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High-temperature electron localization in dense He gas
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We report accurate measurements of the mobility of excess electrons in high-density helium gas in extended
ranges of temperatufg26<T<77) K] and densityf (0.05<N=<10.0) atoms nm?]. The aim is the investi-
gation of the combined effect of temperature and density on the formation and dynamics of localized electron
states. The main result of the experiment is that the formation of localized states essentially depends on the
relative balance of fluid dilation energy, repulsive electron-atom interaction energy, and thermal energy. As a
consequence, the onset of localization depends on the medium disorder through gas temperature and density.
The transition from delocalized to localized states shifts to larger densities as temperature is increased. This
behavior can be understood in terms of a simple model of electron self-trapping in a spherically symmetric

square well.
DOI: 10.1103/PhysReVE.65.056403 PACS nuni®er51.50+v, 52.25.Fi
[. INTRODUCTION the mobility shows a drop of several orders of magnitude

when the density is increased from low to medium values

The transport properties of excess electrons in dense8—12. This drop has been intepreted in terms of a continu-
noble gases and liquids give useful information on the elecOus transition from a transport regime where the excess elec-
tron states in a disordered medium and on the relationshi%OnS are quasifree to a region where they are localized.
between the electron-atom interaction and the properties o here is still controversy about the nature of the quallze(_j
the fluid. The electron behavior depends on the strength of it lectron stat_es in the gas, whe_the_r they are localized in
coupling with the gas atoms and on the response function ubbles, as in the case of the liquid, or whether they are

the gas itself. Therefore, different transport mechanisms an calized in the Andgrson sen$g3]. In theilatter case, the
regimes can be obtained according to the nature of thglectron wave function decays exponentially with distance

electron-atom interactiofrepulsive or attractive the ther- owing to multiple scattering effects induced by the disorder

modynamic state of the gas either close to or removed fron(?f the mediurr{14].

its critical point, and the amount of disorder inherent to the Owing to ”.‘es‘? con3|d(_arat|ons,_|t IS Interesting to Investi-
fluid [1]. gate the localization transition at higher temperatures. There-

Typically, at low density and high temperature, electronsfore' we have measured the mobility of excess electrons in

are quasifree. Their wave function is pretty delocalized and[jherlsel H? gas at telmpel_ratgr_es dgl Et':77) I}f'thBy assuming |
the resulting mobility is large. They scatter elastically off the a ?ec ronshare. olca 'Z‘Z Im |e_1d|ons 0 ((ejgas, a S|mtpte
atoms of noble gases in a series of binary collisions and thguantum-mechanical model provices a good semiguantita-

scattering process is basically determined by the interactioRVe description of the observed behavior of the mobility.

potential through the electron-atom scattering cross section. Il EXPERIMENTAL DETAILS
The mobility can be predicted accurately by the classical '
kinetic theory[2]. The mobility measurements have been carried out by us-

At higher densities, and possibly, at lower temperaturesing a swarm technique in a pulsed townsend photoinjection
electrons may either remain quasifree with large mobi{ily  apparatus we have been exploiting for a long time for elec-
in the case of argonor they can give origin to a new type of tron and ion mobility measuremen$5—17. A schematics
state that is spatially localized inside a dilation of the fluid.of the apparatus is shown in Fig. 1. Briefly, a high-pressure
In this case the mobility is very low because the complexcell (CN), that can withstand pressures up to 10 MPa, is
electron plus fluid dilation moves as an unique, massive enmounted on the cold head of a cryocooler inside a triple-
tity. This, for instance, happens in He and Ne. The mairshield thermostat. The cell is operated between 25 and 330
difference between the two cases is that in the former th&. Temperature is stabilized within 0.01 K.
electron-atom interaction is attracti¢ar) and in the latter is A parallel-plate capacitor, consisting of an emittgy and
repulsive(He and Ne [3,4]. a collector C), is contained in the high-pressure cell and is

The simplest model to describe the behavior of electrongnergized by the high-voltage generator V. A digital voltme-
in a dense, disordered medium is the hard-sphere gas andex (DV) reads the voltage. The distance between the two
practical realization of this system is represented by He. Iiplates delimits the drift space. An electron swarm is pro-
He the electron-atom interaction is pretty well described by aluced by irradiating the gold-coated quartz window placed
hard-core potential and the scattering cross section is fairlin the emitter with the vacuum ultraviol€/UV) light pulse
large and energy independent. It is well known that theof a Xe flash lamp(FL). The amount of emitted charge
charge transport proceeds via bubble formation in liquid Heranges between 4 and 400 fc, depending on the gas pressure
at low temperatur¢5—7]. In gaseous He at low temperature and on
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FIG. 1. Schematics of the experimental appa-
ratus. See the text for a description.

the applied electrical field strength. Under its action, theterpreted as the progressive depletion of extended or delocal-
charges drift towards the anode inducing a current in thézed states and the consequent formation of localized states
external circuit. The current is integrated by the analog cir{13,19. These are assumed to consist of an electron trapped
cuit RC in order to improve the signal-to-noise ratio. Two into a cavity in the fluid. This cavity is referred to as an
different operational amplifier$SA and FA are used de- electronic bubbld1,19].
pending on the duration of the signal. This is recorded by a A similar physical process has been observed also in lig-
high-speed digital transient analyZ&S) and is fetched by a uid [20,21] and gaseous nedi6]. In gaseous neon, the,
personal computer for the analysis of the wave form. data resemble closely to those shown in Fig. 2 and the inter-
Ultrahigh purity He gas with an impurity content, essen-pretation of the electron mobility behavior in neon, as due to
tially oxygen, of some ppm is used. The impurity content iselectron localization in cavities, has been confirmed by
reduced to a few ppb by circulating the gas in a recirculatiomquantum-mechanical molecular dynamics calculati@.

loop driven by a homemade bellow circulat@®C) that The dynamics of the localization process, though not in-
forces the gas to flow through an Oxisorb cartrid@X) and  vestigated experimentally, is quite cleg21,23,24. How-
a LN2-cooled active-charcoal trdeT). ever, even though the localization process were of the
The induced signal wave form of electrons drifting at con-
stant speed is a straight line, and the drift time is easily 10°
determined by the analysis of the wave form. The overall ‘:}
accuracy of the mobility measurements |i&u/u|~5% . 10"} %‘
[18]. S 10-2 'i‘. .3- i)'o
g 10? : ",
IIl. EXPERIMENTAL RESULTS = 3 i
4 om
In Fig. 2, we show the observed zero-field mobility in 10 % %‘._
He atT~26 K. The present data are compared with litera- 105 | Teg 1o g 203K Tn JT=26K
ture data forT=4.2 K[8-10 and forT=20.3 K[11]. At : ‘ L UL

T=26 K,up exhibits the same qualitative behavior ob- o 1 2 I\?(ato:ns nn51'3) 6 7 8
served earlier at much lower temperatures. As the gas density

increasesu, decreases by nearly five orders of magnitude. FIG. 2. Experimental zero-field mobility, as a function of the
The continuous transition from the low-density, high- gas densityT=26 K: present workT<26 K: literature data at

mobility region to the high-density, low-mobility one is in- T~4 K [8-10 and atT~20 K[11].
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FIG. 4. Zero-field mobility o as a function ofN for T
FIG. 3. Density-normalized mobilityeN as a function of the =26, 34.5, 45.0, 54.5, and 64.4 K.
reduced electric fielEE/N at T=34.5 K for several densities\

=0.154, 4.17, 4.66, 4.83, and 5.56 atomsrindfrom top). . .
b P experimentup to~7 kV/cm). At such densities, almost all

Anderson-type[13], i.e., self-localization of electrons with ©f the electrons are localized in bubbles. Even the highest

energy below the mobility edge as a consequence of selglectric field reache_d in th_e experiment is not large enough to
interference of their wave function induced by the mediumn€at up such massive objects. The electronic bubbles, there-
disorder, nonetheless electrons might wind up by forming©re: remain in equilibrium with the gas atoms.
electron bubbles because of the repulsive electron-medium At intermediate values df, the behavior ofuN is quite
interaction and medium compliance. The real existence ofomplicated. At smalE/N, N is constant, while at larger
such electron bubbles has been also confirmed experimef/N, #N reaches a maximum and finally, at even larger
tally by infrared absorption spectra in liquid Hi25,26. E/N, it meets the classicalE(N) ~** behavior. The same

Once all of the electron states are localized, the resultin§uPerlinear behavior of the drift velocity of electrons in
Lo iS ot zero because the gas is compliant enough to alloWense He gas was observed also at very low temperatures but
the large complex structure made of an electron plus th&0 interpretation was given th¢a0]. .
associated bubble to diffuse slowly and drift under the action The complex density and field dependence of the mobility
of an external electric fieldlL]. prewously described foF =34.5 K is observed at all inves-

The main difference between the present data and those #gated temperatures. o _
lower temperatures is that the transition to low mobility ~ This observed behavior can be easily interpreted in terms
states is shifted to larger density values. Bt 4.2 K the of the fo_rmatlor_1, at Iarge\I, of electron states that are self_—
transition can be considered complete at a density trapped in partially f_|I_Ied bubl_)Ies. These are very massive
~2 atomsnm?3. At T~20.3 K the final state is reached for @hd have low mobility. By increasing the electric field
N~4.8 atomsnm?, while at T=26 K in our experiment strength, bubbles may be either destroyed or their formation
this density has moved td~6.2 atomsnm?. This is even  MaY be inhibited, so that electrons are again free and very
more evident at higher temperatures. mobile. The same behavior @fN as a function of£/N has

It is clear that the formation of localized states is notP€€n observed also in neon gas and the same interpretation
related to the presence of a nearby critical péihe critical  Of the data has proven successfib]. Moreover, there is
point of He is at T,~52 K and density N, expenmentall eV|dence§_21] that quasﬁree_, highly m_ob!le _
~10 atomsnm?). It rather seems related to the competi- electrons do indeed exist at high el_ectrlc_ fields even in liquid
tion between the thermal energy of electrons and the frede, where they are usually localized in bubbles at small
energy of localization. Therefore, it appears reasonable thdtelds. ) ) o .
the localization transition shifts to larger densities for higher N Fig. 4, the zero-field valug., of the mobility x is

temperatures in order to achieve more favorable free enefOWn as a function of the density for the investigated
gies. temperatures. In this figure the shift of the localization tran-

The localization transition can be noticed also by obserySition to largerN for increasingT is clearly shown. For
ing the electric field dependence of the mobility. In Fig. 3,145 K the transition has not been tracked down com-

we plot the density-normalized mobilityN as a function of ~ Pletely because the pressure required to reach such farge

the reduced electric fiell/N at T=34.5 K for several den- Vvalues exceeds the capacity of our apparatug (
sities. =<10.0 MPa). Nonetheless, it is evident that the localization

At small N and low E/N. electrons are in near thermal phenomenon occurs also at high temperatures provided that

equilibrium with the gas atoms andN is constant. A&/N  the density is large enough.
increasesuN decreases, eventually reaching tig/N) ~*2

dependence expected on_the bas_is of the clgssical kinetic IV. DISCUSSION
theory because the scattering rate increases with the electron
kinetic energy[2]. A description of the observed behaviorwf as a function

At high N, «N is very low and practically independent of of N is very difficult. In fact, it must deal with the mobility of
E/N, at least for the highest electric fields of the presentwo charge carriers, the extended and the localized electron,

056403-3



A. F. BORGHESANI AND M. SANTINI PHYSICAL REVIEW E65 056403

and it must also treat correctly the probability of occupation
of the two states as a function of the density.

A further difficulty is that, although the mobility of the
localized electron, i.e., of the bubble, is rather well described ~
by the simple Stokes hydrodynamic formuja,=e/67 R, < 08
where 7 is the gas viscosity andR is the bubble radius >
[19,27), the description of the mobility of the extended elec- 0.4
tron states is still rather controversial, also because the local-
ization transition is not as sharp as desired, as, for instance,
in the case of N¢16]. 0.0, 5 10 15 20

Several theoretical models for the description of the qua- N (atoms nm™)
sifree electron mobility in dense noble gases have been de-
vised on the basis of the Boltzmann formalism of kinetic
theory[3,13,14. Their common feature is the realization that
the multiple scattering effects concur to dress the electron-
atom scattering cross section. Vo(N) =Ex(N)+Up(N). (1)

In particular, it has also been suggesf@8] that, when
the ratio between the electron thermal wavelengttand its ~ Up is a negative potential energy term arising from the
mean free patl’’; is A1//;~1, the scattering rate diverges screened polarization interaction of electrons with the gas
[13,28 and electrons get localized as a consequence of thatoms.Ex(N) is a positive kinetic energy contribution due to
interference of two scattering processes: the scattering offxcluded-volume quantum effects.
several different scattering centers and the time-reversed Owing to the small He polarizability), can be neglected
scattering sequend®9]. This model naturally introduces a thus yieldingVy~Ey . It has been showfi6,34,38 that Ex
mobility edge, an energy below which the electron waveis quite accurately given by the Wigner-Seitz model
function does not propagate.

Although this mobility-edggME) model describes quite h2K32 3
well the electron mobility in dense He gas, it has two main Vo:m, tarfko(rs—a)]=Kgrs 2
drawbacks. The first one is that it works correctly only for
He, because its scattering cross section is large and nearly o ) )
energy independent. For Ne, for instance, it does not cordS shown in Fig. 5. In Eq2), re=(3/4mN)"is the Wigner-
rectly describe the experimental data because of the strorfgeitz radiusa is the electron-atom scattering length, dqd
energy dependence of the momentum transfer scattering the ground state momentum of the electron. Owing to the
cross section30,31. fact that the electron-atom interaction is essentially repul-

Moreover, it is well known that, in liquid He, electrons sive, Vo(N) is positive and increase monotonically with
trapped in stable cavities within the fluid have been observed@his means that the lower is the gas density, the lower is the
by infrared spectroscophl,25,2§ and this observation has ground state energy of a quasifree electron. This density de-
been confirmed also by quantum-mechanical molecular dypendence oWV, is the main physical reason for electrons to
namics calculationd32], while the localized states, de- favor regions of lower than average density.
scribed in the ME model as those with energy below the V, fluctuates since thermally activated fluctuations of the
mobility edge, are not only propagating but do not even redensity are present, and electrons can get temporarily local-
side in cavities. Even a static disorder produces localizedzed in a virtual or resonant state above one such density
electrons in this ME model. It is of course possible that afterfluctuation where the local density is lower than the average
localization electrons could deform the fluid to produceone[1,39].
bubble states, but the observed drop of mobility is not attrib- If the electron-atom interaction is strongly repulsies in
uted here to bubble formatidi.3]. the case of Heand if the fluctuation is sufficiently deep,

In view of these considerations, we adopt a simple modethere can be formation of a self-trapped electron state, whose
[33] that describes the formation of the self-trapped electrorstability can be determined by minimizing its free energy
states as a process of localization in a quantum well. Thevith respect to the quasifree state.
mobility of the quasifree electrons is treated in terms of a We therefore assume that localized electron resides in a
different, heuristic model developed in our laboratory thatquantum square well of spherical symmetry. The well radius
encompasses the several multiple scattering effects presentimR.
the scattering process of an excess electron in a dense gas.Since the gas has no surface tension and since the tem-
We use such a model because it has given excellent agreperature is pretty high for He atoms to have significant ther-
ment with the experimental data in Ni&5,16 as well as in  mal energy, we must allow for some He atoms penetrating
Ar [34]. into the cavity and dynamically interchanging with outside

In addition to the usual thermal energy, electrons in theatoms. We thus assume the bubble to be partially filled with
propagating state have a ground state ensfgiN) that de-  densityN;<<N and filling fractionF =N;/N<1. The electron
pends on the density of the environmg®b,36. Vo(N) con- is thus subjected to the following spherically symmetric po-
sists of two contribution$37], tential:

FIG. 5. Ground state energyy(N) of a quasifree electron as a
function of the gas density.
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V; for r<R 140 035
Vo for =R, gm
S 100 j0.25
whereV; is defined as the ground state energy of an electron -g sl 020 é
inside the bubble. Sindd; <N, V;<V,. The potential inside ot -
the bubble must take into account also the contribution of the & ¢ 015 <
polarization energy due to the outside gas. If the bubble were B 40f Vo 0.10
empty, the polarization energy could be written a$33] W 20_/ ] 10,0
V(EN)-fea(8me RYIN(1-F)
P e? N 3 @ e 8 1000
P= T 2(4meR) ©® r@y)

FIG. 6. Radial probability density for thewave ground state in
the partially empty spherically symmetric square well. The dis-
tances are in units of the Bohr radiag.

Since the bubble is only partially empty, the polarization
energy contribution can be written to first order[a§]

a62

2_2
" 2(amen) (LTPN: @ "om

((:p: 2__
RO~ 8m(Vo—vy) -

®

In this case the potential energy of the electron inside th

%or each valuR>R, the eigenvalue equatici6) is solved
bubble can be cast in the form var 0 igenvalue equatiof) i v

for X;, and the eigenvalug, is calculated from Eq(7) as a
function of the gas density and of the filling fraction of the
bubble.

In Fig. 6, we show the shape of a typicalvave solution
of the Schrdinger equation. The excess free energy of the
localized state with respect to the delocalized one can be
computed as

Vi:VF+5P' (5)

with VE=Vy(FN), i.e., theV, value at the density of the
interior of the bubble.

A solution of the Schrdinger equation is sought for the
lowest bounds-wave state, if it exists, of energy eigenvalue

& iny the first eigenva}lue is relevant because tlhe tempera- AA=E+V+W—V,, (9)
ture is quite low. IfR(r) is the ground state solution of the
radial Schrdinger equation, the functiof(r)=rR(r) ful- whereW is the volume work, at constaiit required to ex-
fills the radial equation pand the bubble and is given h¥6]
L f w=2Trepl1—p— TPy 10
FJrki f(r)=0 for r<R, =3 P Jenn2 ni, (10)

2

d 2 f =R
ﬁ_ko f(r)=0 or r=k,

whereP is the gas pressure.
In order to find the most probable stateA is minimized
with respect to the bubble radius and filling fraction. Rigor-
Whereki2=(2m/ﬁ2)(51—vi) and k§=(2m/h2)(vo—€l). ously speaking, the minimum excess frge energy shpuld be
By imposing the boundary conditions on the radial WaVeobtalned by averagindhA over all atomic configurations
function at the bubble boundary far=R, we obtain the leading to trapped electron states. This is a formidable task

eigenvalue equation

390
F=0.6
X
- 380 -
tanX= X2 (6) -
. ) £ a0l
with X=k;R andH?=(2m/%2)(Vo— V;)R?. If X, is the so- 5
lution of Eq. (6), then the energy, of the swave state is 4 a0l
LR IRy 7 350 e
l_ZmRz 1 [ ( ) . N=7.8 atomslnm'3
5 10 R(A 15 20
The Schrdinger equation admits solutions if the well @
strength is such that?= 7r?/4. This translates into a condi- FIG. 7. Free energy of the localized state for givEr64 K
tion on a minimum bubble radius for the existence of a so-and N=7.8 atomsnm?® for filing fraction F=0,0.1, 0.2, 0.3,
lution, namely, 0.4, 0.5, and 0.6 as a function of the bubble radius.
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FIG. 8. The excess free energy, minimized with respect to the FIG. 10. Minimum excess free energy of the localized state as a
bubble radius, as a function of the filling fraction fax¥ function of N for severalT.
=5,5.3,5.5,5.7,6,6.3,6.5, and 6.8 atomsrinfor T=64.4 K

(from top). optimum bubble radiu®g~1.0—1.8 nm, depending oif

andN, is compatible with the observed values in liquid He
and therefore, to a first approximation, we adopt the[1]. The density dependenceRf andFg at higher tempera-
optimum-atom-concentration fluctuatiphd], i.e., that which  tures is similar. However, as a general trend, at high and
causes the largest decrease of the system free energy agdhstant densitieRg decreases very slightly with increasing
consequence of electron trapping. T while Fy increases quite a bit.

In Fig. 7, we show the free energy of the localized state The values of the excess free energy corresponding to the
&1+Vi+W as a function of the bubble radius at fixdd  optimum filling fraction and bubble, AAg
=64 K andN=7.8 atomsnm? for several filling fraction =AA(Rg,Fg,N,T), are reported in Fig. 10. Bubble states
values. The excess free energy values, minimized with regigrt forming as soon a&Ag=0, but they are not stable
spect to the bubble radius, are plotted in Fig. 8 as a functioRgainst thermal fluctuations unfiA Ag /kg T|> 1. For a given
of the filling fraction for severaN at fixed temperature. T, this condition is fulfilled only ifN is large enough. More-

For smaller densities, this excess free energy minimizegyer, by inspecting Fig. 10, we see that a given valuA A§

with respect to bubble radius at constéhandT is a mono- s gbtained at increasingly higher densities as the tempera-
tonically decreasing function of the filling fractidf. This  {yre is increased.

means that the incipient bubble is not stable. It gets more and | Fig. 11, we show the values of densily* where

more filled until it disappears completely. AAg=0. At this density, localized and delocalized states are
Stable states, marked by a minimum of the excess fregqyiprobable. In agreement with the experimental observa-

energy, only appears at higher densities. Such stable statggy on mobility, N* increases withT. This means that

are now sought by carrying out a second minimization proyyphles become stable at largdrwhen T increases, both

cedure of excess free energy as a function of the filling fraChecause electrons have more thermal energy and because the

tion F. o _ _ volume work to expand the bubble increases with the tem-
This double minimization procedure finally yields the op- perature.

timum values of filling fractionFg and bubble radiuRg, Once the minimum excess free energy has been com-

shownin Fig. 9 forT=26 K as a function of the gas density. pyted, the fraction of bubble and quasifree states is readily
From Fig. 9 it can be seen that, at consfiribubbles tend  c5jculated asig /ng= exp{—AAg/ksT}. The observed mobil-

to become smaller and emptier as the density increases. The
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FIG. 9. Optimum equilibrium filling fractiorFg and radiusRg FIG. 11. Density valuesN* where localized and delocalized
of the electron bubble fof =26 K as a function of\. states are equiprobable.
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FIG. 12. Zero-field mobilitywo vs N for T=26 K. The solid N (atoms nm™)

line is Fhe mobility of quasifree electron states. The dashed line is g, 13,  Zero-field mobility wx, vs N for T
the weighted average mobility. =26.1,34.5,45.0,54.5, and 64.4 K in the high-density region
(from left). The solid line is the calculated average mobility.

ity is then a weighted sum of the contribution of the mobili-

ties of the two stateg19,40. For the bubble state the semi- _ - .
hydrodynamic mobility well described by the heuristic model and also the density

where the localization transition occurs is reproduced with

satisfactory accuracy. Similar results are obtained for the
__ ¢ 97y higher temperatures.
U= 1+ (12) , . A :
67 7Rg 4ANRg(2mmkgT)2 In Fig. 13, we show the experimental mobility in the high-
density region for 26.T<64 K with the average mobility at

has been usef27], where is the gas viscosity41]. hlgh density calculated according to the presen.t model. This
For the mobility of the quasifree states, we have used thf9ure clearly shows that the present model quite accurately
results of the heuristic Padua model, succesfully exploited iRredicts the shift of the localization transition to higher den-

Ne [15,16 and Ar[34]. The quasifree electron mobility can Sities when the temperature is increased, although it does not
be written ag42] fit the data with great accuracy.

The electron mobility in dense He gas shows two distinct
whereh is the Planck’s constanB(0)=NkgTy7 is the long- ~ "€gimes at low and highi. At low N the states of the excess
wavelength limit of the static structure factor aggl is the ~ €lectrons are extended, while at highelectrons are local-

gas isothermal compressibility;=h/\27mksT is the ther- ized in bubbles. Both states are present aiNalbut bubble
mal wavelength of the electron. Finally* is defined as states become stable, at fixédonly if N exceeds a certain

value N*. The measured mobility is a weighted sum of the
1 . . contribution of the two kind of electrons, quasifree and lo-
A* :_(kBT)Zj —— el-ekaNge, (13)  calized.
N 0o omi(€+Ey) A simple model of electron localization in a quantum
square well explains the observed fact that the localization
whereo e+ E}) is the momentum transfer scattering crosstransition shifts to higheN asT increases. It also semiquan-
section evaluated at the electron energy shifted by the kinetittatively describes the observed mobility. The agreement of
contributionE, of the ground state energy shify. We recall  the model with the data, however, is far from satisfactory.
here that, for HeE,~V,. The exponential factor in Eq. 12 is More sophisticated models, namely, those based on the so-
due to O’Malley[14]. This model includes the three main called self-consistent-field approximatipt9,44], where the
effects of multiple scattering34]: (1) the shift Vy of the  density profile of the bubble is self-consistently calculated
ground state energy of a quasifree electron in a medium adlong with the electron wave function, can be used but their
density N; (2) the correlation among scatterers taken intoresults are not very different from the present ones.
account by the static structure fact®(0) [43]; (3) the in- Among possible reasons to explain the discrepancy of the
crease of the scattering rate due to quantum self-interferenggesent model with the experimental data, there could be the
of an electron multiply scattered in a time-reversed sequenciact that the bubble model is a simple two-state model and
by the same scattering centdi29] and described by the neglects the possibility that bubbles have a distribution of
O’Malley factor in Eq.(12). radii and filling fractions. Moreover, even the description of
In Fig. 12, we show the results of the model for mobility of the quasifree electrons is not yet completely
=26 K. The quasifree mobility in the low-density side is satisfactory.
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