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Chapter 1

Introduction

1.1 Properties of Liquid Helium-4

It is well known that liquid helium-4 experiences a phase transition at 2.17 K under satu-
rated vapor pressure (SVP), the so-called lambda transition [1]. This name comes from the
divergent behavior of the specific heat near the transition point, as shown in Figure 1.1 [2].
Above the lambda point, liquid helium-4 is in the normal fluid phase (helium I). And below
the lambda point, liquid helium-4 is in the superfluid phase (helium II). Helium II has

nearly zero viscosity and high thermal conductivity.

It was first proposed by Landau [3][4] that the properties of helium II could be explained
in terms of elementary excitations. The dispersion curve for elementary excitations in he-
lium II, which describes the relation between energy and wave number k , is shown in
Figure 1.2. In the region close to the origin, the dispersion relation is described by the
phonon relation € = chk , where ¢ is the sound velocity. In the region near the local mini-

mum in energy, the dispersion relation can be described by the equation

+ hz(k — k0)2
2u

e=A . And these excitations are the so-called “rotons.” The roton energy gap



A and roton effective mass x at SVP have been measured over a wide temperature range

[5][6]. The measured values at low temperatures are: A=8.65K and x=0.16 M, , where

He >

M, is the mass of a helium atom. At zero temperature, the helium is in its ground state,

and its viscosity is assumed to only arise from the creation of excitations. Landau showed

A
that the fluid velocity must exceed a critical value of v. =——~60m/s (the so-called
0

Landau critical velocity) for any elementary excitations to be created. This argument ex-

plains the superfluidity of helium II'.
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Figure 1.1: The specific heat of liquid helium-4 at SVP, taken from Donnelly and Baren-
ghi [2].

1.2 Negative and Positive Ions in Superfluid Helium-4

! However, Landau did not obtain the correct critical velocity because he did not consider the excitation of
quantized vortices.



8 Rotons

Phonons

Figure 1.2: The dispersion curve for helium II at low temperatures and at SVP, plotted
using data from ref. [2].

An electron in liquid helium repels helium atoms and forces open a spherical cavity. This
structure is referred to as an “electron bubble” or a normal electron bubble (NEB) [7][8].
A bubble is formed because the liquid helium appears as an energy barrier of approximately
1 eV to electrons [9]. A simple theory for the total energy £ of an electron bubble of radius
R is given by taking the sum of the zero-point energy of the electron, the surface energy,

and the volume energy

h’ ) 4
E= +47R°0c+—R’P 1.1
8m R’ 3 (1.1)

e

where m, is the electron mass, o is the surface tension, and P is the pressure in the liquid.

This equation neglects the penetration of the electron wave function into the liquid and the

polarization energy. At zero pressure Equation (1.1) gives an equilibrium radius of

3



1/4

h2

r= [32 j , which is about 19 A. For a positive ion He" in liquid helium, Atkins [10]
m,o

proposed a “snowball” structure. Due to the electrostriction on helium atoms, the He" ion
in liquid helium forms a solid sphere with a radius of approximately 7 A. Reif and Meyer
[11][12][13], and Schwarz [14] measured the mobilities of both electron bubbles and pos-
itive helium ions in liquid helium over a wide temperature range at SVP. These measure-
ments agree well with the theory of roton-limited mobility in superfluid helium by Baym

etal. [15].

In 1969 Doake and Gribbon [16] observed a new type of negative ion in liquid helium,
which has a mobility about six times higher than that of the normal electron bubble. They
named this new ion the “fast ion.” In the experiment they used an alpha radioactive source
(*'°Po or 2*' Am) immersed in the liquid to produce ions. The drift velocity of the fast ion
and the normal electron bubble were measured by the Cunsolo method [17]. The measured
drift velocities as a function of drift field are shown in Figure 1.3. They found that above a
critical velocity of approximately 30 m/s, the normal electron bubbles started to nucleate
vortex rings and experienced an abrupt decrease in the drift velocity. But the fast ion could

reach a velocity of 54 m/s without suffering such a decrease in the velocity.

Soon after the experiments of Doake and Gribbon, Thas and Sanders performed a series of
time-of-flight mobility measurements to investigate negative ions in liquid helium
[18][19][20]. By using a tritium  source, they were successful in observing the fast ion.
More interestingly, they detected additional types of negative ions by using a glow dis-
charge in the vapor above the liquid, and each of them had a mobility higher than that of

the normal electron bubble. They named these ions the “exotic ions.” The name “exotic

4



ions” refers to all the negative ions which have a mobility higher than that of the NEB. Thas
and Sanders used the name “intermediate ions” to refer to the ions which have a mobility
that is between that of the fast ion and the NEB. Thas and Sanders measured the mobility
of the exotic ions over a temperature range from 0.95 K to 1.10 K. They reported that they
found at least 13 different exotic ions in their experiments. In Figure 1.4 we show a data

trace from their experiments, which was taken at 1.005 K.
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Figure 1.3: The drift velocity of negative ions as a function of drift field at 0.92 K, taken
from Doake and Gribbon [16]. (a) The fast ion (b) The normal electron bubble.

Eden and McClintock [21][22][23] also detected the exotic ions with a glow discharge in
the vapor. They reported that they observed the fast ion and 13 different intermediate ions.
They used a short time-of-flight cell with a drift length of 10 mm in order to achieve a high
drift field. They measured the mobility of exotic ions up to a field of 3x10° V/cm. Their

results are shown in Figure 1.5. Their results for the fast ion were in agreement with the



experiments of Doake and Gribbon. Eden and McClintock found that at least three inter-
mediate ions could nucleate vortex rings above a critical field. And the critical field was

found to be lower for the intermediate ion with higher mobility.
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Figure 1.4: A data trace taken from the thesis of Thas [19]. The temperature was 1.005 K,
and the drift field was 30.8 V/cm. The drift length was 6.5 cm. This data trace shows the
signals from the exotic ions and NEB.

Most recent experiments were performed by Wei et al. [24][25][26][27]. They used tung-
sten tips or carbon nanotube tips to maintain a plasma discharge in the vapor. Their time-
of-flight cell was similar to that of Thas and Sanders. And stronger exotic ion signals were
obtained in the experiments with carbon nanotube tips [25]. At least 18 exotic ions were
observed in addition to the NEB. Wei et al. measured the mobility of these ions over a
temperature range from 0.991 K to 1.16 K. Two representative data traces from their ex-

periments are shown in Figure 1.6.
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Figure 1.5: Measured mobilities of different types of negative ions as a function of drift
field at 1.030 K, adapted from Eden and McClintock [21].

In this thesis I discuss a series of studies that were conducted to investigate different charge
carriers in superfluid helium-4. In Chapter 2, numerical simulations about the stability of
bubbles containing three and eight electrons will be presented. The pressure ranges within
which these bubbles are stable were determined. I will report on experimental results from
three different time-of-flight mobility measurements in Chapter 3. These include: (1) meas-
urement of the pressure dependence of the fast ion mobility, (2) observation of multiple
positive helium ions, and (3) observation of the exotic ions with an americium-241 source.
In Chapter 4, I will discuss two different types of continuous background signals observed

in mobility measurements: backgrounds A and B. They are of great interest because they



come from negative ions that have a continuous distribution of mobility. Finally, experi-
ments performed to study the 1S— 1P photo-excitation of electron bubbles using a CO-

laser will be detailed in Chapter 5.
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Figure 1.6: Exotic ion data traces taken from Wei ef al. [24]. (W) data taken with tung-
sten tips. (CNT) data taken with carbon nanotube tips. Note that the numbering by Wei et
al. 1s different from that by Ihas and Sanders.



Chapter 2

Stability of Few-Electron Bubbles in Su-
perfluid Helium-4

Bubbles containing only a small number of electrons are so-called “few-electron bubbles”
(FEB). FEBs do not have a spherical shape. The bubble shape and size depend on the num-
ber of electrons contained in the bubble and the pressure in the liquid as well. In this chapter
a calculation for bubbles containing 3 and 8 electrons will be presented. The pressure range
within which these FEBs are stable is determined. The content of this chapter was pub-
lished as “Properties of Few-Electron Bubbles in Superfluid Helium-4” in the Journal of

Low Temperature Physics [28].

2.1 Introduction

Volodin et al. [29] first observed the formation of multi-electron bubbles (MEB). They
developed instability on the helium liquid-vapor interface by charging the surface with
electrons of high surface density. Electrons then left the interface and formed bubbles con-

taining 107-10% electrons in the liquid. Following their experiment, there have been many



other studies on the MEBs [30][31][32][33][34]. An MEB containing a large number Z
of electrons could be treated classically, considering that the zero-point energy is much
smaller than the Coulomb repulsion energy. In the simplest model, all the electrons are
assumed to be localized at the surface of bubble within an infinitesimal layer, and the shape
of the MEB is also taken to be nearly spherical. The total energy including the Coulomb

energy, the surface energy and the pressure-volume energy is then given as

2 2 2.1
Ze +47szo-+4?ﬂR3P @1

E=

2eR

where € is the dielectric constant of liquid helium, o is the surface tension, and P is the

applied pressure in the liquid. This gives an equilibrium radius

6222 )1/3 (22)
167tc¢

Roz(

The radius is about 0.5 mm when Z =10°. From Equation (2.1), one can find a negative

critical pressure P, at which the bubble grows without limit.

c

27 e (2.3)

27%*

P =~ e

There have been more sophisticated models for the MEB. Shikin [35] proposed a model in
which the electrons would form a thin layer with a finite thickness 6 < R. Salomaa and
Williams [36] have used a density functional formalism to calculate the electron density

profile in MEBs.

However, if Z is small, the zero-point energy must be considered. Hence, the so-called

“few-electron bubbles” do not have spherical shapes. The shape and size of an FEB are

10



subject to the value of Z and the pressure in the liquid. There are two critical pressures for
an FEB. The FEB will break into smaller bubbles when the pressure is above the maximum

pressure P__. And the bubble will grow without limit when the pressure is below the min-

max

imum pressure P, . Dexter and Fowler [37] investigated the stability of bubbles with

Z =2 . They performed a variational calculation to determine the energy of a spherical
bubble containing two electrons. They showed that the calculated energy was larger than
the energy of two single electron bubbles and concluded that the two-electron bubble would
generally be unstable. However, they did not show whether there could be a process during
which the bubble could continuously change its shape to lower the energy and split into
two bubbles. By investigating the stability of the two-electron bubble against the / =2
perturbation, Maris [38] later demonstrated that this process could actually happen. His
calculation was made by solving the Schrodinger equation with a diffusion algorithm and
showed that there was no energy barrier to keep the bubble from splitting into two. The
bubble with Z =3 was investigated by Shung and Lin [39] with the assumption that the

bubble shape was spherical. The calculations for the stability of FEBs with Z =4,6,12

have also been performed in previous works by Wei ef al. [40][41]. The shapes of these

bubbles were assumed to have certain symmetry, and the critical pressures P, __ and P

max min

were determined.

FEBs have been experimentally investigated by Yadav et al. [42]. Their experiments were
performed at 1.5 K. They used sharp tungsten tips or beta radioactive source in the vapor
to deposit a layer of electrons on the surface of liquid helium. By causing instability on the
surface, a pulse of electrons can be driven to enter the liquid, and these electrons can form

different types of bubbles: NEB, MEB or FEB. Then an ultrasonic sound transducer was
11



used to measure the negative critical pressure P at which the bubbles become unstable

and cause cavitations. It was possible to determine the value of Z by comparing the meas-

ured P, value with the calculated P

min

value. The results of their experiments will be dis-

cussed later.

2.2 Calculation Method

The calculation method used in the present calculation has been described in the previous
works [40][41]. It was based on a simplified version of the Hartree approximation. We

summarize the calculation steps as follows:

(a) We start with an initial guess for the size and shape of the bubble. This shape is

given by expressing the distance R(6,¢) from the bubble center to the bubble sur-

face in the direction 6,¢ as

2.4
R(0,4)=>"4,1,(0,9) -

where { f,} are a set of “basis functions,” and {4,} areamplitudes. The basis func-

tions can be expressed in terms of spherical harmonics Y, or equivalent trigono-

metric functions. The basis functions are chosen as the functions which inde-
pendently satisfy the symmetry that is proposed for the bubble, and which are con-

structed out of spherical harmonics using the lowest possible values of /.

12



(b) We then guess an initial position for each electron and find the potential acting on
each electron. This potential is calculated by adding up the Coulomb repulsion with
the other electrons localized at their positions.

(c) The ground state wave function of each electron is then found by solving the Schro-
dinger equation with the imaginary time propagation and the finite difference
method. The wave function is set to be zero at the wall of the bubble, i.e., the pen-
etration of the wave function into the liquid is not considered. Allowing for the
penetration only results in a small change in the total energy of the bubble?.

(d) The position of each electron is then changed to be the average position as calcu-
lated from the ground state wave function. The positions of the electrons are related

by the symmetry proposed for the bubble.

These new positions are then used to recalculate the Coulomb potential and the wave func-
tion of each electron. The process is repeated until a convergence is reached. This proce-

dure gives the ground state energy E, of each electron. The kinetic energy of each electron

is given as <K6> =F —<Ve> , where <K> is the expectation of the Coulomb potential en-

4
ergy. To find the total energy of the bubble, it is necessary to include the surface energy
Ao, where 4 is the surface area, and the pressure-volume energy PV , where V' is the

volume. For example, the total energy of the eight-electron bubble is given by

E, =8(K,)+4(V,)+ PV +c4 (2.5)

tot

2 Qur estimation shows that this penetration will only decrease the total energy by less than 2%. And note
that the effect of penetration becomes less important as the bubble grows larger.

13



Note that the polarization energy is not included. There are only 28 bonds between 8 elec-

trons, and thus only 4<Ve> should be included. Then the total energy is calculated for a

large number of different values of the amplitudes {4 } . The set of amplitudes which give

the lowest value of the total energy is found, and the calculation is repeated to find how

this energy varies with pressure.

Note that the wave function of each electron typically distributes over a region that is sig-
nificantly smaller than the bubble size. As a result, it is reasonable to calculating the Cou-
lomb potential acting on one electron by taking each other electrons as located at their
average position. The effect of spin was neglected because the overlap of the wave function

of one electron with another is very small. The surface tension of helium used in this cal-

culation was taken to be the value measured at very low temperatures, 0.375 erg-cm™ [43].

2.3 Two-Electron Bubble Revisited (Z=2)

As mentioned in section 2.1, the calculation for whether the two-electron bubble (Z =2)
is stable against non-spherical perturbations has been performed [38], but it was only for
zero pressure. Here we use the method just described in section 2.2 to investigate the sta-

bility of the Z =2 bubble at non-zero pressures. The shape was taken to be

)(3cos> 1) 2.6)

max min max min

R(¢9,¢):%(R +2R )+%(R ~R
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Figure 2.1: Contour plot of the wave function magnitude in the x-z plane (y =0) for a
Z =2 bubble with R =40 4and R_, =20 4. The pressure is zero. The dashed lines
are the contour lines, and the solid line shows the bubble surface.

This shape has two lobes along the z-axis. In Figure 2.1 we show a contour plot for the

ground state wave function of one of the electrons in the Z =2 bubble with R, =40 A

and R_ =20 A. We see that the wave function of the electron is strongly concentrated in

min

the upper lobe and barely overlaps with the other. The total energy of the bubble was cal-

culated for a large range of R, and R_, . No stable local minimum was found, i.e., the
lowering of the total energy always led to the R, and R, values that resulted in bubble

splitting into two or bubble growing without limit. It turned out that this argument was true
at any pressure. In Figure 2.2 we show the results for the total energy of the Z =2 bubble
at pressure of -0.5 bar as an example. It is clearly shown in the contour plot that the

15



downbhill direction of the total energy is towards the R . =0 axis, i.e., it is energetically

favorable for the bubble to split into two.
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Figure 2.2: Contour plot of the total energy (in 107'% ergs) of the Z =2 bubble as a func-
tionof R, and R, .
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2.4 Three-Electron Bubble (Z=3)

For the three-electron ( Z = 3) bubble, we considered two possible geometries as shown in
Figure 2.3. In (a) the three electrons are positioned in a straight line along z-axis. And in
(b) the three electrons are positioned at the vertices of an equilateral triangle lying in the x-
y plane. One could consider the equilibrium of geometry (a) as follows. The electron at the

top experiences the Coulomb repulsion force F,. from the two lower electrons. This force

has to be balanced with the surface tension Fj;, so this requires the equilibrium condition

16



Fy, = F.. We already know that this condition cannot be met in the Z =2 bubble at any
pressure. Thus, it also cannot be met in the Z =3 bubble, considering that the Coulomb
repulsion is larger in the case of the Z =3 bubble due to the extra electron. We therefore

conclude that geometry (a) is unstable at any pressure.

Now we consider the geometry of (b). It has threefold rotational symmetry with respect to
the z-axis and mirror symmetry with respect to the x-y plane. The shape function is given

as

Figure 2.3: Two possible configurations for the Z =3 bubble. The dotted cycles show the
approximate electron positions. And the solid curves show the surface of the bubble.

R(6,¢)=A + A,sin’ () cos(3¢)+ 4, sin’ (6) (2.7)
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The values of 4,, 4, and A4, that minimize the total energy were found at different pres-
sures. A stable energy minimum can be only found from -0.90 to -0.78 bar. The 4,, 4,
and 4, values as a function of pressure are shown in Table 2.1 and are also plotted in Fig-

ure 2.4. The bubble shapes at several selected pressures are shown in Figure 2.5. As ex-
pected, the bubble size grows as the pressure becomes more negative. Below -0.90 bar the
bubble grows without limit. This pressure is higher than the critical pressure of a single

electron bubble, which is about -1.9 bars. The value of 4, decreases rapidly as the pressure

increases. At pressures above -0.78 bar, the Z =3 bubble becomes unstable against col-
lapsing along the z-axis. This raises an interesting question whether this type of collapse

results in a donut-shaped bubble for Z =3, which cannot be described by Equation (2.7).
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Figure 2.4: The 4,, A, and A, values for the Z =3 bubble as a function of pressure.
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To investigate the possibility for the formation of a donut-shaped Z =3 bubble, we used

basis functions different from Equation (2.7). We define a “major radius” p(¢) in the di-
rection ¢ as the distance from the z-axis to the center of the donut cross-section in this

direction. At each value of ¢, we assume the cross-section of the donut to be a circle with
a “minor radius” s(¢) which varies as a function of ¢ . We then consider two choices for

the basis functions:

p(#)=A4+A4,cos(3¢)  s(¢) =4, + 4, cos(3¢) 28
p(#)=4  s($)=4,+4,cos(39) (2.9)
Pressure 4 A, A4, Energy
(bars) (A) (A) (A) (102 erg)
-0.78 16.0 17.9 34.9 1.947
079 17.6 17.4 33.9 1.943
-0.80 18.9 16.9 33.1 1.940
-0.82 21.5 16.2 31.7 1.932
-0.84 24.2 15.3 30.3 1.923
-0.86 27.0 14.6 28.9 1.914
-0.88 30.4 13.6 27.4 1.904
-0.89 32.6 13.1 26.4 1.898
-0.90 353 12.4 253 1.892

Table 2.1: The calculated values of 4, 4, and 4,, and the total energy for the Z =3
bubble as a function of liquid pressure.
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With both basis functions, we calculated the total energy for a large number of values of
4,, 4, and 4,. Then we searched for a stable local minimum in the total energy and did
not find one outside of the pressure range previously investigated. It is possible to choose
other basis functions to describe the donut shape. However, it seems unlikely that a stable

minimum can exist.

P=-0.78 bar P=-0.82 bar

P=-0.90 bar

Figure 2.5: Calculated shapes for the Z =3 bubble at different pressures.

2.5 Eight-Electron Bubble (Z=8)

For bubbles containing eight electrons, there are as well two possible geometries to con-

sider. They are drawn in Figure 2.6. The obvious possibility is to position all the electrons

20



at the vertices of a cube. We will call this the “cubic model,” as shown in (a) of Figure 2.6.

To describe the geometry of the cubic model, we chose the basis function as
R(0.4)=4,+ 4, [sin4 6’(0054 ¢ +sin’ ¢) +cos* 49} + A, sin* @ cos® 0 cos® ¢ sin® ¢ (2-10)

This gives eight lobes with the cubic symmetry. Within the pressure range between -0.42

and 0 bars, stable local energy minimums can be found. The calculated values of 4,, 4,

and 4, and the total energy at different pressures are given in Table 2.2.

Figure 2.6: Two possible geometries for the Z =8 bubble: (a) Cubic model, and (b)
Squares model. Dashed circles represent the approximate positions of electrons.

Another possible geometry was proposed by previous works on the so-called “surface Cou-
lomb problem,” which is about finding the least energy configuration of unit point charges
confined on a sphere. Results for different number of point charges have been summarized
by refs. [44] and [45]. For Z =8, it was found that the least energy configuration was two
parallel squares each containing four electrons and being normal to the z-axis. One square

is rotated around the z-axis by 45 degrees with respect to the other square, as shown in (b)
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of Figure 2.6. The total Coulomb energy of this configuration was found to be

(in cgs units) [44]. We call this geometry the “squares model.”

19.675¢°

Pressure 4 4, A, Energy
(bars) (A) (A) (A) (102 erg)
0 514 -8.4 1665.9 9.547
-0.05 60.5 -10.3 1425.6 9.475
-0.10 66.5 -11.3 1279.8 9.392
-0.20 77.3 -12.3 1047.6 9.191
-0.30 89.1 -12.1 837.0 8.922
-0.40 109.4 -10.5 588.6 8.517
-0.41 113.4 -10.0 550.8 8.460
-0.42 119.3 9.3 502.2 8.395

Table 2.2: The calculated values of 4, 4, and 4,, and the total energy of the Z=8 bubble

with cubic symmetry as a function of the liquid pressure.

The “squares model” has symmetry operations such as rotation by 7 /2 around the z-axis

and mirror reflection with respect to the x-y plane followed by rotation by 7 /4 around the

z-axis. The shape function used for investigating the squares model was chosen as

R(6,4)=A4 + A, sin* Ocos O cos4¢+ 4, sin* 9(13 cos’ @ —3cos H)COS 4¢

2.11)

We found stable energy minimums within the pressure range from -0.41 bar to 0.13 bar.

The calculated values of 4,, 4, and A4, are given in Table 2.3. In Figure 2.7 we show the

bubble shapes at two selected pressures for both the cubic model and the squares model.
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Table 2.2 and Table 2.3 show that over the pressure range in which a stable minimum in
the energy is found, the total energy of the cubic model is ~2 % less than that of the squares
model. For the Z =8 bubble, the cubic model appears to be energetically favorable. This

is different from what was found for the classical surface charge problem.

Pressure A 4, A, Energy
(bars) (A) (A) (A) (102 erg)
0.13 70.1 94.3 17.3 10.199
0.10 72.3 88.6 14.2 10.150
0.05 74.9 82.7 11.7 10.059
0 77.4 77.5 10.0 9.960
-0.05 79.9 72.7 8.7 9.853
-0.10 82.6 68.0 7.7 9.736
-0.15 85.5 63.5 6.9 9.607
-0.20 88.8 58.8 6.2 9.465
-0.25 92.7 53.9 5.5 9.305
-0.30 97.6 48.5 4.8 9.122
-0.35 104.3 42.4 4.2 8.906
-0.40 117.0 34.0 33 8.627
-0.41 122.8 31.1 3.0 8.554

Table 2.3: The calculated 4,, 4, and 4, values, and the total energy for the squares
model as a function of pressure.

The number of basis functions was limited to three in the present calculation, which may
introduce some error to the results. Two basis functions were used in the previous work
[40], and it was found that increasing the number of basis functions from 2 to 3 could only
lower the total energy by 0.7% at zero pressure. Using three basis functions may give a

similar or even smaller error. For example, increasing the number of functions from 3 to 4
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for the cubic model lowers the total energy by only ~0.5% at zero pressure. However, the
effect of higher order basis functions quickly increases as the pressure increases, as shown
in Figure 2.4. This indicates that limiting the number of basis functions has a larger effect

on P thanon P
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Figure 2.7: Calculated shapes for (a) the cubic model and (b) the squares model at differ-
ent pressures.

2.6 Discussion

The calculations for the stability of the Z =3 and Z =8 bubbles have been presented in
this chapter. The Z =3 bubble was found to be unstable at zero pressure. Thus, one cannot
experimentally study the stability of the Z =3 bubble by introducing a pulse of electrons
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into the liquid at SVP. For the Z =8 bubble, we considered two possible geometries, and
the lowest energy was found with the cubic model. A summary of the results is shown in
Table 2.4. The calculations reported in this chapter are for zero temperature. At finite tem-
peratures, the surface tension of the liquid will be smaller, and there will be thermal fluc-
tuations. Note that at a low temperature such as 1.5 K, the surface tension is only down a

few percent, and the thermal energy scale k,7" is very small compared to the total energy

of the bubble.

7 max P. P from Eqn. 2.3
(bars) (bars) (bars)

3 -0.78 -0.90 -0.75

4 -0.45 -0.77 -0.62

6 0.0 -0.60 -0.47

8 0.0 -0.42 -0.39

12 0.5 -0.32 -0.30

Table 2.4: Summary of the results including those for Z =4, 6 and 12 from ref. [40]. P,

max

is the pressure above which the bubble breaks into parts each containing some of the
electrons. P isthe pressure at which the bubble begins to grow without limit. P is the

min c

pressure calculated from Eqn. (2.3) with o =0.375 erg cm™ and € =1.057.

Yadav et al. [42] reported that they observed stable six-electron bubbles and eight-electron
bubbles in their cavitation experiments. They determined the number of electrons con-
tained in the bubbles by comparing their measured cavitation threshold pressures with the

calculated critical pressures P

min

in Table 2.4. Their measurements agree very well with

the calculations for Z =6 and Z =8. They found that six-electron bubbles were more eas-

ily to be produced by using tips to maintain a corona discharge. And using ultrasound to
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create a surface instability aided in producing eight-electron bubbles, with a layer of elec-

trons deposited on the liquid surface by using either tungsten tips or beta radioactive source.
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Chapter 3

Mobility Measurements of Exotic Ions and
Positive Helium Ions

Mobility measurements of negative and positive ions in superfluid helium have been used
as a probe to investigate the property of liquid helium and the structure of the ions them-
selves. In this chapter three different mobility measurements performed by using a time-
of-flight method will be presented. These include: (a) pressure dependence of the fast neg-
ative ion mobility, (b) observation of multiple positive helium ions, and (c) observation of
the exotic ions. Part of the content in this chapter was published as “Investigation of the
Fast Negative Ion in Superfluid Helium-4" and “Study of Positive Helium Ions in Super-

fluid Helium-4" in the Journal of Low Temperature Physics [46][47].

3.1 Cryostat

The design and construction of the cryostat used for the experimental work of this thesis
have been thoroughly described in the theses of Dr. Wanchun Wei [26] and Dr. Zhuolin

Xie [27]. In this section I only present a brief summary of some key features. The structure
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of the cryogenic system is shown in Figure 3.1. The cryostat has four different temperature
regions: (1) the 1 K region, including the experimental cell and the 1 K pot, (2) the 4 K
region at 4 K or higher, including the helium bath, the 4 K shield, as well as the radiation
shields above the helium bath, (3) the 77 K region at 77 K or higher, including the liquid
nitrogen bath and the 77 K shield, and (4) the room temperature jacket. This design avoids
the temperature disturbance to the central region while one transfers the cryogenic liquids
into the cryostat. Optical access to the experimental cell is provided by the optical windows

on the cell and each tail.

Below 4 K, the cooling power is provided by the 1 K pot. The 1 K pot is a cylindrical vessel
with a volume of 221 cm?®. During the experiment, the 1 K pot is continuously filled with
liquid helium via a very fine capillary connected to the helium bath. An Edwards roots
pump combined with an Alcatel backing pump is used to pump the 1 K pot. They together
can provide a cooling power of 31 mW at 1 K. In order to reduce the temperature difference
between the 1 K pot and the cell, an OFHC copper plate with a thermal conductivity of 20
W/cm at 1 K is used as the bottom plate of the 1 K pot and as well as the top plate of the
cell. The temperature difference between the 1 K pot and the cell is estimated to be only

several millikelvins.

The cylindrical experimental cell has a volume of 352 cm?. It has two separate fill lines to
increase the filling speed and also lower the risk of clogs. UHP helium gas is used to fill
the cell in order to have pure liquid helium for experiments. The helium gas passes through
several thermal anchors and heat exchangers for precooling and condensation. After con-
densation the liquid helium enters the cell via fine stainless-steel capillaries. Electrical

feed-throughs are mounted on the bottom plate of the cell. All the feed-throughs are sealed
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with indium O-rings. These feed-throughs can provide both high voltage and low voltage
inputs. To measure the cell temperature, a germanium thermometer is mounted on a flange
on the cell side wall and monitored by a Conductus LTC-20 temperature controller. The
cell temperature is controlled by the LTC-20 via a 3.69 kQ heater mounted on the top of

the 1 K pot.
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Figure 3.1: Schematic of the cryostat, taken from Dr. Wanchun Wei’s thesis [26].
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3.2 Time-of-Flight Method

3.2.1 Cell Configuration

0.175cm
0.56 cm
0.15¢cm

1.23 cm

1.23 cm

1.23cm

1.23 cm

1.23 cm

0.15¢cm

1cm

(a) (b)

Figure 3.2: (a) Cross section of the time-of-flight cell. The liquid level is between grids
GO0 and G1. (b) The nylon spacer between the source S and grid GO. This part is used to
laterally confine the plasma. Other parts of the cell are described in the text.

The time-of-flight cell was a modified version of that used in the previous experiments of
Wei et al. [25][26][27] and have been described in refs. [47] and [48]. The details of the
cell configuration were slightly different in different experiments. The typical configura-

tion of the cell is shown in Figure 3.2. At the top of the cell, there is a 300 uCi americium-
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241 alpha source S. The active area of the source has a diameter of 0.5 cm. The source is
separated from the grid GO by a 0.175 cm thick nylon spacer. In the experiments, liquid
helium is usually filled up to a level between the grids GO and G1. The spacing between
GO and G1 is about 0.56 cm. The energy of the emitted alpha particles is 5.5 MeV. The
alpha particles ionize the helium atoms in the vapor both above and below GO. By applying
negative dc voltages to the source and GO, a plasma discharge can be maintained in the
vapor. The voltage on GO is more negative with respect to that on G1, and thus electrons

from the plasma will be driven towards G1.

The grids G1 and G2 serve as two gate grids, which are separated by a 0.15 cm thick nylon
spacer. Grids GO, G1 and G2 were constructed by spot-welding wire grids onto 0.05 cm
thick metal ring disks. The wire grids on GO, G1 and G2 have a density of 70 wires per
inch and are made of nickel. The dc voltage on G1 is more positive with respect to the
voltage on G2 so that electrons cannot pass through G2. Applying a negative voltage pulse
to GO and G1 can make a pulse of electrons pass through G2, and then electrons will move
towards the collector C under the influence of the drift field between G2 and the Frisch
grid F. Four homogenizer plates H1-H4 are positioned in order to help make the drift field
as uniform as possible. They are evenly spaced between G2 and F. The total length of the
drift region from G2 to F is 6.15 cm. The inner diameter of the Frisch grid and four ho-
mogenizers H1-H4 is 1.27 cm. Note that the field becomes more inhomogeneous as the
distance from the central vertical axis increases. To make the electrons more concentrated
on the central axis and thus experience a uniform field, the grids GO, G1 and G2 are de-
signed to have a smaller diameter of 0.8 cm. Electrons arriving at the metal plate collector

C reach the ground via a 2.5 MQ (measured at 1 K) load resistor R, . In the experiments
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the voltage across R, was recorded and averaged over 1000-20000 pulses applied to GO

and G1. The typical repetition rate of the pulse applied to G1 was 10 per second. The ef-

fective capacitance of the collector cable combined with R, typically gives an RC time

constant of ~170 ps.

The purpose of including the Frisch grid F is to make sharp signal pulses. Without the
Frisch grid, electrons approaching the collector would produce an image charge on it, and

the image charge would give rise to a current flowing through the resistor R . Using the

Frisch grid can efficiently shield the image charge and has the consequence that the meas-

ured signal mostly comes from electrons that have already passed the Frisch grid.

After we read the transit time Az through the drift region from the signal detected at the
collector, the mobility can be easily calculated as u = %, where E is the drift field,
- At

and d 1s the length of the drift region.

3.2.2 Electronics and Data Acquisition

The circuit diagram of the electronics used for the experiments is shown in Figure 3.3. Four
high voltage power supplies are used to provide the voltages on the source, GO, G1 and G2.
For the source, a 12 MQ resistor is used to limit the discharge current. In the lines for GO
and G1, the resistors of 1.2 MQ) are used to protect the power supplies in case any shorts
occur. TTL signals are used to trigger the General Radio 1217 pulse generator and the data
acquisition device. The gate pulse from the pulse generator is passed to GO and G1 through
capacitors of 0.03 pF. A pair of electrolytic capacitors of 100 puF and a grounding resistor
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of 5.37 kQ are installed to protect the pulse generator. The 50 kQ resistors are used to

protect the power supplies for G2 and F. And the two capacitors of 0.005 puF are installed
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Figure 3.3: Circuit diagram of the electronics used for the time-of-flight cell.

to filter out any possible noise from the power supplies. A Hewlett-Packard low voltage

power supply is used to provide the voltage for the Frisch grid. The voltages on the source,

GO, G1 and G2 are applied across 1000:1 voltage dividers and then get measured by digital
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voltmeters. Each voltage divider has a total resistance of 20 MQ . The voltage on the Frisch

grid is measured by an Agilent 34401 A multimeter.

The signal on the collector is amplified by a Stanford Research Systems SR560 preampli-
fier. The gain of the preamplifier is usually set to be on the order of 1000. The preamplifier
contains a 30 kHz, -12 dB/oct low pass filter to eliminate high frequency noise. After am-
plification, the signal is passed to the data acquisition device, which consists of a National
Instruments BNC-2120 terminal block and a National Instruments PCle-6361 card. The

sampling rate of the card is typically set to 40000 samples/sec.

05 T T T T

unsmoothed
smoothed

SIGNAL (pA)

8 10 12 14 16 18 20
TIME (ms)

Figure 3.4: An example trace showing the smoothing effect. The blue curve shows the
unsmoothed data, and the black curve shows the smoothed data with a width of 0.5 msec.
The black curve is offset by 0.5 pA for clarity. Note that the signal becomes significantly

less noisy after smoothing without distortion.
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To obtain a good signal to noise ratio, 1000-20000 data traces are usually recorded and
averaged. To eliminate high frequency ripples, the averaged signal is then further smoothed
by convolving it with a cosine-squared function. The argument of the cosine-squared func-
tion goes over —z /2 to z /2, and the width of the cosine-squared function is manually
adjusted to obtain a better smoothing without distortion in signal. For example, if the width
is set to 0.5 msec, it equals to 2m +1=21 adjacent data points for a sampling rate of 40000

samples/sec. The smoothing algorithm is given by the following equation

Y. cos’(n-m/2m)-1(k+n)
[smaoth (k) == m (3 1)
> cos’(n-7/2m)

n=—m

where [, . is the smoothed data point, and / is unsmoothed data point. In Figure 3.4 we

show an example of the smoothing with a width of 0.5 msec.

3.3 Pressure Dependence of the Fast Negative lon Mobility

3.3.1 Introduction

As previously discussed in Chapter 1, there have been at least 19 different negative ions
observed in liquid helium [16][18][19][21][24][25]. Only the structure of the normal elec-
tron bubble is fully understood. The structure of the other 18 exotic ions is still an open
question. The exotic ion with the highest mobility is referred to as the “fast ion,” which
was first discovered by Doake and Gribbon [16]. Only two properties of the exotic ions

have been studied so far:
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(1) The ion mobility has been measured over the temperature range from 1 K to about
1.2 K. The exotic ions were generated by a plasma discharge in the vapor above the
liquid. It is difficult to maintain a stable plasma above 1.2 K because the vapor

density significantly increases as the temperature increases. The vapor densities of
helium at 1 K and 1.2 K are 1.1x10"® cm™ and 5.9x10"™ cm™, respectively. And
the heat dissipation from the plasma limits the lowest temperature one can reach.

The mobility varies with temperature as g, oc exp(A, / k,T)/ R,>, where n denotes

n 2

a particular exotic ion. The parameter A, was found to be different for different

ions [20][25], but was always fairly close to the roton energy gap of 8.6 K. This is

consistent with the theory that the ion mobility at 1 K is mainly limited by the roton

scattering [15]. The radius R, of different ions ranged from 7.5 4 to 18.9 A4 [25].

(2) The critical velocity at which the ion nucleates a vortex ring was measured by Eden
and McClintock [21][22][23]. The critical velocities of the intermediate ions> were
measured to be higher than that of the normal ion. It was found that the fast ion

never became trapped on a vortex ring.

From these reports it is not clear whether the fast ion is simply the exotic ion that has the
highest mobility or whether it is an ion that has a different structure from the other exotic
ions. In favor of the latter view we note that in the experiment of Doake and Gribbon [16]
a radioactive a source in the liquid instead of a plasma in the vapor was used to generate

ions, and only the fast ion and the NEB were observed. In another experiment, it was found

3 As mentioned in Chapter 1, the name “intermediate ions” refers to the negative ions which have a mobility
between that of the fast ion and the NEB.
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that when negative ions were generated by means of a sharp tip immersed in the liquid,

rather than a tip in the vapor, only the fast ion and the NEB were seen [49].
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Figure 3.5: Pressure dependences of mobility for (a) the positive helium ion, and (b) the
normal electron bubble. The curves are labelled by the temperature. The friction coeffi-
cients I', are defined as e/ u, , where e is the electric charge. This figure is taken from

Brody [50].

To add to the information about the exotic ions, we report here measurements of the vari-

ation of the fast ion mobility with liquid pressure. The mobility ¢ varies approximately as

wocexp(A/kT)/ R*. The pressure dependence measurement may provide information
about how the ion radius changes with pressure, i.e., how the ion structure changes with

pressure.
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The pressure dependences of the mobility of both the normal electron bubble and the pos-
itive helium ion have been measured by Brody [50] over a temperature range from 1.375
to 1.83 K. Brody used a time-of-flight device with a drift distance of 5.39 cm. A radioactive
source immersed in liquid was used to produce electrons and helium ions by ionizing the
helium atoms. The measurements were made at a drift field of 100 V/cm. His results are

shown in Figure 3.5. Obviously, the NEB mobility x and the positive helium ion mobility
4, have different pressure dependences. This is not a surprise because the structure of

positive helium ions is different from that of the NEB. Positive helium ions form solid

“snowballs” in liquid helium, as proposed by Atkins [10].

3.3.2 Experiments

The time-of-flight cell used in the experiment was as described in the section 3.2. The alpha
source was immersed in the liquid. Measurements were made with a drift field of 65 V/cm.
The experimental cell was not designed for work at high pressure, and so we had to limit
the pressure range to less than 6 bars. We were able to detect strong signals from the NEB
and from positive helium ions. The signal from fast ions was smaller by a factor of about
10. We were unable to detect any signal from the intermediate ions. For the measurements
of the normal electron bubble and the fast ion, the 0.175 cm thick nylon spacer between

the source and GO was replaced by a 0.15 cm thick nylon spacer.
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Figure 3.6: Mobility data of the normal electron bubble (NEB) at 0.987 K as a function of
pressure.

In Figure 3.6, we plot the mobility of the NEB as a function of pressure. The temperature
1s 0.987 K. Figure 3.7 shows the mobility of the positive helium ion as a function of pres-
sure, also at 0.987 K. The results in these figures show the same general behavior as that
has been found by Brody at higher temperatures [50], i.e., the mobility of the NEB first
increases when the pressure is increased and then decreases, while the mobility of the pos-
itive ion decreases monotonically as the pressure increases. One can understand the results
for the NEB by noting that the mobility y,,, should vary as

e (3.2)
47R*D

NEB

Hyeg =
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where D,,, is the drag exerted by rotons on the ion surface per unit area and unit velocity,

and R isthe radius of the bubble. At temperatures around 1 K, the drag will be proportional

to the roton number density and thus can be described by
Dy < exp(—A/kT) (3.3)

where A is the roton energy gap. Since A decreases with increasing pressure®, the drag

D, increases with pressure.

At the same time, the radius R decreases as the pressure increases. When the pressure is
small, the rate of decrease in R is sufficiently high so that the mobility increases despite

the increase in D,,,. However, as the pressure increases, the bubble becomes less com-

pressible while D,,, continues to increase, and so the mobility decreases. Recall Equation

(1.1) for the energy of the NEB

h’ (3.4)

E= +47rR20+4?7[R3P

8m R*

e

where o is the surface tension (0.3677 erg cm™ at 1 K), and m, is the electron mass. From

this equation one can solve for the bubble radius. The bubble radius as a function of pres-
sure is shown as the solid curve in Figure 3.8. Using this result combined with the measured

mobility data gives the drag coefficient D,,, shown in Figure 3.8 as the dashed curve.

4 See, for example, O. W. Dietrich, E. H. Graf, C. H. Huang, and L. Passell, Phys. Rev. A 5, 1377 (1972).
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Figure 3.7: Mobility data of the positive helium ion at 0.987 K as s function of pressure.
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Figure 3.8: Solid curve shows the calculated radius R of the normal electron bubble us-
ing Equation (3.4). The dashed curve shows the drag coefficient D,,, calculated from the

mobility of the normal electron bubble using the procedure described in the text.
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In Figure 3.9 we show the measurements of the fast ion mobility #,, . If the drag coeffi-

then the radius R

cient for the fast ion is D st

fust > of the fast ion is given by

c (3.5)
47TluﬁzstD

fast

fast

D

NEB

D

fast

ﬂ NEB
- RNEB
fast

If we assume that the drag coefficient for the fast ion is the same as the coefficient for the
NEB, we find the radius of the fast ion to be 7.4 A with no significant variation with pres-

sure (as shown in Figure 3.10a). However, since the structure of the fast ion is still not

known, we cannot be sure that D,,, and D, are equal.
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Figure 3.9: Mobility data of the fast ion at 0.987 K as a function of pressure.
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Figure 3.10: Radius of the fast ion calculated as a function of pressure by using the proce-
dures described in the text.

Similarly, if we assume that the drag coefficient for the fast ion is equal to that for the

positive ion, then we obtain

(3.6)
R, =R, [z

Jast He
,U. fast

where R, . and u, . are the mobility and radius of the positive ion, respectively. The ra-

He*
dius of the positive ion can be calculated as a function of pressure/density using the Atkins’

model [10]. As derived by Schwarz [51], the radius R, . is given by?

i (3.7)
2R (1+47pp,)

B, ln(&j"'Bz (pz —p1)+B3(p22 -p)=

P

5 Then we added a constant value to the calculated radii so that the radius at zero pressure equals to 9.18 A,
which is the positive ion radius Baym et al. [15] found by fitting their theory to mobility experiments.
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where p, is the liquid density at the melting pressure®, p, is the liquid density at a given
pressure’, f#=0.031, B =2.03x10°, B, =-4.23x10", and B, =1.11x10", all in cgs

units. The fast ion radii calculated using Equation (3.6) are shown in Figure 3.10b. The
radius is found to be 4.8 A with no significant variation over the pressure range from 0 to

5.5 bars.

3.3.3 Discussion

The absence of a signal from the intermediate ions in this experiment supports the idea
already indicated by previous experiments that the fast ion may have a different structure
from the intermediate ions. The fast ion and intermediate ions have both been observed
when negative charges enter the liquid from a plasma discharge in helium vapor, but only
the fast ion is observed when an alpha particle enters the liquid [16] or when a sharp tip is
immersed in the liquid [49]. Although the present experiment does provide new infor-

mation about the fast ion, the structure of the fast ion is still not fully understood.

The possibility that the fast ion is the 15s252p*P negative helium ion was considered by Thas
and Sanders [18][19][20] and was rejected because the lifetime is much less than the time

for the fast ion to transit the drift cell.

The absence of a significant change in the radius of the fast ion when pressure is varied is

not difficult to understand. Assuming that the fast ion is a bubble, in order to have a radius

¢ Note that the surface tension effect on the melting pressure was considered.
7 The equation of state used by Schwarz is given by P =4, (p—p, )+ 4,(p— 2 + A4 (p—p,),

where p, =0.14513, 4 =5.68x10°, A, =1.11x10", and A, =7.41x10", all in cgs units.
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of 7.4 A, there must be a very strong bond between the extra electron and whatever forms
the core of this ion. As a result, the variation of the bubble size with changes in pressure

will be small.

Superfluid helium contains only a very small number of impurities, but one may consider
the possibility that the fast ion comes from impurities frozen onto the wall of the cell, such
as air components. In the present experiment there is no plasma discharge, and so the im-
purities cannot be knocked off the wall by collisions with helium atoms with high kinetic
energy. It is possible that helium ions or excited helium atoms produced by an alpha parti-
cle can diffuse through the liquid and deposit enough energy to make an impurity go off
the wall. The alpha particles also produce high energy photons that travel freely through
the liquid and deposit energy on the wall. This may also make some impurities go off the

wall.

3.4 Observation of Multiple Positive Helium Ions

3.4.1 Introduction

As previously discussed in Chapter 1, electrons in liquid helium were proposed to be
trapped in a spherical cavity, the so-called electron bubbles. For the structure of the positive
ion in liquid helium, Atkins [10] proposed what has become known as the “snowball”
model. He pointed out that the electric field around a positive ion polarizes the neighboring
helium atoms and thus produces a pressure sufficiently high to form a solid cluster in the
vicinity of the ion. In superfluid helium, the ion mobility is determined by the rate at which

the moving ion loses momentum as a result of collisions with the phonons and rotons.
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Above a critical velocity, ions can lose momentum as a result of the nucleation of quantized
vortices. The mobility of He" has been measured over a wide range of temperature and

pressure [14][50].

Positive impurity ions are also considered to form snowballs. Thas and Sanders [52] used a
hot tungsten filament that was intrinsically doped with potassium to inject K™ ions into
liquid helium and measured their mobility. Glaberson and Johnson [53][54] developed a
technique to introduce various positive impurity ions into liquid helium, and they success-
fully measured the mobilities of the K*, Rb", Cs*, Sr", Ba", and Ca" ions. In their experi-
ments, a continuous plasma discharge was maintained in the helium vapor by using a wire
electrode. A tungsten filament was coated with a solution/suspension of a chemical com-
pound that contains the positive ion of interest. The filament was heated to introduce the
compound into the vapor, and then the positive ions were driven to the mobility measure-

ment cell.

Here we report on a further experimental investigation of positive helium ions in superfluid
helium-4. We observed three different positive helium ions with slightly different mobility,
and possibly a fourth. As far as we are aware, there was only one previous experiment
which indicated that there was probably more than one positive helium ion in liquid he-
lium-4 [27]. A very small signal from an ion with mobility 8 to 10% higher than that of the
normal positive helium ion was detected. At the time, it was proposed that this may just be
a positive tungsten ion produced from the sharp tungsten tip used to generate the plasma
discharge. In the present experiment, an alpha radioactive source, instead of the tungsten
tip, is used to maintain the plasma. The configuration of the experimental cell was as de-

scribed in section 3.2. The liquid level was at approximately 1 mm above G1.
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3.4.2 Experiments
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Figure 3.11: Current signal detected at the collector as a function of time. The tempera-
ture was 1.084 K, and the drift field was 65 V/cm. The curves are labelled by the voltage
on the power supply for the source.

In Figure 3.11 we show data taken at 1.084 K with the power supply voltage for the alpha
source set to 1000, 1500 and 2000 volts. The actual voltage V on the source was about
552 volts and varied by less than 2 volts as the power supply voltage was changed. The
voltage V,, on GO, the voltage ¥, on G1, and the voltage V, on G2 were held constant at
420, 390, and 400 volts, respectively. In the figure one can see a strong signal from an ion
which we label He+, and a slower ion S1. The arrival time of the He+ ion varies by 0.5 %

between the three traces. Note that around 1 K the ion mobility varies rapidly with

47



temperature, and a temperature variation of only 0.5 mK is large enough to cause this var-
iation. In addition, there is a weak indication of two other ions F1 and S2. The F1 ion will
be seen more clearly in the data shown later. One can only obtain the evidence for the

existence of S2 by making a fit to the S1 signal and then subtracting it from the data.

When the power supply voltage for the source was reduced to be 800 V, no visible glow
was emitted from the cell, and the actual voltage on the source was 500 V8. The data taken
under this condition is shown as the solid line in Figure 3.12. The F1 ion was more clearly
seen as the magnitude of the signal from the He+ significantly decreased. Note that alpha
particles still ionize helium atoms in the vapor, and thus the vapor is still somehow con-

ductive.

The data we discussed above were taken with Vg >V, >V, . This seems apparently to be the

necessary condition to drive a positive charge flow through the experimental cell. Thus,

we call this the “normal configuration.” However, it was found with V; <V, >V, that a

stable plasma was still maintained, and a large signal could be detected at the collector. We
refer to this as the “reverse configuration.” A signal taken with the reverse configuration is
shown as the dashed line in Figure 3.12. The power supply for the source was turned off.
The voltages on S and G1 were 235 V and 420 V, respectively. It is striking that the F1
signal is even larger than the He" signal. We could also detect a signal at the collector with

Vg =V, >V,, which is shown as the dash-dotted line in Figure 3.12. The voltages on S and

G1 were 420 V and 420 V, respectively.

8 See the circuit diagram in section 3.2.2 for the origin of this voltage division.
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In Figure 3.13 we show the ratio of the mobility of the F1 and S1 ions to that of the He"
ion in the temperature range from 1.022 to 1.238 K. The drift field was kept constant at 65
V/em. Over this temperature range, the mobility of the He™ ion varies by a factor of ~4.5.
In the figure it seems the F1/He" ratio slightly decreases as the temperature increases. The
S1/He" ratio shows a significant oscillation so that we cannot determine whether there is a
trend over temperature. This oscillation probably comes from the uncertainty in the S1
mobility. As one can see in Figure 3.11, the S1 signal is always small compared to the He"

signal.
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Figure 3.12: Current signal detected at the collector as a function of time. The tempera-
ture was 1.084 K, and the drift field was 65 V/cm. The solid line was taken with the
power supply voltage for the source held at 800 volts. The dashed line was taken with the
power supply voltage for the source held at zero. The dash-dotted curve was taken with
an “equal” configuration, i.e., the voltage on the source was equal to that on GO.
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3.4.3 Discussion

People have reported observations of multiple positive ions in liquid helium-3
[55][56][57][58]. However, the experiments suggest that the explanation for the origin of
these ions is that some helium-4 impurities will attach to the snowballs composed of he-
lium-3 atoms at very low temperatures. In the present experiment, the liquid does contain
a small number of helium-3 impurities, but it seems unlikely that these will become at-

tached to a snowball composed of helium-4.
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Figure 3.13: Ratio of the mobility of F1 and S1 to the mobility of He" as a function of
temperature.

The mobilities of those positive impurity ions measured by Johnson and Glaberson are
shown in Figure 3.14. The variation of the relative mobility from one species to another
seems to be larger than what was observed in the present experiment. Also, in the results
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of Johnson and Glaberson, the variation of the relative mobility with temperature appears

larger.
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Figure 3.14: Relative ion mobility as a function of temperature, taken from Johnson and
Glaberson [53].

In the experiments reported here, we speculate that when a positive helium ion enters the
liquid and forms a snowball, it can form a number of different structures. For a particular
structure to be stable, there needs to be an energy barrier that is sufficiently large to prevent
a rearrange of the atoms. The energy barrier also needs to be large compared to the thermal

energy scale k,T . A barrier like this is more likely found between the states in which the

core of the snowball has a different structure. The core of the helium snowball was studied
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by Mateo and Eloranta [59]. By performing a density functional theory calculation, they
found that a linear triatomic Hes" core is energetically favorable. It would be interesting to

extend their calculation to search for metastable states that are at a higher energy.

Measurements of the effective mass of a positive helium ion by Poitrenaud and Williams
[60] give a snowball radius of 6 A. This indicates there would be 26 atoms in the snowball
if the helium number density in the snowball is the same as in solid helium at the freezing
pressure. Given that the drag force on a moving ion in liquid helium is proportional to the
square of the ion radius, the atom number in snowball needs to change by ~2 in order to

have a mobility change of ~5%.

In summary, we have detected three, and possibly four, positive helium ions in liquid he-
lium-4. The experimental conditions affect the magnitude of the detected signals in a com-

plicated way, which is not fully understood at this point.

3.5 Observation of Exotic Ions with Alpha Source

Using the cell geometry as described in section 3.2, we were able to observe the exotic ion
signals with the alpha source. The liquid level was positioned between grids GO and GI.
With suitable negative voltages applied to the source, GO and G1, a stable plasma discharge
was maintained in the vapor. There was no sign of the exotic ions with the normal config-
uration (V, <V, <V, ). We could only see the exotic ions with the reverse configuration

(V. >V, <V, ). As an example, we show a data trace taken with alpha source in Figure 3.15

as the red curve. It clearly shows signals from multiple exotic ions. The data was taken at
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1.030 K. The voltages applied to the source, GO, G1 and G2 were -323 V, -470 V, -380 V
and -400 V, respectively. The drift field was 65 V/cm. And the liquid level was 1.5 mm

above G1. The negative gate pulse applied to GO and G1 was of amplitude 40 V and width

0.6 msec.
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Figure 3.15: Current signals detected at the collector as a function of time. The arrival
time of the NEB is normalized to be unity. The red curve shows the data taken at 1.030K
with the alpha source. The black curve shows the data taken at 1.040 K with the carbon
nanotube tips (CNT). And the blue curve shows the data taken at 0.991 K with the tung-
sten tips.

As a comparison, we also plot two data traces that were taken with the tungsten tips and
the carbon nanotube tips. These two data races were from Wei and Xie’s experiments
[25][26][27]. The magnitudes of the exotic ion signals have been found to depend on a

considerable number of experimental parameters [25]. Thus, it is not straightforward to
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make a comparison between the signal magnitudes obtained with the three sources. Gen-
erally speaking, the carbon nanotube tips could produce the strongest signals of the exotic
ions. For the data taken with the alpha source, we have examined all the peaks above the
noise level and found that all of them also appeared with either the tungsten tips or the
carbon nanotube tips, or both. At least eight exotic ions can be seen with all the three
sources, as indicated by the vertical dashed lines in Figure 3.15. This implies that the origin

of the exotic ions is not relevant to the material of the source.

In Wei and Xie’s experiments with sharp tips, they observed a signal degradation over time.
The reason was assumed to be that the tips became blunt during the course of discharge.
However, a time dependence of the signal and the plasma was also observed in our exper-
iments with the alpha source. We found that the signals from the exotic ions quickly de-
cayed, and almost completely disappeared after running for a day or two, although a large
signal from the NEB was observed throughout the whole run. The time dependence asso-

ciated with the alpha source has not been understood yet.

3.6 Discussion of Possible Explanations for Exotic Ions

As discussed in Chapter 1, there are at least eighteen different exotic ions observed in liquid
helium. The intermediate ions can be only seen with a plasma discharge. The fast ion can
be seen with either a plasma discharge or a source (radioactive source or sharp tips) im-
mersed in liquid. Although the exotic ions have been studied for years, there is so far no
accepted theory for the origin. In this section we present a brief overview of some possible

explanations. Firstly, we summarize some points that [has made in his thesis [20] as follows:
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a) A bubble that contains two electrons is unstable; therefore, it should be rejected
as the explanation.

b) A bubble that contains an electron in an excited quantum state should be larger
than an NEB. Thus, it should have a mobility that is lower than the NEB mobility.
However, all the exotic ions have a mobility higher than that of the NEB. In ad-
dition, the lifetime of an excited state [38] is too short compared to the time for
the exotic ions to travel through the time-of-flight cell.

c) The possibility that one of the exotic ions could be a helium anion He™ was con-
sidered by Ihas. The atomic structure is /52s2p *P1/2312.5/2. The lifetime in vacuum
is 11 ps for J=1/2 and 3/2, and 345 ps for J=5/2. The lifetime is not supposed to
be longer in liquid helium. Thas suggested that the lifetime of these anions is too
short compared to the measured transit time of the exotic ions. Another candidate

would be the helium negative dimer ion He, , yet this also has a short life in vac-

uum, which is not supposed to be longer in liquid helium [25].

We also note that for several exotic ions, Eden and McClintock [21][22][23] measured the
critical velocity for vortex nucleation. They found that the critical velocity of the exotic
ions is higher than that of the normal electron bubble. And Williams ef al. [61] pointed out
that this would suggest the radius of the exotic ions is smaller than that of the NEB accord-
ing to most theories for the ion-vortex-ring transition [62]. Any bubbles containing more
than one electron should have a radius larger than that of the NEB and thus cannot be the

nature of the exotic ions.

Then we discuss four other possible explanations proposed for the exotic ions.
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3.6.1 Core-Shell Model

In order to explain the structure of the exotic ions, including the fast ion, Lawandy [63]

proposed a core-shell model. His model is sketched in Figure 3.16. The core is supposed

to be a positively charged He, solid cluster with an effective radius of a. In the shell

region between the surface of the cluster and the surface of the bubble (of radius R ), two

electrons are trapped.

Figure 3.16: Schematic of the core-shell model proposed by Lawandy [63].

The electron wave function was taken to be zero at the cluster surface at » =a and the
bubble surface at » = R. The single electron unperturbed wavefunction was used to calcu-

late the ground state energy. The total energy of the core-shell bubble was then given as

E=2E,+E,+2E, +47rR20'+§7rR3P 38
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where E_ is the energy correction for the electron-core interaction, E, is the energy cor-
rection for the electron-electron interaction, and E, is s-state energy of a single electron

in the shell. From this equation, one can find the bubble radius at which the total energy is
a minimum. Lawandy found that a range of values of the effective radius a from 0.88 A
to 6.0 A gave bubble radii that could fit the exotic ion mobilities observed in the experi-
ments. For the exotic ions, Lawandy also used this core-shell model to calculate the critical
pressure at which the bubble explodes. For example, his calculated critical pressure for the

fast ion was ~ -7 bars.

Clearly, the core must be positively charged in order to have a bubble that is smaller than
the normal electron bubble. One possible issue seems to be that the core was calculated to
be very small for those exotic ions with higher mobilities. For example, for the fast ion, a
core radius of only 0.88 A was given, which is even smaller than 1 A. That a very small
core radius was needed then brings up the question about stability, i.e., whether the elec-
trons will penetrate the thin solid layer and combine with the positive charge at the core.
Also, it is not obvious whether this core-shell structure is stable against non-spherical per-

turbations.

3.6.2 Electrons Trapped on Vortex Rings

Another type of structure was proposed by Elser [64] and further discussed by Khrapak
and Bronin [65]. In superfluid helium, electron bubbles can be trapped on quantized vortex
rings and lines. This is because an electron bubble replaces a certain volume of rotating

superfluid around the vortex and reduces the system energy by an amount that is equal to
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the kinetic energy of the removed liquid [66]. Elser proposed that there could be states in
which an electron is weakly bound to a vortex ring without being localized in a bubble.
The helium density decreases as the distance » from the center of the vortex core decreases.

This causes an attractive potential V' (r) to the electron, which binds the electron to the

vortex ring. The electron in these states is highly delocalized and has an energy that is only

slightly lower than 1 eV. Elser calculated the total energy E,, of the electron-vortex-ring

complex, including the electron binding energy E, and the energy of the vortex ring E

vor 2

and determined how E,, varied with the radius R of the ring. He showed that there was

an equilibrium state at a ring radius of 6.7 A. Elser considered this state as a candidate for
the fast ion. He calculated the mobility of the ring to be 5.4 cm? V! s at 1 K, which is far
below the measured mobility 24 cm? V! s'. However, Elser pointed out that his calculation

underestimated the mobility.

Khrapak and Bronin [65] suggested Elser made an incorrect conclusion that the highly
delocalized electron barely has any effect on the structure of the vortex core. They per-
formed more detailed calculations for the total energy of the electron-vortex-ring complex.
They found stable states with a range of the ring radius from 17 A to 21 A. Khrapak and
Bronin mapped these stable states into exotics ions and found mobility ratios close to meas-
ured values®. For example, they calculated the ratio of the mobility of the fast ion to the

mobility of No. 4 exotic ion'” to be 4.4; the measured value is 5.4.

9 Khrapak and Bronin followed Elser’s calculation. They pointed out that this calculation could give a reliable
estimation for the mobility ratio of two states, although it did not directly give accurate mobilities.
19 The numbering by Wei et al., as shown in Figure 1.6.
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It would be interesting to perform a more accurate calculation by density functional meth-
ods to examine the electron-vortex-ring structure, as pointed out by Elser. The calculations
made so far took a greatly simplified form of the liquid density; the density was assumed
to vanish within the vortex core (» <0) and equal to the bulk density anywhere else. A
natural guess is that the ground state of the electron-vortex-ring complex provides the ex-
planation for the fast ion. Then one can continue to find other excited states and investigate
if these states can give the structure of the intermediate ions. An accurate calculation for
the mobilities of these states is also needed. The lifetime of these states must be longer than
the typical transit time observed in the mobility experiments, which is about tens of milli-
seconds. It would be also important to study the effect of high electric fields on the pro-

posed electron-vortex-ring complex. The previous experiments [21][22][23] show that the

exotic ions were stable up to an electric field of at least 3x10° V/cm. And an explanation

for the abrupt velocity reduction (as shown in Figure 1.5) at a critical field would be needed.

3.6.3 Fission Theory

The third theory to present here is the “fission theory”, which was first introduced by Maris
[67] and then further discussed by Wei et al. [25][68]. There is so far no complete theory
for the bubble formation process in liquid helium. A general picture would be as follows
[69]. When an energetic electron enters the liquid, it first loses kinetic energy by exciting
and ionizing helium atoms. After the electron energy falls below the first excitation energy
of helium (19.8 eV), the electron can only lose energy by elastic scattering from helium

atoms. This will be very inefficient due to the large difference in mass between the electron
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and helium atom. The energy loss of the electron after a single collision with a helium atom

is AE/E=2m,/M,,,where m, and M, arethe masses of the electron and helium atom,

respectively. Supposedly, an electron only starts to form a bubble after its energy drops
below 1 eV. This picture qualitatively agrees with the experiment [70] that measured the

distance an electron travels from an initial position until a bubble is formed.

Further details about this picture are still not clear. What will be the electron wave function
when the electron stops to form a bubble? If the wave function is distributed over some
distance before the bubble is formed, does the whole wave function simply end up within
a single bubble? Can the wave function be divided into two or more bubbles? If the inter-
action between the helium and electron constitutes a measurement to determine the position
of the electron, one can argue that all the wavefunction must end up within one bubble.
However, what constitutes a measurement is still an open question.!! If we assume the

wave function y can be divided into two bubbles, it was shown [25] that the integral f

of |l//|2 over the volume of each bubble is likely to take a particular value from a discrete

set {f,}. Then it is possible that the bubbles will have discrete radius and mobility. There-

fore, this could provide a possible explanation for the exotic ions.

3.6.4 Impurities

The last possible explanation we discuss here is that the exotic ions simply come from the

impurities in the cell that are ionized in the plasma. The plasma formed in helium vapor

' We will discuss this in more detail in the next chapter.
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may not be energetic enough to knock impurities off the cell wall. However, the excited
helium atoms may deposit energy to the cell wall and knock off some impurities. High
energy photons may do the same. The impurities on the wall include not only the material
of the wall but also the air components (such as nitrogen, oxygen, and water vapor) frozen

on the wall.
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Figure 3.17: Bubble radius and electron affinity as a function of the potential depth V,
adapted from Wei et al. [25].

The radii of the bubbles formed by the H", O and O, ions have been calculated by

Khrapak and Schmidt [71][72]. They took a simple pseudopotential as the interaction be-
tween the excess electron and the atom of the ion. The pseudopotential was constructed by

a hard-core repulsion and a long-range polarization attraction. The radii they obtained for

the H™, O™ and O; ions are 4.5 A, 3.6 A and 5.8 A, respectively. Khrapak and Schmidt
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then considered the structure of O, to be a small bubble and the structure of O™ to be a

bubble surrounded by a solid layer of helium atoms. They proposed that H™ should be in
a bubble surrounded by a layer of condensed but not solid helium. Wei et al. [25] used a
similar but simpler model to calculate the radii of impurity ions in liquid helium. The im-

purity ion was treated as providing an attractive step potential -V to the excess electron.

They then found the radius of the ion for different electron affinities @ . The results of Wei

et al. are shown in Figure 3.17.

It would be interesting to use more accurate models to calculate the structure of those po-
tential candidate ions, such as H™, O™ and O, . However, it seems unlikely that the impu-

rities can explain all the 18 different exotic ions. Also, all the wavelengths of emitted light

from the plasma in the experiment were found to come from the spectrum of helium [25].
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Chapter 4

Experimental Investigations of Continu-
ous Backgrounds A and B in Mobility
Measurements

There have been 18 different exotic ions observed in liquid helium, each of which has a
characteristic mobility higher than that of the normal electron bubble. The data obtained
from the previous experiments revealed not only the components from the exotic ions but
also two other components that vary continuously with time. These components are re-
ferred to as “background A” and “background B.” In this chapter further experimental in-
vestigations of backgrounds A and B are presented. We will discuss under what conditions
these backgrounds appear and possible explanations for their structures. Part of the content
in this chapter was published as “Experimental Investigation of the Quantum Measurement
Process Using Electrons in Superfluid Helium” in the Journal of Low Temperature Physics

[73].
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4.1 Previous Works

As discussed in Chapter 1 and Chapter 3, mobility measurements in liquid helium have

been performed by different labs [16][18][19][20][21][22][23] [24][25]. The data obtained
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Figure 4.1: Solid curve shows current arriving at the collector as a function of time. The

data was taken by Wei et al. [25]. The temperature was 0.991 K, and the drift field was

82.1 V/em. The dash curve shows the result after subtracting each of the peaks from the
data. The large peak labelled as “NEB” comes from the normal electron bubbles.

from these experiments have revealed several different components in the detected signal.
The existence of different components has been discussed in refs. [25] and [74]. In Figure
4.1, we replot a data trace from the experiment of Wei ef al. [25]. This experiment used

sharp tungsten tips in the helium vapor to produce a plasma. The temperature was 0.991 K,
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and the drift field was 82.1 V/cm. The solid curve shows the current detected at the collec-

tor as a function of time. This curve shows a set of peaks, including the fast ion, interme-

diate ions, and normal electron bubbles. These have been discussed in previous chapters.

One can make a fit to each peak coming from the exotic ions and then subtract the peak

from the data. This process cannot be mathematically rigorous because there is no accepted

theory for the shape of the peak. However, it is good enough to reveal that there is another

component of the signal; this is the continuous background shown by the dashed line in

Figure 4.1. The background signal has some remarkable features and has been discussed

in refs. [25] and [74]. Key results include:

il.

1il.

Under some conditions, the continuous background is present without any peaks
from the exotic ions.

The time dependence of the background signal varies with the experimental condi-
tions. Figure 4.2 shows data taken from ref. [25]. When the current that is injected
to maintain the plasma, i.e., the current from the sharp tips at the top of the cell or
from a radioactive source, is small, the background is as shown by the solid curves
in the Figure 4.2. We call this background type A. However, if the current is in-
creased by changing the voltages applied across the plasma, for example, then at
some point there is an abrupt change in the background and it becomes as shown
by the dashed line in Figure 4.2. We call this extra background signal background
B; the total background when this happens is the sum of backgrounds A and B.
The amplitude of background A decreases monotonically with decreasing arrival
time ¢ of the signal as seen in Figure 4.2. It is possible that it becomes zero below

a critical value of ¢ but this is not established.
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iv.  Background B becomes zero before a critical arrival time 7, , which is roughly half
of the arrival time of the normal electron bubbles. At a time ¢ that is slightly larger
than 7,, the background B signal is proportional to /t—7, . The time r, varies

with the temperature and with the applied drift field in just the same way as does

the transit time of the exotic ion that has an arrival time close to 7. This indicates

that the continuous background B is composed of ions.
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Figure 4.2: Current arriving at the collector as a function of time, adapted from Wei ef al.
[25]. The temperature was 1.025 K, and the curves are labelled by the drift field. The sig-
nal arising from the normal electron bubbles is labelled as “NEB.” The dashed curves
show the data taken when background A+B is present, and the solid curves are taken
when the voltages for the plasma have been changed so that background B disappears.
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It appears from the experiments performed so far that background A can be seen only if (a)
there is a signal from the NEB, and (b) the background B and exotic ions do not mask

background A.

4.2 Study of Background A

In this section we report on experiments to study background A. Electrons are produced by
a plasma discharge in the vapor above the liquid surface. For electrons with energy only
slightly higher than the 1 eV energy barrier, the wave function will experience a “reflection
above the barrier.” Only a part of the wave function is transmitted into the liquid. We in-
vestigate the possibility that this partial transmission leads to the formation of electron
bubbles that contain only a fraction of the complete electron wave function. Our simulation
of the mobility of these bubbles is in reasonable agreement with the measured signal in
background A and supports the idea that the interaction between the electron and liquid
helium does not constitute a quantum measurement. In quantum mechanics, what consti-
tutes a measurement is still an open question. Our experiments help provide new infor-

mation on this subject.

4.2.1 Introduction

In quantum mechanics, the state of a quantum system is described by the wave function

¥ . It is well known that the wave function changes in two different ways. One is described

oY ) . .
by & as governed by the Schrodinger equation. The other way to change ¥ is by
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quantum measurements. According to the well-known Copenhagen interpretation, if a

physical quantity f gets measured, the result of the measurement must be one of the ei-
genvalues {f } of the operator f‘ . If the result of the measurement turns out to be the ei-
genvalue f,, the wave function will immediately change to the corresponding eigenfunc-

tion ¢, . This process is the so-called “collapse of the wave function.”

However, there are several undetermined questions regarding the quantum measurement.
The first question is: What constitutes a measurement? It was argued by Putnam that quan-
tum mechanics “treats the universe as consisting of two kinds of objects — classical objects
not subject to uncertainties and micro-objects — with the former measuring the latter” [75].
However, as indicated by Putnam, this argument is not in agreement with the principal that
quantum mechanics applies to all objects in the universe. Similar questions have been dis-
cussed for many years, for example, in the papers by Putnam [76], by Bell [77], by
Margenau and Wigner [78][79], and by Cooper and Van Vechten [81][82][83]. In his paper
Bell gave a brilliant description of the ambiguity in the concept of quantum measurement,

which we would like to repeat here:

“What exactly qualifies some physical systems to play the role of 'measurer'? Was the
wavefunction of the world waiting to jump for thousands of millions of years until a single-
celled living creature appeared? Or did it have to wait a little longer, for some better qual-

ified system . . . with a PhD?”

Another obvious question is regarding the sudden change that appears in the wave function
instantaneously after the measurement is made [84]. Suppose, for example, that at time ¢

a measuring device is used to detect a particle at a location 7 . If the particle is found at 7,
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then the wave function is supposed to instantaneously collapse to a delta function at 7 , i.e.,
vanish anywhere else. This must happen since otherwise a measurement performed shortly
later at another position 7' that is at a large distance from 7 would have a chance of find-
ing the particle. As previously mentioned, this change cannot be described by the Schro-

dinger equation.

As an alternative to the Copenhagen interpretation, there have been many other proposals
regarding the measurement process. These include, for example, the pilot wave interpreta-
tion of de Broglie [85] and Bohm [86][87], the many worlds theory of Everett [88], the
continuous spontaneous localization model of Ghirardi et al. [89], and the decoherence
theory of Zeh [90] and Zurek [91][92]. But at the present time none of these proposals has

been generally accepted [93].

In this section we report on experimental results that are relevant to one particular aspect
of the measurement problem. Our results are related to the thought experiment first pro-
posed by Einstein in 1927'? and discussed later by many others [95]. Here, we follow a
description of this general type of thought experiment as given by de Broglie [96][97]. A
particle is placed in a box B, which has impenetrable walls. A partition is then used to

divide the box into two boxes B, and B,, each containing a part of the wave function.
These two boxes are separated and moved far apart; de Broglie takes B, as moved to Paris
and B, moved to Tokyo. The wave functionin B, is ¢,'¥, and ¢,'¥, in B,, where ¥, and

Y, are functions that are normalized within boxes B, and B, , respectively. According to

12 This was mentioned in ref. [94]. A. Fine [95] gave the name “Einstein’s Box” to this type of thought
experiment.
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the Copenhagen interpretation, if box B, is opened first, the probability of finding the par-

|2 . But if B, is opened first and the particle is not found in B, , then there

ticle in B, is |c1
is a 100% probability of finding the particle in B, . In this case a measurement in which no

particle is detected has influenced the wave function of the particle and changed the prob-
ability of finding the particle at a location far away. de Broglie considered that this is im-

possible. A schematic of this experiment is shown in Figure 4.3.

There are further questions to consider for this type of experiment. In the above discussion
de Broglie considered measurements made by some device which looks for a particle that
is found after one of the boxes is opened. But it might also be possible that the walls of the

boxes B, and B, make a measurement at some time after the box B has been divided, but
before the boxes B, or B, are opened to look for the particle. The experiment described

here looks to find out if the walls of a box do make a measurement with the result that all

of the wave function is trapped in one of the boxes B, or B,. Ifthis is indeed what happens,

it is interesting to ask at what time after the division of the boxes does this occur. A sche-
matic view of the experiment is shown in Figure 4.4. We first trap only a part of the wave
function of an electron in a “box.” The “box” is a hollow cylindrical container of radius R,
with its bottom sealed by a rigid plate. There is a piston of mass M at the top of the cyl-
inder, which can slide without friction. At equilibrium the piston sits at the height L , which
is determined by the balance between two forces exerted on the piston: (1) the downward

gravitational force Mg, and (2) the upward force caused by the zero-point motion of the
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trapped electron. Suppose that the electron is in its ground state V', , and the integral of

“Pg‘ over the volume of the cylinder is F '*. The equilibrium position is then given as'*

. [thﬂ,z]m 4.1)
- m, Mg

5 - -
| / v
B1 in Paris B2 in Tokyo

Figure 4.3: Schematic of the experiment described by de Broglie. The red curve denotes
the wave function of the particle.

where m, is the electron mass. In a “box” of this type, there will be a continuous interaction

between the trapped part of the electron wave function and the walls of the box. An inter-
esting question to ask is if this interaction results in a measurement that determines whether

the electron is in the box or not. If this interaction does not result in a measurement, the

13 Only a fraction F' of the wave function is trapped in the cylinder.
14 This assumes that the energy of the part of the wave function outside the cylinder is not influenced by the
piston position.
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equilibrium position of the piston will just be as given by Equation (4.1). But if a measure-

ment results and determines whether there is or not an electron in the box, then the final
position of the sliding piston will be either at L=0 (F =0) or L=(h27r2 /meMg)l/3

(F=1).

Figure 4.4: Concept of the experiment proposed in the text. The walls of the cylinder and
the piston are assumed to be impenetrable.

In order to construct a “box” that traps a part of a wave function, one may consider to move
a particle into some region and then manipulate the potential experienced by the particle
within a short enough time to make only a part of the particle wave function trapped. This
type of process has been discussed in refs. [98], [99] and [100]. Some semiconductor de-
vices with voltage-controlled gates [101][102] might be capable of being used for this. In
the present experiment the trapping process happens automatically in liquid helium, and
we can simply perform time-of-flight mobility measurements to determine whether some

part of the wave function is still trapped at a later time, as we will see below.
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In the present experiment a plasma discharge is maintained in helium vapor above a volume
of superfluid helium to provide a source of electrons. Note that electrons in the plasma
have a continuous distribution of energy. For an electron from the plasma to enter the lig-

uid, the electron must have an energy above the barrier height V, (~1 eV) at the liquid-

vapor interface. The trapping process is illustrated schematically in Figure 4.5. An electron
from the plasma comes close to the liquid-vapor interface. For an electron of energy above
V,, a part of the electron wave function will be transmitted into the liquid, and a part of the
wave function will be reflected; this is the so-called “reflection above the barrier.” As pre-
viously discussed in section 3.6.3, the transmitted part of the wave function will lose kinetic
energy via scatterings with helium atoms and travel several hundred A [69] before it moves
slowly enough to get trapped in a bubble. The 1 eV energy barrier provided by the liquid
make the parts of the wave function inside and outside the bubble well isolated, i.e., the

tunneling rate through the helium barrier is much too slow to be important.

: 2 - .
We assume that the integral of |l//| over the space containing the transmitted part of the

wave function is F. This transmitted part of the wave function will form a bubble of radius

R, and then it has the form as below

_\/Tsin(;zr/ﬁ) (4.2)
V= 27R r

The total energy of the bubble at zero pressure is then given by

; L I L (4.3)
Eipbie _J-r<1él//(_ m \% l//jd r+4rR o = T +47R° o

e e
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Then at the energy minimum we obtain R = F"*R,.,, where R,,, is the radius of the NEB.

(B) «-JVD\Af‘-/— —— N\ N\N—

o ————

o ————————

Figure 4.5: Schematic diagram of the trapping process occurring in liquid helium. The
solid line denotes the wave function of the electron, and the dashed line is a sketch of the
density profile of the liquid helium; the bulk liquid sits on the right-hand side of the fig-
ure. The potential acting on the electron is taken to be approximately proportional to the

liquid density. In (A) an electron approaches the liquid-vapor interface with an energy
above the 1 eV barrier. In (B) the wave function is partially reflected, and partially trans-
mitted into the liquid. Then an incipient bubble is formed in the liquid (C) and grows to

its equilibrium size (D).

Note that in the above discussion, we have assumed that during the trapping process the
helium did not make a measurement even though the trapped part of the wave function was
constantly interacting with the helium atoms surrounding it. If the helium did make a meas-

urement, it would result in either a normal electron bubble ( F =1) or no bubble (F =0).
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As we will detail later in section 4.2.2.2, the electrons in the plasma have a continuous
distribution of energy. Thus, the values of F should also have a continuous distribution,
and electron bubbles with a continuous size/radius distribution should be produced in the
liquid. To calculate the distribution of the bubble radius, we need to know the energy dis-
tribution of the electrons in the plasma and how the value of F' is dependent on the electron
energy. These will also be discussed later in section 4.2.2.2. Now the problem comes down
to how to detect the existence of these bubbles. As previously discussed, in superfluid he-
lium at temperatures around 1 K, to a good approximation the mobility is inversely pro-

portional to the roton number density and the square of the bubble radius, i.e.,

wocexp(A/k,T)/ R*. Therefore, we can perform mobility measurements to look for the

existence of bubbles with a continuous size distribution produced by the mechanism we
just discussed above. One just need to look for the existence of negative ions that have a

continuous distribution of mobility.

For a discussion of the formation of a bubble by an electron entering liquid helium, see the
papers of Hernandez [103], Rosenblitt and Jortner [104], and Eloranta and Apkarian [105].
Arguments for and against the possibility of forming bubbles containing only a fraction of
the wave function of an electron have been presented by Maris [67], Wei ef al. [68], Elser
[106], Rae and Vinen [107], Jackiw, Rebbi and Schrieffer [108] , Altschul and Rebbi [109],
and Mateo, Pi and Barranco [110]. In addition, we mention that there is a detailed review
of the quantum measurement process in chapter 8 of the book by Greenstein and Zajonc

[111].
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4.2.2 Experiments

SIGNAL (pA)

fo
S
|

10 15 20 25 30 35 40
TIME (ms)

Figure 4.6: Current arriving at the collector as a function of time. The temperature is
1.014 K and the drift field is 65.0 V/cm. The voltage difference AV, applied between

grids GO and G1 is 40 volts. The solid curve uses the scale on the left, and the dashed
curve is an expanded plot using the scale on the right.

The cell configuration used in the experiments was as described in section 3.2. We have
performed a detailed study of background A at many different temperatures, drift fields,
and voltages applied to the source S, and the grids G0, G1 and G2. And we also optimized
the signal to noise ratio. An example of data taken at 1.014 K is shown in Figure 4.6. The
liquid level was positioned at approximately 0.5 mm above grid G1. The data shown in

Figure 4.6 were taken with the reverse configuration: S=-283 V, G0=—430 V, G1=-390
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V, and G2=-400 V, and the drift field was 65 V cm’!. The amplitude of the gate pulse
applied to GO and G1 was constant at 40 V. The amplitude of the normal electron bubble

peak in the signal is approximately 120 pA.

4.2.2.1 Leakage Current

As previously discussed in section 3.2, the Frisch grid plays a key role in the experiment.
It significantly reduces the image charge induced on the collector before the ions pass the
grid. It would be necessary to have quantitative information about how the Frisch gird
reduces the image charge. In previous works [24][25] it was already proposed by Wei et
al. that background A may come from electrons that are partially transmitted into the liquid.
However, the functioning of the Frisch grid was still somehow uncertain at the time of
these papers because of a lack of information about the grid geometry. As a slab of ions
approaches this grid, there will always be some degree of penetration/leakage of field lines
from the ions to the collector plate, as shown schematically in Figure 4.7. This penetration
will induce a positive image charge on the collector, which leads to a positive current flow-
ing from the ground to the collector through the 2.5 MQ resistor. Thus, a small negative
current can be detected in the measured collector signal. This current is present before the
ions reach the Frisch grid and increases as the slab of ions approaches the gird. It appeared
that this might give a signal with a time dependence similar to that found in the experi-
mental results shown in Figure 4.6. The leakage of even just a small fraction of the field
lines is important because the background A signal is much smaller than the normal elec-
tron bubble signal. For example, in the data shown in Figure 4.6, the peak of the signal for
the normal electron bubble is approximately 50 times the maximum signal from
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background A. To investigate the possibility that the leakage through the Frisch grid can
provide an explanation for background A, we need to calculate how many field lines from
the ion slab can pass though the grid to the collector. Here we report on a detailed analysis

of the Frisch grid.

We first consider the form of the signal to be expected when the Frisch grid completely
shields the collector and the measured signal comes entirely from the normal electron bub-
bles reaching the collector. The width of the peak in the signal is affected by the following

effects:

1) The width and amplitude of the negative voltage pulse applied to G1 in order to
generate an ion pulse.

2) The inhomogeneity of the drift field; this can give a “tail” after the arrival of the
detected current peak resulting from the ion pulse. Note that field decreases as the
radial distance from the central cell axis increases. Thus, the inhomogeneity of the
field can only cause a tail after the peak, not before the peak.

3) The space charge effect, i.e., the repulsion between the normal electron bubbles
making up the pulse.

4) The process during which the ions pass through the Frisch grid and move into the

region between the grid and the collector.

As seen in Figure 4.6, the combination of these effects results in a signal which has a full
width at half maximum of ~ 2.8 msec. Of these effects, 1), 2), and 3) mainly influence the
width of the ion pulse before it passes the Frisch grid, whereas 4) has to do with how the

collector responds after the incoming ion pulse has passed through the Frisch grid. Effect
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4) has the consequence that the width of the detected signal is significantly larger than the

actual time width of the ion pulse as it approaches the Frisch grid.

Then we consider the signal that results when a single zero-thickness slab of ions moves
down the cell towards the Frisch grid and the collector; see Figure 4.7. Let the total charge

on the ion slab be —Q. When there is no leakage through the Frisch grid, there will be no
image charge induced on the collector until time ¢, at which the slab reaches the grid'.

After this time the induced charge Q. on the collector'® is

0-=0 tp >t
4.4)
ZFC_Z
=0 te+Zpe [ Ve > >0,
Zpc
=0 t>tp +Zpe [ Vi

where z is the distance of the ion slab from the collector, z,. is the distance from the
Frisch grid to the collector, and v, is the velocity of the 1ons while moving between the
grid and the collector. When the ions reach the collector, the charge O, drops to zero!’.

The collector current is then given by

I(t)=0 t, >t
=—0OVpe / Zpe tp+Zpe [ Ve >t >t (4.5)
=0 >t 42 [ Ve

15 If the geometry is chosen appropriately, the grid can be made in such a way that only a small leakage of
field lines comes from approaching ions. However, for this same geometry most of the field lines from G2
that make up the static drift field can pass through the grid. This has the consequence that most of the ions
can pass through the grid rather than ending up on the grid wires. For a discussion about this interesting
property of the Frisch grid, see O. Buneman, T.E. Cranshaw, and J.A. Harvey, Can. J. Res. A27, 191 (1949).
We calculated for our grid that ~88 % of the static field lines pass through the grid. This calculation was
performed in a single cell of the grid by using the finite element method with the periodic boundary condition.
Thus, assuming that the ions follow the field lines, only ~ 12 % of the ions are lost at the Frisch grid.

16 This equation neglects the calculated 12% charge loss on the Frisch grid.

17 There is a short delay due to the effective capacitance between the collector and the ground.
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For the signal shown in Figure 4.6, z,./v,. is 0.51 msec with the consequence that the

actual width of the ion pulse when it approaches the Frisch grid must be significantly less
than 2.8 msec. Given that this width is considerably smaller than the time range over which
background A is present (see Figure 4.6), to a first approximation we can treat the ion pulse

as a charge slab of zero thickness in calculating the leakage through the Frisch grid.

A
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Figure 4.7: Schematic diagram showing a slab of ions approaching the Frisch grid and the
collector. The dashed lines with arrows show field lines from the slab of ions to the low-
est homogenizer disk H4, to the Frisch grid, and to the collector.

We discuss now the leakage/penetration of the field lines through the Frisch grid. Suppose
that at distance z from the collector there is a zero-thickness ion slab centered along the

central axis, and the charge on this slab is uniformly distributed within a radial distance of
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0.4 cm. This supposes that the slab has the same diameter as grids G1 and G2 (see section
3.2.1). Our problem is then to find how many field lines starting from these ions can even-
tually pass through the Frisch grid and terminate on the collector. This is dependent on the
distance from the collector and thus on the time. The detected current on the collector due

to the leakage through the Frisch grid is given by

1 d
I(t):—EEI EdS=-

dQ,,ce (4.6)
dt

where the integral of the field £ is over the surface area of the collector, and @, is the

image charge induced on the collector.
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Figure 4.8: Scanning electron microscope images of the Frisch grid. Part (a) shows one
cell of the grid, and (b) was taken with higher magnification in order to show a cross-sec-
tion of one of the wires.
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To calculate the leakage of the field lines, detailed information about the geometry of the
Frisch grid is needed. To this purpose, images of a section of the grid were made'® using a
scanning electron microscope. We show two examples of these images in Figure 4.8. In
the calculation, we have slightly simplified the geometry of the grid. The spacing between
wires was taken to be 326 um in both the x and the y directions. The width and thickness
of the wires were taken to be 38 pm and 13 um, respectively. The rounded shape of the top
corners of the wire was replaced by a quarter circle of radius 13 um. We also neglected the
small ridge at the bottom of the wire (as seen in Figure 4.8b) and treated the bottom as a
completely flat surface. The dimensions of the collector and the other electrodes in the cell,

such as the homogenizer disks H1-H4, were easy to measure.

We then detail the calculation for the number of field lines from an ion slab that can pass
through the grid and reach the collector (see Figure 4.7). At first sight one would think of
using the finite element method. However, this approach is very challenging because of the
huge discrepancy between the dimensions of the electrodes such as H1-H4 and the wires
making up the Frisch grid. A mesh needed in this case must be constructed in a very com-

plicated way.

Instead, we used a Monte Carlo method [112][113] to perform the calculation. Monte Carlo
methods have been widely used in electrostatic boundary problems. A straightforward ap-

proach is described as follows. Suppose that there is a charge Q located at a particular

position in the drift region. A random walker is placed at the position of this charge and

then start to undergo a random walk. The random walker stops once it arrives at a

18 We thank Dr. Shaghayegh Rezazadeh for making these images.
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conducting electrode. We then repeat this process for a large number N of walkers

walkers

and find the number N

collector

of the walkers that reach the collector. The image charge

Qg Induced on the collector is given as

Nco ector (47)
Qimage == —collector Q

walkers

The derivation of this equation is based on the fact that the Green’s function of a point
charge is related to the first passage probability!® of a random walker starting at the position

of the charge [113]. This relation is given as

(i) = 06T 4.8)

on

where p(7,;7) is the first passage probability distribution of a random walker starting at

0G(7y; 1)
n

1, and 1s the normal derivative of the Green’s function G at the boundary.

Note that the right-hand side of Equation (4.8) is just the surface charge density. One can

easily integrate this equation to obtain Equation (4.7).

The procedure we have described so far would not directly construct a very efficient algo-
rithm because at first glance one would think that the step size of the random walk would
have to be much smaller than the smallest length scale of the geometry, i.e., the thickness

of the wires making up the Frisch gird. If we chose the step to be of 2 um, then a walker

would take ~2.5x10” steps to move 1 cm?°, which means that an accurate simulation

1 The first passage probability is defined as the probability that a random walker first hits a given site on the
boundary.

20 Note that the mean square displacement is N A’ , where A is the step size.
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would be considerably time-consuming. However, it has been shown [112][113] that Equa-
tions (4.7) and (4.8) are still valid even with a variable step size for the random walk.
Obviously, there is an upper limit for the step size, i.e., the step size must be not larger than

the distance { from the current position of the walker to the nearest electrode in each step

of the walk?!. Therefore, to minimize the required number of steps and the running time of
the simulation, in each step the walker moves to a point uniformly sampled out of the sur-

face of a sphere centered at the previous position that has a radius of ¢, i.e., the walker

exits a series of successive spheres. This method was first proposed by Muller in 1956 [112]
and now is referred to as the “Walk on Spheres” method. We terminate the walker when it
reaches a position that is within a small distance & of an electrode. This termination strat-
egy was justified by Muller in section 7.2 of his paper [112]. 6 was taken to be 0.1 um in

our simulation. A schematic of this process is shown in Figure 4.9.

Figure 4.10 shows how the ratio of the image charge on the collector to the total charge on
the ion slab varies with distance z from the collector. To obtain high accuracy, two million
walkers were used in the simulation. The starting positions of these walkers were uniformly
distributed over the area of the ion slab (see Figure 4.7). Then we repeated the simulation
for different values of z to obtain the charge ratio as a function of z, as shown in Figure
4.10. One can see from the figure that the leakage through the Frisch grid increases fast as
the ion slab approaches the Frisch grid. The results were fit very well to the following

equation

21 Of course, the step size also needs to be large enough so that the walker can reach an electrode.
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Oinage = —Qa-exp(=2/b) (4.9)

where O, . is the image charge induced on the collector, O is the total charge on the ion

mage

slab, a =0.0375,and b=0.355cm.

To perform a more accurate calculation of the leakage current, we have replaced the single
slab of ions just considered by a more delicate model. We included the effect that the actual
ion slab in the experiments was of a finite thickness. And we also included a correction to
allow for the ~12% charge loss at the Frisch grid. To take account of these effects, we now

consider an ion slab of thickness w?2. Suppose that at time ¢, the front of the ion slab

arrives at the Frisch gird, and at time ¢, the rear of the ion slab arrives at the collector.

Then we have

X

.\'f()")

Figure 4.9: Schematic showing the “Walk on Spheres” method. A walker starts at posi-

tion x, and stops at position x,,,, . Note that this figure does not include the actual geom-

etry of the cell. It only intends to show the concept of the “Walk on Spheres” process.

22 The diameter is still assumed to be 0.8 cm, as previously discussed.
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ZEc
W=V (te——)
FC

(4.10)

where v, is the velocity of the NEB in the drift region above the Frisch grid, and v,,. is

the velocity of the NEB in the region between the Frisch grid and collector. At time ¢,. the

profile of the charge density on the slab is taken as

_{po(z), Zpe SZSZpetw
0, z>z,+w
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Figure 4.10: Plot of the ratio of the image charge on the collector to the total charge on an
ion slab approaching the Frisch grid as a function of distance z from the collector. The
cycles are the results from the Monte Carlo simulation, and the dashed line is an expo-

nential fit to these results.

At a later time ¢ > ¢,., the charge density p'(z,?) is given by
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P01 = p 24V, —tp) ] (4.12)

It is not difficult to derive the equation for the leakage current at the collector.

inmage (4 1 3)
leakage = _7
_d Po| 24V (t=1,) | Ay, -aexp(—z/b)dz
dt Zrc rift sla

where 4, = 7r,,’ with r,, =0.4 cm. Note that the charge density profile should be cho-

sen so that it reproduces the profile of the measured NEB signal. This requirement gives

Po [Vdriﬁ (t=t;)+ ZFC]

dl (t
JAY) oz sl Ut 42 Ve (4.14)
dt V- Vee Ay Tr
3 d](t)  Zpe 1

7 y +p0[vd,[ﬁ(t—tF—ZFC/VFC)+ZFC},tCZt>tF+zFC/vFC
U Vi Vee Agg LT

where I(¢) is the measured current signal at the collector?’, and Tr is taken to be 88% to
give the approximate charge loss at the Frisch grid. ¢, and 7. are chosen to be two time

points before and after the arrival time of the NEB, respectively, at which the current is 1%

of its peak value.

In Figure 4.11 the calculated leakage current is shown as the dashed curve, and the meas-
ured signal is shown as the solid curve. It is obvious that over the time range in which

background A seems evident, the calculations for /

leakage

are much too small to provide an

23 This equation assumes that the measured signal only comes from the normal electron bubbles arriving at
the collector. Note that in fact the measured signal contains background A and the leakage current. However,
these two are too small to have any effects on the leakage calculation.
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explanation for the measured signals. At a time of 22 msec, for example, the measured
current for AV, =70V is -0.49 pA, while the calculated leakage current is only about -

0.12 pA.

Of course, it is necessary to test and confirm the accuracy of the leakage calculation just

described. We will discuss this point in section 4.2.2.3.

0.5 T T T T T T
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Figure 4.11: Plots of the measured background A and the calculated leakage current
through the Frisch grid. The curves are labelled by the voltage difference between grids
GO0 and G1. The data for AV, equal to 30 V and 50 V are offset by 2 and 1 pA, respec-
tively. The temperature was 1.014 K. The drift field was 65 V/ecm. The amplitude of the

pulse applied to GO and G1 was held constant at 40 V.
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4.2.2.2 Experiments with Electrons from the Plasma

Now we have excluded the possibility that background A only arises from the leakage
through the Frisch grid. In this section we will make a comparison between the measured
background A signals shown in Figure 4.11 and the signals to be expected from the trap-
ping process described in section 4.2.1 in which the electron wave function only gets par-

tially transmitted into the liquid and thus gets trapped in a bubble smaller than the NEB.

The electron energy distribution n(g) in the plasma is given by [114][115]

2n g’ (4.15)
oy () d
0

n(e)de =
In the above equation n,, is the total number density of electrons and

(4.16)
&, =NeE My,
0 3m

e

where A is the electron mean free path, £ is the applied electric field, and M, is the

mass of a helium atom. The mean free path A of electrons in the vapor is given as

U (4.17)

nHe o-el —He

where n,, is the number density of helium atoms in the vapor, and o is the cross sec-

el—He
tion for electron-helium scattering. This cross section at few eV electron energies is about

5.5x107"° cm®[116]. Equation (4.15) only holds under the following conditions: 1) the

electron energies must be much larger than the thermal energy scale k,T ; this is the case
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in our experiment, and 2) the electrons lose kinetic energy mainly by means of quasi-elastic

scatterings by helium atoms instead of excitations or ionizations of helium atoms.

The electron distribution in the wave vector k space is then given as*

(4.18)

h3ne
\/572-[‘(3 / 4l)m 32,372 exp(—h4k4 /4m62€§)dkxdkydkz
e %o

We can calculate the rate at which electrons are incident on the liquid-vapor interface as

(4.19)

3
h'n,

\/iﬁl“ 3/4Ym e
( ) e 0

f; dk, J. Z dk, I: dk, exp (—h4k4 /4m>e] ) k.A

where A4 is the area of the surface where the electrons are incident.

The problem comes down to what happens to an electron of momentum k when it is inci-
dent on the liquid surface. As far as we are aware, there is no detailed theory of this. One
approach is to assume that the liquid provides a smoothly varying potential (z) that acts
on an incident electron; z is the distance measured normal to the interface. For large z,

V(z) equals the barrier height ¥, and has a magnitude of 1 eV. If the energy of the elec-

tron is less than ¥, there will be no transmission; for electron energy above ¥, there will

be partial transmission due to the so-called “reflection above the barrier.” A second ap-

proach is to allow for scattering of the electron from individual helium atoms in the liquid.

24 For the momentum distribution, Lifshitz and Pitaevskii [115] also gave a small first order term
Jf,(p)cos@ , where @ is the angle with respect to the direction of the applied field. We have tested that

this first order term has only a small effect on the calculation.
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The helium density profile at the liquid-vapor interface has been measured using X-ray
techniques [117][118] and is in reasonable agreement with computer simulations [119].
The measurements [117] found a density profile that went from 10 % of the bulk density
to 90% over a distance of 9.2 A. We can obtain this width if we take the density profile to

be given by the expression

(z)= o (4.20)
1+exp(—z/a)

where p, is the mass density in the bulk liquid and @ =2.09 A. We then take the potential
V(z) acting on an electron incident on the interface to be proportional to the density and

thus

3 v, (4.21)
1+exp(—z/a)

V(z)

If an electron reaching the interface has a normal wave vector k, less than /2m V, /7* , it

will be completely reflected. The electron wave function  will be partially reflected and

partially transmitted if k_ >./2m V, /#* . Then the fraction F *° of |t//|2 transmitted into

the liquid can be calculated as [120]

. sinh’[z(k,~k.")a] sinh(27k.a)sinh(27k."a) (4.22)
~ sinh’[z(k, +k")a|  sinh’[7z(k, +k. ')a]

where k_'= k> -2mV, /i’ .

25 This fraction is just taken to be the transmission coefficient of the electron.
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With the above equations we can calculate the distribution function of the F values for
electrons entering the liquid from the plasma. Given that the radius of the bubble formed
in the liquid equals the radius of the NEB multiplied by a factor of F"*, this distribution
can then be used to calculate the distribution of transit times through the drift cell, i.e., the
current as a function of time. This current is supposed to be proportional to the total number

density n,, of electrons in the plasma, which is an unknown factor. The value of n, can be
chosen by making the integral of the calculated current over the whole range of transit
times equal to the value obtained from the measured data. Then ¢, becomes the only ad-
Jjustable parameter. Using Equation (4.16) to calculate the parameter &, requires infor-

mation on the field £, in the vapor just above the liquid-vapor interface. At first sight

one would think that this field is just the voltage difference AV, between grids GO and G1

divided by the distance between these grids. However, even though we have measured the

voltage difference AV, it is still not likely for us to perform an accurate calculation for

E,,, due to the following effects:

1. Since electrons experience a 1 eV energy barrier at the liquid-vapor interface, a
layer of electrons will be deposited at the interface. The amount of the deposited

charge may vary with the value of AV, , i.e., the field just above the interface. It is

likely that the electrons start to leave the interface and escape into the liquid when
the charge builds up to a critical value.

2. By ionizing helium atoms in the vapor, alpha particles in the region between grids
GO0 and G1 provide an electron source that does not seem to vary significantly with
positions. However, alpha particles do not reach some parts of the GO-G1 region
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(see Figure 3.2) since they cannot penetrate the 0.05 cm thick metal disks onto
which the grids are attached. Therefore, the ionization rate by alpha particles varies
laterally.

The fields above and below the interface, i.e., the field in the vapor and the liquid,
will be different. Note that the mobility and the number density of the electrons in

these two regions are different and may be dependent on the position.
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Figure 4.12: The solid curve shows the measured background A data after subtraction of
the leakage current. The voltage differences between grids GO and G1 are (a) 30 V, (b) 50
V, and, (c) 70 V. In each part of the figure, the results for the calculated signal are shown

at different values of the parameter ¢, .
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We plot the measured data at three different values of AV, in Figure 4.12. The calculated

leakage current through the Frisch grid has been subtracted from each data trace. In each
plot we also show the calculated signals obtained using the method described above, i.e.,
using Equations (4.19) and (4.22). We include the calculated signals for three different

values of ¢,. The values of ¢, that give a reasonable fit to the measured data do not seem
to vary significantly between different values of AV, . It appears that the largest discrep-

ancy between the calculations and the measured data occurs within the time range from 90
to 100 % of the arrival time of the normal electron bubble. The calculation is significantly
larger than the measured data in this time range. Of course, some approximations/assump-

tions were made in the calculations. We summarize these as follows:

a) The energy distribution of electrons in the plasma is taken to be Equation (4.15).

b) We take the bubble radius R to be proportional to F'* and assume that the mobil-

ity is proportional to R~ . The charge is assumed to be —e %S,

c) The potential barrier at the interface is assumed to be linearly proportional to the
liquid density given by Equation (4.20) with the interface width value measured by
Lurio ef al. [117]. Note that in their paper, Lurio et al. had considered the broaden-
ing of the interface due to the thermally excited ripplons. Using the simple disper-
sion relation @’ =gk+ak’/p with hw/k, ~1K , the ripplon wavelength is
~33.6 A. With w/2x =280 Hz, which corresponds to the frequency of the me-

chanical vibration of the apparatus, the ripplon wavelength is ~ 0.06 cm. The rms

26 See the discussion in section IIL.E of ref. [67].
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surface displacement obtained by employing all the ripplon modes is ~3 A at 1 K
[121].

d) The scattering of electrons from individual helium atoms is not considered; the po-
tential is assumed to vary smoothly with position.

e) The image potential across the vapor/liquid interface is not included. Cheng et al.
[122] proposed a model that considers the non-uniform liquid density profile at the
interface. Cheng et al. only used their model to calculate the bound states of the

electron at the interface.

Of these, assumption d) seems to be the most questionable. The number density in liquid

helium at ~ 1 K is 2.17x10** cm™ and so the electron mean free path in the liquid is

A, =839 A, i.e., comparable to the width of the surface.

lig

4.2.2.3 Experiments with Positive Helium Ions

In this section we report on experiments with positive helium ions performed to test our
theory of background A and the Frisch grid leakage. A positive helium ion in the liquid
polarizes the surrounding neutral helium atoms and forms a “snowball” because of the
increase in liquid pressure. As previously discussed, there have been many measurements
of the mobility of these “snowballs;” their mobility was found to be about twice that of the
normal electron bubble. It is interesting to consider the “reflection above the barrier” for
the positive ions. When a He" ion collides with a helium atom in the vapor, it will lose
much of its kinetic energy because the masses are nearly the same. As a result, a He" ion

incident on the liquid-vapor interface will typically have an energy on the order of eEA

vap
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where A, is the mean free path of the positive ion in the vapor, and E' is the applied field.

Therefore, for most of the positive ions that are incident on the interface, 7k.a in Equation

(4.22) will be much greater than unity?’. Given that for a positive ion the potential in the
bulk liquid is negative relative to the vapor, 7k_'a will be even greater than 7k_a . Thus,
it can be deduced from Equation (4.22) that the “reflection above the barrier” will be ne-
glectable for the positive ions, and one should expect that the “tail” prior to the arrival of
the positive ions only consists of the signal resulting from the leakage through the Frisch
grid. This indicates that experiments with positive ions can be used to check our calculation

for the leakage.
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Figure 4.13: Current of positive ions detected at the collector as a function of time at
three different temperatures: 1.044, 1.054 and 1.064 K. The drift field was 65 V/cm.

27 Note that the mass ratio of He* to electron is about 10%.
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To conduct measurements of positive ions, the polarities of all the voltages applied in the

cell were reversed. Representative data from the experiments are shown in Figure 4.13. It

appears that there are additional peaks shown in the data. The observation of multiple pos-

itive helium ions has been discussed in section 3.4.
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Figure 4.14: Current of positive ions arriving at the collector as a function of time at three
different temperatures: (a) 1.044 K, (b) 1.054 K, and (c) 1.064 K. The solid curve shows
the measured data of the positive “tail” discussed in the text. The dotted curve shows the

calculated leakage current.

In Figure 4.14, we replot the positive ion data in the time range before the arrival of the

main peak. The vertical scale of each plot has been greatly expanded, and one can clearly

see a small “tail” signal before the arrival of the main peak. However, it appears that the
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magnitude of this tail is significantly smaller than that of the background A signal for neg-
ative ions shown in Figure 4.11. For example, this tail becomes buried in noise at a time of
about 70-75% of the arrival time of the main peak, whereas background A is still well
above the noise level at the same time point. Now we make a comparison between this tail
and the leakage through the Frisch grid. The leakage was calculated as follows. The integral
of the current over the time range close to the main peak was found first. This gave the

total charge Q arriving at the collector. The results were 0.069, 0.166 and 0.088 pC at the

temperatures 1.044, 1.054 and 1.064 K, respectively. We then took the total charge as an
infinitesimal ion slab traveling at the measured drift velocity of the positive ion He" and
calculated the image charge on the collector using Equation (4.9). Lastly, we calculated the
leakage current as the first derivative of the image charge with respect to time. The results

are shown as the dotted curves in Figure 4.14.

Figure 4.14 shows that the calculated signal from the leakage through the Frisch grid agrees
well with the measured “tail”. This indicates that in contrast to what we have seen for the
negative ions, the only signal in the “tail” before the main peak of the positive ions arises

from the leakage through the Frisch grid, as we expected.

4.2.2.4 Experiments with Alpha Source Immersed in the Liquid

It is interesting to study electrons that have been generated in the liquid and have not been
reflected or transmitted at the liquid-vapor interface. Do these electrons give a measured
signal with a continuous background similar to that produced with electrons from the

plasma? Or are only normal electron bubbles produced?
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In the experiments described so far, the alpha source has been positioned in the vapor above
the liquid. The alpha particles ionize helium atoms in both the helium vapor and in the part
of the liquid that is very close to the surface®®. When the field between GO and G1 is on the
order of 100 V cm! or less [69], alpha particles that enter the liquid cause ionization but

nearly all the resulting electrons are pulled back to a positive ion and recombine.

1.23 cm

1.23 cm

Insulator

Figure 4.15: Modification of the cell. Grid G2 was replaced by a ring disk without wire
grid. The spacing between the source and grid G1 was adjusted. The voltage on the
source was held at -1300 V. The voltages on G1 and HO were held at -310 V and -400 V,
respectively. To produce a pulse of electrons, a gate pulse of -450 V was applied to G1.
Other cell parts are omitted in this figure.

28 Note that the range of alpha particles in the liquid is only about 250 pum.
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Consequently, most of the electrons that produce the signal measured in section 4.2.2.2

come from the plasma and are incident on the surface of the liquid.

To produce electrons in the liquid, sufficient liquid was added to the cell so that the alpha
source was immersed in the liquid and the applied dc field in the region of the liquid that

is close to the source was increased. Details of the modification of the electrodes at the top
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Figure 4.16: Current detected at the collector as a function of time. The alpha source is
immersed in the liquid. The drift field was 65 V/cm.

of the cell are shown in Figure 4.15. The measured signals at three different temperatures
are shown in Figure 4.16. The magnitudes of the signals are on the order of 50 pA. Figure
4.17 shows the comparison between the measured signal and the calculated leakage signal

in the time range between 50% and 90% of the NEB arrival time. The measured signal and
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the calculated leakage are almost identical thus indicating that the measured signal only
comes from normal electron bubbles, and there is almost no contribution from background
A. This is an indeed interesting result. The average energy lost by an alpha particle in pro-
ducing one electron (the so-called W value) has been measured by Ishida ef al. [123] to be
43.3 eV. However, a fraction of the energy lost by the alpha goes into exciting other helium
atoms. The estimated average kinetic energy of the recoil electrons once they have dropped
below the excitation threshold is estimated to be 8 eV?; still much larger than the barrier

energy V, =1eV.

4.2.3 Discussion

In this experiment electrons from a plasma in helium vapor are incident on the surface of
superfluid helium. Negative ions are produced in the liquid and the mobility of these ions
has been measured. We have focused attention on one particular component of the signal,
which we call background A. Background A has the remarkable property that the measured
signal varies smoothly with arrival time. All these ions are found to have a mobility that is

larger than that of the so-called normal electron bubble.

We have proposed that electrons produced in the plasma are partially transmitted into the

liquid and become trapped as “electron bubbles” below the liquid surface. Each bubble

contains a different fraction /' of the integral of |l//|2 and consequently has a different size

2 See section I1.B of ref. [124].
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and mobility. The experimental results support the proposal that stable electron bubbles

can be produced which contain only a fraction of the electron wave function.

We have made a number of tests of the experimental procedure; particular attention was
paid to the operation of the Frisch grid. The leakage through this grid was calculated using
the Monte Carlo method as described in the section 4.2.2.1. The results of the simulation
were confirmed by experiments with positive helium ions (see section 4.2.2.3), and excel-

lent agreement was found.

0.2 T T T T T 02 T ! ! ! J
0 [v]
< -02 7 ~ 02 7
2 g
2
-
< 04 | 1 2 04 7
G _ Z
S T=0.994 K o T=1.016 K
-06 | LEAKAGE ] ® 08 | EAKAGE T
SIGNAL SIGNAL
08 ©  MEASURED ___ A7 08 I MEASURED — 1]
SIGNAL b SIGNAL
_1 1 1 1 1 1 1 A 1 1 1 1 1 1
12 14 16 18 20 22 14 16 18 20 22 24 26
TIME (ms) TIME (ms)

@) (b)

0.1 T T T T

SIGNAL (pA)

sl TE1038K N 4
LEAKAGE ‘
05 SIGNAL

06 MEASURED b

SIGNAL
07 I L 1 1 L I

18 20 22 24 26 28 30
TIME (ms)

()

Figure 4.17: Current detected at the collector as a function of time at three different tem-
peratures: (a) 0.994 K, (b) 1.016 K, and (c) 1.035 K. The solid curve shows the measured
signal. The dashed curve shows the leakage current calculated by using the method de-
scribed in section 4.2.2.1.
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It is interesting to consider other possible explanations of the experimental data and we
now mention what would be needed. The key challenge is to explain how there can be a
smooth background signal. A first possibility is to propose that in the liquid there are a
number of different ion species each with a different mobility and which decay into other
ions. For this proposal to work, the decay time would need to be of the same general order
as the transit time for the signal through the cell. But then the shape of the signal would be
dependent on the magnitude of the drift field. This is not consistent with the experimental

results.

A second possibility is to propose that there is only one ion species but the mobility of
these ions changes with the value of some parameter of the ion. For example, it could be
proposed that these ions are not spherically symmetric, and to some degree retain the di-
rection of an axis while they travel through the drift region. Another possible approach
would be to propose that each ion entering the liquid at the top of the drift region has some
type of vibration that changes the mobility. A distribution of initial vibration amplitudes
could possibly result in the continuous background signal. This approach requires that the
proposed vibrations are not attenuated too rapidly and continue for sufficient time to give

the continuous background signal.

There are several experiments that would extend the results obtained so far:

1) It would be interesting to determine if the bubbles we have been studying have a
finite lifetime. A possible approach is described as follows. As in the mobility ex-
periments previously described, the gate grids are used to bring a pulse of nega-

tively charged ions into the cell. Then the drift field is turned off before these ions
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can reach the collector electrode. After the field has been off for a time ¢ ., the drift

off
field is then turned back on and the strength of the signal reaching the collector is
measured. The problem with this approach is that during the time interval in which
the applied drift field is turned off, the ions still move a significant distance due to
the space charge effect and diffusion. This movement will make the ions end up at
an increasing distance from the cell axis and an unknown number of them being
collected by the homogenizer disks, and therefore not reaching the collector. To
overcome this problem, it would be necessary to have a cell of larger diameter and
some way of making corrections for space charge and diffusion would need to be
found.

2) Measurement of the cavitation threshold for the electron bubbles with F' <1. A
number of experiments have been performed to measure the negative pressure at
which normal electron bubbles ( /' =1) become unstable and grow without limit.
These measurements have been performed using ultrasound to produce a transient
negative pressure [125][126]. The magnitude of the critical negative pressure for
bubbles with F' <1 has been calculated and increases as F' decreases [127]. A
measurement of the critical pressure could be used to test this calculation.

3) Finally, it would be very interesting to make measurements on other materials. This
requires a liquid in which a stable bubble is formed when an electron enters, i.e.,
helium-3, hydrogen, deuterium, and neon®’. Such measurements would provide an

opportunity to study bubbles in a classical fluid.

30 See the discussion in ref. [74].
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4.3 Study of Background B

4.3.1 Experiments

0.56 cm
0.15cm

1.23cm

1.23cm

1.23cm

1.23 cm

1.23cm

0.15cm

Figure 4.18: Cross section of the experimental cell. Four tungsten tips (T) are mounted at
the top. A perforated plate (P) is positioned below the tips. More details are described in
the text. This figure is adapted from ref. [25].

In the experiments just described in section 4.2, the sudden change in the background signal
as shown in Figure 4.2 was not observed. It was reported in ref. [25] that the background

B data shown in Figure 4.2 were taken when the plasma was unstable®!. To further

31 See page 91 of ref. [25] and page 36 of ref. [27].
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investigate the conditions under which background B occurs, new measurements have been

performed.

The cell geometry was nearly the same as that in the previous experiments of Wei ef al.
[25]. A schematic is shown in Figure 4.18. Four tungsten tips were installed on a brass
holder at the top of the cell, one at the center of the holder and three at the vertices of an
equilateral triangle around the center. The end of each tip and the top of the perforate plate
P were roughly at the same height. The liquid level was approximately 2 mm above the
gird G1. Sufficiently large negative voltages were applied between the tips and the perfo-
rated plate in order to maintain a stable plasma in the vapor. The functioning of other parts

was the same as described in Chapter 3.

In Figure 4.19, we show data taken at three different temperatures: 1.030, 1.055, and
1.070K. The voltage on the tips is given in the figure. The voltages on P, G1 and G2 were
held constant at -440 V, -390 V, -400 V, respectively. The amplitude of the gate pulse was
held constant at 22 V. The drift field was 65 V/cm. At each temperature, the upper dashed
curve in Figure 5.19a shows the signal from background A, and the lower solid curve shows
the signal from the sum of backgrounds A and B (background A+B). As shown by the data,
there is a sudden change in the background signal, i.e., background B occurs, after the tip
voltage is only varied by 7-10 volts. However, the profile of normal electron bubble peak
remains almost the same, as shown in Figure 4.19b. It appears that the tip voltage that is

needed for background B to occur decreases as the temperature increases.
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Figure 4.19: Current detected at the collector as a function of time at three different tem-
peratures. In (a), the curves are labelled by the voltage on the tips. The same data are
replotted in (b) with a larger y-axis limit to show the complete peak of the NEB. The

plots in (a) are offset for clarity.
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Figure 4.20: Background B obtained by subtracting background A from background
A+B. The temperature was 1.030 K. The black curve shows the results for background B.
The large fluctuation in the time range between 30 and 35 ms is due to the difference in

the normal electron bubble peak. The blue curve shows a plot of A/t —7, , where 7, is

the starting time of background B, which is roughly half the arrival time of the normal
electron bubble, and 4 is a constant.

In order to obtain the profile of background B, the background A signal was subtracted
from the background A+B signal. The result obtained at 1.030 K is shown in Figure 4.20.

Background B begins at time 7,, which is about half the arrival time of exotic ions, and is

proportional to /¢ —7, when time ¢ is close to 7,. The temperature dependence of 7, is

shown in Figure 4.21. The results can be fitted reasonably well to the equation

7, cexp(—A, /T) with A, =8.95 K, which indicates 7, varies with temperature in the
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same way as the arrival time of the exotic ions does. These findings are consistent with the

previous experiments of Wei et al. [25] as summarized in section 4.1.

Note that the background B profile obtained in the present experiment is not exactly the
same as that obtained in the previous experiments of Wei ef al. An example of the back-
ground B profiles obtained from their data is shown in Figure 4.22. The profile shown in
Figure 4.22 has an obvious upward trend in the time range close to the arrival time of the
normal electron bubble. This is not evident in the present experiment, as shown in Figure
4.20. The reason is not fully understood yet. It is likely that the profile of background B,

not only the magnitude, depends on the voltage on the tips.
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Figure 4.21: Starting time of background b as a function of temperature. The line is a fit
to the data assuming 7, ocexp(-A, /T).
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Figure 4.22: Background B obtained from the data of Wei ef al. The black curve shows a
guide to the eye. This figure is adapted from the previous review article [74].

4.3.2 Discussion
There is so far no theory proposed for background B. A theory for background B is required

to explain the following experimental findings:

a) Background B appears to come from real ions with a continuous distribution of
mobility.

b) Background B has a cutoff time 7, which is about half of the arrival time of the

NEB. And the magnitude of background B is proportional to /¢ —7, near the cut-

off. Thus, the mobility distribution must also have a cutoff x, (as an upper limit),
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which is about twice of the NEB mobility. And near the cutoff the mobility distri-

bution is proportional to Lz it .

N

¢) Background B abruptly occurs when a small change in the tip voltage is made.

Of these, c¢) was observed in the experiments using sharp tips to maintain a plasma in the
vapor. More generally, the sudden occurrence of background B may be dependent on the
characteristic of the plasma. It is difficult to accurately describe the plasma characteristic,
because it can be affected by a large set of parameters, including the type of source, the

cell geometry, the voltages on the electrodes, the temperature, the liquid level, etc.

It is possible that background B also comes from bubbles that only contain a fraction F of
the electron wave function. The values of F could have a continuous distribution that gives
the correct profile of background B. However, we do not know what mechanism can pro-

duce such bubbles.
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Chapter 5

Experimental Investigation of Photo-Exci-
tation of Electron Bubbles

The 1S—1P optical transition energy of an electron bubble in superfluid helium was meas-
ured to be about 0.1 eV at zero pressure. In previous experiments it was found that the
1S—1P transition could produce a photocurrent. This current was believed to arise from
electron bubbles escaping from quantized vortices. In this chapter we report on experiments
in which we used a caron dioxide (COz) laser of wavelength 10.6 um to excite electron
bubbles trapped on quantized vortices. The mobility of the negative ions escaping from the

vortices was then measured in a time-of-flight cell.

5.1 Previous Works

In 1967 Northby and Sanders [128][129] investigated the effect of infrared light on the
mobility of negative ions in superfluid helium. The apparatus they used consisted of a Cun-
solo device [17] immersed in the liquid. At the top of the device, a 2!°Po alpha source was

used to provide a source of electrons by ionizing helium atoms in the liquid. Electrons were
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then directed to a drift region between two grids G1 and G2. Light from a xenon arc lamp
was directed into the drift region after passing through a gating monochromator. A square-
wave field was applied between G1 and G2. The frequency of the square wave was adjusted
so that the transit time it took for normal electron bubbles to travel from G1 to G2 was
slightly larger than one half of the period. This had the consequence that no normal electron
bubbles would be able to reach the collector below G2. Only negative ions with higher
mobility, such as electrons ejected from bubbles by the infrared light, could result in a
current at the collector. They measured the photocurrent as a function of photon energy

and found a peak at about 1.21 eV. This energy was supposed to relate to photo-ejection.

Later Zipfel and Sanders [130][131] made similar measurements at pressures up to 230 psi.
They observed that the peak previously detected by Northby and Sanders shifted towards
higher photon energies as the pressure was increased. They also detected another peak at a

lower energy. This peak appeared at ~0.5 eV at 10 psi and disappeared below 10 psi.

To interpret these photocurrent experiments, Miyakawa and Dexter [132] calculated the
optical absorption of electron bubbles at different pressures. They concluded that the low
energy peak detected by Zipfel and Sanders was due to the 1S—2P transition. They also
calculated the 1S— 1P transition energy and determined that this energy should correspond
to a wavelength of about 12 um at zero pressure. This calculation was confirmed by Grimes
and Adams by making photocurrent measurements [133] and direct optical absorption
measurements [134]. The 1S—1P transition energy measured by Grimes and Adams is

shown in Figure 5.1. At zero pressure the transition energy was measured to be 0.102 eV.
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The mechanism of the photocurrent induced by the photo-excitations of electron bubbles
from the ground state to an excited state, such as 1S—1P and 1S—2P, is still not fully
understood. One possibility is that the photocurrent comes from electron bubbles trapped
on quantized vortices. Miyakawa and Dexter [132] suggested that the thermal energy re-
leased by a bubble during the relaxation process following photo-excitation would raise
the local temperature in the liquid and then release the bubble from vortices. We take the
experiment of Zipfel and Sanders as an example. Electron bubbles could be trapped on
vortices distributed between G1 and G2. Then if the bubbles escape from the vortices after
an optical transition, they will be able to reach the collector and contribute to the detected

photocurrent.
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Figure 5.1: The 1S—1P transition energy at 1.3 K as a function of pressure, taken from

Grimes and Adams [134]. The open circles are results from their photocurrent measure-

ments, and the filled circles are results from their optical absorption measurements. The
curves show their calculations using different models.
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Another possibility is the “fission theory” [25][67]. After the electron in a bubble experi-
ence an optical transition, for example, from 1S to 1P, the shape of the bubble will start to
evolve with time until it reaches an equilibrium, which is a peanut shape for the 1P state.
However, computer simulations by density functional theory for the 1S—1P transition
[110][135] shows that if the pressure in the liquid is above 1 bar, the bubble shape will go
past the equilibrium, and eventually, the bubble will break into two. Maris [67] also pointed
out that there is a feedback mechanism that drives a breaking 1P bubble to divide into two
equal parts. Smaller bubbles have a higher mobility and thus could contribute to the pho-

tocurrent detected in the previous experiments.

In the experiments described above, the mobility of the negative ions was not measured. In
order to investigate the mobility change due to photo-excitation, Wei et al. [25][27][136]
performed mobility measurements in a time-of-flight cell similar to what has been de-
scribed in section 3.2. They used field emission tips or beta radioactive source to produce
electrons. They excited the electrons from the ground state (1S) to the 1P state by using a
COz laser of wavelength 10.6 um. The electron bubbles in their experiment were expected
to get trapped on vortices and get knocked off after the application of light. The mobility
of these bubbles was then measured. Surprisingly, they observed negative ions which have
mobility higher than that of the NEB. An example of their results obtained with field emis-

sion tips is shown in Figure 5.2.

Wei et al. measured the temperature dependence of the mobility of these objects and found
that the temperature dependence was very close to that of the NEB. And more surprisingly,

they observed completely different objects in the experiments with a beta source (®*Ni).
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The nature of the objects seen by Wei ef al. is not known yet. Two possibilities have been
considered. One possibility is that these objects are just normal electron bubbles trapped
on vortices located at different positions in the drift region. The CO; light was usually
directed to the top of the drift region. However, the light could be scattered down to some
lower places where there were electrons trapped on vortices. After being knocked off these
electrons would travel a shorter distance and reach the collector earlier. The other possibil-

ity is the fission theory as discussed previously.
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Figure 5.2: Voltage signal detected at the collector as a function of time, taken from Wei
et al. [136]. This dataset was taken with a field emission tip. The curves are labelled by
the voltage on the tip. The signal from the NEB is labelled as “N.” Three other objects A,
B and C reach the collector at earlier times.
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In the present experiment we continued the work to investigate the mobility change due to
photo-excitation. And we report on experimental results and discuss possible explanations

in this chapter.

5.2 Apparatus

5.2.1 Cell Configuration

0.15cm  G1 0.8 cm
0.15ecm G2

1.23cm
1.23¢cm
1.23cm
1.23¢cm

1.23cm

0.15cm

Figure 5.3: (a) Cross section of the experimental cell. The field emission tip T was placed
at approximately 0.15 cm above the grid G1. The optical waveguide OW was placed be-
low the gird G2. (b) Cross section of the optical waveguide. The view orientation of (b) is
normal to that of (a).
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The experimental cell was similar to that used in the previous experiments by Wei et al.
[136]. A schematic of the cell cross section is shown in Figure 5.3. To produce electrons,
we used a field emission tip immersed in the liquid. The method to prepare this tip was
described by Kawasaki et al. [137]. We coated a section of 0.010” dia. tungsten wire with
a layer of carbon nanotubes (CNTs). A field emission tip of this type has a low threshold
voltage for field emission. The tip was positioned at 0.15 cm above the G1 grid. The spac-

ing between grids G1 and G2 was 0.15 cm. The inner diameter of G1 and G2 was 0.8 cm.

The CO» laser beam was directed into the cell through a brass optical waveguide OW below
G2. The waveguide has a rectangular opening that is 0.8 cm wide and 0.2 cm high. To
reduce the reflection, the waveguide was chopped on the outgoing side, as shown in Figure
5.3b. The top of the opening was placed at 0.05 cm below G2. Other parts of the cell, such
as homogenizers H1-H4, the Frisch grid F and the collector C, were as described in section

3.2

5.2.2 CO: Laser and Optical Windows
The CO> laser®? used in the present experiments has a wavelength of 10.6 um (photon en-
ergy: 0.117 eV) [138]. According to the measurements by Grimes and Adams (see Figure

5.1), the pressure at which the transition energy is close to 0.117 eV is around 1 bar*.

In the continuous wave (CW) mode, the laser has a maximum output power on the order

of 5 Watts. The laser beam has a diameter of several millimeters and a full angle divergence

32 Model J48-1, SYNRAD Inc., 4600 Campus P1, Mukilteo, WA 98275, USA.
33 The full line-width at half maximum is approximately 1/6 of the transition energy [134].
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of 4 milliradians. The beam shape is square at the output aperture and changes to circular

after traveling 1 meter or more.

The laser uses pulse width modulation (PWM) to control its output power. PWM controls
the power-on time of the internal RF amplifier of the laser, and thus the laser output power
is controlled by adjusting the pulse width (PWM duty cycle). The output power as a func-

tion of PWM duty cycle is shown in Figure 5.4.

LASER OUTPUT POWER
(ARBITRARY SCALE)

%DUTY CYCLE

Figure 5.4: Average laser output power as a function of PWM duty cycle, taken from the
operation manual [138].

The PWM drive signal is provided by a SYNRAD UC-2000 laser controller and has a
standard frequency of 5 kHz. The PWM drive signal can be gated with an external gate
signal applied to the UC-2000 controller. Figure 5.5 shows how the laser output is con-
trolled by the PWM drive signal. Note that this figure is only a schematic. Actual laser

output follows the PWM drive signal with a rise/fall time constant of about 100 ps.
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The laser beam passes through four zinc selenide (ZnSe) windows before it enters the cell.
These ZnSe windows have anti-reflective (AR) coatings on both sides and have a nearly
100% transmission at a wavelength of 10.6 pum. The beam then leaves the cell and the 4 K
shield though another two ZnSe windows and gets absorbed on a calcium fluoride (CaF>)

window installed on the 77 K shield (see Figure 3.1).

ON
OFF,|_|_|_|_|_|_|_|_|_|
L e t=200ps

GATED ON GATED OFF
(TICKLE ONLY)

Figure 5.5: Laser output controlled by the drive signal from the controller, taken from the
operation manual [138]. The PWM duty cycle is 50%. The tickle pulses are applied to the
laser in order to reduce the optical rise time.

The output power of the laser was directly measured with an Ophir 20A laser power meter.
The laser power was measured to have a fluctuation of 10%-15%. The laser approximately
output 2 mJ per gate operation when the PWM duty cycle was 30% and a 1 msec wide gate

signal was applied at a repetition rate of 100 msec.

In the experiments gate signals applied to the laser controller were also used to trigger the

data acquisition device.
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5.2.3 Thermometer

As detailed in section 4.3.6 of ref. [27], Wei et al. suspected that in the experiments there
could be a deviation of the temperatures measured by the germanium thermometer (see
section 3.1) due to the heating resulting from the CO; light or the black body radiation
transmitted though the ZnSe windows. In order to better compare the measured mobilities,
we performed a temperature calibration using the NEB mobility data measured by Wei et

al. [27][136].

5.3 Experiments

In the experiments a sufficiently large negative dc voltage was applied to the field emission
tip to produce a field emission current. Due to the high field near the tip, electrons extracted
out of the tip would be trapped on vortices. Typically, the dc voltage on G2 was more
negative with respect to that on G1, and no negative voltage pulse was applied to G1.
Therefore, no free electrons could pass though G2. However, some electrons attached to
vortices could still leak though G1 and G2. A light pulse was applied below G2 to knock
off electrons. Knocked-off electrons then started to travel though the drift region and

reached the collector. Current signals were detected at the collector.

5.3.1 Observation of Multiple Negative Ion Signals
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Figure 5.6: Current detected at the collector as a function of time. A light pulse of width 1
msec* from the CO; laser was applied at time zero. The curves are labelled by the volt-
age difference between the tip and G1. The temperature was 1.041 K. Data are offset for

clarity.

In Figure 5.6 we show a dataset taken at 1.041 K. The cell pressure was 24 psi. The voltages
on G1 and G2 were held constant at -295 V and -300 V, respectively. The voltage differ-

ence AV, ., between the tip and G1 was varied from -350 to -470 V. The drift field was

46.7 V/cm. The laser was pulsed for 1 msec at time zero with a PWM duty cycle of 30%.
The signal from the normal electron bubbles is labelled as “N.” Two other objects are seen
before the arrival of the NEB. One has a mobility which matches that of the A ion seen by

Wei et al. We still call it “A.” The other one which we call “A1” was not seen in the

3 A gate signal of width 1 msec was applied to the laser controller. See section 5.2.2 for details.
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previous experiments®>. The mobilities of A and A1 are approximately 8% and 14% higher

than that of N, respectively. As shown in the figure, the N peak eventually disappears when

the tip voltage becomes high.

10 T .
30.4 V/cm
0
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1)) S—— —
62.9 Vicm \
_20 - a

L ——

87.3 V/icm x

SIGNAL (pA)

1

1

1

1

TIME (ms)

40

50

60

70 80

Figure 5.7: Current detected at the collector as a function of time. The curves are labelled
by the drift field. Under each field two data traces were taken: the dashed line was taken
at AV, ,, =-470V, and the solid line was taken at AV, ,, =-390 V. The temperature

was 1.037 K, and the cell pressure was 24 psi.

We then investigated the effect of varying the drift field. The data obtained under different

drift fields are shown in Figure 5.7. The drift field was varied from 30.4 V/cm to 87.3 V/cm.

35 A1 has a mobility that lies between that of the A and B ions measured by Wei et al.
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The voltage on G1 was 5 V more positive with respect to that on G2. The laser was pulsed
for 1 msec at time zero with a PWM duty cycle of 30%. All the peaks shift forwards and
becomes stronger as the drift field increases. Assuming that A and A1 also started where
the laser beam was directed, as N did, we plot the mobilities as a function of drift field in
Figure 5.8. The mobilities of the A1, A and N ions do not vary significantly over the field

range from 30.4 V/cm to 87.3 V/cm.
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Figure 5.8: Mobilities of the A1, A and N ions as a function of drift field.

The mobilities were also measured at 24 psi over the temperature range from 1.026 to 1.29
K. The results are shown in Figure 5.9. Other experimental conditions, such as the tip volt-

age, the drift field, and the laser power, were adjusted in order to make the peaks well
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resolved®®. The temperature dependence of the mobilities of A1, A and N is as expected,

i.e., it could be well fitted to the equation u ocexp(A,, /k,T) with A, as the fitting pa-

won

rameter. The values of A, = obtained for the A1, A and N ions were 8.52, 8.54 and 8.53 K,

won

respectively. That the A, , values obtained for different ions are fairly close to each other

is consistent with the experiments of Wei et al. [27].
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Figure 5.9: Mobilities of the A1, A and N 1ons as a function of temperature.

The variation of the laser power was studied as well, as shown in Figure 5.10. The laser

was pulsed for 1 msec at time zero. The voltages on the tip, G1 and G2 were -950 V, -595

36 The voltage on G1 was always 5 volts more positive with respect to that on G2.
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V and -600 V, respectively. With this voltage setup only A and N were seen. Both signals

become bigger as the laser power increases.

Note that in this run the 1 MQ resistor between G2 and H1 was removed®’; see Figure 3.3.
This change was made in order to independently control the voltages on G2 and H1. In all
the measurements described above, G2 and H1 were operated as if the 1 M resistor was
still installed, i.e., the voltage difference between G2 and H1 was equal to that between H1

and H2.

0 :.r""c"‘«‘i‘v‘\;‘a"ﬁ_m%w_%&a AR

b

SIGINAL (pA)
&

4+ i
5} ]
———25%
b |——35% 1
45%
-7 1 1 1 1 1 1
50 60 70 80 90 100 110 120

TIME (ms)

Figure 5.10: Current detected at the collector as a function of time. The temperature was
1.29 K, and the cell pressure was 24 psi. The drift field was 95.4 V/cm. The curves are
labelled by the percent PWM duty cycle of the laser.

37 The other four resistors were unchanged.
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Figure 5.11: Current detected at the collector as a function of time. The curves are la-
belled by the voltage on G2. At each voltage, two traces were taken. The dashed trace
was taken at a higher tip voltage in order to make the A1l peak strong. The solid trace was
taken at a lower tip voltage in order to make the A and N peaks strong. The temperature
was 1.041 K, and the cell pressure was 24 psi. The curves are offset for clarity.

As previously mentioned in section 5.1, it has been proposed that the multiple peaks in the
measured signal could arise from normal electron bubbles starting at different locations in
the drift region. Assuming this is the case, the A and Al ions are supposed to start at ap-
proximately 0.75 and 0.48 cm above the homogenizer H13®, respectively. Then a very good
test on this proposal can be made by varying the voltage on G2 while holding the voltage

on HI constant. This variation can make the fields above and below H1 different. Studying

3 N is supposed to start at approximately 1.18 cm above H1.
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how the transit time varies with the voltage on G2 can provide useful information on where

these ions start.

Ion N
Var ¢/t (Ve =-300V) £, /tL (Ve =-300V) ¢ /¢" (V,, =300 V)
(Volts)
-300 1 1 1
320 0.951 0.954 0.946
330 0.93 0.938 0.925
350 0.892 0.916 0.889
Ion A
Var /e, (Ve =-300V) 1, /tL (Ve =-300V) ¢ /¢% (V,, =300 V)
(Volts)
-300 1 1 1
320 0.965 0.968 0.953
330 0.947 0.958 0.934
350 0.909 0.943 0.902
Ion Al
Vo ¢ /b, (Ve ==300V) ', /¢4, (Ve =-300V) € /¢ (V,, =300 V)
(Volts)
-300 1 1 1
320 0.982 0.979 0.957
330 0.968 0.972 0.940
350 0.949 0.962 0.912

Table 5.1: Measured and calculated relative transit times as a function of voltage V7, on

G2. The values at V,, =-300 V are normalized to unity for the convenience of compari-

1
cal

son. The ¢ values are from measurements. The ¢, , values are from calculations using

Equation (5.1), and the ¢”, values are from calculations using Equation (5.2).

In Figure 5.11 we show the results of the test. The laser was pulsed for 1 msec at time zero,
and the PWM duty cycle was 30%. The voltage on H1 was held constant at -240 V. The
voltage on G2 was varied from -300 V*° to -350 V. The voltage on G1 was held at 5 volts

more positive with respect to that on G2. The tip voltage was adjusted in order to see strong

3 Note that the fields below and above H1 were equal when the voltage on G2 was -300 V.
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signals from different peaks. We can see in the figure that all the peaks shift forward as the
amplitude of the voltage on G2 increases. This is as expected because increasing the volt-

age on G2 would increase both the fields above and below H1.

In Table 5.1 we show the measured transit times as a function of voltage V,, on G2. The
variation of transit time with ¥V, is different for A1, A and N. This appears to support the
idea that these ions started at different locations in the drift region. Then we calculate the
transit time. As previously mentioned, varying V,, affect not only the field between G2

and H1 but also the field below H1. Here we take two simple approaches to calculate the

transit time by using the voltages on G2, H1, H2 and F. The first approach (I) is given as

I _ d‘on-Hl 'dGz-Hl dHl-F2 (5-1)

1

tcal - +
|VG2 _VH1| |VH1 _VF|

where d,_,, is the distance between H1 and the starting position of the ion of interest,
d,. 1S the distance between G2 and H1, and d,;, ;. is the distance between H1 and F. This
equation simply assumes that V, has no effect on the field below H1. Another approach

(IT) is given by the following equation

. d (5.2)

2
ion-H2 dGZ—H2 dHZ-F

tca -
l |VG2 _VH2| |VH2 _VF|

where d.

ion-H

, 1s the distance between H2 and the starting position of the ion of interest,
ds, ., 18 the distance between G2 and H2, and d,, . is the distance between H2 and F.

Equation (5.2) takes the field in the region between G2 and H2 as an average field deter-

mined by voltages V, and V,;, . It also assumes that the field below H2 is independent of
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Vi, . The calculated values using these two approaches are also given in Table 5.1. Of

course, both approaches only give approximations of the transit time. However, they still

give results that are in reasonable agreement with the measured values.

To conclude, the test of varying the voltage on G2 appears to make preferable the idea that
A1 and A were just normal electron bubbles starting at different locations. Wei et al. made
similar tests in previous experiments [25]. However, they observed a completely different
set of peaks when they made these tests, which makes it difficult for us to make a compar-

1son.

5.3.2 Effects of Changes in Tip Voltages and G1-G2 Fields

In a later run, a new field emission tip was used. This new tip was still placed at 0.15 cm
above G1. However, we failed to see the A ion this time*’. The reason why this happened
is not clear. Figure 5.12 shows a detailed investigation of varying the tip voltage. The volt-
ages on G1 and G2 were held constant at -295 V and -300 V, respectively. The tip voltage
was varied from -745 to -945 V. The drift field was 46.7 V/cm. The laser was pulsed for 1
msec at time zero, and the PWM duty cycle was 30%. Only A1 and N are seen in the signals.
As the tip voltage was increased, the amplitude of the N peak increased first and then de-
creased. However, it did not disappear as shown in Figure 5.6. The A1 peak followed the

same trend. At higher voltages the N peak became weaker than the A1 peak.

40 The laser beam position was found to have a significant effect on the signal. We did try to change the beam
position to reproduce A, but without success.
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Figure 5.12: Current detected at the collector as a function of time. The curves are la-
belled by the voltage difference between the tip and G1. The temperature was 1.062 K,
and the cell pressure was 24 psi. The curves are offset for clarity.
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SIGNAL (pA)

TIME (ms)

Figure 5.13: Current detected at the collector as a function of time. The curves are la-
belled by the voltage difference between G1 and G2. The positive sign denotes that the
voltage on G1 is more positive with respect to that on G2. The temperature was 1.062 K,
and the cell pressure was 24 psi. AV, ., was -450 V.

We also studied the effect of varying the field between G1 and G2. The results are shown
in Figure 5.13. The voltage on G2 was held constant at -300 V, and the drift field was 46.7
V/cm. The voltage difference AV, _, between the tip and G1 was kept constant at -450 V.

When the voltage difference AV, ;, between G1 and G2 was changed from +15 V to -50

V, the N peak first became stronger and then became weaker. The Al signal was only
shown as a “shoulder”. But it did become more apparent when the voltage difference be-

tween Gl and G2 was negative. Figure 5.14 shows another dataset taken at
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AV, _;, =—650V .One can clearly see that the A1 peak shifted forward as AV, ;, changed

from +5 V to -15 V. The reason for this is not clear.

SIGNAL (pA)

-15V

20 AT A
251 .
20 30 40 50 60 70

TIME (ms)

Figure 5.14: Current detected at the collector as a function of time. The curves are la-
belled by the voltage difference AV, ., between G1 and G2. The positive sign denotes

that the voltage on G1 is more positive with respect to that on G2. The temperature was
1.062 K, and the cell pressure was 24 psi. AV, ., was -650 V.

The disappearance of the N signal at AV, ;, =-30V in Figure 5.14 might be because

electron bubbles trapped on vortices were all held between G1 and G2. Therefore, in the
drift region there was nothing for the light to knocked off. However, it is still difficult to

understand why the A1 peak was still there.
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5.4 Discussion

In this chapter we have reported on our experiments using CO- laser to excite electron
bubbles from the 1S state to the 1P state. In the experiments we have observed two different
peaks/objects in addition to the N peak. The amplitudes of these peaks depend on the ex-
perimental conditions in a complicated way. We summarize some principal findings as

follows:

(a) These peaks appear before the N peak.

(b) The species of objects seen in the experiments are not consistent. The objects we
saw in different runs are not the same. In addition, the objects seen by us are dif-
ferent from those seen by Wei et al.

(c) The temperature dependence of the mobility of these objects is almost the same as
that of the normal electron bubbles.

(d) The transit time variation with voltage on G2 is smaller for these objects than for
the N peak. This was found in the measurements made by varying the voltage on
G2 while holding the voltage on H1 constant.

(e) In addition to these peaks, there is a broad pulse at early times. See, for example,
Figure 5.6. We found in the experiments that this broad pulse did not have a con-

sistent transit time.

We now discuss some possible explanations. The first two possibilities have been con-

sidered by Wei et al. [25][136].

I.  Fission Theory. When normal electron bubbles are excited from 1S to 1P, they

could break into smaller bubbles with higher mobilities. However, if this was
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II.

III.

what happened, bubbles would be supposed to break in a specific way, i.e.,
break into two equal parts. Then (c) and (e) listed above cannot be explained.
In addition, only one peak in addition to the N peak would have been seen if
this was the case. But we were able to see two. Wei ef al. were even able to see
more than two.

Electrons starting at different locations. It is possible that vortices are distrib-
uted over the drift region. Then the COz light could reach lower places by scat-
tering and knock off NEBs trapped there. This idea may explain the incon-
sistency of the ion species seen in the experiments. And it also agrees with (c)
and (e). But the difficulty is that there must be some local maximums in the
vortex distribution for discrete peaks to appear in the measured signal. One
would expect these local maximums would correlate to some special geometry
of the cell, such as the edge of a homogenizer disk and a wire grid. However,
Al and A would have to start at a distance above the homogenizer HI. A future
work to investigate this idea could be inserting a focusing lens into the optical
waveguide to focus the light on a specific spot and then investigating the change
in the signal.

New species produced by the light. Obviously, bubbles of 1P state have a too-
short lifetime and thus cannot make any contribution to the signal. Could the
CO; light knock some impurities off the wall of the cell? It is not clear whether
the COz laser would be able to do this. Perhaps it might be possible with a series
of light pulses. But this does not explain why different objects are observed in

different runs. One may also consider whether the light could break a large
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charged vortex tangle into small charged vortex rings. These rings are possible
to be multiply charged. Then there could be several different objects. The dif-
ficulty is that the drift field in our experiments is much too low to make the
charged rings stable. In addition, the drift velocity of a charged vortex ring is

not supposed to be proportional to the drift field.

Inspired by the present experiment, we would like to discuss another possibility for the
future work. It would be interesting to measure the capture cross-section of negative ions
by vortex lines in superfluid helium. The capture cross-section is dependent on the ion
radius. Thus, the results of cross-section measurements may tell whether the objects seen
in the CO; laser experiments are normal electron bubbles or not. It may also provide a good
test to backgrounds A and B discussed in Chapter 4. For bubbles containing a fraction F
of the electron wave function, the capture cross-section should also be a function of F .
The capture cross-section could be measured by the ion current attenuation due to vortices,

The attenuation is given by exp(—Lo,

won

x), where o,, is the capture cross-section (in cm),

L is the vortex line density (in cm™?), and x is the distance the ions travel though vortices.

The stochastic theory of ion capture by quantized vortex lines was developed by Donnelly
and Roberts [139]. The ion capture cross-section at temperature 7 and an electric field of

E is given by

(d/r ) (5.3)

I,
c,, =nr.(1-a) G 22( 1) (d/r)

K, (d/
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where /, and K, are the modified Bessel functions of the first and second kind and

2k, T
eF

= . According to Donnelly and Roberts, the value of d could be estimated by

d 4p,R. 37 1/3 (54)
B eE

%108
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Figure 5.15: Capture cross-section as a function of F calculated from Equations (5.3)
and (5.4).

where R, is the ion radius, p, is the superfluid density, and « is the circulation /M, .

Note that Equations (5.3) and (5.4) are not supposed to give accurate results at temperatures

below 1.3 K or above 1.6 K [140][141]. For a bubble containing a fraction /' of the elec-

tron wave function, we take the ion radius to be R, = F"*R,,,, where R, is the radius
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of normal electron bubbles. Previous capture experiments [140][141] for NEBs showed

that Equation (5.3) was in reasonable agreement with the measurements when R,,, was
taken to be 16 A. The parameter (1—a) was taken to be 0.48 [141]. At 1.3 K and a field of

50 V/em, we show the calculated capture cross-section as a function of F in Figure 5.15.
For the capture experiment to work, a method to generate vortices in our time-of-flight cell
is needed. We would like to mention that people have successfully generated vortices in a

time-of-flight cell in superfluid helium by means of ultrasonic sounds [142][143].
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