a friction between two counterflow components of the
super- and normal éurrents of the liquid based on the two fiuild
model.  However, the pfactical friction data_mainly obtained
byftheﬁexperimehts of narrow channel liquid flow are_scattered.
widely. Therefore, we tried to analyse our data-by assﬁming

a simple effective heat conductivity coefficient k in the liQuid
and found that the experimental result can be explained by

8) 9)

using the coefficient K.Of Khalatnikov ' and Zinoveva”’ determined

dynamically from the damping of the second sound. The analysis
was done iﬁ the following way. Let us first notice the presence
of .the critical héat fiow‘wc‘below which the wire shows an ohmic
behavior keéping the wireltemperature to be equal to thaf of the
liquid. Wc est‘imated from Fig. 1 is 10 mw which COrreépénds to
5 Watt/em>. The critlical heat flow means that.thé-surface
temperature of the filament can be keptlto the liquid teﬁpeféture
ti}l the‘héat flow increases up to W,. .'The'situation can.be_
exﬁiained byrFig,'3. .Undér'an equilibrium condition usually
reaiized ih experiménts,.the liquid surface is at point S. This
means that the v%?r pressure P, under the temperature T, should
‘bé‘on the phase boundary. Wheh'the filament is placed h cm
below the surface, the 1iqaid near the wire should be_oﬁ Akbecause
' of,the additive pressure coming from the liquid above the wire.
The pressufe differenée PO - Pl'is of course gph where g is the'

gravitational constant and p is the ligquid helium density.



As the heat flow indreases, the liquid temperature on the wire.
surface ihcreases bgtlit d0esﬁnot be.yond'TO bécause'the_gés.
‘sheath will appear aboVe.TO;'. Therefore, it is easily expected
- that wc depends on both the depth and temperature of the liquid.
| We cdpéider the two dimensional heét flow. Thgn.the temp~-

erature gradient 4T/dr is written by
k(dT/dr) = - Q/27F, _ (1)

where Q means the,fotal heaﬁaflow per unit length of the wire.
As is shown in Fig. b, welas§umé that the tungstén wire with
ngg;us‘ré_is at- the temperature T, and?any temperéture gradient
exists beyond ry iri the liqﬁid. . Many- years ago, Khalatnikdva)
-calculated the témperature dependence_of the thermal conductivity
and it showed a gqod'agreément with theieXperimentél results
‘detetﬁined_from the éﬁtenuation of the second sound experiment,

as 1s glven in lg. 5. For simplicity, it is assumed that the

thermal conductivity in our experiment is expressed by the

_straight line in Fig. 5. This means that « 1is writtén as
kK = 0.65 exp( -4,6T), - (2)
with the unit of Watt,sec-l,cmfl,degfl Using eq.(2) in eq.(1),

‘the following relation is obtained:

exp(-4.6T,) - exp(-4.6T ) = 2.6Q log (r/r,).  (3)



‘Accordingly, the critical heat power can be wriften as
W, =:(l/2ﬂr0){exp(-h.oT1)-,exp(fﬁ.6TO)}/2;61qg10(?1/r0)o~ (1)

The liquid témperature Tl was measured by both the carbon
resistor and the vapor pressure. To determine To, we write
the pressure P, at the wire as '

P, =Py + gph,. : (5)

where Ps represents the vapor pressurefat the liquid'surface;
Then TO(Pé)_cah be numerically §btained from the well known
vapor pressure diagram of the 1liquid helium. We measured the
critica1 heat powér wc as é.funcfion.the heliumil;quid depth h _
as i§'shown in Fig. 6, where the data obtained by VinSbn eflal}o)..

are also shown. The theorétical curve is drawn by assuming,
loglo(rl/ro) = 0.0SH, r‘rl/ro = 1.13, (6)

The the¢rétical curve ianig;“G:weil Explainéd the experiméntal,
resulfs;' It ié ihteresting.to_notelthét-the fegidn where the
liguid has.the temperatﬁre gradient is limitéd in.a very smallA
region and its.thicknéss is estimated to be ébput 0.5 um. The
fesult seems to bé appropfiéte because the liquid helium II-is
substantially a.super fluid having an extrémely.good‘thermalj-

‘conductivity.



Concerning with the results given in Fig{ 6, the following
pbintsishould be considered. Firstly, the experimental condition
‘to keep a rigid two dimensionality is usually_dirficul-t to {obtain.‘.
'This:is.because the long unifornnwire:condition was hard to get.
'Accordlngly, three dlmensional heat leak was inev1table Con-
sidering this fact, ry --_ro may be between 0 5 and 1 0 um.
‘Secondary, a dev1at10n between the theory and experlment becomes
-large when the hellum bath level is shallow. 3 Concernlng with
this p01nt, it 1s noted that the gas sheath above W is unstable
in the shallow reglon. | Finally, eq. (4) can not. explaln the

high temperature data near TA - Two pos31b11ities may be con-
sidered. -_One of them is the effect of instability of the_gas
sheath at high temperatures' and the other may be due to the fact
thatlthe temperature‘dependence of the thermal conddctivity could
not be‘explained hy eq.(2). fwe'also tried_to‘use the extensive
iine of the Khalatnikow theory but a good agreement with the- |

experimental results was not obtained.

5 4. Stability of Gas Sheath | |

.As 1s described before, the gas sheath is clearly observed
around the fllament when the input power exceeds the cr1tica1
power w . However, it is not so stable between p01nts B and C
of Flg. l and it becomes also unstable when the 1iqu1d depth is.

10 12) The measured

shallow or- the ‘liquid temperature is high
' gas sheath radluﬁ is shown in Fig. 7 as a function of the fila-

“ment temperatureT) . It is assumed that the sheath radius R is



Y

- much larger than the filament radius r . As is seen in Fig. 7,

o

' this,aSsumption is appropriate except the low‘tempereture region
" where the sheath itself does not have a clear form. - Wow the

- mechanical and thermal stabilities-of the gas sheath are oonsi- R

dered in the following;way:”heliUm gas atoﬁs in the Sheeth'trens—
port the energy W from the wire surfece to the liquiad surfece.
with accomodation coeffioients B and o , respeotivelyh The gas .
pressure P would be calculated:by summing up:the momentum chenge
or ﬁqs moloculos at the liquid wall so as vo balance to the sum '
of the residual gas pressure 1n the cryostat and the liquid
pressure at the fllament posmtlon.:- It is notlced that the usual_

heat transport theory developed by Knudsen 3)

can not be appll—;
oable-because the sheath radius R is temperature and pressure'

dependent. Accordingly, the Knudsen theory should be modified.

) The'accomodation coefficlentqa is defined as usual by

B = (T, - T /0T, - T, . Ty & T, T (T)

where Tr is the effective temperature of the reflected molecules
from the wire, T, 1s the wire temperature, and Ti is the initialr

temperature'of-molecnles before collision.' d is dellned simllarly

We consider a successive collision oycle given 1n Flg. 8.3_'At

a time to, a molecule collides to the wire and gets an-energy sz5

where E means ‘the molecule energy corresponding to T i Then ;-'

.the molecule flies toward the liquid wall with veloc1ty 1n tne ”

adia.l plane of the sheauh as (l-Br. /31»1He)1/2 A b=ty the

‘ . — —
Ue oan consider: she mean free na ;h of He atom 'in the sa neath lonb,

1n fact, O l mm or more under this exncrlmental condltlons.-

- 10 -



molecule collides to the liquid wall with an energy loss Esu,
- , -, 1/2 \1/2 L e 1/2

and a momentum change (uMHe/3) {(BEW) A (eES.+.E1) },

where'.E1 is the molecular energy corresponding to the liquid

€ mesans 1 - ao.
1/2

wall temperature and E  1s giVen as BE - Ej.

The flight time t, — t_ is given as R(3My /4BE )- For

1
collisions from t1 to t to the llquld wall, it is assumed that
the molecule flies a mean distance L between_tj and tj+1‘

L is- 51mp1y calculated as hR/ﬂ The kinetic energy of the
molecule after the m-th collision becomes Esem + E, and after
that the moiecule goes to the next cylle followed by the filament
coliision-at t +1° Comparlng the surface areas of - the filament
and liquld m is given by R/r Thus, the energy transfer,
resultant menentum change and total time for one cycle can be
calculated. lWe.consider~sucn.molecnies of number n/cc and cal-
culatejthe enefgy transfer W pef unit_time and the-ﬁressure at

the wire. Neglecting higher order terms, the results are given

as follows:

‘m i ’
P = (7nE /6){1 + 2D (€4 By/E )1/2 }

mwi, o

= 1

11

% { 1+ <u/w>2_< e+ Ele )‘1/2} (8

“nw i

W= (3nRP/2)(uBE /3M )1/2{1 + 225:( "+ E /E )l/f} (9)
.,where P in eq;(9) is equél~to eq.(8) and it is easily obtained

from the experiment. -Eq.(8) is valuable for estimatlon of n,

namely, the £as density in the sheath:

o11 -



d1e

In our model, the~pressure is assumed to be-ﬁniform‘inzthe she- -
nath. "This assumption may be satisfled when the radlus R is not
80 large | * The sum in eq. (9 ) was obtained by replacing it .
~as an integral form, being m to be much 1arger than unity.

Then the.energy flow W is written as
W =3FPR(kBT‘/M )12, {_1 + 2m(Ty/87) M2+ U/a( 1 4 a/a)'} ., (10)

Where k is the Boltzmann constant and T, is the 1iquid helium
temperature. Using experimental values of P, R, Ty,-and T,
with the observed thermal loss ‘W, the best values of_"J;“ and @were--

determined as

o = 0.27, B 8 = 0.10. ‘ (11)

The comparison with the thedny and experiment is shown in'Fig. 9{
For the evaluation of the heat flow in the liquid, the light
"enérgy emitted from the wire is reduced from the total energy

®) It 1s noticed that the value of 8 between

given to the wire
tungsten filament and helium gas.iS.0.0sfao.Slu) depending on
the snfface condition. The‘vaiﬁe 6f course becomes small when
1tne surface is clean .and it‘is alsb seen in our'éxperimént. The
fact that d.is'iarger than B seems-to'be.reasonablenbecause He
atom may be more'inelastic at the liquid wall. When.R becqmes
.larges our.modél_ﬁaylbe not so well begaﬁse of‘ﬁhe ﬁemperéture_'
‘gradient in the sheath and this may be a reason why the deviation

'in Fig. 9 becomes large at the high filament temperature regions.

,. "'.7 12 -
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§ 5 Oscillaticn of Gas Sheath .

"The frequency Spectrum of the audlble hiss or sound was
analysed experimentally and the main frequency was-estimated
to be 1~2 kﬂi ‘The origin“of.this oscillation 1s considered
.as foliOWS' first it is easily shown that the sound comesfrom
) neither surface wave nor compressive wave 'of the sheath Equation
_ of motion of these waves can be calculated by solving the two
dimensional_wave_equation and it is'reduced to a:wellyknown
Bessel function. Under the-present experimental condition;
‘however, the surface wave frequency islabout 10 Mgeand the
compreSSive frequency is about'SOO kg 50 that these frequencies
are so far from the enperinental data. Thelfilament oscillation'
was also tested but it was of the order of 10 cycles?) _‘

. The most plausible origin of the sound was attributed to.the
transiational vibration of the sheath around the wire ‘without
changing'its size and shape. This means that.a restoring force
due to an- unbalanced gas pressure in the sheath occurs when the
center of the sheath deviates from the regular p051t10n. ' As it
is difficult to solve such_a problem strictly, we trled to cal-
culate the frequency as folloWS"the effective mass of the sheath
_ should be of the order of liquid mass with the same volume as'

|15)

is usually ‘done in hydrodynamics: The restoring force is

qevaluated by comparing the pressure. dlfference produced by 1ocal
fheating and cooling due to- the deviation of the sheath center.'
The result shows that the frequency is of the order of 0.5~ 5 kc
if the adlavatic-condltion is assumed in the-sheath. Thus,_

:the,result*seems.to'be-in_good'agreement7with-experiment.l

13-



14

References

1) G. Careri, J. Reuss , F. Scaramuzzi and J.0. Thomson: Proc. .
LT-5 (Wisconsin) (1957) 79, Nuovo Cimento (B) 13 (1959) 186.
2) L. Meyer and F. Reif': Phys. Rev. 110 (1958) 279, Phys. Rev.
VLetters_S‘(iQGO) 1, Phys. Rev. 119 (1960) 1164, |
3) 'K.R. Atkins: Phys. Rev. 116 (1959) 1339,
k) A.J. Dahm and T.M. Sanders,Jr.:Phys. Rev. Letters 17(1966)126.
5) M. Date, H. Hori, and H. Kamata: Proc. LT-12 (Kyoto)(1970)93.
6) G.E. Spangier and F.L. Hereford:PhyS. Rev. Létters 20(1968)1229.
75 K. Okuda, Y. Inaba and M. Date: to b? published in'J.‘Phys.
: Soc. Japéh. | ; _ | * '
8) I.M. Khalatnikov: J.'Exp;'Theor. Phys. USSR 23 {1952) 21;
9) K.N. Zinoveva: J. Exp. Theor. Phys. USSR 31 (1956) 31.
'105'J.S. VinSon, F.J. Agee, R.J. Manhihg and F.L. Hereford:
' Phys. Rev. 168 (1968) 180. | '
11) F.L. Moss, F.L. Hereford, F.J. Agee and J.S. Vinson: Phys.
Rev. Letbters 14 (1965) 813. a | |
12) D.M. Sitton and.F.E. Moss: Phys. Rev. Letters 23 (1969) 1090.
13) M. Knudsen. Ann. der Phys. 31 (1910) 205.
'14) H. Kumagai and G. Honjo: Vaccum Physics and its Applications,‘
( in Japanese) Shokabo (1970) 70.

- 15) H.'Lamb:.Hydrqdynamics;‘Cambridge Univ.'Préss;“(1932).u

- 14 -



15

Figure Captions

Fig.‘l. JV-characteristic of a tungsten filament. Dotted limes
| show the hysteresis effect. -'An average power l1ls also shown.
Fig. é IV;characteristic and the fllament temperature. The_
temperature of the wire center was measured by a pilometer
while the mean temperature was_estimated from the resistivity.
Fig. 3. Pressure and temperatnre phase diagram'( not in scale).
.:Fig.”u. Cut view cf the wire;and the'surrbunding liquid He II.
The_temperature'of the wire with the radius r_  1s T, ..
There is a temperature gradient between r_ and rl'but no
temperature gradient is assumed:out of rl.
-Fig. 5. Thermal conductivity coefficient K of 11quid He II.
The curved line was given by Khalatnikov and opeén circles
were cbtained by Zinoveya experimentally.' A‘straight line:
_ shows the present approximation glven in_the text. |
Fig. 6. Critical heat power wc'as a function of liquid depth.
Fig. 7. Gas sheath radius ae a function of filament temperature.

Fig. 8. Collision times in a cycle. At t, and t the gas

m+1?
 mo1ecu1e'collides to theVWire surface and other times
show the collisidnrtc'the.liquid'helium wall,

Fig. 9. Heat flow per unit length of-the wire as a function of
filament temperature. The theoretical curve 1s drawn,

by eq.(12) with o= 0.27 and B = 0.10.

- 15 -
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PART II

Electrical'?roperties of Electron bubble in Liquid Helium II

Abstract

Electrical properéies of electron bubble prdduced by a hot
tungstgn filament iﬁmer&ed in the liquid helium bath were iﬁ;
vestigated. The electrical cufrentbetwgeﬁ'thé filament and
‘the sUrrouhding plate-could weli?be QXplained by an ohmic flow
bf.the bubble under a strong space chargé field. The mobi—_.
1lity of the'electron'bubblé ﬁas strongly fiéld.dependent and
thé foton création process was newly'introduced for the bubbie'
moﬁion.in=addition to the well known.processes of the phdnén

- and roton scatterings and the interaction between vortex and

ion.

410
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§ 1. Introduction
Since the mobilities of charged particles in éupeffluid
- O P

. helium II were measured by Careri et al.’ 2)

and'Mejer and Reif$
various prbperties of'chafged impurities 1n-£he'liQuid bath
have been investigated by many rgseachers. The main technidue
for generating charged particles in liquidAheliuﬁ was.tﬁe
isotope_method. a-particles emitted from the polonium isotope
immersed in the liquid helium bath produce bqth + and - ions
with the charge ihtensity of aboutllosnwloz/cc. On the other
hand, several methods for generation of more dénsé'charge
carriers in He II were tried by other groups. .Of tﬁese'new-
techniques, the hot.filameht metﬁod initiatedjby Spanglef and
Hérefdrd3)_seems to be useful for tﬁe electron bubble study -
becauéeit'supplies'only'the.electronlbubble and no other + or
I-‘charged particieé.- They operated tungsteﬁ filaments of 3
and 5 ¢ diameter in liquid He II at temperatures up to 2500 K
and have measured electron bubble currents as high as O.SIﬁA
injected ipto fhe He II bath. ‘.As a_result of a stable vapor
film or sheath which forhs around a heafed filament, it 1s
thermally insulated to a high degree from the bath. To inves-
‘tigate the thermal electrons emitted from the filament; fhey-
made a diode consisted of a éfraight 1.5 cm,léngth_of tungsten»,
wire sufroundéd by a 2 ecm diamefér\ggld plated cyliﬁdfical |
brass_anode.'_ They found the.ivhchafacteristié bf the diode
 atw1.3_K as is shown in Fig. 1. It was-poinfed-out that the

sheath is a surprisingly good thermal insulator. In the case

.'...52.—



of e_3'um diameter filament, for example, a temperature of
1650 K was obtained in vacuum at a filament power of 117 mW.

. When it was immersed in He II at a depth of 5 em, 168 mW was
required to obtain the same tempereture. Hence,,the'He 11
bath was dissipatiog only 51 mW or approximately 30 % of the
total filament power, the.remeinder belng radlated. Such a
Surprising heat insulation was recently analysed by our groupy)
In this paper; the electronic properties of the diode are

‘analysed. As will be seen in the following sections, the

'curious Ivhcharacteristics obtained by?Spangler et al. can be’

' understood by assuming a strong space charge field in the diode;

- 8 2 IV;Characteristic under a Space Charge Field

It 1is convenlent to derive a general formula for explaining
the relation between the current I_and the-voltage V before
going to discussrthe.experimentel results. Consider a two
_‘dimentional diode.consisted of.a filament with radius r, and
an anode or plate with radius r, as is shown in Fig. 2. r'rl'
is the gas sheath radius which is usually of the order of 100
um§) The anode radius r, was ohanged between 0.1 and 1 crl.

As the-filament'temperature‘increases, the emission‘current-
io of thermal electrons with mass m and\charge e increeses:

eocording'to the well known Richardson formula,

18



(Umemk®T?/n3)exp(-¢/KT) ,

where ¢ is the work function of tungsten metal and was deter-

mined by Nichols6)

as H,5 eV.  The total current of thermal
. electrons. from the fiiément_ﬁer'unit length can be.éalcuiated
by using eq.(l) and the result shows that it is about 1 mA

{ 103_ﬁA) when the filament temperature'is.QSOO K. _On'th‘e'-i
other haﬁd' the observed cﬁrrent in'the-liquid was less than.
1 uA. Hence it is strongly suggested that the current is
'suppressed by Space charged around the wire

The electrlc field E under a space. charge density P can be

_obtained by solving
div E = dwp/e, - (1)

- Where € represents the dielectric constant which is assumed to

be unity. IBq.(1) is solved without g and 2 dépeﬂdénbes in the

eylindrical coordinates and the equation is written by

lHE(r)/drt+ E(r)/r =‘4ﬂé(r)“= ﬁwen(r),* | .1 (2)

where e is*the'eléctron charge and‘ﬁ is.therelectrdn;density /cc.

The total current I under a drift velocity v(r) is written as

I = 2ﬂrp(r)tfr> = 2nérn(r)?(rit : S - (3)

19
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2)

_As was 1ntroduced by Meyer and Reif the mobility model is

assumed. This means that the relation
v(r) = WE(r), c Y

is applicable in the liquid where u shows the mobility of the

electfon bubble. Using eqs;(2)~g(4), one finds aneqﬁation;

rE(r)dE/dr + E(r)2 - 2I/u = 0. (s .
This equation is easily solved by réplacihg E(r) as F(r)/r and

‘the following relations are obtained:

- w2 A (3
E(r) = (Vy/rp) (v - 2%/, )
wir) = w(Vye)( r2 = 222, (8)
n(r) = (V /4mer,)( r - r'_.L)"'l/2 - (9)

- where V_'is thé vQItage'dirferénce;befween the cathbde énd anode

andrafCOndition f22érl is used. To_obtaih eqs.(ﬁ)ée(gj,'the
field'gfadient'dE/dr at ry is. assumed to be zZero as a boundary'”
'condition. It should be noticed that the field gradlent at

: the vacuum tube cathode is usually zero and this boundary con—_.

dition is satisfied if the cathode have an -enough power of the
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eleetron emission. A slight difference from the vecuum'tube
is that the gas sheath-is regerded as a part of the eathode.
This assumption seems to be'appropriate because the electfon
mobility in the sheath is much larger than that in the liquid.
and the field gradient in the sheath may be substantlally zero.
It is also noted that there is a well known relation in the

vacuum tube dlode given by Iccv3/2 but it changes to I°‘-V2

in
the 11quid'helium diode, as is shown by eq.{6). This is due

'to the fact. that the ohmie assumption or the mobility model is
used  in 1iquid He IIT) while the free electron acceleration

~ occurs in_vacuum,tubes.

§ 3;‘Bubb1e—Vortex‘Interaction

Taking logarism of eq.(6), one can get the relation,’
log, oI = logyo(u/2) +1log;o(V /o), (10)

This means thatdﬁhe iv;curve in Fig. 1 should be linearfif the_"
'-mobllity would be field independent. ,'As an example a theoretical
line is drawn with the bubble mobility at 1. 3 K determined by
Meyer and Reif?)" Roughly speaking, the resultant tangent of
the‘experimeﬁtel data is in.accerd with the theoryfbut'the
_absolute values are denéiderabllﬁ'emeil, ',Sq_ﬁe tried to ex-
'plain the discrebency by doing_mere.systematic_experiments,

 Pig. 4 shows a schematic view of the_abparatus{used_infdur study.
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' As the cathode filament, a commertially available tungsten wire
with 9.1 Hm in diameter and about 1 cm in 1ength was ‘used .'
VThe four terminal method was used for all electrical measurings
as is usually done in semiconductor study because the electrical
contact between the wire and copper lead uas not always guaran-
4-teed'because of the'small diameter of the filament. 'The'gas
sheath around the wire is unstable ‘when it is placed near the
11quid surfaceqand the instabillty 1arge1y afects on the plate
current so that almost of all measurements were done more than
10 cm below the liquld surface t

. Flg. 5 ‘shows the temperature dependence of the plate current I
under a constant cathode—plate voltage. If the electron bubble
- were ruled by the bubble moblllty,,the_current.should decreasez)
under an increasing temperature<of}the liquid bath but.it'increases'
" between 1.2 and 1.8 K. This result clearly indicates that the
current can not be explained_by the bubble mobility only. iAs
another interaction in the 1liquid helium II in . this temperature
region the bubble-vortex coupling should be taken into accoung 9)
-Meyer and Reif pointed outz) that the bubble mobility above 1 K

is proportional to exp( —A/kT), being A the roton energy, because
the roton scattering process ls;the'main origin:of the bubble
resistivity in liquid He II. "~ In this paper, thefnotation‘ubrls
.uSed;for the bubble:mohility.due~todthiS‘process;\ .Theseffect

of phonon scatterlng on thelmobility is negligible in the present'
experimental conditions. Now the bubble—vortex'interaction

should be considered in the follow1ng way.: the interaction does
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not have a large effect when an external field is small but it
gives a strong resistive_force to the bubble motion giving rise

a large mobility redﬁction?o)

The vortex trapping of bubble
_is'very strong atﬂlow temperatures but it becomes weak when the
lquId temperature increases presumably due to the decrease 1n

8)

cvortex lifetime. ) Con51dering these facts, the IV—charaoteristics
were 1nvestigated at. various liquid temperatures and the main
results_are given in Fig. 6._ Three theoretical lines assuming
‘the'bubble mobilityf%re'also shown-l At low temperature, thelv
.difference is large but it becomes smail as temperature_increases
and the agreement is-fairly well at 1.76 K. aTherefOre; it is"
'concluded that the bubble moves with bubble mobility Wy near
| 1.7 K but the vortex trapping becomes large as temperature dec-
:.reases. . ; . _

A quantitative treatment of the field dependent moblllty due
to vortex trapping is calculated in the following waya First,
we assume that all bubbles are trapped at rg beoause of a:strong-
'turbulent fldw near thelsheath surface. Then the vortex trapped
bubbles move with a small mobility vy, However, a bubble in

“a vortex has an escape probability11 12)

which depends on the;'
fpresence of the external electric field. : Therefore; the'bubble
__becomes free after a certain time elapse ‘and it will move with

11‘)

a mobility Wy after the escape - Cade obtained the,escape

'probabllity‘in the folloW1ng_form:

N/No = exp'[_mot:ex?{‘_gwo - eErm)/kT}} , ; (11)
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where_N and_No means the trapped bubble numbers at t=t, and

t=0, respectively. The trapped energy W_( 45 K), the effectire
'radius r. under an electric field E (35 A), and the characteristic
frequency @, (7x 1012cps) were determined con51der1ng their
results11 12)

. * .
The field dependent resultant mobility u is now can calculate

by connecting two mobility regions.  The average veiocity<:v) is

] Tt U ’ ' ‘ .
R R S AR I V2 [0 I e M VI 3) IR T
T ‘ " I A ! o
where t and t mean flight times with Uy and ub; respectively
.and r 1s the flight distance under the trapped state. These

values are calculated by using eq.(11l) and u 1is obtalned as

=
il

Uv/{( 1 -.uv/ub)( 1 - exp{-z))z + uv/ub) . C(13)
oz = (réwofqu)exp{—(Wo-e eﬁrm)/kfk - , | (14)

Fig. 7 shows the comparison'between the theoretical curve given

| by eq.(13) and the experlmenral results assuming the ratio u /ub
to be.T.S. A good agreement was obtained as 1s seen in the figure.
An‘adjustable pa_rameter.uv is usually very difficult.to obtain

10)_ It is noticed that the IV-curve approaches fo’the

precisely
pure_ . bubble motion line both in the lower and higher field region.
‘This is'explaiﬁed_as follows: in the 1cwefie1d'region; the bubcie
has much chance of escape'becauselof the 1oné drift time while the

escape probability becomes_large.when the field becomes'etrohg;
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- § 4. Roton Creatien Precese Under a Stroné Field
A new prbpertyéof IVechafecteristic'was oblained when the -

electric field-waetincreased up to about 20 kV/em, as is seen
in Fig 8. The current becomes.flat near 8 kV/cm and again
increases at 20 kV/cm region._ The results can be explained

:1n the following way. In usual bubble roton scattering, the
roton creation process does not occur because the kinetic energy
of the bubble is not so iarge. Howevef; tHe bubble will be .
able te make another new roton iftthe velocity exceeds the
critiCal‘Valne vc.determined by |
* 2

c

(1/2)M ve o, : (15) -

' L R :
where A is the roton energy and M 1s the effective mass of
bubble. - v, obtained from eq.(15) is about 60 m/sec.  If is
. usually aceepted that the drift velocity of bubble does not

exceed v 10)

‘However, it 1s pointed out that the bubble has -
| an enough energy to make new foton under an electric field of
ebout 10 kV region because the escaping bubble from the vortex
can get more energy than A during the free acceleration time._,
The crltical electrlc field E to reallze this condition is

given by
(1/2)M v,.= eE <LJ, (16)

where<:L> is the mean free path of the bubble and 1t is easily
2)

calculated by using Meyer and Reifs formula. The result shows

- 10 -
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that B, 1is about 5 kV at 1.3}K.i ‘Therefore the roton creation
pnocess will occur near this-voltage giving-rise a decfeaeing
:tendence of the resultant mobility in accord with the enperi—
“mental nesults given in Fig. 8.  Then the resultant mobility
"written by “b+ should be reduced conSiderablly, as 1n Fig. 8.
: The roton: creation process is ascertained by 1nvestigating the
temperature dependence given in Fig. 9. As temperature increaseg
the.mean free path decreaees so that the critical field Ec in-
creases in‘accord withfthe experiment although the quantitative.e
treatment is difficult. | | B

As a conclusion, the IV;characteristic of. the diode can be’
- summalized as is shown in Fig. 10; In the reglon A, bubble
moves w1th the mobility ”b coming from the Slmple roton scatt—
ering but the bubble-vortex 1nteraction should be taken into
account in.-the region B. In the region.C,,the escape‘probability
from the vortexfbecomes-large ao that the current again-approches

3) measured-in the B and C regions

to the ublline._ Spangler et al
and their results show a good-coincidence to‘ours. A new
interaction OCcurs.in the region D and the resultant mobility
goea down to.ub+ 'iine;‘namely, the mobility due to the'roton
creation process in- addition to the usual roton scattering.

It is noticed finally that the average bubble density in the .
diode is‘considerably high-and-it seemsrto be useful-for W1de |
experimental studies of the électron bubbles. The average is
easily calculatedhfrom eq.(9)_ané it becomeeraolo/cc at Vo/rééj
kV and also becomes to 10%1/cc at 30 kv. o

-1-
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Fig.

Fig.

‘Fig.

- PFig.

Fig.

Figure Captions -

1. Iv;charactéristic“of s diode in liquid helium II first

observed by Spangler et a13)

A straight)% line 1s drawn
by-eqt(lo) under an assumption'that the mobiliﬁy is deter-"
mined by the roton scattering only..

2. Cut view of the dlode. |

3. Radial dependences of the electric field E and electron

28

bubble density n in arbitrary scale <:n(r)}means the average.

I, Schematic view of the apparatus. " Four terminal contacts
for the-filament'are not shown.

5. Temperature dependehce'of the plate'curreﬁt'under.a
constant voltage. | |

6. TV-characteristic at three temperatures. The straight

lines show theoretical curves based on the constant bubble

moblllty model.

(A) Theoretically deduced curve of the potential energy

of an-electron bubble in a vortex as a functilon of 1ts dis-

tance r from the vortex genter in the preeence of a elect~

rie;field of'l'kV/cm. (B) IV;characteristic curve in the A

vorﬁekrfrapped region. A straight.line is the.IV—curve
without vortex‘interaction:While the other'curVed line is

written using the mobility in eq.(13). Open circles show '

the experimental results.

8. IV-curve under ‘a sﬁrong electric field. Ddtted'linee
show the exper1menta1 results done by Spangler et a13)
9. Temperature dependence of high field IV;curve.

10. Schematic view of total IV;curve.
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PART I1I

Charge Carriers in Liquld He II Produced. by Spark Discharge

Abstract
A New methods of producing various eharge'carriers ahdaneutral

impurities in liquid He'II were developed by making a.spark‘dis—'
eharge plasma just above the.iiquid surface. This methpd can

- . produce + or - charge'carriers‘pfl 1011/cc and the optical and
jtransport properties-of these eahrge carriers-were invesitgated.
.It was found that the plasma in the liquid shows a strong re-
combinatlon effect by the irradlatlon of light having an energy
1arger than W o° where w (0. 6 eV) 1s the dlssociatlon energy of |

an electron from the electron bubble. .



§ 1. Introduction

The - 1ngection of excess charge carriers into liquid He II

1)

‘was done by Careri et ali’and shortly after that Meyer and Reif

establiShed the mobility mode12) based on the roton and phonon

scattering mechanisms. They'used a radioactive isotope Po210

ae'an ion_eeurce. a-particles emitting from the isotope produce
' botﬁ + and - ions in He II and_almosf'all important experimental
results have been obtained by u-sing. this method. It is now
well known that the majoriﬁy pert of negative charge carriers

are eiectrons in the bubbleVStaté)while the positive ions such

as He't form so called iceberg or snowball stateu)

mass was estlmated to be 100‘"200 MH for the bubble and about

4)

50 MH. for the iceberg, where MHe means the atomlic mass of He.’

The eleetronic states of the electron bubble were investigated

5,6) but they are not'so clear yet. -~ The sur-

by several groups

face bound state of electrons was recently observe

0)

including

cyclotron resonance phenomena} - Of transport properties of -

+ and --carrlers in He II, vortex lines and vortex rings play

&% 1mportant roleson the drift velocity and the. charged vortices

‘were 1nvest1gated from: varlous p01nt of viewll)
The 1sotope method mentloned above can supply only about 105

&107/00 of charged partlcles in liquid so that it is not enough

to develope-the extensive studies such as the optical absorption

or Spin resonanee. There fore, various new methods to obtain |

‘high density charge carriers were tried by many groups. In 1968,

: . 12) ' . _ o : _
Spangler and Hereford obtained abqut,log/cc of electron bubbies

The effective

30
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by using a hot tungster filament immersed in the liquid He
batn." In the same year, we initiated to get a dense charge
carriers by the spark discharge method gnd obtained more than
u10 /cc in 1iquid He II. In 1969, Onn and Silirerl ) made a
new source of €lectrons in He II by the field emission method
'.‘using a cold cathode emitter of Al A12 3-Al diode and obtained
about 109/cc electron bubble density. An other field emission .
.method was developed by Halpern et a1¥5) and also oy McClintock16)
to obtain'oonsiderable amount of eiectron,bubbles.. Although'

it is not so'effeCtive to have'high carrier_density, photo
electron production due to. light irradiation was tried by woolf
et’allT} by, using é@mertially available photo tubes and.this |
method was also tried by the present authors’ 13) py the UV dr-

., radiation on Na films. Recently, an effective new method to
oroduce Various:kinds of charged particles and neutral impurities

18) ‘who injected high speed elec-'

-was deve10ped by Dennis et als
trons into the liquid He bath through a thin metal foil. This
'eiectron beam excitationlof iiquid.He made. possible the first
Spectroscopic investigation of the excited states of 1iquid ‘He.
They found that there are many neutral exc1tations such as
excited He atoms~and excited dlatomic He molecules as was first
'suggested by Surko and Reiflg) | |

U As 1s mentioned above, the spark discharge techniques developed
-by;our group can\be considered one of the most useful methodeto
produce high density'charge carriers in 1iquid-He IT and the |
detailed proceduredand tne;mainuresults will te‘shOWn‘in the

present paper.
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§.2 Experimental Procedure

The schematlc dlagram of the spark discharge method used in
our laboratory is.shown‘in Fig. 1. It con51sts of the discharge
electrodes A and B'ln.the helium gas and a collector plate C in
liquid. Sometimes a light shutter D was inserted to prevent
the visible or UV 1ight produced by the discharge plasma and a
grid G was frequently-used to control the current.: In the early
stage of the experlment the AC source was used for E as well
aS‘the DC_source-but the latter was more stable wlth lower noise
80 that”most of all experinental results were ebtained by uslng |
a battery of".1'00~3oo v. care; should be p'aid to keep the 'dis...‘,
'51pated power to be w1thin 0.2~2 watts for the discharge for
avoidlng the unde31rable evaporatlon of llquld helium. :It was'
hard to_get a stable:discnarge below 0,2 watts. . The plds or
minds cbarge current was obtained in the liqaid by applying a
DC voltage E, between plates B and C. ' Fig. 1 showsraacase where
the + charge cdrrent is introduced.. A typical example of the
IV characteristic of the discbarge plasma and the-plate.current
between B and C are shewn in Fig. 2 where the piate-current was
measured when the plate C was one centimeter below the 1iquid.f
-sﬁrfaeef "Asﬁwillgbe sheWn later, the plate'current strongly
depend Qn.the liquid helium depth'and temperature. The maximum
plate current'thus obtained was-about 10—6 ampere which is larger
than that of the hot cathode method developed by Spangler et al‘t)
The spark discharge:method canralso be used.as an ion_squrce of

various kind atoms by supplying other materials into the plasma.
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§ 3. Ionized and Nedtral Excitations in the CGas Plasma 7

Before‘going to discuss various behaviors-of the charge
carriers in the liquid bath, it is necessary to‘investigate
‘many excited states produced by the spara'discharge because -
the composition of the“gas plasma strongly_affects on the pio-
perties of charge carriers in the liquid. - So-we tried to
1nvestigate the discharge phenomena just ‘above the liquid surface
; by the spectroscopic method.

It 1s well known. that the spark discharge in helium gas at
“high temperatures produces various kindsaof neutral excitations
‘such as the excited states of‘He'atom,or the diatomic.molecules
in addition to the-charged particles.:‘.Of-these excited states,
care should be paid to two metastable states 3S and a323,_the ,
atomic and diatomic triplet states, respectively. :The concent-
rations of these states. are expected. to be large because the
life timesof these states are very long..  We observed various
Spectra comlng from the plasma near the liquid surface and an
_'example of the data 1s shown‘in Fig. 3, in which the typical
| pattern'ofisymmotric diatomic rotational spectra is glven.
Thefexcitedlstates_or particles:in the;piasma can be'classified
‘-into'five?groups,-i;e.,htheﬂnentral‘excited,helium‘atodeef
" neutral excited diatomic molecule ..-'He:, i_on‘-i'zed atom He™, ionized
-diatomicimolecule He;,_and free electrons.:; The den51ty of

other ibns‘Such as’Hea*

were negligibly small.
During the preliminary experlment of the spark discharge

method13) ‘it was simply believed that the. charged particles
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in liquid could easily'be supplied from the discharge‘plasma'
into the liquid by ‘applying an electric field E, Howe{rer,

this idea was found to be too simple to explain the experiment.
We found that the plate current between B and C becomes very
small after the light shutter D is inserted. This fact is
difficult to explain from the simple model because the mean free
path of the charge carriers under our experimental condition is
of the order of um so that the shutter ‘which consists of two
;1ayers of the macroscopic 1attlce should not 1arge1y afects on
the plate current. However, the current decreases down to 107 -11
ampere which is about 10 -3 smaller than the-normal current.

Such a discrepancy was removed by 1ntroducing a new mechanism c
of generating charge carriers 1nto the liquid. Instead of the
direct plunge of charged‘particles, we consider:the diffusion of
excited neutral particles from the gas plasma into the liquid.
These particles then ionize by'the irradiation of UV 1ight‘pro—'
duced by the discharge process. . This process also produces‘
visible light but 1ts effect was found to be not so impo_rtant.
'This‘conclusiOn-was-obtained by-changinglvarious kinds of light
filters as an optical shutter D.  Our conclusion is also consis-—

7~9)

tent with the experimentalfresults of surface'barriers for
charged particles at the liquid helium surface |

- One more support of our model was obtained by estimating the
density of various particles in the plasma._ Under usual dlscharge
condition, densities of helium ion, diatomic helium ion, neutral-

diatomic molecule, and electron were estimated to be



35

He™:6 x-107/cc, He2 1 x 1013/cc, ‘and He2 and electron 3 x 1012/cc_

» resPectively. These values were obtained by comparlng the
correspcnding spectrum intensities with their matrix_elementszo)
and the electron density was determined by the charge neutrality.
Altheugh these values are not so precise and show only the crder,
it.is'neticed‘that‘the number of neutral molecules is much larger
than tncse_of the cnarged particles because of the pfesence of

metastable state.

5§ 4, Cherge Carriers in Liquid He II

| As is mentioned ih the previqus'section, the piate current
denends strongly on the liquidfheliun depth and two typicai
examples of the depth dependence for + and - carriers are shown
in Fig . The + current flow was larger than that of the -
ion in accofd with the iceberg and bubble models for these icns.
As these ions are supplied by the ionization of thermally diffused
neutral particles in the liquid batn5 the decreasing ratio of
plate current when the plate depthrinceeses.so large that the
exact vaiue of the 2late current below 5 cm was hard to obtain.
Ae is seen in:the figure, the depth dependence becomes flat
when the liquid is shallow and this was explained by the space
charge effect near the surface, as will be seen later. An
1nterest1ng fact is that,the_current does not show an abrupt
increase due to'the discharge effect Just abdve the surface of
the liquld when the positive ions are pulled by the plate while

are,
a strong discharge effect occurs between B and C when - 1lond pulled.



36

-ThiS'curious effect'was,expiained as-follows;’the plate'C:
abcve the liquid surface is usually covered-by a thin filh of
superfluid helium and the filmracts_as a-prctector for the.
electrical discharge. This assumption was ascertained by
controlling supply of liquid to the film by changing the dia-
meter cf suppOrter rod of_the plate. | When the.diameter.was
small, the liquid He supply from the bath to film along the.
rod surface was strengly limitted so that the'discharge occured
so”easily, as expected. In the case. of negaﬁivé.ion collector;.
i,e., When'the.plate_c is'positife? electrons having.high énergy
in the gas plasma collide with the plate giving rise the:evapo-
ration of many helium atoms from the £ilm so that the plate
exposes out of the 1nsulating llquid.

- To estimate the spacial distribution of ‘the charge carrier
density in liquid -a grid G in Fig- 1 was inserted as a test
' probe moving across the 11qu1d surface and it was found that
the density is extremely large near the surface 'Moreover,
it was also found that the spark discharge produces an automatic‘
polarization even‘when the plate,voltage between B and C goes_
toizero,‘as is-schematically shown in Fig. 5(b). ~ This means
. that the positive'icns are rich in liqqid while the”negative
cnarges‘in-gas-are excess'making-an'electricai double 1ayer
" around the boundary surface. This-fact was_ascertained‘byr
-measﬁring a:spontaneous electrical current appeared betweeh
‘grid and plate under a condition that the plate and grid system

_1s perfectly isolated from the discharge plateSA and B.
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Fig. 5(a) shows an example of the spontaneous current as a
function of the grid position. The plate is placed about

‘ ;O:cm:belou the liquid surface. When the grid cfosses the'.
surface a drastic change of the current occurs as is seen in
“Fig. 5(a) and the result supports the charge distribution model
given in Fig 5(b). . The maximum charge density near the surface
was of the order of 1011 1013/00 both above and below the surface
It is belleved.that photo electrons from the liquid bath are
produced above the surface by the irradiation of.Uvrlight comiué
from the discharge plasma; although_such"an assumpticn is very

difficult to verlfy directly.

-§ 5. Negative Photo Conductivitypdue to Recombination of
Charge Carriers N ' .7 |
‘ When + and -‘charge carriers coexist in the 1iquid bath the
feccmbination of these carriers can be expected.. The first
©  experiment of.the recombination_was done by.Careri et a121)using
a method of direct impact between + and - carriers. Although
the bubble and iceberg models fof the charged particles in liquid
He II ‘were not established at that tlme, they subtantially de-'
termined the collision cxossecticn of these particles
Recently, we found that the recombination is strongly enhanced
| by the irradiation of light and as the result a negative photo
conductivity occurs in the charge‘piasma in 1liguid because'of

the decrease in resultant charge density. After the first

discovery of the negative photo conductivity by a whiteilight, -
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we tried to obtain the wave length dependence of the irradiated
-light using en cptica1 monochfemeter from the infrared to visible
-regicns 'The result is shown in Fig. 6. The recombinaticn
effect becomes large as the photon. energy increases.. It is
notlced that there is a threshold energy near 0.6 eV ( 2 um )
below ‘which the negatlve photo conductivity, i.e.; the recombi—
nation of + and - carriers does not occur. | |

Con31dering these experimental results, we‘introduced a new
model to explain the recombinatlon enhancement due to 1ight.
For an electron trapped in a bubble, it has been believed that
the trapping energy is of the order of 1 eV. ”his was suggested -

5) and shortly after that Fowler and Dexterﬁ?

by Northby and Sanders
theoretically indicated that the energy from 1s level to the
continlum state 1s_slightly 1ess than 1 eV. Recently, Rayfield
Aﬁd Schoepe showed that the energy can be estimated to be 0.7 eVv.
Noticing the fact that our threehold energy is ciose to_tnese '
value, it is easily'concluded thateelectrons in the liquid.bath
becone free from the bubcle Sy irradiation of light naving the
energy highef than 0.6 eV. As the ejeeted.electrons can_meve
so fast in liquid before going‘dcwn to the next bubble state
that the recombinatlon probabillty with coex1sted positive ions

'will be enhanced largely, giving rlse a strong negative photo

conductivity in the system.

- A,lO -
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Figure Captions:

'Fig.'l. Schematic diagram of the spark dlscharge method. hiquid
temperature nas'controﬂed'by—vapor pressure. El waslbet-r
‘ween'100«4300 V and O0~1 kV for Eé The contfol grid G
‘was connected with a suitable bias voltage to B and C.

'_TFig. 2, IV characteristics of the discharge between A and B

| . (cross points) and the plate current between B and C(open

circles) when the positive ions are pulled by the plate C.’

Fig. 3 Examples of He, spectra showing well resolved rotational

‘structures. '
Fig. H Plate currents as a function of the liquid depth Ver-
- tical dotted lines show the pos1tion where the undesirable
7 spark dlscharge ocecurs between B and C._ | o
Fig. 5 (a) Grid current as a functxon of the liquid depth in an
*'arbitrary scale.  (b). Schematic view of the charge distri-
bution near the llquid surface. | ' '
Fig. 6. Coefflclent of the negative photo conductiv1ty as a

function of photon energy(arbitrary scale).
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