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Smmnary 

In this work, a search has been made for the existence of metasta

ble helium 1n liquid helium at very low temperature (<100 mK), ge

nerated by means of field emitted electrons. In the liquid helium, 

metastable helium atams form molecules with the surrounding ground

state helium atoms: He2 (a
3~:). As these molecules reach the liquid 

surface, they will be captured 1n a potential well. If the density 

of the metastable molecules inside the well becomes large enough, 

the metastable molecules decay according to 

+ + e + ** 2He 

In this reaction electrans and positive 1ons are created. So the 

existence of metastable helium molecules can be demonstated by cur-

rent measurements. 

The direct search for the created positive 1ons and electrons, so 

far, has been without success. The only positive charges measured 

can be attributed to secondary emission processes on the grids in 

the cell. 

Since the metastable helium molecule tagether with an electron can 
* -form the negatively charged ion (He 2 ) it is necessary to analyse 

the current due to negatively charged particles. Measurements show 

that the only negatively charged particles present are electrons, 

coming directly from the souree and from secondary emission proces

ses. A qualitative analysis of the secondary emission processes 

was made. 

To gain more insight in the transport of electrans and escape from 

a surface, the potential distribution between two grids with the 

surface level in between was determined. For this purpose the po

tential in the vacuum region was measured using retarding potenti

als and magnetic deflection methods. It was found that a surprising

ly large fraction of the voltage exists in the vacuum region when 

the set of grids is near the source. At present it cannot yet be 

established whether this is a consequence of the transport mechanism, 

or due to space charge effects in combination with imperfect shiel-



ding of the grids. When the set of grids is farther frorn the source, 

it was found that the potential ~s proportionally distributed over 

the liquid and the vacuum. From the same measurements, it can also 

be concluded that electrans leave the surface with zero energy and 

that there is a negligable surface harrier. 

From similar type of experiments it was found that electrans cannot 

be accelerated in the liquid. Scattering of bare electrans and vor

tex rings can be ignored at the working temperature. It can there

fore be concluded that the vortex tangle extends tbraughout the 

cell, because electrans are not likely to accelerate when trapped 

in the tangle. 



Samenvatting 

Gedurende dit afstudeerwerk is gezocht naar het bestaan van roe

tastabiel helium in vloeibaar helium, bij zeer lage temperaturen 

(<100 mK), geproduceerd door veldemitter-electronen. In vloeibaar 

helium vormen metastabiele helium atomen met de omringende helium 
3 + 

atomen 1n de grondtoestand molekulen: He2 (a Iu). Als deze mole-

kulen het vloeistof oppervlak bereiken, worden ze opgesloten in 

een potentiaalput. Als de dichtheid van de metastabiele moleku

len in de put groot genoeg wordt, vervallen de molekulen volgens 

+ + e ** + 2He 

In deze reactie worden electronen en positieve ionen gevormd. 

Zodoende kan het bestaan van metastabiele helium molekulen wor

den aangetoond door stroommetingen. 

Het gericht zoeken naar de gevormde positieve ionen en electronen 

heeft tot dusver geen resultaat opgeleverd. De gemeten positieve 

ladingen kunnen worden toegeschreven aan secundaire emissie pro

cessen, op de roosters in de cel. 

Omdat het metastabiele helium molekuul samen met een electron 
* -het negatief geladen ion (He 2 ) kan vormen, is het nodig de stroom, 

die door negatief geladen deeltjes wordt veroorzaakt, te analy

seren. Metingen laten zien dat de enige negatief geladen deeltjes, 

die aanwezig zijn, electronen zijn. Deze electronen zijn afkoms

tig rechtstreeks van de bron of van secundaire emissie processen. 

Om meer inzicht te krijgen in het transport van electronen en 

het ontsnappen aan een oppervlak, is de potentiaalverdeling tus

sen twee roosters, met het vloeistofniveau tussen deze roosters, 

bepaald. Hiervoor is de spanning over het vacuüm gedeelte geme-

ten door middel van rem-potentialen en magnetische afbuigingsme

thoden. Het is gebleken dat een onverwacht grote fractie van de 

spanning over het vacuüm gedeelte staat, als de roosters in de 

buurt van de bron zijn. Het is nu nog niet bekend of dit een ge

volg is van het transportmechanisme of van ruimteladingseffecten 

samen met een slechte afscherming van de roosters. Als de roos-



ters verder van de bron zijn, wordt de spanning evenredig verdeeld 

over het vacuum gedeelte en het vloeistof gedeelte. Uit dezelfde 

metingen kan geconcludeerd worden dat electrenen het oppervlak 

verlaten met energie nul en dat er een verwaarloosbare oppervlak

tebarrière bestaat. 

Uit gelijksoortige experimenten 1s gebleken dat electrenen niet 

versneld kunnen worden in de vloeistof. Bij de heersende tempe

ratuur kan verstrooiing van electrenen en vortex-ringen buiten 

beschouwing worden gelaten. We kunnen daarom concluderen dat vor

tex-kluwen in de hele cel aanwezig zijn, omdat het niet waarschijn

lijk is dat electrenen versneld kunnen worden als ze ingevangen 

Z1Jn in deze kluwen. 



Photograph 1: GashandZing system and electronics. Photograph 2: Cryostat containing the dilution 

refrigerator~ with Helmholtz coils. 



Photograph 3: Low temperature insert showing the 
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instal led. 

Photograph 4: The same as photograph 3~ without 
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Photograph 5: Dilution refrigerator showing from 

top to bottom: condensor ( "lK- bath " ) _, stiU _, heat 

ex changers _, experimental chamber and mixing cham

ber. 

Photograph 6: Still _, heat exchangers and experi

mental ceU . 



Photograph ?: Experimental cell with shield and 
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Photograph 8: Experimental cell without shield 

and capacitor. 
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Photograph 9: Assembly of components making up the experimental cell . 



List of symbols 

* He 

* He2 
e 

+ 
He 

+ He2 
He2 
LHe 

LN2 

V 

idet' l. 
c 

IB 
E 

B 

a 

s 
L 

J 

g 

M 

J.lB 
k 

e 

m 

T 

cp 

].1 

J.leff 
H 

Q . 
Q 

n 

n3 
c 

metastable helium atom 

metastable helium molecule 

electron 

positive atomie helium ion 

positive molecular helium 1.on 

negative molecular helium 1.on 

liquid helium 

liquid nitrogen 

voltage 

detector current 

current through set of Helmholtz coils 

electric field; energy 

magnetic field 

amplitude of electron trajectory; grid constant 

total spin momenturn 

total orbital angular momenturn 

total angular momenturn 

Landé factor 

magnetization 

Bohrmagneton 

Boltzmann constant 

electron charge 

electron rest mass 

temperature 

workfunction 

mobility 

effective mobility 

enthalpy 

heat 

heat flow 

number of particles; partiele density 
3He flow 

Capacitance 



E:o 

E: 
r 

(). 

h 

g 1 ' 

R, r 

d 

p 

V 

j 

0 

w 
c 

g2' g3 

dielectric constant in vacuum 

relative dielectric constant 

multiplication factor for electrans incident on 

a helium film 

height 

grid 1, grid 2, grid 3 

radius 

di stance 

charge density 

velocity 

current density 

conductivity 

cyclotron frequency 



Contents 

Summary 

Samenvatting 

Photographs 

List of symbols 

Contents 

Introduetion 

Chapter I: Theory 

Metastable helium I. I 

1.2 Polarization of metastable helium 

1.3 Field emission in superfluid liquid helium, at 

very low temperature 

1.4 Ions in superfluid liquid helium 

I • 4. I 

I. 4. 2 

Structure of the ions 

Transport properties of ions 

1.5 Metastables in superfluid liquid helium 

I • 5. I 

I. 5. 2 

Structure of the excitation 

Transport of the excitation 

1.6 Particles in the liquid surface region 

1.6.1 Escape from the liquid 

1.6.2 Surface states at the vacuum side 

Chapter 2: Experimental methods 

2. I Dilution refrigerator 

2.2 Diagram of experimental set-up 

2.3 Experimental cell 

2.4 Wiring and feedthroughs 

2.5 Tip production 

2.6 Capacitor 

2.7 Electrical equipment 

Chapter 3: Measurements and results 

3. I Capacitor test and measurement 

3.2 Direct search for metastable molecule decay at 

the surface 

3.3 Analysis of detector currents and charge multi

plication 

3 

3 

5 

7 

IJ 

I I 

I I 

I 4 

14 

I 5 

I 7 

I 7 

18 

20 

20 

23 

25 

27 

28 

29 

31 

32 

32 

35 

4 I 



Liquid level between the grids and 2 3. 3. 1 

3.3.2 Liquid level between the grids 2 and 3 

3.4 Electric field in the liquid, between grid 3 

and the surface 

3.5 

3.6 

Field penetratien through a grid 

Influence of a strong vertical magnetic field 

3.7 Deflection experiments in a weak horizontal 

magnetic field 

Conclusions 

Acknowledgement 

References 

Appendix A: The Poisson equation 

Appendix B: The derivation of 
m E 

a = -e B2 

41 

43 

52 

56 

59 

60 

66 

67 

68 

70 

74 



Introduetion 

In 1983 the group "Kryogene Technieken" has started a program for 

investigating metastable helium in liquid helium. Studying these 

metastable heliurn atoms and molecules in liquid helium is very in

teresting, for several reasons. 

Liquid helium is the only substance that remains liquid down to 

zero temperature. In addition, it is a very pronounced quanturn li

quid showing the fenomenon of superfluidity as a macroscopie mani

festation. Investigation of long-lived electrooie excited states 

in liquid helium provides a unique way to study excitons in a quan

turn liquid at arbitrarily low temperatures. From existing work, 

it appears that such excitons indeed exist in the forrn of nearly 

undisturbed metastable molecules surrounded by a vacuum bubble of 

atomie dimensions (~JO R). The excitation therefore is very loca

lized at the atom, but the excited atorn is free to move in the li

quid. Isolated atomie metastable states are known to have extreme

ly long natural lifetimes (~hours). Indications exist that the na

tural lifetimes of metastable molecules in the liquid are also very 

long: a lower limit of 10 s has been reported. 

At sufficiently low temperatures (<0.5 K) there is a negligable 

density of therrnal excitations of the liquid (fonons and rotons). 

Because the liquid is superfluid, a foreign partiele will behave 

as a free particle, having no interaction with the liquid. 

It is one of the goals of the present project to investigate col

lective properties of the gas of excitations in the liquid. The 

main process by which the metastables decay is the collision pro

cess between metastables with unequal spin orientation. So it seerns 

interesting to investigate whether the decay of rnetastable heliurn 

can be influenced when the metastables are polarized by rneans of 

a magnetic field, sirnilar to the stabilization of atomie hydrogen. 

If it would be possible to polarize the rnetastables and achieve a 

high density for the metastables this way, we would dispose of an 

energy storage. Each metastable contains an energy of about 20 eV, 

which corresponds to about 2 MJ/mol. 



The production of metastables takes place by use of field emission 

in an experimental cell, which is cooled by a dilution refrigera

tor. It is well known that fast particles in the liquid cause a 

strong turbulence of the liquid. At the low temperatures this tur

bulence is only very weakly damped, so that vortex line densities 

become very large. This turbulence plays a major role in the pre

sent experiments, because it is generated by the field emitted e

lectrons. The transport process of particles (including metastables) 

in the turbulent liquid is very poorly known. Therefore, part of 

this work was devoted to investigate the transport of electrons 

in the liquid and their escape from a liquid surface. 

Besides the interaction of the metastables with the liquid helium, 

there are interactions with the electrons, by which possibly the 
* -(He

2 
) ion is formed. Using magnetic deflection techniques, the possi-

ble existence of these heavy negative ions was investigated. By 

the deflection techniques, the ions can be separated from the elec-

trons. 
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Chapter I Theory 

1.1 Metastable helium 

Since the investigations on metastable helium started three years 

ago, several reports are written, in which the available knowledge 

of metastables is reviewed very good (for instanee reference O). 

For completeness I will discuss the knowledge briefly here. 

Figure I shows the energy level diagram of helium atoms and mole

cules. 

ATOM MOLECULE 
SINGLET TRIPLET SINGLET TRIPLET 

25 eV 
•orHz~t•on 

24 eV 

23 eV 

22 eV 

21 eV 
2 

20 eV 

19 eV 

18!V 
1

1' 

0 eV 1 

1/i I i 

,., .. t 
internuclear distance 

Figure 1: Energy level diagram of helium. 

For the atom, there are two metastable levels, 1s
0 

and 3s
1 

(singlet 

and triplet). These levels are not optically connected to the ground

state. The decay of the singlet 
1s

0 
is forbidden by the selection 

3 
rule 6~ = ±I and the triplet s1 cannot decay because of two selec-

tion rules, 6~ = ±I and 6S = 0. Eventually there will be a sponta-
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neous decay. The He(2
1s

0
) decays by a two foton process with a 

lifetime of 19.5 • 10-3 s. The decay of the triplet atoms is de

termined by a relativistically induced magnetic dipole transition 

and bas a lifetime >1000 s [1]. So the most important metastable 
3 

atom is the s
1 

atom. 

Also the molecule has a metastable state. This metastable molecule 
. . ( 3"+) . 1s the tr1plet He

2 
~ ~u state. It cao be compared w1th a molecule 

consisting of a groundstate atom and a metastable 
3s atom. The 

I 
natural lifetime of this molecule is oot known yet. Experiments 

in liquid helium suggest a lifetime of >10 s [2]. 

In the experimental configuration, the lifetimes are decreased 

because of two reasons. 

- The number of metastables 1s decreased in reactions with other 

particles (also metastables). In liquid helium, the lifetime 

of atomie metastable helium is 15 ~s [3]. The rapid decay is 

caused by reactions with surrounding groundstate helium atoms. 

In these reactions molecules are created. Metastable molecules 

10 liquid helium are stable in a surrounding of groundstate atoms. 

The lifetime of the metastable molecules is limited by pairwise 

reactions between metastable molecules [3]. 

- The second reason why the lifetimes of rnetastable heliurn are 

decreased is that metastable atoms and molecules decay at the 

walls of the experimental cell. The irnportance of this effect 

however is oot known. Experiments exist that suggest that this 

effect is relatively unimportant [4]. 

In reactions between metastable atoms, the spin conserving reaction 

1s found to he dominant in gas discharge experiments [5]. 

(l.I. I) 
3 He(2 s

1 
)tt 

3 
+ He(2 s

1 
)H -+ I ** He(l s 0 )t~ + He t~ 

** I Eventually He decays to He(l s
0

) by uv-emission. 

The spin conserving reaction is also expected to be dominant for 

the pairwise molecular decay [6]. The decay for spin-aligned meta

stables is governed by the depolarizing spin-orbit coupling, which 

is several orders of magnitude smaller than the Coulomb interaction 

which controls the spin conserving reaction. So it is possible to 

increase the lifetimes of metastable atoms and molecules if all 

the atoms and molecules have identical spin momentum, sirnilar to 

the stabilization of atomie hydrogen [7]. 

4 



1.2 Polarization of metastable helium 

It was one of the goals of the present project to investigate whe

ther high enough densities of spin-aligned metastable helium can 

be obtained so that collective effects become important. Eventu

ally these collective effects might lead to new condensed phases 

* of He • If such a condensed phase were stable, it is most likely 

to be a classical solid from consideration of the interatomie po

tential. 

It is interesting to note that a US-group is working on the sub

ject along similar lines. Although the problem of stability 1s 

hardly addressed, calculations of the structure of the envisioned 

condensed phase have been madeinsome detail [8,9]. 

If a quantity of atomie or molecular metastable helium 1s consi

dered as a collection of independent identical particles, with 

spin S and orbital angular momenturn L = 0, the magnetization M 

of these particles in a magnetic field B and temperature T is gi

ven by the Brillouin function [10] 

(1.2.1) 
M 
~ sat 

2S+ I ( 2S+ I ) I x """"25 coth 25 x - 2S coth <25 ) 

with x = g~BSB/kT and M = g~BSB. M is called the saturation sat sat _
23 

magnetization, k the Boltzmann constant (1.38 • 10 J/K), ~B= et/~m 

the Bohrmagneton (m is the electron restmass and e is the electron 

charge), gis the Landé equation 

(I. 2. 2) = I + J(J+I) + S(S+I) - L(L+I) 
g 2J(J+I) 2. 

For the metastable helium atoms and molecules, S 

= 1.85. I0- 23 Am2. 

If x >> 1 then 

(1.2.3) 
M - M sat 

M sat 

B 
exp (-1.4 T). 

If B = 4 T and T < 100 mK, then (M - M)/M < 5 • I0-25 so 
sat sat ' 

all metastable atoms and molecules are polarized 1n thermal equi-

librium. However, because the metastable resides 1n a bubble (see 
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section 1.5) the "spin-lattice relaxation time" is very long. For 

electron bubbles it is found to be larger than 0.1 s [11]. There

fore it will be difficult to reach thermal equilibrium. 

It is hoped that polarization can be achieved by also using a mag

netic field gradient (existing outside the center of the coil used 

to generate the field). By this field gradient, atoms and molecules 

of one spin orientation are pulled into the magnetic field, while 

atoms and molecules with the opposite spin orientation are pushed 

out of the magnetic field (compare the stabilization of atomie 

hydrogen). The feasibility of this method will depend on the trans

port process of the particles in the liquid. It is expected to be 

effective for highly mobile particles only [12]. 
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1.3 Field emission in superfluid liquid helium, at very low 

temperature 

In order to create metastable atoms (and molecules), electrous 

with energy above 20 eV are needed. To produce these electrous 

we used field emission. The principle of field emission is, that 

electrous can be extracted from a roetal by a high electric field. 

Other possible sourees are radioactive samples or an external e

lectron beam. The use of field emission has several advantages. 

The excitation power is controllable and the power dissipated is 

small. It is completely immersed in the liquid, so all excitations 

are created in the bulk liquid. Finally it is relatively simple 

to use and easily compatible with a dilution refrigerator. 

A one-dimensional potential of the electron, which can move in 

the direction perpendicular to the roetal surface (x-direction) 

is considered, see figure 2. The zero level is the potential energy 

0 

-~ 1 -5 
VCeV) 

-w -1 a 

xc.8J 
10 15 

---

Figure 2: Potential energy of an electron near a metal surface 

under influence of its image field and applied electric 

field; for tungsten <P = 4.5 eV and Wa = 10.3 eV. 

of the electron in a field free vacuum. The potential energy of 

electrous inside the metal 1s -W and the potential energy of e-
a 

lectrons outside the roetal 1s determined by the mirrorcharge of 

an electron outside the metal. The mirrorcharge causes a force 

on the electron 

7 



(1.3.1) F 
e 

- e -----:::-2 
4rrE0 (2x) 

= 
2 

-e 

in which x 1s the distance to the rnetal. The force results in a 
2 

decrease of the potential energy outside the roetal of -e /16rrE0x. 

By an electric field E perpendicular to the roetal surface the po

tential energy is decreased with -eEx, this results in 

-w x < 0 

{ 
a 

(1.3.2) V(x) 
2 

-eEx - e 
x >.. 0. 16rrE:0x 

Figure 2 shows that the total potential energy function V(x) has 

a maximurn at 

(1.3.3) 

It is possible for the electrans to tunnel through this potential 

harrier (in a quanturnrnechanical way) and so escape frorn the rnetal. 

The probability for escaping depends on the applied electric field 

(the farm of the potential harrier) and the workfunction ~ (energy 

difference between vacuurn level and Ferrni level) of the rnetal. 

The field ernission current-voltage characteristic in vacuurn is 

described by the Fowler-Nordheirn equation [12] 

(1.3.4) ln (i /V 
2

) = 
p p 

D 
C + V 

p 

1n which i 1s the current through the ernitter and V 1s the vol-
p p 

tage between the ernitter (cathode) and the anode. C and D are con-

stants. 

The current-voltage characteristic in liquid heliurn differs frorn 

the characteristic in vacuurn because of two reasons. First there 

is a charge rnultiplication in a gaseaus bubble around the tip 1n 

the liquid helium. This bubble appears because of dissipation of 

heat (tip current i > I nA). The second reason 1s the appearance 
p 

of space charge in the liquid between the ernitter and the anode 

as a result of the low rnobility of the electrans in the liquid 
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helium. This spacecharge decreases the electric field near the 

tip. 

The current-voltage characteristic ~n liquid helium has been de

rived for the geometry of figure 3 [I3]. The tip is assumed to 

be spherical with a radius r • 
p 

cmiss.on tip 

Figure 3: Assumed geometry for calculating the field emission 

characteristic in liquid helium. 

The current-voltage characteristic is g~ven by [I3] 

(1.3.5) - V 
p 

= VO + 2 ( 2R ) ~ 
3m:: E a]J 0 r 

l 
~ 2 

p 

in which a ~s the solid angle, ]J the electron mobility, E the di

electric constant and R the radius of the spherical anode. The 

constant v
0 

depends among others on the workfunction ~ of the me

tal and the geometry of the emitter tip [I3]. 

Formula (I. 3. 5) can be used in the space charge regime only, which 

implies i ~ I nA in practice (see figure 4). 
p 

For a reasonable emission, the situation in which charge multipli-

cation occurs, the electric 

2 • I09 V/m [0]. Using E 

field near the tip has to be more than 

V /kr , with the geometrical factor 
p 

k ~ 5 [0], the tip radius 
p p 

has to be r ~ I0- 7m = IOOO ~. for rea
p 

sonable voltages V ~ IOOO V. 
p 

9 



2 

0 

In chapter 2 a metbod to fabricate such tips is discussed. 

_.-

500 

I ........... 
' 

:--
' 

spacecharge regime 

1000 

Figure 4: Current-voltage characteristic of field emitter tip 

at T "" 70 mK. 
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1.4 Ions 1n superfluid liquid helium 

It is important to know the behaviour of ions (electrons) in

side the liquid helium for the experiments done. It is expec

ted that understanding the behaviour of electroos inside the 

liquid helium will give insight in the properties of metastable 

atoms and molecules, inside the liquid helium. 

I • 4. I Structure of the 1ons 

Electroos are located inside an empty bubble in liquid helium. 

This bubble is created because the free electron experiences 

a repulsive force from the electroos of the helium atoms in 

the liquid helium, as aresult of the Pauli principle [14]. 

Because of this bubble, the potential energy of the electron 

is about 20 meV higher than the energy of an electron outside 

the liquid [0]. The radius of the electron bubble is 16 R [0], 

campare this with the atomie radius of helium: 0.99 R. 
The positive 

+ . 
1on, which is known to exist in liquid helium 1s the 

He2 -1on. The 
+ . . + . 

He -1on comb1nes to He 2 w1th a groundstate atom 

of the liquid. By electrostrictive forces, the pressure around 

this ion gets so large, that there is formed a thin layer of 

solid helium around this ion. 

1.4.2 Transport properties of 1ons 

The transport of ions under influence of an electric field can 

be described best in terros of the mobility ~. defined by v ~E, 

with v the drift velocity and E the electric field. For high 

temperatures (2 < T < 4 K) the mobility 1s very low (~3·I0- 2 cm2 /Vs) 
and described by a classica! drag force of a macroscopie body 

through a viseaus fluid (Stokes force). For lower temperatures 

the mean free path of He atoms in the liquid becomes larger than 

the s1ze of the ions and Stokes law is no longer valid. The mo

bility must then be analysed in terros of scattering with elemen

tary excitations of the fluid (fonons and rotons) [14]. Because 

the number of fonons and rotons rapidly decreases with decreasing 

IJ 



temperature, the mobility strongly increases. Figure 5 shows 

experimental data of the mobility, taken in the limit of small 

electric fields in a temperature region below I K [15]. 

105.------------------. 

ru Ccnhvs l . . . 
. . 

+ positive ion 
mobi lity 

- negative ion 
mobility 

Figure 5: I on mobi l i ty versus temper·ature. 

Figure 6 shows the current from a field emitter tip at a fixed 

voltage as a function of temperature. From the theoretical ex

pression (1.3.5) it follows that i is proportional to ~. The 
p 

behaviour however strongly differs from figure 5. The deviation 

1s attributed to the generation of vorticity by the ions rnaving 

in the strong electric fields required for emitter operation 

[16]. The ions are captured in the vortices and become highly 

immobile (~ ~ 10-2 cm2/Vs at T < 0.5 K). In fact, only at the 

lowest temperatures (< 0.5 K), the transport can bedescribed 

by an effective mobility. At intermediate temperatures, v de

pends on E in a complicated way, so that a mobility cannot be 

defined. 

It is believed that generation of vorticity starts with the ge

neration of discrete vortex-rings. Because of the (practical) 

absence of damping at low temperatures, the vortex-ion complex 

12 
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Figure 6: Field emission current i as a function of temperature 

T at three different emitter potentials Ve under 
5 

pressure p = 5 · 10 Pa [16]. 

ga1ns the full energy eV after traversing a voltage difference 

V. The energy goes in increasing the ring diameter. The velo

city-energy relation of discrete rings is well known, experi

mentally and theoretically and goes as v rr 1/E [17]. The typical 

field strengths for field emitter operation are so large that 

ring diameters exceed the mean partiele spacings. Therefore the 

rings interact and a tangled mass of vorticity results. From 

crude estimates of the vortex-vortex annihilation rate, it 

was estimated [16] that the line length density becomes of the 

order of 100 km/mm
3

, corresponding to an interline distance of 

~ 0.1 ~m. The microscopie transport mechanism of ions through 

this vortex-tangle is still unknown. 
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1.5 Metastables 1n superfluid liquid helium 

As already pointed outinsection 1.4 it is expected that the 

description of electrans inside the liquid helium provide 1n

sight in the behaviour of metastable atoms and molecules inside 

the liquid helium. 

I. 5. I Structure of the excitation 

The bubble 1n which an electron 1s located in liquid helium, 

is created because the electron experiences a repulsive force 

from the surrounding electrans of the helium atoms. Similarly 

the excited electron in the metastable atom or molecule expe

riences a repulsive force from the electrans of the helium atoms 

in the liquid and a bubble is created around the metastable 

atom or molecule. Optica! spectroscopy of excited states in 

the liquid have supported this expectation [3]. 
3 3 + 

However the radii for the bubbles around He(2 s
1

) and He 2(a Lu) 

are smaller than the radius for the electron bubble, respectively 

6 Rand 5 ~ for the atom and the molecule [0]. The radius for 

the electron bubble is larger than the radii for the metastables 

because the excited electron of the metastable atom or molecule 

experiences astrong attractive Coulomb force (see figure 7), 

due to the positive nucleus. 

electron bubble exc;ted S-atom 
bubble 

3 Figure ?: Possible bubbles: electron bubble and He(2 s1J bubble. 

Inside the bubble, the metastable particles are isolated from 

the liquid, so that the interaction with the liquid is weak. 

This causes the lifetimes of metastables to be large also in 

the liquid. 
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I. 5. 2 Transport of the excitation 

The motion of the metastables cannot be influenced by an elec

tric field. Their motion can be determined by the following 

possible mechanisms. 

- Metastables are created by collisions with electrans with 

sufficient energy. At such a callision a metastable partiele 

can piek up some kinetic energy. Because the metastables can 

be regarcled as free particles inside the liquid they will 

thus be moving in straight lines in the liquid [18,19]. For 

this so called ballistic transport, it is essential to assume 

that there are no thermal excitations in the liquid and that 

there are no vortices (created by the motion of the metasta

bles). 

- Below 0.7 K all electrans move in vortices, soit could well 

be that also metastables are captured in vortices at such 

low temperatures. The size of metastables is comparable to 

the size of positive ions. Therefore they should be bound 

to the vortex cores with the same strength as positive 1ons. 

This means that they are effectively trapped below 0.6 K 

[14]. In the vortex-tangles metastables as wellas electrans 

are captured. One can imagine [16], the tangleis set in roo

tion by the electrans and so transporting the captured meta

stables along. This way it is possible that the transport 

of metastables indirectly depends on the applied electric 

fields. 

- Also a direct interaction between metastables and electrans 

may be envisaged. Recent theoretica! work [20a] showed the 

possibility of clustering of excited atoms near an ion in the 

liquid, due to the strong polarizability of excited states. 

* The simplest "cluster" would be the He 2 - e system. The meta-
* -stable excited negative ion (He 2 ) actually has recently 

been discovered in atom-beam experiments [20b]. It is known for 

long that there exists a class of negative ions 1n liquid 

helium, distinctly different from the normal electron bubble, 

whose nature is completely unknown [21,22,23]. The suggestion 

was made by Watkins et al [24] that these "exotic" ions might 
* -be related to the (He 2 ) -ion. 
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From the foregoing it ~s clear that it is very important to 

know the transport mechanisms of electrons in liquid helium. 

Apart from being interesting for its own right, it is relevant 

for metastable investigations, because there can be a coupling 

between the metastables and the electrons. 
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I.6 Particles 1n the liquid surface region 

The liquid surface plays an important role in all of the expe

riments described. In the original workof Surko and Reif [IS, 

I9] as well as in several later experiments [4,24] the liquid 

surface was reported to be a very efficient ionizer of metasta

bles. Because of the very low vapour pressure of liquid helium 

at our working temperatures, the vapour side actually is a per

fect vacuum. This enables us to use modifications of familiar 

high-vacuum techniques for analysing particles extracted from 

the liquid. The methods which have been used include energy 

analysis by applying retarding potentials and magnetic deflec

tion. Although not yet examined, the high-vacuum might also 

enable us to use sophisticated, very sensitive partiele detec

tion techniques, making use of electron multiplication devices. 

I.6. I Escape from the liquid 

Consider an electron reaching the liquid-vacuum boundary. The 

electron in liquid helium 1s located inside a buhhle, see sec

tion I.4. The interaction of the electron with the surrounding 
I He(I s

0
) atoms consists of a Van der Waals-force and a repul-

sive force due to electron repulsion. Inside the huhhle, in 

the liquid, the resultant Van der Waals-force equals zero. If 

the electron comes close to the liquid surface, the resultant 

force is different from zero, perpendicular to and pointed into 

the liquid. The resultant force increases as the electron comes 

closer to the surface. This way a potential harrier is formed 

in the surface region. 

Figure 6 shows a potential curve 

surface. For electrans a similar 

for He(2
3s ) near the liquid 

I 
potential curve applies. If 

the electron is ahle to reach the surface to one h11hhle radius, 

the electron can leave the liquid hy tunneling through the po

tential harrier, when an extracting electric field is applied 

and the energy of the hubble (V0) is released. It was found 

experimentally [25,26] that electron tunneling from the liquid 

is thermally activated and negligihle below I K. However at 
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temperatures~ low enough~ it was found that electrans can be 

easily extracted from the liquid~ if some electric field exists 

in the bulk liquid [18,19]. This mechanism was temperature in

dependent below 0.5 K. 

As an explanation, it was proposed that vortex-ring-ion complexes 

are generated, which have enough energy (eV!) to carry the elec

tron to the surface. Although there has been a controversy con

cerning the interpretation of some early experiments [18,19,27], 

detailed investigations [28] have shown that the electron leaves 

with very low energy. The energy corresponds to the bubble ener

gy (~20 meV) and is independent of the ring-ion energy. The 

escape of electrans from a liquid in a strongly turbulent state, 

a state with a high density of vortex lines but no discrete 

rings, has not yet been investigated before. 

1.6.2 Surface states at the vacuum side 

Analogous to the previous case, outside the liquid, the electron 

is attracted by a Van der Waals-force, pointing into the liquid. 

Within the distance of one bubble radius to the liquid surface 

the electron experiences a repulsive force. These farces result 

in a potential well at a distance of one bubble radius above 

the surface. 

1 

[2
---

""'' 

1. ---

--

o;.~ _______ j _____ _ 

.......... .. 

--- __________ j 
-4 _, -2 _, 0 

~{inlf~l 

v
0 

= 0.02 eV~ V.= -V 
-z- e 

curve of He(2 3s1J near the liquid surface; 
-3 

- 1.3 · 10 eV~ E0 is the 

Figure 8: Potential 

energy of a metastable in the potential ~ell~ 1 R -

unit = 6 Jl. 
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A similar reasoning as the foregoing holds for metastable atoms 

and molecules. Metastable atoms and molecules, att2ched to the 

potential well cannot be removed by an electric field, as can 

be done with electrons attached to the well. However if the 

* well is filled with many metastable particles, mostly He
2 

(see 

section 1.1), the chance that they will collide will increase 

rapidly. At such collisions He 2+ and e will be created [4,29]. 

If an electric field over the surface is applied the ions and 

the electrons can be separated and measured. It is believed 

that these surface states are responsible for the observed effi

cient ionization properties of the surface. 
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Chapter 2 Experimental methods 

2.1 Dilution refrigerator 

In order to reach temperatures below 100 mK, a dilution refri

gerator is used. lts operation principles and lay-out will be 

sketched briefly here. A more detailed account can be found in 

reference 30. 
3 4 

As shown from the phase diagram 1n figure 9, He - He mixtures 

separate into two phases, below 0.87 K, one phase with a high 

concentratien of 
3

He (concentrated phase) and one with a low 

concentratien of 
3

He (diluted phase). The finite solubility 
3 . 4 0. "lf . of He 1n He at T = K 1s essent1a or the operat1on of a 

dilution refrigerator. 

1

2.5 

( ~) 2.0 

1.5 

1.0 
0.87 

0.5 

0 O.Oii6 0.2 0.4 0.6 0.8 1.0 -x3 

Figure 9: Phase diagram of 
3

He - 4He mixtur>es; x3 is the r>ela

tive molar concentr>ation of 3He. 

3 Figure 10 shows a diagram of a He circulating dilution refri-

gerator. In the still helium vapour is withdrawn from the li

quid by a pump. The liquid in the still consists of a mixture 

of ~99% 4
He and ~1 % 3He maintained at 0.7 K by a heater. Be-

3 cause of the much higher vapour pressure of He, the vapour 

consists mainly of 
3

He (~95 %). Subsequently, the gas is returned 

into the cryostat and condenses on the condensor ( IK- bath), 
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. 4 . 
maintained at ~1.3 K by pump1ng He through a separate pump1ng 

system. At the still and in the heat exchangers, the 
3

He is 

cooled down. So the precaoled 3He enters the mixing chamber. 

Inside the mixing chamber, the concentrated phase is floating 
3 on top of the diluted phase. As the He passes the phase boun-

dary it absorbs heat. The cycle is closed as the 3He in the 

diluted phase flows to the still via the heat exchangers under 

influence of the osmotic pressure. 

T = 300 K 

condensor : 1.3K 

constrocloon 

still: 0.7K 

heat exchanger5 

mixong chamber 

Figure 10: Diagram of a 3He circulating dilution refrigerator. 

The cooling power (and m1n1mum temperature) of a ditution re

frigerator can be calculated as follows [30]. The molar enthal-
3 

py H3c(T) of He, at temperature T, in the concentrated phase 

is given by 

(2.1.1) 

3 with H3 (0) the enthalpy of He at T 0 K. The molar enthalpy 
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of 
3

He in the diluted phase, 1n equilibrium with the concentra

ted phase is 

(2.1.2) 

From the first low of thermodynamics for an open system, us1ng 

(2.1.1) and (2.1.2), applied to the mixing chamber, we obtain 

. 
(2.1.3) Q 

. 
In (2.1.3) Q 1S the heat 

mol ar 3 
He flow across the 

temperatures of the input 

2 12T. ) . 
1 

load on the mixing 

phase boundary, T. 1 
and output side of 

chamber, n3 1S the 

and T are the 
m 

the m1x1ng cham-

ber. Because T ~ T. we obtain for the cooling capacity of the 
m 1 

mixing chamber 

(2.1.4) Q .:S 84 n T 
2

• m 3 m 
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2.2 Diagram of experimental set-up 

Figure 11 shows a schematic outline of the experimental set-up. 

f 

1--+t--++----Vacuum chamber 

LN2 LHe 

condensor 

f-t.:::::".--+-1+-+t---- 4
He fi 11 cap i llar i es 

constriction 

st i 11 

heat 

exchangers 1 

' 

Figure 11: Diagram of experimental set-up. 

The part of the dilution refrigerator below 4 K is contained 

1n a vacuum chamber for thermal isolation. The whole assembly 

1s inserted in a standard liquid helium cryostat. 

The experimental chamber consists of a cylindrical stainless 

steel tube of 0 24.8 mm and 100 mm height. It is soldered on 

top of the mixing chamber. A sintered copper/silver layer on 

the outside top of the mixing chamber facilitates heat exchange 
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between the mixing chamber and the liquid helium sample for the 

experiment. A 4 T superconducting magnet coil can be mounted 

around the lower part of the vacuum chamber. This coil is not 

always installed. Optionally a set of Helmholtz coils can be 

placed outside the cryostat, to provide weak magnetic fields 

(~Io- 2 
T) for magnetic deflection experiments. 

All experiments described in this report were clone at the m1n1-

mum temperature attainable with the heat load of the emitter. 

This temperature was about 60 mK. 
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2.3 Experimental cell 

Figure 12 shows the experimental cell in detail. It consists 

of a tungsten field emitter, three grids and a collector. The 

insulating parts are made from celeron. All metal parts are 

gold plated to prevent oxide formation and charge build up. 

The grids are made from gauze, consisting of 0 35 ~m wires 

and meshes of 107 ~m; the transmittance is 57 %. 

~ conductor (metal) 

~ insuiator 

6mm 

)"." 

~mltler ----
tip 

Figure 12: Experimental cell. 

The grids are used to apply electric fields (see figure 13), 

so we can manipulate the charged particles on their way from 

the tip to the detector. 

Around the lower part of the cell, a copper shield is placed 

on earth potential to screen the electric field from the ex-
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traction grid bolder. The tip is completely surrounded by a roetal 

cage to screen the high voltage on the tip. 

(9 I V 
11•· I 

detector Tg] 
grid g 1 ----·· 

Tvg2 - V 
gl 

grid g2 -----
Tvg3 - V 

grid g3 --------- g2 

I Tl V 
tip 

p 

Figure 13: Voltage supply connections to detector~ grids and 

emitter tip. 

The liquid surface level can be varied. Diaphragms are used in 

the grids g
1 

a~d g2 to assure that the charged particles move 

in homogeneaus electric fields. The grid in front of the detec

tor also serves as a Frisch grid, to shield the detector from 

charges elsewhere in the cell. Tbraughout this report, the sign 

convention for the detector current will be as follows: positive 

when positive charge is flowing into the detector (or negative 

charge flowing out) and vice versa. 
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2.4 Wiring and feedthroughs 

To apply voltages on the grids, standard wiring ~s brought into 

the vacuum chamber via the pumping tube. The wiring is thermally 

grounded to the condensor, the still and the last heat exchanger. 

For go~ng into the experimental chamber some standard feedthroughs 

are used. From here teflon isolated wires are used to conneet 

the grids. 

Originally the same wiring was used for the detector. In order 

to improve the isolation and thereby reduce the leakage currents, 

new and better isolated wires for the detector were used to enter 

the vacuum chamber via the pumning tube. 

To apply the high voltage on the emitter tip, teflon isolated 

wires and special feedthroughs were used to enter the helium 

cryostat, the vacuum chamber and the experimental chamber [31]. 
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2.5 Tip production 

The tips are made from tungsten wire (0 0.1 mm), by electroly

tical etching in two stages in a 5 % NaOH - salution (figure 14) 

[ 12]. 

lst stage 2rd stage 

Figure 14: Production of tungsten emitters by electrolytical 

etching. 

During the first stage a tungsten wire ~s piereed through a metal 

ring which bears a film of NaOH - solution. A voltage of 6 V ac 

is applied between the ring and the wire for about 45 s. By this 

process the wire diameter will be decreased to half the original 

diameter over a length of about 0.8 mm. 

During the second stage the wire with the narrowing ~s placed 

in the NaOH - solution. Now the wire is etched with 2 V ac be

tween the wire and the solution. After about 30 - 40 s the lower 

part of the wire falls off. This is the moment when the voltage 

has to be switched off and the tip is ready. 
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2.6 Capacitor 

During the course of the work, it was found necessary to have 

an accurate determination of the position of the surface level. 

For this a capacitor can be used. 

Figure 15 shows a drawing of the capacitor used for detecting 

the liquid surface level. The construction and design of the 

capacitor are similar to the one used by Castelijns et al [32]. 

The inset of the figure shows its position, with respect to the 

grids and the detector. 

2""' 

lk---stvc.Jst 1266 

11---- t:upro-nickc l 

ar;ll dit~· 

:f/ 
~().2 ~m 

Figure 15: Drawing of the capacitor used. 

The outer tube contains a groove to assure equal liquid levels 

inside and outside the capacitor. 

The cylindrical capacitor 1s placed vertically along the cell. 

lts inner radius R
1 

= 0.5 mm and its outer radius R
2 

= 0.9 mrn; 
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the length ~ = 24 mrn. 

If the capacitor is empty, the capacitance has the value 

(2.6.1) c = 0 
2.2715 pF, 

ln R/R 1 

with s
0 

= 8.8542 • 10- 12 F/m. If however the capacitor is filled 

with liquid helium (E = 1.055 for liquid helium), the capaci
r 

tance will get the value 

(2.6.2) C = E • C 
He r 0 

2.3965 pF. 

So the difference 1n capacitance between the empty and the filled 

capacitor is 6C = 0.1250 pF. The capacitance increases linearly 

with increasing level, see figure 16. 

C (pF 

CHe 

0 24 level (mm) 

Figure 16: Capacitance - level dependenee (zero level &s the 

bottorn of the capacitor). 

So by measuring the capacitance, the liquid surface level can 

be detected. The only thing to know is the position of the ca

pacitor with respect to the cell. 
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2.7 Electrical equipment 

For temperature measurements, Speer resistances were used. These 

resistances are temperature dependent. The resistances are roea

sured with an Oxford Instruments Resistance Thermometer Bridge. 

As a high voltage power supply, a FUG, HCN 14- 12500 was used. 

The voltages for the grids were supplied by Van der Heem, type 

8619 power supplies. 

As a current supply for the set of Helmholtz coils a Delta 

D 035 - 10 power supply was used. 

To reach a magnetic field of 4 T, a power supply of 40 A was 

needed, so a Cryogenic Consultant Limited PS 120 R was used. 

To detect the liquid helium surface level with the capacitor, 

a General Radio Capacitance Bridge 1615 A, tagether with a 

Princeton Applied Research model 5101 Lock-in amplifier were 

used. 

The currents on the detector, which are 1n the range of 10- 13 -

3 • 10-
9 A were measured with a Keithly Instruments 610 B elec-

trometer. 
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Chapter 3 Measurements and results 

3.1 Capacitor test and measurement 

A crucial parameter 1n the experiments 1s the position of the 

liquid level in the cell. In principle it can be determined from 

the known occupied volume 1n the experimental chamber, by con

densing known amounts of helium gas. Uncertainties arise however 

by uncontrolled replenishment of filling capillaries and heat 

exchanger feedthroughs as a result of film creep and fountain 

pressure. It is therefore necessary to check the level by measure

ments as a function of liquid height and correlate discontinuities 

in some experimental parameters with discontinuities in the li

quid height (passing a grid). This method, which was used before, 

proved to be tedious and unreliable. The uncertainties corres

ponded to 2 - 3 mm in the position of the level and were occa

sionally manifested by electrical breakdown at the tip, when 

the level was unintentionally near the tip. It was therefore 

decided to detect the liquid level more accurate. 

It was first tried to measure the capacitance between two grids, 

as the cell is being filled with liquid helium. Because of the 

large parasitic capacitance of wires and feedthroughs, which 

appeared to depend on the liquid level in the helium cryostat, 

this method was not satisfactory. 

So the next step was to install a capacitor in the experimental 

charnber for independent and accurate determination of the sur

face level (see also sectien 2.6). Figure 17 shows the measured 

capacitance as a function of the condensed quantity of helium. 

The latter is proportional to the pressure drop in the gas sta

rage container. 

In figure 17 the positions of the grids and the detector are 

also shown. The kinks correspond with the positions of the grids. 

The capacitance in the beginning with an empty capacitor is 

(3.1.1) 2.896 pF, 

1n which C is the parasitic capacitance of wires and feedthroughs. 
p 
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Figure 17: Capacitance as a function of condensed quantity~ &n

dicated by the pressure drop in the gas starage con

tainer. 

c0 is the capacitance of the empty cylindrical capacitor. At 

the end, when the capacitor is filled with helium, the capaci

tance is 

(3. I. 2) c
2 

= c + c 
He p 

3.020 pF. 

So the measured difference 6C d = c2 - c1 = 0.124 pF. When measure 
compared with the calculated value 6C h = (E - I)c

0
, this t eory r 

corresponds toa capacitor length ~ = 24 mm (see section 2.6). 

This means each millimetre in level difference corresponds with 

a capacitance difference of 0.0052 pF. The measured length ~s 

23 ± I mm. The uncertainty arises from the problem which part 

of the capacitor is filled with stycast, as the capacitor was 

fabricated. 

The calibration factor for the capacitor ~s therefore taken as 

0.0054 ± 0.0002 pF/mm. This accuracy together with the accuracy 
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with which the positions of the grids can be determined in the 

diagram of figure 17 (the position of the kinks) leads to an 

estimated absolute uncertainty in the level determination of 

about 0.75 mm. Using the General Radio bridge, the capacitance 

difference can be determined with an accuracy of 0.0001 pF, which 

corresponds to a level difference of about 0.05 mm. 

34 



3.2 Direct search for metastable molecule decay at the surface 

In 1968 Surko and Reif [18,19] discovered the metastable helium 

1n liquid helium. As a production mechanism they used radioac

tive samples. The present experiment is set-up along similar 

lines, but as a production mechanism a field emitter tip is used. 

This work is an extension of the work described in several pre

vious reports [0,12,31,33,34,35,36,37]. Emitter tips were used 

before by Mehrotra [2] at temperatures above 2 K to produce meta

stables. They have also been used for this purpose succesfully 

in our laboratory at temperatures above 1.5 K [38,39,40,41]. 

There is a search for the reaction 

(3.2.1) 

which is expected to occur at the surface [18,19,24,29], see 

also sections 1.1 and 1.6. 

The positive 1ons can be measured 1n the following contiguration 

(figure 18). 

~· 

3 2 

I 

Figure 18: Configuration for measuring positive ions; the liquid 

surface is between the grids 2 and 3. The lower part 

is a schematic representation of the potential dis

tribution over the grids. 
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The field across the surface repells negative charge (electrons!) 

while positive charge is extracted. The fields in the vacuum 

guide positive charge to the detector. However no current is 

measured. This means that the possible positive current due to 

b 1 d . b 1 h d . 1 . . f I 0- I 3 metasta e ecay ~s e ow t e etect~on ~m~t o A. On 

the other hand Surko and Reif measured currents of IO-I 3 - IO-I
2 A, 

while the signal strength probably not depends on the production 

mechanism used [42], because of the bilinear decay mechanism 

[3]. 

In the configuration of figure I9, the field across the surface 

is reversed in sign, leaving the other fields unchanged. Now 

a positive current is measured, so there is a charge creation 

in the region of the cell above the liquid. 

V 

r 
r 
I 
I 
I 

I I 
I I 

3 2 I 

V'\ 
0 -+--fl--1----++-

I 

Figure 19: Configuration &n which charge creation &s measured. 

If electrans are accelerated and then collide with the grids 

or the detector, atoms from the helium film, which covers all 

parts in the cell, may be ionized (filmionization) or electrans 

will he released from the metal (secondary emission). The pro

cessP.s of filmionization (FI) and secondary emission (SE) are 

shown schematically in figure 20. The probability that accele

rated positive ions will ionize the helium film or cause secon

dary emission is very small. 
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a) Collisions on grid; 

electrans accelerated 

towards detector. 

c) Collisions on detector; 

electrans accelerated 

towards detector. 

~ 1 
~ 0 ~ 

fr.--1-=r 
I e I' SE .. FI ~ 

b) Collisions on grid; 

electrans accelerated 

towards grid. 

dJ Collisions on detector; 

electrans accelerated 

towards grid. 

Figure 20: Schematic drawing of secondary emission (SE) and 

filmionization (FI) on detector and grid. 

In order to understand the measured currents, it is important 

to know the contribution of secondary emission and filmioniza

tion. 

It can also betried to measure the electrans of reaction (3.2. I). 

These electrans are to be separated from the electrans comlng 

directly from the emitter tip. This can be done in the configu

ration of figure 21, as the liquid surface level is between the 

grids I and 2. The electrans comins from the emitter tip are 

stopped in the region between the grids 2 and 3. Nesative charge 

released at the surface is led to the detector. The results are 

shown ln figure 22. Unless otherwise specified, in all experi

ments described, the emitter current was kept constant at 3 nA. 
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Figure 21: Configuration for separating electrons. 
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Figure 22: Detector current as a function of the voltage between 

the grids 2 and 3; the liquid level is between the 

grids 1 and 2. 
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A constant current, independent of the stopping potential is 

indeed measured (negative v
2
-v

3
). Since the neutral metastables 

are not affected by an electric field, the results of figure 22 

are consistent with the existence of metastable helium and their 

decay at the surface. However we have to he suspicious about the 

results, because the positive ions are not found. 

The electrons coming from the emitter tip leave the liquid with 

zero energy (see section 1.6), while the electrons created in 

reaction (3.2.1) have an energy of about JO eV. Therefore it 

is tried to measure the energy distribution of the released elec

trans in the configuration of figure 23, as the liquid level 

was between the grids 2 and 3. 

V 

0 

I I 
I I 
I I 
I I 
I I 
I I 
I I I 

3 2 I 

Figure 23: Configuration for measuring the energy distribution 

of the eZectrons. 

The results however are not easily interpreted, because the re

solution is too low and the electric field in the vacuum region 

between the grids 2 and 3 is uncertain. This point will be 

addressed in more detail in a later section. 

From the foregoing we conclude that it is not easy to detect 

the metastable molecules directly as they decay at the surface. 

The experiments done by Surko and Reif differ in two main points 

from our experiments. 
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- Since we use an emitter tip, the density of electroos in the 

bulk· liquid is necessarily high (~Io 10 cm-3). As discussed 

1n chapter I these electrons interact with rnetastable molecules 

to form clusters or ions. So perhaps we have to take into con-

* -sideration these (He
2 

) - ions, which cannot be distinguished 

from electroos with the sirnple methods discussed. 

It is known that the field emitter tip inevitably causes a 

strong vorticity in the liquid [3] (see section 1.4). Since 

the transport of electroos is completely dominated by vortices, 

it is very well possible that the transport of metastables is 

also determined by vortices. In the experirnents of Surko and 

Reif, however, ballistic transport was observed. 

A considerable effort was given to investigate the electron trans

port and escape process. It was hoped that this sheds light on 

the problems encountered in detecting metastables. 
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3.3 Analysis of detector currents and charge multiplication 

3.3.1 Liquid level between the grids I and 2 

I I 
I I 

' I 
I I 

• I 
I I 
I I 

3 2 

V V ~ 
0 

, 
~, 

I 

I 
I 

I 

Figure 24: Configuration for measuring positive ions and elec

trons3 created at metastable decay. 

We first examine the contiguration of figure 24. The liquid le

vel is between the grids I and 2. The field between the grids 

2 and 3 in the liquid is kept fixed and directed to sweep nega

tive charge towards the surface. The detector currents are roea

sured as a function of the voltage across the surface, v
2
-v

1
. 

This is done for either Vgl at a fixed positive value or Vgl 

at a fixed negative value. The results are shown in figure 25, 

the top part gives the curve for positive vgl' the bottorn part 

the curve for negative Vgl" 

Several conclusions can be drawn from these measurements. 

- The sign of Vgl determines the sign of the current measured, 

irrespective of sign and magnitude of v
2
-v

1
. This suggests 

that the current is dominated by low energetic charges gene

rated in the immediate vicinity of the detector ( at the de

tector itself or at the grid in front of it). 
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as a function of v2-v1; v2-v3 = 120 V and 1..-det 
V = 

1 
± 40 V; the Bkrface level is between the grids 

1 and 2. 

- For both signs of Vgl' a measurable current appears only for 

negative v
2
-v

1
, this is when negative charge is extracted from 

the surface (which consists likely of the field emitter elec

trons). The positive current seen in figure 25 for v
2
-v

1
> 0 

-12 
(~3 • 10 A) is due to leakage current. In later experiments 

with improved wiring, the leakage current was reduced to 

<I0- 13 A, but still no measurable signal was found. The absence 
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of a positive current for v
2
-vi > 0 implies that no measurable 

ion current due to possible metastable decay at the surface 

was present. This conclusion was already derived in conneetion 

with figure IS. 

- The immediate cut-off of negative current for V -V > 0 sup-
2 I 

ports the believe that no electrens can leave the surface with 

a finite energy (section I.6). 

- The positive current starts to flow for relatively high (nega

tive) voltage. The maximum energy that the electrens can gain 

in the vacuum is not known because the voltage between the 

surface and grid gi is not known. 

3.3.2 Liquid level between the grids 2 and 3 

Although this configuration is more complicated because there 

is one additional grid in the vacuum region (as a souree for 

filmionization or secondary emission), we have done the most 

detailed analysis for this case. The advantage is that the ener

gy of the electrens can now be measured by using a retarding 

field between the grids I and 2. 

Figure 27 shows the dependenee of the detector current on the 

voltage on grid 1. v
2
-v

3 
and v

1
-v2 remain fixed and are direc

ted to accelerate electrens towards the detector. When the level 

1s between the grids 1 and 2, a similar curve is measured. 

We will attempt to analyse this curve quantitatively. To do this, 

an assumption needs to be made about the charge conversion. Both 

filmionization and secondary emission need to be taken into ac

count. It is not easily possible experirnentally to distinguish 

these processes. 

It is very difficult to estimate the irnportance of secondary 

emission frorn a metal surface, covered with a thin film of he

lium (~300 R). Apart from the usual problern that the secondary 

electron ernission ratio ó (nurnber of secondaries per primary 

electron) strongly depends on the surface condition, one needs 

to know the attenuation of the energetic electrans in the heliurn 

film. The relevant energies are below the ionization or excita-
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tion energies of helium. Even if the primary electron arr1ves 

at the metal surface with much higher energy, the secondaries 

have predominantly low energy (<20 eV) [43]. With the typical 

electric fields used between the grids (~soa V/cm), a charged 

partiele in the film is always within its own image charge field 

and the external applied field is negligabie (compare with equa

tion 1.3.3, the maximum is at ~1000 ~ for E ~ 500 V/cm). Ther

malized charges are therefore always attracted back to the me

tal, independent of applied fields. Figure 26 illustrates the 

above discussion. 

E, 

me tal 
helium 

film 

-=-,ï:c;;;:;;,:;;-
...-A,PJ)IUIO potenliol 

vacuum 

Figure 26: Schematic of the injection model. 

A detailed study of attenuation of hot electrans in liquid he

lium was made by Onn and Silver [44], however only at low energy 

(~1 eV) and high temperature (>1.5 K). They experimentally found 

a thermalization range in the order of 50 - 150 ~. The range 

was also calculated, assuming elastic collisions of electrans 

in helium gas with the density of the liquid. The calculated 

value was larger than the experimental value. This is an iudi

cation that collective effects in the liquid may decrease the 

thermalization range. These collective effects likely are the 
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4 

2 

generation of fonons and rotons, or perhaps vortices. 

A typical maximum value for ó for metals at normal incidence 

1s ó ~ I. For gold ó = I.4 at 800 V, while the threshold voltage 

(ó I) is at ISO V [43]. The structure of the goldplated sur

face of the grids and detector is unknown while the workfunction 

is modified by the presence of the heliurn film. Also ó strongly 

depends on the angle of incidence, which is unknown. The values 

for ó and the voltages should therefore not be applied rigorous

ly. The low values for ó suggest however that secondary ernission 

would not be very effective. 

Despite the difficulty of distinguishing filrnionization frorn 

secondary ernission, the experirnents show that filrnionization 

at least is significant. This follows frorn those biasing schernes 

where electrans are prevented to reach the detector and so can

not cause secondary ernission at the detector. Exarnples are fi

gure 27 for large VI and figure 30 (positive VI and positive 

v2-VI)(the latter ~s the configuration discussed in figure 19). 
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Figure 27: Detector current idet as a function of the potential 

of grid 1., V 1" 
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The measured positive currents in these cases are attributed 

to positive ions created by filmionization on the grids I and 

2 and grid 2 respectively. Estimates show that the evaporation 

rate of the film due to the incident electron beam is negligabie 

compared to the maximum supply rate by film creep. 

To obtain a reference framewerk for analysis, secondary emission 

will simply not he taken into account, but discussed qualitative

ly afterwards if necessary. It is further assumed that 

- all the energy of an electron incident on a film is used for 

1on pair creation and 

- the number of electrans after the process of filmionization 

is increased with a: 1after FI = a • ibefore FI, in which 

a= a(E) (see figure 28). 

Sr-----------------~~~ 

·t 
2 

0 25 50 75 100 125 

E <eV) 

Figure 28: a as a function of the electron energy E. 

The dashed line shows the real dependenee of a on the energy: 

one ion pair is created for each 25 eV energy, which is the io

nization energy of helium. The drawn line is a smoothed average 

used in the calculations, a = ~ + E/25. The grid is assumed to 

have a transparancy of 50 %, close to the actual value. 

First the liquid level is assurned to be between the grids I and 

2 (high level). Consider n electrans leaving the liquid. The 

liquid surface has a potential V and grid 
s 

has a potential 

VI (Vs <VI). Now ~n electrans pass grid I without interaction 

and collide with the film on the detector. The other !n electrans 

collide with the film on grid I and create positive ions and 

electrons, all with assurned zero kinetic energy. Depending on 
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the s1gn of VI the positive ions or the negative charged elec

trans are accelerated towards the detector. The accelerated 

electrans cause again filmionization on the detector, while po

sitive ions do not. 

If VI < 0, electrans are accelerated in the region between the 

detector and grid I. The total number of electrans reaching the 

detector 1s 

(3.3.I) 

If VI > 0, positive 1ons are accelerated in the region between 

the detector and grid I. If an electron with energy E collides 

with the helium film, (a(E) - I) positive ions are created. So 

the total number of positive ions reaching the detector is 

(3.3.2) 

Now the liquid level is assumed to be between the grids 2 and 

3 (low level). Electrans leaving the liquid can pass the grids 

2 and I without interaction and then collide with the film on 

the detector, they can pass grid 2 and cause filmionization on 

grid I, they can cause filmionization on grid 2 and the produced 

electrans can either cause filmionization on grid I or pass grid 

I without interaction. The potentials of grid I, grid 2 and the 

surface are respectively v 1, v 2 and Vs, with Vs < v 2 < v 1. 

Again consider n electrans leaving the liquid. If v 1 < 0, the 

total number of electrans reaching the detector is 

(3.3.3) !na(-Vs) + !na(V1-Vs)a(-V 1) + !na(V2-vs)a(-V2) 

+ !na(V2-vs)a(V 1-v2)a(-V 1), a> 0. 

If v 1 > 0, the total number of positive 1ons reaching the detec

tor is 

(3.3.4) !n(a(-V )-1) + !n(a(V -V )-1)•1 + !na(v
2
-v )(a(-V?)-1) s I s s ~ 

+!na(V2-Vs)(a(V 1-v2)-l)•l, 
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Figure 29 shows equations (3.3.I) and (3.3.2) for the high level, 

with VI-Vs = 30 V and equations (3.3.3) and (3.3.4) for the low 

level, with VI-v2 = 50 V and v 2-vs = IOO V. The low level cor

responds to the experimental situation of figure 27. 
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5
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Figure 29: Calculation of the detector current as a function 

of the potential of grid 1~ if all energy of the 

electrans is used for filmionization. 

In figure 29 unity along the vertical ax~s ~s the number of elec

trous leaving the surface, so this axis actually gives the gain 

~n the current on the way from the surface to the detector. 

If we compare the figures 27 and 29, we see that the curves show 

the same picture qualitatively, but quantitatively there ~s some 

discrepancy. Note the remarkable agreement of decreasing detec

tor current as the voltage VI ~s increasing, for small positive 

va lues of V I . 

Now it 1s clear why in figure 25 the s~gn of the current ~s de

termined by the sign of the voltage on grid I. 
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We next consider the dependenee on v2-v 1. The characteristics 

in figure 30 correspond to those of figure 25, but now the sur

face is between grids 2 and 3. 
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Figure 30: idet as a function of v2-v1; v2-v3 = 120 V and 

v1 = ±40 V; the surface level is between the grids 

2 and 3. 

In order to explain the particular shape of this curve, the same 

reasoning as before is used. Again the potentials of the surface 

and the grids 1 and 2 are respectively Vs, v1 and v2 . Electroos 
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leaving the liquid can cause filmionization on grid I, on grid 

2, on both grids or on either of the grids. Consicier v
1 

< 0 and 

V
5 

< v
2

• If n electrans leave the liquid and v 2 < v 1, then the 

total number of electrans reaching the detector is 

(3.3.5) !na(-Vs) + !na(v 1-vs)a(-V 1) + !na(V2-vs)a(-V2) 

+ !na(v2-vs)a(V 1-v2)a(-V 1), a > 0. 

If however v
2 

> v
1

, but v 2-v 1 < v 2-vs' the total number of elec

trans reaching the detector is 

a > 0. 

And if v
2 

> v
1 

and v
2
-v

1 
> v 2-vs' the total number of electrans 

reaching the detector is 

(3.3.7) ntot 0. 

The results of equations (3.3.5), (3.3.6) and (3.3.7) are sho'vn 

in figure 31 for v
1 

= -40 V and v 2-vs = 100 V. 

The sharp kinks in the curve cannot be measured, so the dashed 

lines represent the curves that would be measured in case the 

assumptions made above are real. 

The voltage Vc of v 2-v 1 where the detector current idet becomes 

zero corresponds to the electron energy after acceleration be

tween the surface and grid 2. Because electrans leave the sur

face with zero energy, the cut-off voltage V equals v 2-v . Mea-
c s 

sured curves like figure 30 can thus be used to determine the 

voltage drop in the liquid between grid 3 and the surface, s~nce 

the total voltage between the grids 2 and 3 is known. 

If the figures 30 and 31 are compared it is evident that quali

tatively the figures are similar, but quantitatively there is 

still a difference. The measured relative difference in currents 

for v2-vl > 0 and v2-vl < 0 is much larger than calculated, rough

ly by a factor of 5! The calculated curves assume the most effi

cient ionization: all energy used for the creation of ion pairs, 

while all possible ions are indeed collected. It is possible 

50 



that this difference is caused by secondary emission, which ~s 

not taken into account. 
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Figure 31: Detector current as a function of the voltage between 

the grids 1 and 23 if all energy of the electrans is 

used for filmionization. 

The density of helium in the helium film n = 2.183•10 22 atoms/cm3 . 
-17 2 The ionization cross-section o. ~ 2•10 cm , for electron ener-

~ 

gies of about 50- 100 eV [37]. From this the mean free path À. 
~ 

can be obtained. 

(3.3.8) À. 
~ no. 

~ 

230 ~. 

This À. is comparable to the thickness of the helium film, which 
~ 

~s about 300 ~. So the high efficiency of the filmionization 

~s not trivial. 
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3.4 Electric field ~n the liquid, between grid 3 and the 

surface 

As already mentioned in the previous section, measured curves 

like figure 30 can be used to determine the electric field ~n 

the liquid, between grid 3 and the liquid surface. In this way 

the potential distribution inside the liquid may be obtained 

which gives information on the transport process. Also the po

tential drop across the surface may be determined, which detects 

the possible presence of surface charge and so the existence 

of a surface barrier. 

Figure 32 shows the detector current as a function of v2-v 1 for 

several heights of the liquid level, indicated by the capacitance. 
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Figure 32: t-det as a function of v2-v1; v1 = -40 V, v2-v3 = 120 V; 

the curves are measured for several heights of the 

liquid level, indicated by the capacitance. 
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As the liquid level increases, figure 32 shows that the detec-

tor current decreases. This can be understood from equations 

(3.3.5) and (3.3.6) in section 3.3. As the liquid level increases, 

the potential of the liquid surface V increases (V < 0). This 
s s 

results in a decrease of a(-V ), a(V
1
-v) and a(v

2
-v ), so the 

s s s 
total number of electrans reaching the detector decreases. 

In figure 33 the voltage V of v2-v1, at which the detector cur

rent becomes zero, is shown versus the capaci tance, which l.n

dicates the liquid level. In this figure also the height of the 

liquid level with respect to grid 3 is shown. 
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-----2.94 ----- ---- . . ----:_----

- ---:..:.__- -- -
2.93 
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0 . ---+ 1.0 

V 
v2-v3 

(V) 

Figure 33: V/(V2-v3J versus the liquid level> indicated by the 

capacitance C; h gives the height of the liquid le

vel with respect to grid 3; the dotted line gives 

the relationship with maximum space charge and effec

tive mobility ~ (appendix A)> thc dash-dot line gives 

the relationship with no space charge. 

In the simplest case, without space charge, a linear curve is 

expected (when the small relative dielectric constant of helium 

is neglected). This is the dash-dot line in figure 33. The strong 

deviation of the measured line from the straight line suggests 
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that space charge 1s important. This lowers the potential drop 

across the liquid in favour of the potential drop across the 

vacuum. 

To analyse the situation, the potential distribution must be 

calculated with the Poisson equation. Because of the parallel 

plate contiguration of the grids it is a good approximation to 

. . 1 · · 2 /d 2 I use the one-d1mens1ona Po1sson equat1on d V x = -p E
0

, where 

x is the linear dimension (perpendicular to the grid surface) 

and p = p(x) the space charge density. pis not known however, 

the only other measurable parameter is the current i. It can 

be tried to solve the Poisson equation by either assuming a spe

cific p(x) or a relatio~ between p(x) and 1. 

The one-dimensional Poisson equation can easily be solved if the 

transport of charge can be described with a mobility ~. see 

appendix A. Only one unknown boundary condition is then left, 

which is the charge density at x = 0 (position of the first grid) 

or, equivalently, the electric field at x = 0. Within the mobi

lity concept the maximum possible contribution of (bulk) space 

charge is found for p(O) =00 or E(O) = 0. The potential distri

bution for this extreme case is plotted as the dashed line in 

figure 33. The measured data however are still not in agreement 

with the calculations. It should be recalled that Phillips et all 

[16] had derived from emitter characteristics that the transport of 

electrans can be described by an effective mobility. 

The cause for the discrepancy has not yet been found. It may 

have either an intrinsic reason (failure of the mobility concept, 

surface harrier with consequent surface charge) or an experimen

tal reason (use of non-ideal grids). The physical reasons will 

be discussed qualitatively here, while the non-ideal grid pro

blem is discussed in the next section. 

Figure 34 shows qualitatively the possible potential distribu

tion between two plates for several cases: I) no space charge, 

2) with space charge, within the mobility concept, 3) max1mum 

space charge, within the mobility concept and 4) when the mobi

lity concept is abandoned. Case 4 may occur if space charge 

accumulates somewhere within the region between the grids. In 

turn this would happen if the charges were injected in the re

gion between the grids with a finite energy. 
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no space charge 
space charge 
maximum space charge and effective 

mobility 
space charge without effective 

mobility 

Figure 34: Potential between two plates, with and without space 

charge and effective mobility. 

The potential distribution with an assumed surface charge 1s sketched 

in figure 35. 

no surface charge 
surface charge 

Figure 35: Potential between two plates, with and without surface 

charge. 

It would be very surpr1s1ng if such a surface charge existcd. 

Previous experiments have shown that there is no harrier, both 

for negatively charged discrete vortex rings impinging on the 

surface [45] as well as for negative charges travelling along 

the cores of well defined vertical vortex lines [46]. 

55 



3.5 Field penetratien through a grid 

If two regions in which a high and a low electric field exist 

are separated by a grid, it is possible that the high field pe

netrates through the grid into the region of the lower field, 

over a distance of about the grid constant a (see figure 36). 

~ ~~:Ia 
--+:---eb-;-; ) 
--+:---ca::; , 
--+: ----4a::; , 

Figure 36: Field penetration through a grid. 

This means that effectively in the region over a distance of a 

from the grid the average potential is lowered. A rough estimate 

of the magnitude of 6V over which the potential is lowered can 

be made by the equation [47,48] 

(3. 5. I) 6V ~Ea(l+-2
1 ln_E_) 

c TI 2nr ' 

1n which E 1s the high electric field, a is the grid constant 
c 

and r is the radius of the wires. If equation (3.5. I) 1s applied 

on the penetratien of the field between the tip and grid 3, through 

grid 3, this leads to 6V ~ 60 V (E = 4 105 V/m, a= 1.42·10-4 m 
-5 c 

and r = 1.8•10 rn). The distortien near grid 2 is negligable, 

because the fields are here rnuch lower. 

This effect alone however, will not explain the experirnental re

sults, because the liquid level is typically much farther removed 

from the grid, than a grid distance, so that the field near the 
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surface would be undisturbed. It could be imagined however, that 

the strong distartion very close to the grids is responsible for 

a large space charge density in the region between the grids. 

This could lead to an average distortEd self-consistent field 

extending well into the region between the grids. This effect 

is sketched qualitatively in figure 37. 

V 

~V 

5 

I) ideal grids 

2) non-ideal grids 

3) average potential distribution 
due to space charge, injected 
when non-ideal grids are used 

Figure 3?: Average potentiaZ between the grids 2 and 3 if field 

penetration and space charge is considered. 

This effect of field penetratien tagether with space charge would 

also explain the measurement of figure 33 in section 3.4. Consi

dering this effect, care should be taken in interpreting data 

where a retarding potential is used between grids 2 and 3 (for 

instanee figure 22). 

Figure 38 shows the results for a liquid level between the grids 

2 and 3 (figure 38a) and for a liquid level between the grids 

and 2 (figure 38b; this figure is the same as figure 22 in sec

tion 3.2). As the liquid level is increasing, figure 38a changes 

into figure 38b gradually. This suggests that field penetration 

effects are important. The change with liquid height supports the 

surmise made above, that space charge effects are involved. Field 

penetration resulting from the geometry of the grids alone obvi

ously is independent on the liquid level. So it is possible that 

the constant level for v2-v3 < 0 in figure 38b is also caused 

by field penetration effects, instead of metastable helium, as 

pointed out insection 3.2. 
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Figu~e 38: &det ve~sus v2-v3 as the liquid level is between the 

g~ids 2 and 3 (a) and between the g~ids 1 and 2 (b). 

Later measurements, made after completion of this work, with a 

double grid at the position of grid 3, in order to reduce the 

field penetration, show that the currents measured for v2-v3 < 0 

in figure 38 (a and b) are decreased substantially. 

58 



3.6 Influence of a strong vertical magnetic field 

In sectien 1.2 is discussed that a magnetic field can be used 

to polarize the metastable atoms and molecules. Although metasta

bles have not been unambiguously identified, it was nevertheless 

tried if any of the observed currents could be influenced by a 

strong magnetic field. 

To achieve a magnetic field of 4 T and a magnetic field gradient, 

a superconducting magnet coil was mounted around the lower part 

of the vacuum chamber (see sectien 2.2). The coil used supplies 

a magnetic field of 0. I T/A in the centre of the coil. A reaso

nable current through the coil is 40 A, so a reasonable field in 

the centre of the coil 1s 4 T. The field is directed vertically 

(this is perpendicular to the surface and the grids). 

If measurements with the magnetic field of 4 T and without the 

magnetic field are compared, no significant differences appear. 
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3.7 Deflection experiments 1n a weak horizontal magnetic field 

As already pointed out in section 2.2, a set of Helmholtz coils 

is available, to obtain a weak rnagnetic field parallel to the 

surface plane, for deflecting electrons. The rnagnetic field 1s 

20 Gs/A. The maximurn current through the coil is about 5 A, so 

the maximurn field is about 100 Gs (= 10-
2 

T). 

The magnetic field parallel to the surface plane 1s used to de

flect the electrons, leaving the liquid, towards the side of the 

experimental cell. This is done in order to understand better 

the measured currents and identify possible other particles as 
* * -He2 and (He2 ) • 

The measurements are done in the configuration that electrans 

are accelerated from the liquid surface to the detector, for li

quid levels between the grids 2 and 3 and between the grids I 

and 2 as well. Figure 39 shows that the magnetic field required 

for deflecting the electrans is independent of the liquid level, 

as long as the level is between the grids 2 and 3, for voltages 

v2-v3 less than 100 V. In the figure the liquid level is indica

ted by the pressure drop in the starage container. The well de

fined field for current cut-off, indicated by an arrow in figure 

39, is interpreted as the rnagnetic field where the electron tra

jectory just touches one of the upper grids. 

As derived in appendix B, the amplitude of the trajectory the 

d · · I 2 C 7) · electrans escr1be 1s a = mE eB B. . The arnpl1tude of the 

electron trajectory that belongs to the constant field, as 

IB ~ 3.2 A, is found frorn (B.7) to be ~3 rnrn. This rneans that the 

cut-off is deterrnined by the distance between the grids I ~nd 2, 

which is ~6 rnrn. The signal is apparently dorninated by electrans 

created at grid 2. When the level increases beyond grid 2, the 

cut-off field increases with the level as expected because the 

distance between the level and grid I decreases. It is not clear 

yet, why it is irnpossible to deflect the electrans cornpletely 

in the region below grid 2, even if the electric field in this 

reg1on is lowered. It is however consistent with the observation 

of a previous section, that the field in the vacuurn gap below 

grid 2 is rnuch larger than expected. 
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Figure 39: Current on the detector as a function of the magnet 

current~ for several levels~ indicated by the pressure 

drop in the starage container (torr). 20 torr corres

ponds approximately to 1 mm level rise. For pressures 

<680 torr~ the level is between the grids 2 and 3. 

As the level passes grid 2, the magnetic field required to deflect 

the electrans increases as the height of the level increases. 

This is shown over a larger range in figure 40. 

From the measurements of figure 40, using equation (B.7) and 

B = 20 Gs/A, figure 4I is obtained. In this figure the amplitude 

of the electron trajectory is plotted versus (IBc)- 2 , in which 

(IB )-
2 

is proportional to (B )-2 . The amplitude ~s taken as half 
c c 

the distance from the known level to grid I. IBc ~s the magnet 

current corresponding to thè cut-off field B . 
c 

Since the curve of figure 4I is a straight line through the ori-

gine, the conclusion can be drawn, that equation (B.7) a= mE/eB 2 

is valid in the region between the grids I and 2. Hence another 

conclusion is obtained: as the liquid surface level is between 

the grids I and 2, the electric field in the region between these 

grids is constant (independent of the level position), namely 

(V 1-v2)/d, with d the distance between the grids I and 2. This 

is contrary to the situation between the grids 2 and 3. 
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Figure 40: Current on the detector as a function of the magnet 

current3 for several levels between the grids 1 and 23 

indicated by the pressure drop in the starage contai

ner (torr). 

~12 
nJ 1 

0 0.05 

1 Figure 41: Amplitude of electron trajectory versus ----
I 2 

Be 

This contradiction probably supports the surmise that field pe

netration effects are considerable in the region between the grids 

2 and 3, because it is adjacent to the high field emitter-region. 

When the level is above grid 2, however, the charge density in 

the liquid above grid 2 is much lower in any case. The different 

results for the potential distribution in both cases therefore 

are not conflicting. 
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From the measurements of figure 42 another prove for the validity 

of equation (B.7) can be obtained. 

-20V 

0 2 3 4 

V1 : -40 V 

v2 - v3 : ao v 

5 -I8 (A) 

Figure 42: Current on the detector as a function of the magnet 

current, for severaZ voltages between the grids 1 and 2, 

for a constant ZeveZ between the grids 1 and 2. 

Figure 42 shows the increasing required magnetic field, to deflect 

the electrons, as the electric field is increasing. The measure

ments are done at a constant liquid level between the grids I 

and 2. In figure 43 the square of the required magnetic field, 

indicated by I 
2 

is plotted against the electric field between c 
the grids and 2, indicated by v

1
-v2 . Figure 43 shows that Be 

varies with E in accordance with (B.7). 

Figures 39, 40 and 42 show that after deflection of the electrans 

there is still a considerable current left. If this current 1s 
* -caused by heavy particles as (He 2 ) , it is clear that they can-

not be deflected in the weak field, because of their large mass. 

It must be verified that the background is not due to spurious 

effects, like electrans creeping over the film or distartion of 

electron paths by fringing fields, at the rim of the cell (see 

figure 44). 
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Figure 44: Possibilities for electrans to reach grid 1 after de

flection: a) sliding along the film~ b) distorted paths 

near the rim; electric field lines are sketched sche

maticaUy. 

Figure 44a shows electrans creeping over the film and figure 44b 

shows the distartion of the electron paths by fringing fields. 

These fringing fields are caused by the metal wall at the side 

of the cell. This metal wall was at the same potential as grid 2 

during the measurements. The path of the electron now leads to 

grid I, because the mean path is perpendicular to the electric 

field lines, shown in figure 44b. The diaphragm in grid I should 

prevent these charges to reach the detector. 
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The possibilities of figure 44 have been tested by placing a spe

cial plate in the cell, insteadof grid I (figure 45) [37]. 

~--------+----heavy ions 

.r---- electrans 

Figure 45: Configuration for testing whether the current left 

after deflecting the electrans is caused by heavy ions 

or spurious effects. 

Measurements in the configuration of figure 45 show that the cur

rent left after deflecting the electrans is not caused by heavy 

negative ions. These measurements however confirm the possibili

ties shown in figure 44. The possibility of figure 44b can be 

eliminated when the metal wall at the side of the cell ~s given 

the same potential as grid I. In this case, the electrens are 

deflected towards the side of the cell and they remain at the 

surface. This has not been tested yet. 
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Conclusions 

From the measurements discussed in the previous chapter, some 1m

portant conclusions can be drawn. 

For the interpretation of the measurements it was necessary to know 

the position of the liquid surface level. The capacitor built for 

this purpose proved to operate as expected. The exact level posi

tien can be determined with an accuracy of 0.75 mm, while level 

differences can be determined with an accuracy of 0.05 mm. 

Since the level position is known when the capacitor is used, it 

was tried to explain the measured currents as a function of applied 

electric fields in the cell. From the direct search for metastable 

helium, we have to conclude that there are no positively charged 

1ons created in the region just above the liquid surface. Deflec

tion experiments also show that there are no negatively charged 
* -1ons (He2 ) present. So it seems that no measurable amount of me-

tastable helium molecules reaches the liquid surface. 

All the measured curves can be explained qualitatively by emitter 

electrens reaching the liquid surface and leaving the liquid with 

zero kinetic energy. These electrens then cause filmionization on 

the grids and detector, which are covered with a helium film. All 

the electron energy is used for ionizing the film. It is possible 

that the quantitative discrepancy is caused by minor effects like 

secondary emission of the roetal parts in the cell. 

It is also concluded from the measurements that the high electric 

field required for extracting electrans out of the emitter tip, 

penetrates through the lowest grid, grid 3. This effect can be re

duced by placing a double grid instead of grid 3. 

This field penetratien partly explains the difference 1n potential 

distribution between the grids I and 2 and between the grids 2 and 

3. Another effect to explain this difference is charge built up 

1n the region between the grids 2 and 3. This charge built up can 

be in the form of space charge or surface charge as the level 1s 

between the grids 2 and 3. 
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Appendix A The Poisson equation 

In order to know the electrical potential distribution between 

two grids with a liquid surface level between the grids, a one

dimensional case ~s considered (figure al). 

K = 

I 

'liquid 
I 

XR, 

gl 
XI 

x 

L 

vacuum ' 

g2 
x = x2 

Figure al: Liquid surface level between two grids. 

The electrical potential V and the space charge density p are 

related according to 

(A. I) 

This is the Poisson equation ~none dirneusion (with E = 1). If 
r 

the assumption is made that the velocity of the charge carriers 

and the electric field are related through an effective mobili

ty ~ in the liquid, via v = ~E, the Poisson equation can be sol

ved easily. 

(A. 2) 

J = OE 

v ~E 

p ne 

nev 

} J 

with j the current density and the electric field E 

(A.I) and (A.2) tagether give 

-dV/dx. 
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(A.3) J 
d

2
V dV d dV 2 

EO -2 ]..1-d = ~]..!EO dx(dx) 
dx x 

and 

(A.4) 

(A.4) results in 

dV 2. ! 
(A. 5) dx = (-J x+ c ) 2 > 0 

]..!EO 0 

]..!EO 2. )3/2 (A. 6) V(x) =3f (-J x+ co + cl 
]..!EO 

_J_ 

(A. 7) 
d2V ]..!EO 
-= 

( 2j ! 
dx

2 
-x + c )2 
]..!EO 0 

In the following ~V= V(x
1
+x) - V(x

1
) 1s used. 

(A. 8) 
]..!EO 2j 3/2 2j 3/2 

~V = -
3

J. [ (-(x +x) + c ) - ( x + c 
0

) ] 
]..!EO I 0 ]..!EO I 

2. 
(-J x+ c ) 2 

]..!EO I 0 

This results in 

2. 
c ) ! = _J_ (A. 9) ( J x + 

]JE I 0 l-lPo 0 

With ne = Po this gives 

(A. 10) _J_ = 
nev(x

1
) l-lP

0
E(x

1
) 

E (x
1

) El. -
l-lPo l-lPo l-lPo 

(A. 8) and (A. I 0) tagether give 
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In the configuration of figure al, the potential difference over 

the liquid ~Vliq is determined by substituting x = x~ in equation 

(A. 11). 

If there 1s no surface charge, then the potential difference over 

the vacuum ~V 1s vac 

~V E
8
(L- X

0
), 

vac N 

with E the electric field at the surface. With (A.S) this results 
s 

1n 

E 
s 

Tagether with (A.9) and (A.IO) this gives 

So 

(A. 12) 

E 
s 

~V 
vac 

In the most extreme case E
1 

= dVI = 0, which means the poten-
dx x

1 tial in the liquid is completely determined by space charge. 

In this case, inside the liquid, equations (A. 5), (A. 9) and (A. I 0) 

lead to 

with space charge Po 
This results 1n 

p (x I) 

~Vl. 1q 
2 c.2..x )~ 
3 x~ ~EO ~ 

-oo. 

~V vac 
c.2.. x )!CL- x) 
~EO ~ ~ 
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2 
~Vl. 3 x~ 

~---~-:q-=--- = _ ___:__....:___ 
~V1 . + ~V I 

~q vac (L - 3 x~) 

Figure a2 shows ~v 1 . /(~V 1 . + ~V ) as a function of xn/L, for 
~q ~q vac ~ 

maximum space charge with effective mobility (drawn curve) and 

for nospace charge (dashed line). 

Figure a2: ~V1 • /(~V1 • + ~V ) versus Xn/L for no space charge 
~&~ ~&q vac ~ 

(dashed 7-ine) and for maximum space charge and effec-

tive mobility (drawn curve). 
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Appendix B The derivation of a m E = e s2 

Consider the situation of figure bi. 

conductor 

conductor 

+ + 
Figure bl: Orientation of eZectric and magnetic fieZds E and B 

and the trajectory of an electron. 

+ 
There is an electric field E = (E,O,O) and a magnetic field 
+ 
B = (O,O,B). An ele~tron entering the region between the two 

parallel plates obeys the equation of motion: 

(B. I) 

. 
+ 

mv 
+ + + 

eE + e(v x B) 

in which e is the electron charge. This results 1n 

mv eE + ev B 
x y . 

(B.2) mv -ev B 
.Y x 

mv 0 + V constant. z z 

From (B.2) m~· eB~ and v 
x y y 

m •• 
eB vx are obtained. Again (B.2) 

is used. This results 1n 

(B.3) 2 
V + W V 

x c x 
0, with w = 

c 

The salution of (B.3) 1s 

V A s1n (w t + cjJ) 
x c 

(B.4) V = Aw cos (w t + cjJ) 
x c 2 c 

V -Aw sin (w t + cp). 
x c c 

eB 
m 

Inserting equation (B.4) into equation (B.2), 
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ev B = -eE + mv 
Y eE m ~ 

v =--+-v 
y eB eB x 

1s obtained. 

This results 1n 

V = A s1n (w t + ~) x c (B. 5) 
V A cos (w t + ~) 

y c 

If v(O) = 0, ~ = 0 and A 

E 
(w t) V B s1n x c 

E E 
V 

B cos (w t) 
y c B 

Define x 0 and y = 0 at t 

E 
(w t) V 

B 
s1n 

(B.6) x c 
E 

V (cos (w t) -y B c 

(B.6) leads to 

xbottom = 0 and 

m 

E I 
- - + -- Aw cos (w t + ~) B w c c 

c 

E 
B 

E 
B 

are obtained. So 

E I 
(w t) x = - - - cos + xo 

and B w c 
E I c E y =--sin (w t) t + Yo· B w c B c 

0, this results 1n 

E 
(I (w t)) x = 

B w 
- cos 

and c 
E c I 

I ) y = (- s1n (w~t) - t). B w '--c 

E 2 ~ 2 x = -e B2 top B w c 

If the amplitude a is defined as 2a 

1U 

(B. 7) 
m E 

a = e B2 

x - xb , this results top ottorn 
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