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Infrared spectrum of the electron bubble in liquid helium
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The energy of the ground-state —to-first-excited-state electronic transition in the electron bubble
in liquid helium has been measured at 1.3 K and found to be 0.122 eV at a pressure of 1.1 atm and
increasing to 0.209 eV at 18.3 atm. The spherical-square-well model of the electron bubble accounts
well for the transition energies if the effective surface tension is taken to be independent of pressure.
This model also yields improved values for the electron bubble radius as a function of pressure. The
position of a line in the P-T plane where the photoconductivity signal vanishes indicates that trap-
ping of electron bubbles on vorticity plays a role in the detection mechanism.

INTRODUCTION out of "traps" on vorticity can account for our observa-
tions.

It is well established that an excess electron in liquid
helium resides in a cavity or bubble of radius =17 A at
zero pressure. ' The electron bubble state occurs because
the Pauli principle repulsion between an electron and
helium atoms is strong, while the attractive polarization
interaction is weak. The electron bubble that results is
very nearly a textbook example of an electron confined in
a spherical-square-well potential about 1 eV deep.

Spectroscopic studies on the electron bubble were first
reported in 1967 when Northby and Sanders observed
electronic transitions from the ground state to the contin-
uum at a wavelength near 1.0 pm. Their photoconduc-
tivity measurement was extended by Zipfel et al. to finite
pressures and longer wavelengths (2.5 pm) where transi-
tions to a bound state were observed and tentatively in-
terpreted as the 1s-1p transition. ' Later calculations by
Miyakawa and Dexter (MD) indicated that the observed
bound-state transition was probably the 1s-2p transition
and that the ls-Ip transition, which has 97% of the oscil-
lator strength, should occur at still longer wavelengths
(near 11 pm).

In this article we report the first measurements of the
energy of the 1s-1p transition and its dependence on pres-
sure for pressures to 18 atm. Our results thus confirm the
interpretation of MD that Zipfel had observed the 1s-2p
transition. Now, with more complete spectroscopy data
available, we can use the spherical-square-well model to
examine whether the well depth Vo and the surface ten-
sion o. vary with pressure as expected from simple con-
siderations. We find that our data and those of Zipfel
agree well with the spherical-square-well model if Vo(P)
has the expected pressure dependence while o is taken to
be independent of pressure instead of having the expected
rapid increase.

We have employed a simpler photoconductivity tech-
nique than was used by the earlier workers. We find evi-
dence, as they did, that trapping of the electron bubbles
on vorticity in the superfluid helium plays a role in the
photoconductivity detection mechanism. However, as
discussed below, we do not feel that simple photoejection

APPARATUS AND PROCEDURES

The source of infrared radiation for the experiment
consists of a Nernst glower operating at 1750 K, a light
chopper, and a diffraction grating monochromator hav-
ing f-5 optics. The radiation from the monochrometer is
focused into a 0.95 cm i.d. polished brass light pipe which
guides the radiation to the experimental cell which is im-
mersed in a pumped helium bath. Zinc selenide windows
are mounted near the ends of the light pipe to permit its
evacuation. The incident radiation is concentrated by a
polished brass cone and enters the top of the experimen-
tal cell through a 0.6 cm i.d. or smaller opening. Two ex-
perimental cells have been used. The simplest is a circu-
lar cylinder 0.625 cm in diameter and 0.625 cm high con-
taining near its center a single electrolytically sharpened
tungsten field emission tip which serves as a source of
electrons. The other cell is a 1.56 cm radius hemisphere
containing five field emission tips, and has a mercury cad-
mium telluride (HgCdTe) photoconductive infrared
detector coupled to the cell through a 0.3 cm diameter
opening. This cell yielded useful photoconductivity data,
and was also used, unsuccessfully, to search for transi-
tions in direct infrared absorption. The interior surfaces
of both cells are goldplated polished brass. The cell is
contained inside a cylindrical vessel that is designed to
withstand pressures to 35 atm. The static pressure in the
vessel is measured by a commercial capacitance manome-
ter at room temperature, while the swept pressure is
monitored by a small Straty-Adams-type pressure trans-
ducer coupled to the vessel by a short length of capillary
tubing. '

In a typical experimenta1 run, the pressure vessel and
cell are evacuated and flushed with helium gas at room
temperature. The apparatus is then cooled to 4.2 K and
helium is condensed until the vessel and cell are com-
pletely filled with pressurized liquid. The helium bath is
then pumped until the desired temperature is reached.
The infrared source is turned on and the radiation is
chopped at a low frequency ( = 10 Hz). Application of a
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negative potential of 1500—3000 V to the field emission
tips produces an electron current through the liquid heli-
um of up to 1 pA. The current to the cell wall is moni-
tored by a fast electrometer which is ac coupled to a
lock-in detector. The lock-in detector derives its phase
reference from the chopper, so its output is proportional
to the ac component of the electron current at the
chopper frequency.

EXPERIMENTAL RESULTS AND DISCUSSION

Experiment

Experimental traces can be taken by s~eeping either
the liquid helium pressure or the wavelength of the in-
frared radiation. When pressure is swept the wavelength
and infrared power remain constant, but the field emis-
sion current (at constant voltage) varies with pressure.
When the wavelength is swept, the pressure and field
emission current remain constant, but the infrared power
into the cell varies with wavelength. In this case, we can
normalize the signal (lock-in output) to the photon flux in
the cell by utilizing our HgCdTe detector to monitor the
photon flux. A representative wavelength sweep normal-
ized to the photon flux is shown in Fig. 1, where the 1s-1p
transition line appears at 6.8 pm. The large linewidth of
=1 pm arises from thermally excited vibrational modes
of the bubble and is discussed below. By fitting a Gauss-
ian line shape to the normalized data trace, we can readi-
ly determine the transition wavelength to within
+0. 1 pm ( =+1%). The absolute pressure applied to the
liquid helium is measured by a capacitance manometer to
an accuracy of +0.1%. The temperature for the trace in
Fig. 1 and for most of the work reported here is =1.25

K. The transition wavelength is independent of tempera-
ture in the small temperature interval where we took
data.

Results and discussion

The principal result of this work, the observed transi-
tion wavelengths and the corresponding pressures, are
displayed in Fig. 2, where wavelengths have been con-
verted to energies in eV. The calculated curves in Fig. 2
are discussed below.

At this point, it is instructive to review simple models
of the electron bubble. In the simplest model the electron
is viewed as residing in an infinitely deep spherical-
square-well potential where the bubble radius is governed
by the equilibrium between the inward pressures due to
surface tension and pressure in the bulk liquid and the
outward pressure due to localization of the electron. The
total energy of the electron bubble can be written

ET=E,+—3+R P+4nR 0,
where E, is the ground-state electronic energy given by
R ~ /2m, R, the second term is the PV work done in
forming the cavity, and the third term is the surface ener-
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FIG. 1 ~ The continuous line is a representative experimental
trace displaying the electron bubble photocurrent signal (nor-
malized to the photon Aux} when the wavelength is swept at a
constant pressure of 11.90 atm. The dashed line is a Gaussian
fit to the trace. The 1s-1p transition is centered at a wavelength
of 6.8 pm.
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FIG. 2. Transition energies as a function of pressure for in-
frared transitions observed in the electron bubble photocurrent.
The crosses in (a) are observed points for the 1s-1p transition.
The open triangles in (b) are Zipfel's measured points for the
1s-2p transition (Ref. 4). The solid lines are from a calculation
similar to that of Miyakawa and Dexter (Ref. 5) using a surface
tension that increases with pressure. The dotted lines are calcu-
lated assuming the surface tension is independent of pressure.
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gy. At equilibrium, the total energy is a minimum which
yields the following relation between the radius and pres-
sure:

P=A ~/4m, R —2o. /R .

Taking o. =0.341 erg/cm, the radius becomes 19.36 A at
zero pressure and decreases to = 12.5 A at the
solidification pressure (25 atm). ' The eigenenergies
for the infinitively deep spherical-square-well potential
are derived in elementary quantum mechanics text books.
The 1s-1p transition energy is hE~ =0.105 eV at P =0
and increases to AE, =0.232 eV at 20 atm. Although
pressure affects each term in Eq. (1), its primary effect on
the transition energy is through the reduction in bubble
radius, so even this simple model gives a reasonable esti-
mate of the increase in hE.

Finite spherical-square-well potentials of depth Vo are
also treated in textbooks. The electronic eigenenergies
take the form E„~=C„&(Vo)/R, where the C„&(Vo) are
obtained from simple transcendental equations. The
finite repulsive barrier allows the electronic wave func-
tions to penetrate into the liquid helium which, for a fixed
radius R, decreases each E„I relative to their values for
the infinitely deep potential well. The smaller electronic
energy yields a smaller bubble radius when the total ener-

gy (1) is minimized. The equilibrium radius at P=0
varies as a ' . For a bubble of 18 A radius, the surface
tension exerts a pressure on the electron equivalent to
P =4 atm.

Several articles have presented calculated spectral
properties of the electron bubble. Absorption, emission,
and Raman scattering for pressures to 25 atm have been
treated. In addition to the terms in (1), a small polariza-
tion energy term —(e —1)e /2ER was included in some
calculations. All of the terms in the total energy depend
upon pressure either explicitly or implicitly through the
dependence of Vo, 0., and e on density, and this pressure
dependence is incorporated in the calculations. Fowler
and Dexter (FD) treated in detail the four bound states
1s, 1p, 2s, and 2p in a spherical-square-well potential with
Vo(0}=1.02 eV and o(0)=0.36 erg/cm . They calculat-
ed the total energies of all four states as a function of
bubble radius and displayed them in configuration coor-
dinate diagrams. They deduced the equilibrium radius of
each state and calculated the energies and oscillator
strengths of the electric dipole allowed absorption and
emission transitions. "

For the 1s-1p and 1s-2p absorption transitions MD
(Ref. 5) extended these calculations with greater pre-
cision, included the polarization term, and employed a
range of values for Vo(0), the depth of the potential well
at P =0. MD found that Vo(P) increased about 20%
over the pressure interval 0—25 atm for both an optical
approximation and a Wigner-Seitz (WS) model calcula-
tion. The WS pressure variation of Vo(P) was incor-
porated in their calculations and is used in our calcula-
tions. Their results for the 1s-1p and 1s-2p absorption
transitions for Vo(0)=1.02 eV are displayed as solid
curves in Figs. 2(a) and 2(b). Both MD and FD assumed
that cr(P) varied with P according to the theory of Amit

and Gross. ' Consequently, they took u to vary from
0.36 at P =0 to 0.66 erg/cm at P =25 atm. MD pointed
out that reducing Vo(0) to 0.948 eV improves the agree-
ment with Zipfel's data in Fig. 2(b). However, we find
that reducing Vo(0) has very little effect on the calculated
energies of the 1s-1p transition.

We find, in a calculation similar to MD's, that good
agreement with experiment can be achieved for both
transitions over the whole range of pressures studied if
we retain Vo(0) = 1.02 eV, but take 0.=0.341 erg/cm in-

dependent of pressure. The resulting transition energies
are shown by the dotted curves in Figs. 2(a) and 2(b).

Fitting the spectroscopy data with a surface tension
that is independent of pressure is unexpected. The pres-
sure dependence of o. has never been measured, so several
possible dependences have been considered. As men-
tioned above, the Amit and Gross theory predicts that 0.
will nearly double in the pressure interval 0—25 atm.
Springett et al. ' attempted to derive the pressure depen-
dence of o by combining the R (P) measurements of
Springett and Donnelly' with the predictions of their
Wigner-Seitz model. They obtained an effective surface
tension that increased about a factor of 3 in the pressure
range 0-20 atm. In contrast, an earlier calculation by
Hiroike et al. ' found the surface tension in the bubble
increasing approximately as the square of the helium den-
sity which amounts to about a 35%%uo increase in cr at 20
atm.

These results indicate the need for more sophisticated
calculations of the properties of electron bubbles. Such
calculations need to incorporate the fact that the He den-
sity profile at the surface of the bubble is not abrupt, but
rather varies smoothly from zero to the liquid density
over a few angstroms. The modification of the effective
surface tension due to the presence of the electron also
needs to be treated.

Early variational calculations by Jortner et al. ' and
by Hiroike et al. ' indicated that the helium-electron in-
terface was nearly abrupt, so a square-well model should
be a good approximation. More recently, Padmore and
Cole, using a phenomenological model and variational
calculations, found that the density profile at the surface
of the bubble is only slightly "tighter" than at the free
surface, and that the curvature contribution to the sur-
face tension is very small ( = l%%uo).

' They did not explic-
itly calculate the pressure dependence of the bubble prop-
erties.

Line~idth

Calculations by FD indicate that the absorption
linewidth is primarily due to thermal excitation of the
breathing and quadrupolar modes of oscillation of the
electron bubble. The energy of the final state (lp in this
case} is a rapidly varying function of the bubble radius at
the equilibrium radius of the ground ls state. Quadrupo-
lar distortions also strongly modulate AE, . These two
effects combined lead to a predicted 1inewidth of =0.01
eV for the 1s-lp transition at 1.3 K. The observed
linewidth (FWHM) increases smoothly from about 0.02
eV at low pressures to approximately 0.03 eV at the
highest pressures.
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Electron bubble radius

One of the fundamental parameters characterizing the
electron bubble is its radius. Our spectroscopic measure-
ments yield a direct determination of the bubble radius as
it is defined in the spherical-square-well model where the
transition energies depend only on R and Vo. Choosing a
o(P) that fits the transition energies at all pressures is
equivalent to assigning to a (P) the values that yield the
correct radii to produce the observed splittings. The
equilibrium bubble radius of the 1s ground state calculat-
ed using the parameters from the fit to the transition en-
ergies is displayed as the solid curve in Fig. 3. We find at
zero pressure a radius of 17.2 A which decreases to 11.1
A at 25 atm. We estimate the cumulative errors in the
radius determination to be about +1%. Relative radii
deduced by Springett' from his measurements of the
cross section for capture of bubbles on vortex lines are
shown as open triangles in Fig. 3. He took the radius to
be 15.96 A at zero pressure which is the valued deduced
by Parks and Donnelly' from Douglass's earlier trapping
lifetime measurements. Springett's data points lie con-
sistently 1.2 A below our curve. Ostermeier derived
values of R (P) from his accurate measurements of bubble
mobility in the phonon-limited regime. ' His results are
displayed as the thin vertical bars in Fig. 3, and are in sa-
tisfactory agreement with ours over the pressure interval
covered in our experiment. Poitrenaud and Williams ob-
tained a precise value for the bubble effective mass in a
resonance experiment on bubbles trapped beneath a free
surface. This measurement yielded a single data point,
R =17.2+0. 15 A at I' =0, in excellent agreement with
our result. More recently, Ellis et al. have derived bub-
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FIG. 3. The solid line shows the electron bubble radius as a
function of pressure deduced from the spherical-square-well
model of the bubble using the same well depth and surface ten-
sion as used to calculate the dotted lines in Fig. 2. The errors in
this determination of the radius are estimated to be about 1% in
the pressure interval 1 —18 atm. The thin vertical bars are radii
derived by Ostermeier from phonon-limited mobility measure-
ments (Ref. 21). The wider vertical bars denote radii deduced
by Ellis et a/. from bubble acceleration measurements (Ref. 23).
The open triangles are Springett's results from measurements of
the bubble trapping cross section on vortex lines {Ref. 18}.

ble radii from effective mass measurements for pressures
from 11 to 25 atm. Their results, also displayed in Fig. 3,
lie consistently 1.5% above our solid curve. They esti-
mate that their systematic errors are no larger than
0.7%. However, they also point out that incorporating a
small quartic term in the energy-momentum relation for
the electron bubble could reduce their effective masses by
about 8% and the derived radii by 2%. This would bring
their data into excellent agreement with our values for
the bubble radius. Padmore and Cole, ' in the variational
calculation mentioned above, found a radius of 17.2 A.
They and Springett have emphasized that bubble radii de-
duced from different types of measurements may differ
because they may not be defined the same way.

Detection mechanism

In the Introduction, we mentioned that trapping of
electron bubbles on vorticity appears to play a role in the
photoconductivity detection mechanism. Northby first
suggested that photoionization of bubbles trapped on
vorticity might account for the observed photoconduc-
tivity for excitation from the ground state to the continu-
um. Zipfel noted that at high pressure the photoconduc-
tivity signal for transitions between bound states became
very temperature dependent and disappeared near the
temperature and pressure where Springett found that
vortices no longer trap electron bubbles. MD suggested
that the photocurrent arises from a two-step process
wherein the electron absorbs a photon and makes a tran-
sition to an excited state. Then the excited state bubble
expands to a new, larger, equi1ibrium radius in a time of
order R /vz = 10 " s, where vz is the velocity of sound in
liquid helium. This sudden expansion raises the local
temperature which thermally excites the electron bubble
off of the vortex line so it contributes to the photo-
current. The characteristic time for this detection mech-
anism is quite small, probably & 10 s. Experimentally,
we find that the actual detection mechanism is slow: The
response time is =0. 1 s.

To gain insight into the actual mechanism that allows
us to detect the transition as a photocurrent signal, we
have studied how the 1s-1p transition signal disappears
with increasing P or T. Several P, T, points where the
signal disappeared are displayed as open triangular data
points in Fig. 4. A single data point denotes the highest
pressure where Zipfel observed the 1s-2p transition.

In our experiments, which utilize field emission tips as
electron sources, we expect the superfluid helium to con-
tain a dense tangle of vorticity because electron velocities
in the high field region near the tip exceed the critical ve-
locity for vortex ring nucleation. McClintock has inter-
preted the peculiar temperature dependence of field emis-
sion currents in superfluid helium as arising from a tangle
of vorticity. The field emission current increases as T is
lowered below the lambda point, passes through a max-
imum, and then falls by an order of magnitude or more
before passing through a shallow minimum. The region
where the field emission current is falling with decreasing
T is the region where electron bubbles are spending an in-
creasing fraction of their transit time trapped on vortici-
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FIG. 4. Portion of the P-T plane showing correlation of loss
of photocurrent signal and vanishing of the cross section for
trapping of electron bubbles on vortex lines. Springett and
Donnelly (Ref. 14) found the trapping cross section increased
slowly with temperature in region (a), fell rapidly with increas-
ing temperature in region (b), and extrapolated to zero at the
solid line. The open triangles show the T,P values where the
photocurrent signals for the 1s-1p transition vanished with in-

creasing T. The open circle indicates where Zipfel s 1s-2p pho-
tocurrent signal vanished (Ref. 4).

ty. This is the region where the photoconductivity signal
is observed.

Springett studied the trapping of electron bubbles on
vortices as a function of P and T in a rotating cryostat.
He found that at low temperatures bubbles are readily
trapped on vortex lines by the Bernoulli force, but as the
temperature is increased the electron bubbles can be
thermally excited out of such traps and the trapping
cross section drops rapidly to zero in a narrow tempera-
ture interval. ' ' In Fig. 4 are displayed the three re-
gions of the P-T plane where the trapping cross section is
large and nearly T independent, where it drops rapidly
with increasing temperature, and where it is negligible.
Also shown in this figure are several data points denoting
the temperatures and pressures where our observed 1s-1p
transition signals vanished. These data pints were ob-
tained by determining where the signal amplitude fell to
zero on a recording of the signal amplitude versus T at
fixed P and wavelength. A single data point denotes the
highest pressure where Zipfel observed the 1s-2p transi-
tion. " All of these data points lie near the line in the P-T
plane where the trapping cross section vanishes.

The photoconductivity signal for the 1s-1p transition
weakens rapidly as P decreases below 3 atm, and is lost in
the noise for P & =0.9 atm. Zipfel and Sanders found
that the 1s-2p photocurrent signal also decreased at low P
and was not observable for P ~0.7 atm. Its disappear-
ance was attributed to the long wavelength cutoff of the
glass Dewar walls which were in the optical path. The
disappearance at low P of the signals for the two transi-
tions probably has a common cause. Two possible causes
are discussed below.

The details of the photocurrent detection mechanism
are not understood at this time. Clearly, the vanishing of
our photocurrent signal at or near the pressures and tem-
peratures where the cross section for the trapping of bub-

bles on vortices vanishes strongly supports the assump-
tion that the photocurrent is associated with trapping of
bubbles on vorticity. Any proposed detection mechanism
must also yield an increase in current when the incident
radiation is exciting 1s-1p transitions, it must operate
only over a finite pressure interval, and it must account
for the slow response mentioned above.

A possible explanation for the weakening of the signal
at low P is to assume that the bubble distorts from its
spherical shape. For electron bubbles trapped on vortici-
ty, the anisotropy of the Bernoulli force should produce
an elongation of the bubbles at low P. For a bubble cen-
tered on a vortex line, the 1/r velocity field of the vortex
produces a Bernoulli pressure that is lower by several at-
mospheres near the poles of the bubble than it is at the
equator. For small P, the Bernoilli pressure competes
with the surface tension in determining the shape of the
bubble. We estimate that the bubble may elongate by
several percent. Due to this distortion the electronic
ground state will no longer be a pure 1s state, but will
contain an admixture of excited states. This mixing of
states can modify the selection rules and oscillator
strengths. The elongation of the bubble would remove
the degeneracy of the m manifold of the 1p final state.
This effect might appear as a broadening and then split-
ting of the 1s-1p transition. Distortion of the bubbles
may make some otherwise forbidden transitions accessi-
ble to observation. We have looked for, but have not yet
seen, such effects.

Another possible explanation for the vanishing of the
1s-1p signal at low pressures has recently been advanced
by Elser. He suggests that at pressures above =1 atm
an electron bubble in the excited 1p state is unstable
against a radiationless decay back to the ground state. In
his proposed scenario, the p-state bubble elongates, re-
moving the degeneracy of the m manifold with the m =0
state lying lowest in energy. The elongation continues
while the "waist" of the hour-glass shaped bubble tends
to pinch off. The electron ultimately settles into the cavi-
ty on one side of the waist leaving the cavity on the other
side to collapse with the emission of phonons (heat). It is
the released heat that drives the photocurrent. At pres-
sures below =1 atm the p-state bubble is sufficiently
stable to decay radiatively and not release enough heat to
be detected in our photocurrent measurement.

Finally, we should mention that, using the cell contain-
ing the HgCdTe detector, we have looked for, but have
not seen, a signal due to direct absorption of the infrared
radiation. MD calculated the 1s-1p absorption cross sec-
tion to be about 2X10 ' cm . Taken with our electron
densities ( = 10 cm ) and optical path length ( = 10 cm),
the fractional absorption of the infrared radiation in-
cident on the detector is expected to be about 1:10,
which is too small for us to detect. It might be observ-
able at lower temperatures where the linewidths are
smaller.

CONCLUSIONS

We have employed a simple photocurrent measure-
ment to observe for the first time the 1s-1p transition in
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the electron bubble in liquid helium. This observation
confirms the Miyakawa and Dexter suggestion that Zipfel
observed the 1s-2p transition. The spherical-square-well
model of the electron bubble accounts well for the data if
the eft'ective surface tension is taken to be independent of
the applied pressure. The equilibrium bubble radii de-
rived from this experiment are in satisfactory agreement
with values deduced by Ellis et al. from acceleration
measurements and with values deduced by Ostermeier
from mobility measurements. Our radii display the same
pressure dependence as was determined by Springett
from the trapping lifetime of bubbles on vortex lines.

The locus of points in the P-T plane where the signals
vanish with increasing pressure indicates that the photo-
conductivity detection mechanism involves trapping of
electron bubbles on vorticity.
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