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We repon charge and velncity measurements on multie!ectron bubbles in I~quid helium. Oscillations and fissioning of 
bubhles are observed. 

Nous rappnrtons des mesurcs de charge et de vitesse sur des bultes multiklectroniques dans I'htlium liquide. Des oscillations 
et dcs fisslons de ces bulles sont observkes. 

1Traduit par Ia revue] 
C;ln 5 Phjc 65.1534 (1987) 

1. Introduction Z 

of a bubble (F is the diele~tric constant of liquid helium) gives 
the class~cal *'Coulomb radius" of the bubble (this value is ac- 
curate for the bubbles considered ( 5 ,  6)). For typical charges Z 
of 105- 10' electrons, this yields radii between 10 and 100 pm. 
The electrons in a bubble are confined to a narrow region of  
only a fcw Bngstrorns width close to the bubble surface, owing 
to their mutual Coulomb repulsion ( 5 ) ,  and thus constitute a 
spherically symmetric two-dimensional Coulomb system with 
a considerably higher density (10'"electrons/cm2 and more) 
than in the free-surface case. Thus, the multielectron bubbles 
might provide information on a regime in the phase diagram of 
the 2D electron system that has hardly been accessible ta 
experiments so far. 

We report here initial experiments with such bubbles, meas- 
uring t he~ r  charge and concentrating on some dynamical prop- 
erties like their motion in the liquld helium, oscillations of the 
bubbles, and their stability. 

Electrons nn the surface of liquid helium are localized in the 
direction perpendicular to the surface in a potential well con- 
sisting of the image 11otentiaI (plus holding potential) and a 
potential barrier of l eV duc to the Pauli exclusion principle 
(see ref. 1 and references cited therein). Because their motion 5.10~- 

parallel 10 the surface is virtually unrestricted, they represent a 
nearly ideal two-dimensional (2D) Coulomb system. A charged 
helium surface is stable up to a threshold density of about 2.4 
X I ~ ~ c l e c t r o n s / c r n ~  {see ref. 2, ref. 3 ,  and references cited in 
ref. 3) .  Increasing the charge above this threshold density 0 " -  

recults in an electrohydrodynarnic instability of the surface. - 

2. Experimental details 
Alt expenments were performed in 4He above the X point. 

The electron source was a hot tungsten filament mounted inside 
a small glass tube to localize better the site of bu'bble produc- 
tion. To charge the surface, we applied a negative potential to 

L 

FIG. 1 .  Displacement current at the anode vs. time during con- 
tinuous bubble pduction. Each peak corresponds to one bubble. 

Din~ples with a size of the order of the capillasy length appear; 
they increase in depth until charged macroscopic gas bubbles 
split off the dimple tip (4). Under the influence of the applied 
electric holding field ( 2 3  kVJcm), they are dragged away from 
the surface and move towards the anode immersed in the liquid, 1.111~ 

where they discharge and collapse. 
These multielectron bubbles are stabilized by the surface 

tension o and the hydrostattc pressure p in the liquid, counter- 
balanced by the repulsive Coulomb forces of the electrons. 0 w . I I I q r q n  
Minimizing the total energy 1 T 

the source. By raising the potential to several kilovolts, we. 
could surpass the ins~ab~li ty threshold, resulting in continuous 
bubble production. The bubbles were then dragged to the anode 
about 2-3 rnm below the liquid-helium surface. We observed 
them by means of small-angle light scattering using a He-Ne 
laser. Pictures were recorded by a sensitive black and white 
video camera and stored on tape. The still pictures shown here 
are photographed from the TY screen using the "single-frame" 
mode of the video recorder, providing a time resolution of 
40 ms. 

Bubble charges were measured by recording the displacc- 
ment current, which is produced when the electron bubble moves 
towards the anode. Integration of the resulting peaks gave the 
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bubble  s l q n o l  

FIG. 2 .  Oscillating bubble. (a) shews a bubble track, photo- 
graphed from the TV monitor: (b )  is the photomultiplier signal of a 
similar cvent. Oscillations of the scattered light Intensity w ~ t h  a frc- 
quency around 1 kHz are clearly visible. 

buhblc charge. Typical signals are shown in Fig, 1. We ob- 
served charges Z up to about 10' electrons. Bubbles with Z < 
10%lere not resolved by our apparatus. The Z values of the 
bubbles produced depended on the surface tension and surface 
pwsqure, the potential gradient at the surface, the electron 
current from the source, and also the diameter of the glass tube 
used (about 3 mm); the latter determined the boundary condi- 
tions for surface oscillations induced by the dimple relaxation 
after the production of a bubble. 

By chopping the laser beam, we also determined the velocity 
of the bubbler. The huloble tracks then appeared as a sequence 
of dashes at distances v / f  (u  is the bubble velocity and f is the 
chopping frequency). The bubbles were found to approach a 
constant verocity quickly after leaving the surface; the veloci- 
ties ranged from 2 to 15 crn/s. This implies a time scale of 
some 1 0  rns for the observation of an individual 'bubble in a 
visual field of a few millimetres. 

Recording bubble charge and velocity simultaneously did not 
yield any significant correlation. Also, the measured velocities 
could not be explained by the available data and models on 
bubble motion in liquids (7). Possible explanations of this lack 

Frc. 3.  Track of a fissloninp bubble. Here the laser beam was 
chopped at a frequency f = 370 Hz. 

of agreement are the presence of turbulence in the liquid 
helium and dissipation of energy into oscillations. 

3. Discussion 
We indeed observe such osciIlations of the multielectron 

bubbles. Figure 2a shows the photograph of a buhhle track with 
continuous laser illumination. Obviously the light intensity 
scattered from the bubble is not constant along the path but 
varies noticeably in an oscillatory manner. Figure 2b  shows 
the scattered light intensity recorded with a photornult~plicr 
during a similar event. We interpret these intenqity variations 
as being due to oscillations of the bubbles. This phenomenon is 
observed especially well if the bubbles move from an area of 
h ~ g h  electric field to an area of low electric field. The observed 
maln oscillation frequencies are typically around I kHz, which 
Pies well in the range of the values calculated by Salomaa and 
co-workers 15, 8, 91. 

Oscillat~ons are related also to the question of dynamical 
instability of the bubbles. Above a certain deformation ampli- 
tude, they are expected to become electrohydrodynam~cally 
unstable (9, 10). We in fact observe fissioning of  bubbles as 
shown in Fig. 3 (here the laser is chopped). A fast bubble is 
seen moving downwards and then breaking up into two smaller 
(lower scattered light intensity) and slower (clocer  pacing of 
the dots) bubbles, which move towards lthe anode tip separately 
and on curved paths owing to their mutual Coulomb repulsion. 
Another source of instability is decay by tunneling of single 
electrons into individual single-electron bubble states (some- 
times called "negative ions" (3)), which cannot be observed 
opricalEy owing to their small size. Because in some cases we 
could observe individual rnultielecmn bubbles as long as 100 rns 
before they left the area of observation, we can state that T > 
100 ms for multielectron bubbles under our experimental con- 
ditions. At higher electron densities however (achievable by 
pressurizing the helium), decay by tunneling may become more 
substantial (6 ,  10). 

We hope that more detailed studies on the bubble oscilla- 
tions and possible trapping In a quadmpole cage (U. Albrecht, 
P. kiderer,  rnanuscrlpt in preparation) will extend our knawl- 
edge on these interesting systems. 

This work was supported by h e  Deubche Forschungsgernein- 
schaft. 
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