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Chapter 1
Introduction

Liquid helium undergoes a phase transition at 2.17 K at saturated vapor pressure (SVP)
from the normal fluid phase (helium I) to the superfluid phase (helium II); this new phase
behaves as a fluid without viscosity and with high thermal conductivity. Helium II was
later recognized as a quantum liquid in which the de Broglie wavelength of the helium
atoms is comparable to the interatomic spacing. The phase transition into helium II is
considered to be similar to the Bose-Einstein condensation occurring in an ideal Bose gas
but modified due to interactions between the atoms. At finite temperature, the liquid
contains thermally-excited elementary excitations. Figure 1.1 [1] shows the dispersion
relationship for these excitations in helium II. For small wave numbers, the excitations
are phonons which are long-wavelength density fluctuations following a linear
relationship, ε = ck ; whereas, the excitations near the local minimum of the dispersion
curve at k0 ~2 Å-1 are called rotons, and can be described by a relationship

ε (k ) = ∆ +

2
2
( k − k0 )
2m

(1-1)

where ∆ = 8.65 K is the height of the local minimum, called the roton energy gap.
Consider an object of a mass larger than that of a helium atom moving in helium II at T =
0 K. It is believed that the moving object only can lose its momentum to the helium atom
if one or more elementary excitations can be created. By conservation of momentum and
energy, this requires the velocity of the moving object to exceed a minimum critical value
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vc , given as vc = ∆ k0 at the roton minimum. The value of vc is approximately 60 m s-1
in helium II. This is known as the Landau critical velocity. [2] But at non-zero
temperatures at all velocities there is a drag force on an object due to the scattering of
thermal excitations.

Figure 1.1 The dispersion relationship for helium II
To study the Landau critical velocity and the drag at finite temperatures, negative and
positive ions have been introduced into helium II as microscopic probes. These ions have
different microscopic structures. An electron in liquid helium is repelled by the helium
atoms, so it forces open a spherical cavity with a radius of approximately 19 Å and rests
in it. This structure is known as an electron bubble. Positive ions attract surrounding
helium atoms due to electrostriction, and form a solid sphere. This structure is often
referred to as a snowball. A positive helium ion in liquid helium forms a snowball with a
radius of approximately 7 Å.
The drift velocity of an ion in an electric field can be measured by the time of flight
(TOF) method. Schwarz has measured the mobility of electron bubbles over a wide
2

temperature range at low fields. [3] His experimental results agreed well with the theory
of the mobility limited by roton scattering studied by Barrera and Baym [4] and by
Bowley [5]. At high fields the drift velocity of electron bubbles was found to experience
a great fall with respect to increasing drift field after reaching a critical velocity. This
drift velocity was much smaller than the predicted Landau critical velocity. This
phenomenon was recognized as a process in which a quantized vortex ring is nucleated
by a fast moving electron bubble, and the vortex instantly traps the bubble and forms an
electron-vortex complex. [6] The work done on the electron by the electric field causes
the vortex ring to grow in diameter, and the increase of ring diameter results in
decreasing drift velocity of the electron-vortex complex. As a result, it makes the efforts
to approach the Landau velocity with the electron bubbles under SVP of helium II in
vain.
In 1969, Doake and Gribbon [7] detected a new type of negatively-charged ion, which
had a mobility much higher than that of the electron bubble. The ions were produced with
Po210 and Am241 α sources in the liquid, and the mobility was measured by the Cunsolo
method [8]. The new ion was given the name “fast ion”, and the ordinary electron
bubbles were then called normal ions. Figure 1.2 shows the drift velocity of the fast and
normal ions as a function of the drift field as measured by Doake and Gribbon at 0.92 K.
[7] Unlike the normal ion, the fast ion did not form an ion-vortex complex as the normal
ion did, but kept approaching a constant velocity close to the Landau critical velocity as
the drift field was increased.
In 1971, Ihas and Sanders reproduced the fast ion by using either a tritium β source or a
glow discharge in the vapor above the liquid surface. And astonishingly, they detected
another 11 new types of ions with mobility intermediate between that of the fast and
normal ions. [9][10][11] These ions were named the exotic ions. Ihas and Sanders
measured the mobility of these ions at low fields between 0.96 K and 1.10 K. Figure 1.3
[9] shows a sample signal trace in their experiment taken at 1.005 K with drift field at
30.8 V cm-1.
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Figure 1.2 Drift velocity of the fast and normal ions as a function of drift
field measured by Doake and Gribbon at T = 0.92 K.

Figure 1.3 A sample signal trace with the fast, exotic and normal ions taken by
Ihas and Sanders at 1.005 K with a drift field of 30.8 V cm-1.
4

In 1983, Eden and McClintock also generated the fast and exotic ions with a glow
discharge in the vapor above the liquid surface, and measured their mobility up to a high
field of 5×103 V cm-1. As shown in Figure 1.4 [12], they confirmed the result for the fast
ion obtained previously by Doake and Gribbon, and showed that at least three types of
the exotic ions had obviously formed ion-vortex complex after their velocity reaches a
critical value. This critical velocity was found to be larger for the exotic ions with higher
mobility. [12][13]
In 1987, Williams, Hendry and McClintock followed up with an experiment on the fast
and exotic ions. They mentioned that no fast and exotic ions were detected when the
discharge was operated at low current (~10 µA) and the ions appeared as the discharge
current was increased to above 20 µA. [14]

Figure 1.4 Drift velocity of the fast, exotic and normal ions as a function of
drift field measured by Eden and McClintock at T = 1.03 K.
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In the available literature, the records of the experimental conditions needed for
generating the fast and exotic ions are limited. The nature and origin of these ions still
remains unknown. In this thesis, I first describe the cryogenic apparatus that I have built
especially for the fast and exotic ions experiment in Chapter 2. Then I introduce the TOF
method and the experimental structure we have employed in Chapter 3. In Chapter 4, I
report on how the production of these fast and exotic ions depended on various
experimental parameters. Finally, in Chapter 5, I give a general discussion of possible
theories that have been proposed and how they relate to our experimental observations.
Although we have learned much from the experiments that have been performed, more
efforts are still needed to fully reveal the nature of these objects. Hopefully this thesis
could be of some help to the experimentalists and theorists who are eager to devote
themselves in this interesting open question.
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Chapter 2
Design and Construction of the Cryostat

The original intent of building a new cryostat was to meet the special requirements of the
fast and exotic ions experiment. According to the previous experiments as introduced in
Chapter 1, the new cryostat should embody the following features:
(I). The lowest working temperature needs to be 1 K or lower, with a cooling power
of about 50 mW.
(II). To measure the mobility, a large volume experimental cell is required with
window ports so the conditions of the electrical discharge can be observed.
(III). For the mobility measurements, high voltage electrical feed-in lines are needed as
well as adequate signal drive & acquisition coaxial lines.
And we also tried to design the apparatus so that in the future it could be used for other
experiments to be performed in our lab.
The details of design were influenced by experiences with several previous homemade
cryostats around the lab, as well as commercial cryostats in neighboring labs.
Commercial cryostats are usually built more compactly, easy-disassembled than
homemade ones. So in the design we attempted to absorb and enhance the advantages of
these previous cryostats, and meanwhile, avoid some of the flaws. To save money, the
new cryostat is based on several facilities already in the lab from previous experiments.
These included the Precision Cryogenics dewar [15], the powerful Edwards Roots pump
with the large pump line and gate valve, and an inflatable platform that can uphold the
cryostat in the Faraday copper mesh room. Here, I want to acknowledge Prof. George
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Seidel who designed the latter two facilities for his previous experiment on helium-roton
detection of solar neutrinos (HERON).
In this chapter, I describe the methodology of design and construction of the cryostat, and
include some application notes for future repair or modification. The content of this
chapter is arranged as follows: section 2.0 introduces some fundamentals on the thermal
system of a cryostat; section 2.1 describes the design, construction and analysis of the
cryogenic engine – 1 K pot; section 2.2 covers all the auxiliary thermal components,
including the Precision Cryogenics dewar, the structures inside the space of the helium
bath, the heat exchangers and thermal anchors, and the thermometry; section 2.3 depicts
the structure of the experimental cell; sections 2.4 and 2.5 present the electrical system
and the gas handling system respectively; and section 2.6 discusses the cool down
methods and device.

2.0 Fundamentals of Cryogenics
“Cryostat” refers to a device which can generate and maintain a cryogenic experimental
environment. To design a cryostat, the first priority is to consider the functioning of the
thermal system. A complete thermal cycle of the cryostat can be divided into four
periods: preparation, cool-down process, equilibrium working state and warm-up process.
In the preparation period, a series of operations are carried out to set the cryostat ready
for a cool-down. In the cool-down process, heat is removed from all of the cryogenic
units to make their temperature decrease from room temperature (about 300 K) to their
respective final working range. Then the system smoothly transitions into the equilibrium
working state, where the cryogenic environment is maintained at a stable temperature to
perform experimental measurements. The end of the thermal circle is the warm-up
process, which is a reverse process of the cool-down to recover all the cryogenic units
back to room temperature (RT). Among the four periods, the thermal system of a cryostat
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plays a crucial role in the cool-down process and the equilibrium working state. It is very
convenient to explore its working mechanism from two aspects:
(1). The origin of the cooling power and the means to utilize this optimally;
(2). The source of the heat loads and how to make them as small as possible.

2.0.1 Cooling Powers
Cooling power may come from heat absorption in the phase transition of materials. For
instance, the latent heat of nitrogen in vaporization at the boiling point (77 K, 1 atm) is
about 161.6 kJ L-1, and that of helium in vaporization at the boiling point (4.2 K, 1 atm) is
about 2.6 kJ L-1. As long as there is an adequate supply of cryogenic liquids, any hot
object in good thermal contact will eventually be cooled to the corresponding boiling
point, i.e., 77 K for liquid nitrogen and 4.2 K for liquid helium. Since liquid nitrogen and
liquid helium are inert materials that are nonflammable and safe in production and
application, they are the materials most commonly used as cooling baths in cryostats.
According to the phase diagram of helium, the vaporization temperature of liquid helium
decreases with decrease of the ambient pressure. Hence, one may acquire a temperature
lower than the normal boiling point 4.2 K through pumping the helium bath. Based on
this, a pot containing some liquid helium that is isolated from the helium bath is often
introduced in cryostats. Pumping on the liquid in it can lower the working temperature
down below 4.2 K. But since the saturated vapor pressure of liquid helium decreases
rapidly, it becomes harder and harder to pump gas away as the temperature goes down.
The lowest temperature of such a device depends on the pumping speed (measured in
volume per time) and the heat input. Since this lowest temperature is often around 1 K,
the device is often referred to as the “1 K pot”. For liquid helium-3, the vapor pressure is
higher than for helium-4; and temperatures, down to roughly 0.3 K, can be created
through pumping on a pure liquid 3He bath. But because pure helium-3 gas is expensive,
a sealed circulation pump must be employed to pump on the helium-3 pot.
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In addition to the cooling power originating from the latent heat as described above,
another type of cooling power is often forgotten; this is the heat capacity of a cold
material. For instance, the change in the enthalpy of gaseous helium between 4.2 K and
300 (77) K is 200 (64) kJ L-1. This is much larger than the latent heat at the boiling point
(2.6 kJ L-1). Nevertheless, this type of cooling power can only be used in conjunction
with a temperature rise, i.e., it can only be used to keep something at a higher temperature
cool. But it is still very useful for precooling a cryostat, or for intercepting heat leaks
from room temperature into a cryostat.

Figure 2.1 Schematic of the cryostat thermal system
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The cooling powers introduced above each have their own effective working temperature
ranges, and the power falls off toward the lower end of the ranges. Thus, a cryostat must
normally employ a combination of different cooling mechanisms to work well. The
recipe depends on the requirement and design. First of all, one needs to select the right
candidate that fits the goal of the lowest working temperature. Conforming to the feature
(I) of this new cryostat, the 1 K pot is undoubtedly the best choice. Afterwards, one needs
to arrange other cooling powers to form a reasonable temperature gradient from the
lowest to the room temperature as shells of auxiliary thermal protections, so that the
cooling power generated by the 1 K pot can be optimally utilized. As a result, the cryostat
thermal system should include a nitrogen bath (77 K), a helium bath (4.2 K), and some
necessary heat exchangers or thermal anchors, besides the 1 K pot. A schematic of the
thermal system is shown in Figure 2.1. The nitrogen bath is built in the Precision
Cryogenics dewar, and the space for the helium bath is also provided in the same dewar
with its top and bottom open for a custom seal. Therefore, the design and construction of
the thermal system of the cryostat starts with the 1 K pot, which is presented in section
2.1, and continues with the auxiliary thermal components as described in section 2.2,
including the structure inside the helium bath, the bath top and bottom plates, as well as
the heat exchangers and the thermal anchors.

2.0.2 Heat Loads
Heat loads may be divided into two categories. One is the intrinsic heat loads, which
result from the ongoing experiments, such as heat dissipation in the gas discharge, Joule
heating, oscillations of an ultrasonic piezoelectric transducer, etc.; the other is the
extrinsic heat loads, which come from heat transfer from higher temperatures. The units
of the cryostat may be grouped into regions at different temperatures. In the new cryostat
as shown in Figure 2.1, the central working region is at 1.0 K with the 1 K pot and the
experimental cell; the primary protective shell is at 4.2 K and consists of the helium bath,
the 4 K shield and necessary thermal anchors; the secondary protective shell is at 77 K or
higher, including the liquid nitrogen bath, the 77 K shield as well as the radiation shields
11

above the helium bath; the outermost protective shell is the vacuum jacket at room
temperature (RT). There should not be any major heat transfers within each thermal
region; and in order to reduce the extrinsic heat loads, one should focus on the heat
transfers between the regions. It is convenient to analyze the heat flux from the three
basic mechanisms of heat transfer, i.e., conduction, convection and radiation. In addition,
because this is a cryogenic application, one must also pay attention to some special
thermal transport phenomena that do not occur in high temperature experiments, such as
thermo-acoustic oscillations which occur in a narrow tube with its hot end closed and its
cold end open, Kapitza thermal resistance across a solid-liquid interface, superfluid
helium internal convection, superfluid helium film creep, etc.

2.1 1 K Pot ― the Cryogenic Engine
The 1 K pot is the key unit of the cryostat, and is the source of the cooling power. A 1 K
pot consists of a metal chamber containing the liquid helium, a fill line with thermal
anchors, and a pumping line. After the cryostat has reached an equilibrium state, the 1 K
pot stabilizes itself at an equilibrium temperature, which is determined by a complex
balance among the characteristics of the helium fill line, the speed of the pump, the
impedance of the pumping line, and the total heat load. In this section, I discuss the
design, construction and analysis of the 1 K pot.

2.1.1 Cooling Power of the 1 K Pot
As already mentioned under requirement (I) of this new cryostat, the 1 K pot needs to be
able to provide 50 mW cooling power at 1 K. The latent heat of liquid helium at 1 K is
3.0 J cm-3. It follows that to give the required cooling power, 0.017 cm3 of helium liquid
needs to be evaporated and pumped away per second. The saturated vapor pressure of
liquid helium at 1.003 K is 0.1 torr. Supposing, for the moment that the pressure drop
along the entire pumping pipeline is negligible, the pressure at the pump inlet will also be
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0.1 torr. The pumping rate of 0.017 cm3 s-1 of liquid at 1 K corresponds to a flow of gas
of 106 L s-1 of gas at room temperature (equiv. to 6.23×10-4 moles s-1). This pumping rate
of the Edwards Roots pump is shown in Figure 2.2. [16] One can see from this figure that
the speed of the pump at 0.1 torr is 600 cubic feet per min, or 283 L s-1. Thus the pump is
adequate for our purpose.

Figure 2.2 Pumping speed of Edwards 1250 Roots pump as a function of
the gas pressure with different backing pumps
The Edwards Roots pump has two peanut-shaped rotors. They rotate at the same speed
and are accurately positioned inside the stator housing. The clearance between the rotors
and between each rotor and the stator wall is maintained at a very small value. Without
any need of lubrication, the two rotors are able to spin in phase at a high speed and
compress gases from the inlet towards the outlet, where the gases are simultaneously
removed by a backing pump (Alcatel 2063H). The structure of a Roots pump is such that
the pump is capable of pumping at a high speed, but incapable of creating an ultra-low
pressure. Also the Roots pump must only be set into operation when the pressure is below
50 torr and with its cooling water turned on. A sudden exposure of the Roots pump to
high pressured gas may cause serious damage to the rotors. Hence, the target space must
be evacuated with the backing pump before starting the Roots pump. A protective control
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circuit was installed to avoid operational mistakes. As shown in the schematic in Figure
2.3, the sequence of operations is fixed by a series of controls. Since the pressure switch
had been removed by a previous student at some point, the bypass “pressure override”
switch must be manually turned on to enable the controls on the backing pump and the
Roots pump.

Figure 2.3 Diagram of the control circuit for the Edwards Roots pump and
the backing pump
While running, the Roots pump is generating a lot of vibrations at a low frequency, about
280 Hz. The vibrations propagate along the pumping pipeline towards the cryostat and
disturb the experimental measurement. Efforts have been spent to damp the vibrations by
various means, such as suspending the pump body on four vibration-damping mounts,
adding weights to clamp the antinodes of the standing wave along the pumping tube,
employing a frame structure to damp out the propagation of the vibrations, etc.
Nevertheless, it is still impossible to completely damp out the vibrations.
In order to take best advantage of the pumping power of the Roots pump, the sizes of the
pipeline on each section are carefully chosen, so that the total pressure drop along the
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entire length is as small as possible. The pressure drop ∆P for a flow at rate V in a tube
of radius R can be described by the equation:

∆P dP 8η V

=
L
dx π R 4

(2-1)

where η is the viscosity. The theoretical predictions for the pressure drop under given
dimensions of the pipelines are listed in Table 2.1. An orifice is embedded in the
connection flange between the 1st and 2nd sections of the pumping tubes to cut off the
climbing superfluid helium film on the inner wall of the pumping tube, as shown in
Figure 2.1. The center hole of the orifice is about 0.125” dia. with the edge sharply
chamfered. The thickness of the orifice is so small that the pressure drop across the center
hole is negligible. In addition, a thermal radiation shielding baffle is installed in the
section of 3” diameter tube. This baffle consists of a series of semicircular metal disks
evenly spaced on a thin concentric rod with their orientations alternating. Yet this baffle
must decrease the pumping speed somewhat.
Table 2.1 Dimensions of the 1 K pot pumping tubes
# L (in) Dia. (in) Wall thk. (in) T (K) V (cm3 s-1) η (poise)
5×10-6

∆P (torr)

1

1.15

0.250

0.010

1.0

3.5×102

1.34×10-3

2

12

0.625

0.010

4.2

1.5×103

1.3×10-5 3.13×10-3

3

10

1.000

0.010

20

7.0×103

3.5×10-5 4.95×10-3

4

7

3.000

0.030

77

2.7×104

8.3×10-5 3.92×10-4

5

200

6.000

――

300

1.06×105

2.0×10-4 6.10×10-3

2.1.2 Inlet Filter and Fill Line of the 1 K Pot
In order to keep the 1 K pot working continuously, a continuous flow of liquid helium
must be supplied via the fill line to compensate for the 0.017 cm3 of liquid evaporated per
second. The liquid is taken directly from the main helium bath with impurities removed
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by a filter on the bottom plate of the helium bath. The filter is made from a piece of 1 µm
grade SS304 sinter metal filter a, which is spot-welded in a SS304 cup with a series of
narrow and continuous joints on the circle. Care is taken during the welding process to
heat only small regions so as not to damage the filter. Afterwards, the filter and cup
assembly is brazed to a fitting above the bath bottom plate with the filter facing to the
side. A copper elbow-shaped cap is brazed in front of the filter as a shelter to hinder large
impurities from accumulating on the filter surface. During the assembly, the brazing alloy
must not be allowed to flow into the pores of the filter.
The 1 K pot fill line needs a flow impedance to constrain the flow rate. This impedance is
customarily made by plugging a solid wire inside a fine capillary. The entire fill line is
divided into two sections by the thermal anchors located on the 1 K pot pumping tube.
The design of the thermal anchors will be introduced in subsection 2.2.3. If we suppose
that when the pot is running in the equilibrium state, the temperature on the thermal
anchors is about 3 K, the liquid in the top section of the fill line is normal fluid helium,
and it transforms into superfluid helium while approaching the 1 K pot in the bottom
section. Therefore, the top section of the fill line plays the key role in restricting the flow
rate. The top section is chosen to be a 50 cm long, 0.010” I.D. SS304 capillary with a
0.009” diameter SS304 solid wire inserted, and the bottom section is a 30 cm long,
0.010” I.D. capillary with a 0.0096” diameter wire inserted. Many methods have been
mentioned concerning how to make a fill line with appropriate impedance. [17][18][19]
In each case the first step is to carefully clean the wire and capillary with ethanol and
acetone. Then one can do one of the following:
(A). Use a pair of tweezers and slowly feed the wire into the capillary;
(B). Insert the wire into a relatively large I.D. capillary, and then stretch the
assembly;
(C). Get a section of wire, 2.5 times the length of the capillary L; Secure its one end
and hold the wire taut; Sand off its other end on a length slightly longer than L;
Clean the wire with ethanol and acetone again; Slide the capillary onto the

a

1µm grade SS304 sinter metal filter, 0.400" O.D., 0.122" thick, by GKN Sinter Metals-Filters, Inc.
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sanded section of the wire until feeling some resistance; Hold the wire taut with
piers and force the capillary onto the rest of the wire at original diameter.
We used method (A) for the top section of the fill line, and method (C) for the bottom
section. However, it is very difficult to achieve a reliable theoretical prediction for the
required impedance, and it is safer to test the flow rate of the fill line experimentally
before installation. To do this, we may feed 15 psi helium gas through the fill line, and
collect the gas under water to measure the flow rate. Since the viscosity of the helium gas
at RT is about 10 times that of liquid helium, the flow rate of the fill line measured at RT
should be roughly 1/10 of that at its working temperature. To perform a low temperature
test we install a SS304 sinter metal filter at the beginning of the fill line, continuously
feed ultra-high purity helium gas through the fill line from its back, submerge the fill line
into liquid helium, and then pump on the back end and measure the flow rate on the pump
outlet. [17] Since the filter in this test can be chosen to be the same as the one installed on
the bottom plate of the helium bath, it provides a good simulation of the real working
condition of the fill line.
Meanwhile, it is worth to mention a different possible design of the 1 K pot fill line as an
option for possible future improvement. Generally speaking, the key issue in making a
fill line is to have the right flow rate. In the previous paragraphs, the design in use mainly
focuses on the appropriate flow impedance of the fill capillary. A needle valve could also
be employed instead to directly control the flow rate, so that finding the right impedance
of the fill capillary would no longer be critical. The needle valve could be installed right
above the bottom plate of the helium bath with its inlet and spindle submerged in the
liquid, and its outlet connected to the fill line. Such a configuration would make the
sealing around the valve fairly simple: one would only need to seal the fill line to the
outlet of the needle valve as well as seal the needle valve on the bath bottom plate. The
valve spindle could extend all the way out of the helium bath up to the top of the cryostat,
and there pass through a double O-ring quick connector. The double O-ring quick
connector is necessary to guarantee the sealing of the helium bath space while the spindle
is being turned. This type of design has been widely employed in commercial cryostats.
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But as this possibility was noticed only in the middle of the cryostat construction,
unfortunately, there was no way to fit it in.
In order to monitor the actual working state of the 1 K pot, a level meter is needed to
monitor the liquid level inside the 1 K pot. While a capacitive level meter [20] is
technically feasible, we chose to observe the liquid level via a view port on the side of the
1 K pot. The view port has a 0.75” diameter view area with a sapphire window b. It sticks
out of the pot body horizontally on a thin neck as shown in Figure 2.4. The brazing joint
between the neck and the pot body is quite weak. One has to be careful enough not to
twist it off, while fastening the screws on the port flange.

2.1.3 Thermal Connection between the 1 K Pot and the Cell
In order for the experimental environment to be close to the working temperature of the 1
K pot, a direct and efficient thermal connection between the cell and the 1 K pot is
achieved by integrating the top plate of the cell with the bottom plate of the 1 K pot. The
temperature difference between the cell and the 1 K pot is caused by the thermal
resistance of the shared metal plate plus the Kapitza resistance across the helium-to-metal
interfaces on both sides of the metal plate. The plate is made of OFHC copper with a high
thermal conductivity κ Cu of 20 W cm-1 at 1.0 K. The Kapitza resistance of the helium-tocopper surface RK is quoted as about 10 K cm2 W-1 by Wheatley. [21] Hence, the total
temperature difference across the plate can be described by equation
∆=
T 2

RK q
qw
+
A
Aκ Cu

(2-2)

where the factor 2 in front of the first term comes from the two helium-copper interfaces
on opposite sides of the 1 K pot bottom plate. From equation (2-2), the temperature
difference apparently depends on the geometry (thickness w and surface area A ) of the 1

b

Sapphire disk, 1" diameter, 0.125" thick by Meller Optics, Inc.

18

K pot bottom plate. As a result, stripe patterns (with each stripe, 0.125” wide and 0.125”
deep) have been engraved on both sides of the plate perpendicularly to gain a larger
surface area of about 130 cm2 as shown in Figure 2.4. If at 1 K there is a 50 mW heat flux
q across the plate, the temperature difference is then about 8 mK, which is dominated by

the Kapitza resistance, as the first term of equation (2-2).

Figure 2.4 Cross section of the 1K pot and the experimental cell

2.1.4 Construction of the 1 K Pot
In order to reduce the risks of possible superfluid leaks, the positions of the joints,
including the welding, brazing and indium-sealed ones, had to be carefully planned for
the 1 K pot and the experimental cell. The cell design is discussed in section 2.3. The 1 K
pot is a 3.5” I.D., 1.4” high sealed chamber with a volume of about 221 cm3. If
machining the 1 K pot out of a whole piece of metal, it would be a big waste of material
and labor. Hence, the 1 K pot body is divided into five components: a SS304 pot top plate
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with many blind #4-40 screw mounting holes, a 0.125” thick pot side wall cut from a 3.5”
I.D. SS304 tube, a SS304 bottom ring with sixteen #6-32 tapped screw holes on a 4.134”
dia. circle, an OFHC copper pot bottom plate and a view port. Even though there ought to
be four joints to assemble all of the components together as shown in Figure 2.4, only
three of them are crucial in sealing the 1 K pot: the welded joint between the top plate
and the side wall, the brazed joint between the bottom plate and the side wall, and the
brazed joint between the view port and the side wall. In the construction, the bottom ring
was first welded onto the side wall. Then, the copper bottom plate was brazed onto the
assembly of bottom ring and the side wall. The brazing is not as straightforward as it may
seem because both pieces are heavy parts and the OFHC copper can easily get oxidized if
heated for a long time. Consequently, the work was outsourced to the Rhode Island Heat
Treating Corp. c for gas-protected brazing in an oven. But unfortunately, they failed to
make a sealed joint. As the OFHC copper might have already been contaminated along
the joint gap during the heating, repeating the brazing would not be guaranteed to fix the
problem. As a result, I decided to seal the joint with an indium seal after all the remaining
construction was finished. Thus following the brazing job, the cell pot was sent to Evan’s
Plating Corp. d for gold-plating so as to prevent an increase of the Kapitza resistance
caused by the slow surface oxidization of the OFHC copper. The last step was to Vgroove-weld the cap onto the side wall with the right orientation as shown in the green
zoom region of Figure 2.4. After this, I returned to seal the leaking brazed joint with a
thick indium wire. Note that in the design, the cell was chosen to be 2.5” I.D., which is
much less than the inner diameter of the 1 K pot. So, in order to couple the cell with the 1
K pot, the cell–1 K-pot mounting adapter was introduced as shown in Figure 2.4. The
sealing between the mounting adapter and the 1 K pot was planned to be made by an
indium seal as well, which would coincide with the position of the seal for fixing the
leaking brazed joint. Therefore, it was decided to use a single indium seal as shown in the
red zoom region of Figure 2.4.

c

Rhode Island Heat Treating Corp., addr. 81 Aldrich St., Providence, RI 02905, tel. 401-467-9200

d

Evan’s plating Corp. addr. 50 Waterman Ave., Centredale, RI 02911, tel. 401-231-5421
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2.1.5 Analysis on the Performance of the 1 K Pot
The finished 1 K pot performs stably in all the test runs and generally satisfies the design
requirements. At the beginning, the working state of the 1 K pot was observed directly
via the level view port. It was found that the 1 K pot filling rate was slightly higher than
what was desired. Once the thermal system reaches the equilibrium state, it takes about 8
hours for an empty 1 K pot to get over-filled, i.e., for the helium level to rise up into the
pumping tube. This results in a large reduction in the surface area of the liquid. As a
consequence, the rate of evaporation decreases, and there is a large loss of cooling power.
At the same time, the height reached by the superfluid helium film on the inner wall of
the pumping tube increases, and this cools the thermal anchors on the pumping tube.
Because of this effect, the working state of the 1 K pot can be judged by the temperature
relationship between the pot body and the thermal anchors. For instance, when the 1 K
pot is only driven by the backing pump, a typical over-filled state can be characterized as
both the temperatures being around 1.2 K – 1.4 K, i.e., the thermal anchor on the
pumping tube is effectively thermally-connected to the pot body via internal convection
of the superfluid helium film or bulk. Apparently, this temperature monitoring is more
effective in telling the over-filled state than observing via the level view port. For this
reason, the level view port was abandoned and covered with super-insulation to block
external radiation.
The over-filled state of the 1 K pot can be terminated by heating the pot to exhaust the
excessive liquid. At the beginning of the heating, temperatures on both the thermal
anchors and the pot body will rise synchronously until the thermal anchor goes beyond
the 𝜆 point T𝜆. It means that the superfluid film linking the two locations has already got
burned out, and the corresponding thermal connection is accordingly removed. After the
heating ceases, the 1 K pot rapidly returns in the normal working state: the temperature
on the pot body will descend to the lowest; while that on the thermal anchor will keep
ascending towards around 3 K.
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Besides the over-filled state, the empty state can also result in a dysfunction of the 1 K
pot. An empty state is usually caused by the application of a high heat input for a long
time, which exhausts all the liquid in the 1 K pot. For example, it takes 40 minutes for a
heater power of 374 mW to exhaust an over-filled 1 K pot pumped with the backing
pump only. The long working time is due to the large pot volume. Once emptied, the 1 K
pot can no longer provide a constant working temperature. All heat inputs must be turned
off to let the 1 K pot recover. During the recovery time, the 1 K pot can be left pumped
on by the backing pump only, i.e. the Roots pump can be turned off to reduce its use and
to make the recovery of the 1 K pot quicker.
In the actual experiments, we want the 1 K pot to work at its maximum cooling power.
This requires the 1 K pot to be driven by the Roots pump and to contain the proper
amount of liquid (neither over-filled nor empty). Empirically, around the temperature
range 1.02 K – 1.04 K, the filling rate and the pumping rate of the 1 K pot can almost
balance each other; below this range, the 1 K pot tends to slowly fill up; while above this
range, it tends to slowly exhaust. If the experimental temperatures are planned to be
above 1.05 K, it is best to start with the 1 K pot close to full, whereas for an experiment
below 1.02 K, the starting state should be with the 1 K pot containing only a little liquid.
The pumping rates and cooling powers of the 1 K pot under different heat loads and the
corresponding working temperatures and pressures are listed in Table 2.2. The pumping
rates are measured by a flow meter – the Wet Test Meter manufactured by Precision
Scientific Corp; the cooling powers are deduced from the pumping rate; and the pressures
are read on the top of the pumping tube with a thermal couple gauge TC2 (Varian Model
0531). Without any intrinsic heat loads, the lowest working temperature of the 1 K pot
reaches 0.965 K (occasionally 0.962 K); otherwise, the working temperature depends on
the amount of heat load. Responding to a larger heat load, the 1 K pot will spontaneously
regain equilibrium at a higher temperature along with a larger cooling power. The table
may be used as a standard reference of the 1 K pot performance, and also, can be used to
estimate the amount of the intrinsic heat load at a given working temperature by the
relationship between the heat load and the working temperature in Table 2.2. Notably,
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there is always a 20 mW – 30 mW difference between the cooling power and the input
heat load. This difference comes partly from the convective heat transfer of the liquid
helium in the 1 K pot fill line, and partly from the radiation heat load through the
windows of the view ports.
Table 2.2 The 1 K pot working states
Heat Load
(mW)

*
+

Temperatures
T1+

Pumping Rate Cooling Power

T2++

Pressure

SVP*

(mol s-1)

(mW)

(mmHg)

(mmHg)

0

0.965 K 3.31 K

2.62×10-4

21

1.1×10-2

0.08

9

1.000 K 3.15 K

3.89×10-4

31

1.7×10-2

0.12

22

1.025 K 2.81 K

5.47×10

-4

44

-2

2.6×10

-

34

1.050 K 2.54 K

7.20×10-4

58

3.3×10-2

0.19

48

1.075 K 2.35 K

9.05×10-4

74

4.7×10-2

-

66

1.100 K 2.22 K

1.13×10-4

93

6.1×10-2

0.29

86

1.125 K 2.20 K

1.35×10-3

112

7.8×10-2

-

108

1.150 K 2.16 K

1.63×10-3

136

9.9×10-2

0.42

134

1.175 K 2.25 K

1.99×10-3

166

1.4×10-1

-

178

1.200 K 2.32 K

2.39×10-3

201

1.8×10-1

0.61

Saturated vapor pressure (SVP) is quoted from Donnelly’s handbook.
T1 is the temperature on the 1 K pot

++

T2 is the temperature on the thermal anchor on pumping tube

The convective heat load brought by the liquid helium in the fill line is inevitable as long
as there is liquid being continuously conveyed into the pot. Owing to the thermal anchors
on the pumping tube, a portion of the liquid enthalpy is removed before the liquid enters
the 1 K pot. But after the liquid gradually transforms into superfluid helium in the bottom
section of the fill line, it introduces a new way of heat transfer, known as internal thermal
convection. In this form of heat transfer, normal fluid flows down into the 1 K pot and
superfluid flows upwards. As shown in Table 2.2, the temperature on the thermal anchor
(T2) changes with the 1 K pot working temperature (T1). The temperature rise on the 1 K
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pot accompanies a rise of the helium SVP. More cold gas is being pumped away and
cools the thermal anchors on the pumping tube. As a result, the heat load introduced by
the fill line varies with the 1 K pot working temperature.

2.2 Auxiliary Thermal Components
As introduced in section 2.0, a 1 K pot cannot work by itself to generate and maintain a
cryogenic environment. It needs support from other auxiliary thermal components such as
cryogenic coolant baths, radiation shields, RT vacuum jacket, heat exchangers and
thermal anchors. It also needs the thermometry to acquire the actual working state of the
cryostat. In this section, I briefly describe the design of all these auxiliary components.

2.2.1 Cryogenic Coolant Baths and Precision Cryogenics Dewar
There are two cryogenic coolant baths in the current cryostat – the helium bath and the
nitrogen bath. The helium bath is a reservoir of liquid helium that maintains at 4.2 K
(SVP 1 atm). It is the cooling source of the primary thermal protective shell for the 1 K
pot and the experimental cell. In some cryostats, the vacuum chamber that encloses the
cryogenic units is directly immersed in a reservoir of liquid helium, so that the thermal
radiation from the outer environment is entirely blocked. Yet this is infeasible for an
optical cryostat, because the surrounding liquid, especially the boiling gas bubbles, will
seriously distort the optical measurement. To solve this problem, the helium bath is
placed in a sealed tank above the vacuum chamber, and an aluminum shield thermallyconnected with the bottom plate of the helium bath surrounds the cell in which the
experiments are performed. This shield is commonly called the 4 K shield, although the
actual temperature at the bottom of the shield in our cryostat is normally around 5.8 K
due to a temperature gradient in the shield induced by the thermal radiation it absorbs.
The nitrogen bath is a reservoir of liquid nitrogen at 77 K. In order to protect the 4 K
regions, another aluminum shield thermally-connected to the liquid nitrogen reservoir
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tank is used; this intercepts radiation from RT and prevents excessive heat input into the
4 K. Numerous layers of super-insulation were wrapped on the outside of both the 4 K
and 77 K shields as well as on the outside of the bath tanks to avoid heat transfer by
thermal radiation. The spacing between the shells at different temperatures is maintained
under high vacuum to stop thermal convection through gas. At the start of a cool-down, a
vacuum of 10-3 torr is good enough, since as soon as liquid helium is transferred, the cold
walls of the helium container will absorb all of the air. However, this only works to
condense air; any helium gas in the chamber will not be absorbed. If there is some tiny
leak from the chamber containing the liquid helium that remains undetectable until
cryogenic temperature, helium gas can gradually accumulate in the vacuum jacket and
eventually destroy the cryogenic environment.
The major structures described above, including the two cryogenic coolant baths, the 4 K
shield, the 77 K shield and the RT vacuum jacket, are part of the commercial optical
cryogenic dewar manufactured by Precision Cryogenic System [15]; this dewar was
provided without top and bottom plates of the helium bath. The cross section and
dimensions of the Precision Cryogenics dewar are attached in Appendix A. The volume
of the helium dewar is 12 L, which needs to be refilled every two days after the system
reaches the equilibrium working state.
Totally, 10 sets of window ports from different angles and levels are preinstalled on the
Precision Cryogenics shields and in the RT vacuum jacket to allow various optical
measurements. We have only used a few of them in the experiments described here. The
rest were all sealed to minimize the radiation heat loads. The four cell windows are
oriented to the ports in the cardinal directions (N, S, E, W) at the middle level. Only two
window ports, one in the east and the other in the south, were left open for experimental
observations. The port on the 1 K pot for viewing the helium level is oriented to the
window port in the northeast at the upper level, but this was later sealed after the level
view port was abandoned.
According to the Wien displacement law,
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T ⋅ λ max= 2.8977 ×10−3 m ⋅ K

(2-3)

the radiation curve of a black body of 300 K peaks at 𝜆max = 9.7 µm, and that of a 77 K
body peaks at 𝜆max = 38 µm. In order to minimize the radiation heat load, the windows on

the 4 K and 77 K shields are made of either sapphire or fused quartz in order to absorb
most of this infrared radiation. The transmission curves of sapphire and fused quartz are
shown in Figure 2.5.

Figure 2.5 Transmission curves of sapphire (upper) and quartz (lower)
26

2.2.2 Structures inside the Space of the Helium Bath
Structures inside the space of the helium bath include pumping tubes, the bath top and
bottom plates, the bath radiation shield disks, and several other “general purpose” (GP)
tubes running directly from RT to the space below the helium bath. A cross section view
is in Appendix B. The details of their designs are as follows.
General Purpose Tubes
In order to maintain the integrity of the cryostat and to prevent the development of leaks,
the best approach is to design the cryostat so that it is possible to modify the experimental
cell, add electrical connections, remove and replace the thermal shields, etc, without
doing anything that could possibly lead to a leak from the main helium bath. It is also
desirable to construct the cryostat so that it can easily be modified for future experiments.
For these reasons, the cryostat included several GP tubes. Each has a RT O-ring sealed
quick connector at the top end and a female flange at the bottom end, the latter of which
can be sealed with an indium wire flange at cryogenic temperatures. Two types of GP
tubes are employed: one is 3/8” O.D. tubing for the electrical feed-throughs, the
precooling lines, etc; the other is 1/8” O.D. tubing and used for gas fill lines. Both types
of tubes are constructed from thin-walled stainless steel tubing to limit the heat transfer
from the top of the cryostat into the helium bath.
In the construction, it is quite difficult to seal these tubes directly with the bath top and
bottom plates by either welding or brazing. It is not a good design to use soft-soldering to
directly join the tubes with the top and bottom pates of the helium bath for two reasons:
one is that soft-soldering between stainless steel parts must involve the use of acid flux,
which may later corrode the joints if it is not thoroughly cleaned afterwards; the other is
that soft-solder joints are fragile and cracks may develop as a result of thermal cycles or
vibrations. The cracks can only be repaired by remelting the joint.
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Figure 2.6 Diagram of sealing positions on the bath bottom plate
As a result, soft-soldering is completely avoided here. Instead, bushings are introduced as
a structural transition between the tubes and the plates. Figure 2.6 is a diagram showing
the sealing positions on the bath top and bottom plates, respectively. The assembly
procedure is as follows:
(a). The shoulder of each bushing is melted down onto the top and bottom plates
respectively by welding at positions as marked in the red circles of Figure 2.6.
(b). A female flange is directly welded onto the bottom end of each bushing on the
bottom plate as shown in the blue circles of Figure 2.6.
(c). The top end of each tube is brazed into an O-ring sealed quick connector as
shown in the black circles of Figure 2.6.
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(d). Each finished tube is then inserted through the corresponding bushing on the top
plate, holes on the radiation shielding plates, and afterwards, has its bottom end
seated on the neck of the bushing on the bottom plate.
(e). After carefully adjusting positions and parallelism of the two plates, the tubes
may be brazed onto the bushings of both plates at positions as marked in the green
circles of Figure 2.6.
1 K Pot Pumping Tube
Besides the general purpose tubes, the 1 K pot pumping tube also passes through the
helium bath and extends up through the bath top plate. In between the bath plates, there
are three sections of the 1 K pot pumping pipeline (#2 – 0.625” dia., #3 – 1” dia. and #4 –
3” dia. as listed in Table 2.1). The 0.625” dia. tube is divided into two subsections by the
bottom plate: one 4.875” long below the bottom plate and the rest above. Both the
subsections are brazed into a bushing jointed with the bottom plate, similar to the general
purpose tube. But the same technique is not applicable to the 3” dia. tube, which is too
big to have a permanently sealed joint with the top plate. So the 3” tube directly passes
through the top plate and is sealed by a #151 O-ring, which is squeezed in a chamfered
slot around the tube on the upper side of the top plate. The top end of the 3” tube
connects to the big elbow hung above the bath top plate. Beyond the big elbow are the
gate valve, and then the 6” dia. pumping tube running towards the Roots pump. The seal
between the 3” tube and the big elbow is a #234 O-ring pressed by two semicircular rings
in a chamfered slot underneath the big elbow. One may notice that the two semicircular
rings were added afterwards, because the original compression ring had a chamfered edge
that gives too much room to the O-ring. This resulted in a poor seal of the 1 K pot
pumping tube, especially when it was back-pressurized with 5 psi ultra-high purity (UHP)
helium gas in the early stage of the cool-down process.
Bath Top and Bottom Plates
To fit onto the Precision Cryogenics dewar, the dimensions of the top plate were made to
be 6” diameter and 0.5” thick, and the bottom plate was 8.5” diameter and 0.375” thick.
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Most of the openings for the bushings are in the same positions on both plates, as
indicated by the use of the same symbols in Figure 2.7. The spacing between the
openings must be large enough to allow for the operations on both the O-ring quick
connectors above the top plate and the cryogenic sealed flanges below the bottom plate.
Hole E is for the 1 K pot pumping tube, which is off center on both the plates. After
deducting the room occupied by the hole E on the top plate, the remaining area can
accommodate one 1/2” I.D., eleven 3/8” I.D. and three 1/8” I.D. quick connectors. On
both plates, holes B1–B7, B10–B11 are for the 3/8” general purpose tubes and holes C1–
C3 are for the 1/8” general purpose tubes. These holes are in the same positions on both
plates. The number of general purpose tubes is greater than that currently required for the
fast and exotic ion experiments; only two 1/8” tubes for the cell fill lines and seven 3/8”
tubes are used. C1 and C2 are for the cell fill lines; B1 is for coaxial cables and
thermometer leads; B2, B3, B6, and B11 are for the four independent high voltage
electrical lines; and B4 and B5 for the precooling line. The spare general purpose tubes
make it possible for various other features to be added later, such as a needle valve, new
electrical feed-throughs, or even another small helium pot.
Besides these, there are some other components on the top and bottom plates. On the top
plate, three tubes with half the length of the general purpose tubes are needed; the 1/2”
tube at position A is for the bath fill inlet and the two 3/8” tubes at positions B8 and B9
are for the bath exhaust outlets and the bath level sensor plug-in. Their top ends are
brazed into an O-ring quick connector of the appropriate size, whereas their bottom ends
are hanging above and open to the helium bath. In order to hinder thermo-acoustic
oscillations, two small slots were cut on the two 3/8” bath exhaust tubes at positions near
to the top plate. On the bottom plate, the hole C4 is for the inlet filter of the 1 K pot fill
line as shown in subsection 2.1.2 and the hole D is for a copper thermal conductor that
connects with the 4 K ring as introduced in subsection 2.2.3. The exact positions of all
the holes depicted above are listed in the notes on Figure 2.7. The spare space on the
bottom plate is patterned with a series of #8-32 screw holes so that other objects can be
mounted in the future.
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The bath top plate is positioned with half of its thickness extending out of the top of the
Precision Cryogenics dewar. The gap between the bath top plate and the dewar is sealed
by a #163 O-ring pressed under a brass ring. The bath bottom plate with all the structures
associated with it is mounted on the opening of the Precision Cryogenics dewar by
twenty-four #8-32 screws on a 7.875” dia. circle. A thick indium wire is placed in
between the gap to attain a sealing. After a few thermal cycles, the screws may gradually
loosen, which would result in a serious leak. To avoid this they are tightened every few
thermal cycles.

Figure 2.7 Pattern of the bath top and bottom plates and the radiation
shielding disks
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Bath Radiation Shielding Disks
Without shields above the helium bath, room temperature radiation from the bath top
plate will greatly increase the helium consumption rate. To avoid this, five radiation
shield disks are installed above the 1” dia. pumping tube of the 1 K pot (the 3rd section).
The top disk is about 7” below the bath top plate, and the others are 1.5” apart
downwards as shown in Appendix B. All the disks are hung underneath the top plate in
series by 3 pieces of nylon #8-32 threaded rods. After the positions of the disks are well
adjusted by the holding nuts, the whole length of each threaded rod is painted with
Stycast to avoid cracking after thermal cycles. All the disks are made of copper in a
pattern similar to the bath top plate as shown in Figure 2.7. To give a high surface
reflectivity, sheets of super-insulation are glued onto both sides of the disks using GE
Varnish, except for the bottom disk, which has only its upper surface covered. This is
done to avoid the possibility that super-insulation might peel off due to the aging of the
glue and fall into the bath. As well as reflecting the radiation coming from room
temperature, these disks inevitably absorb some of the radiation. However, they are kept
cool by heat exchange with the cold gas flowing steadily up from the helium bath.
Bath Level Sensor
The bath level sensor was ordered from American Magnetics Inc. e (model 134). It has an
active sensing length of 14”. Because of a mistake in the calculation of the total length,
the bottom end of the level sensor only reaches to 3.25” above the bath bottom plate.
Taking into account that the bottom 1/2” of the sensor is inactive, the level monitor only
begins to read when the liquid helium is 3.75” deep in the bath; it indicates a full tank
(15” deep, 12 L volume) when the helium covers 80% of the active length of the sensor.
The normal helium consumption rate is 1.6% of the active length of the sensor per hour.
Thus, after the helium sensor reads zero, the 1 K pot inlet filter remains immersed in the
liquid for almost 12 hours, and the temperature of the bottom plate remains at 4 K for
another 3 hours or more.

e

American Magnetics Inc., addr. 112 Flint Rd, Oak Ridge, TN 37830, tel. 1-865-482-1056
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2.2.3 Heat Exchangers and Thermal Anchors
In the cryogenic region, heat exchangers and thermal anchors are used to absorb the heat
brought in by gas and electrical leads from the outside. In this context, a heat exchanger
refers to a type of cold platform, through which one may transfer heat from a hot object
to a cooling source; and a thermal anchor refers to a small unit, which could efficiently
extract heat from the hot object via an intimate contact and sink it into a heat exchanger.
Heat Exchangers
There are three major heat exchangers in this cryostat.
The first heat exchanger is a gold-plated copper ring at 4.2 K (the “4 K ring”). The shape
of the ring is shown in Figure 2.8. The ring is hung underneath the bath bottom plate by
four copper rods. The rod at the center of the ring extends all the way through the bath
bottom plate via the hole D as shown in Figure 2.7. This center rod is playing a key role
in thermally linking the ring with the helium bath. In order to enhance the thermal
conductivity, the diameter of this rod is chosen as 0.5”, rather than 0.25” for the others.
Structurally, the 4 K ring is helping to position the 1 K pot and the experimental cell
below it. Three support rods plus the 1 K pot pumping tube are employed to suspend the
weight of the 1 K pot and the experimental cell. They are mounted underneath the arms
of the 4 K ring and positioned asymmetrically. These support rods are made of SS304
tubing of a 0.25” diameter and a 0.010” wall thickness; the wall thickness is small
enough to keep the heat transfer from the 4 K ring to the 1 K pot negligible. On each
support rod, a small hole was drilled near to the top end to release air trapped in the
tubing. The 4 K ring also provides a series of #8 clearance screw holes which are
convenient places to connect thermal anchors. It is the primary heat exchanger in the
system – all the units coming from the top of the cryostat must first be heat-sunk on the 4
K ring. The process of thermal sinking will be described later.
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Figure 2.8 Diagram of heat exchangers and thermal anchors
In the assembly process, the sealing between the center copper rod and the bath bottom
plate was a challenge. The original plan was to braze the copper rod into a bushing
welded on the bath bottom plate. However, during this operation, it was found that the
copper rod was much easier to heat up than the bushing. This caused a huge temperature
mismatch between the two parts; when the bushing was hot enough to melt the brazing
alloy, the copper rod was already so overheated that its outer surface was severely
oxidized. The joint thus failed. And even worse, the copper rod deformed because of the
long heating time. As a result, we had to remove the broken rod and switched to install a
new rod and bushing by an alternative method. The bushing was first brazed onto the
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copper rod. This brazing was easy to achieve because the bushing was no longer backed
by the bath bottom plate – a big mass that sucked away the heat. Afterwards, the bushing
and rod assembly were welded onto the lower side of the bath bottom plate. In the end, a
leak detector test confirmed that the joints were sound.
In order to make a better thermal contact between the rod and the 4 K ring, a broad foot
was attached to the end of the copper rod. Aligning the foot to the right orientation was a
problem. The job was done by first positioning every component in the position desired,
and then performing a soft soldering between the rod and the foot. The joint region was
painted with flux and the soldering temperature was well controlled. The adjacent regions
were wrapped with wet tissues to confine heat spread and protect the gold-plating on the
4 K ring. In the end, all the flux was carefully washed away by acetone. A thin layer of
thermal grease (Apiezon N grease) was applied on the interface between the rod foot and
the 4 K ring, for the purpose of enhancing thermal conductivity across the solid-solid
interface. Care was taken because a grease layer that was too thick would actually make
the thermal contact worse.
The second heat exchanger is primarily a cubic copper block clamped on the 5/8” dia. 1
K pot pumping tube as shown in Figure 2.8. It takes use of the cold gas pumped away
from the 1 K pot as the cooling source. As a result, the temperature on this heat
exchanger floats around 2.1 K – 3.3 K, and greatly depends on the working state of the 1
K pot as shown in the Table 2.2. The copper block is composed of two half pieces, each
with a semi-cylindrical cut to fit to the 5/8” dia. pumping tube. The two half pieces clamp
on the pumping tube with four sets of #8-32 screws and nuts. A thin layer of thermal
grease is applied on the interface between the pumping tube and the cubic block to
improve the thermal conductivity. The front surface of the cubic block is flat, and has six
#4-40 screw holes for object mounting. A layer of thermal grease was painted on this flat
surface to hinder copper oxidization. A thermal anchor for the 1 K pot fill line is
integrated on the side of the block. The outlet of the thermal anchor is 1/16” O.D. copper
tube (0.014” wall thick), which is attached on the rear surface of the cubic block by softsoldering. Underneath the cubic block, there is a secondary heat exchanger as shown in
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Figure 2.8. It is a T-shaped gold-plated copper plate clamped on a thermal joint, which is
brazed in the middle of the 1/4” dia. 1 K pot pumping tube. It is taking advantage of the
cold gas in the pumping tube as well for precooling. There are three #8 clearance screw
holes on the T-shaped plate, all of which are occupied by the thermal anchors for the 1 K
pot fill line and for the two cell fill lines respectively.
To summarize, along the 1 K pot fill line, the liquid coming from the helium bath is
passing through two thermal anchors next to each other. The first one is embedded on the
cubic block and the second one is mounted on the T-shaped plate. These two thermal
anchors are linked by the section of 1/16” O.D. copper tube. Because of the large
diameter of this tube the two thermal anchors have a tight thermal connection and have
approximately the same temperature. The two thermal anchors are treated as one unit
when the 1 K pot fill line is shown in subsection 2.1.2. In the original design, only the Tshaped plate was included. After a test run, it was found that the contact area of the
thermal joint behind the T-shaped plate might be too small to give a thorough heat
exchange, and so the cubic block was later installed to improve the heat exchange
between the incoming liquid and the cold gas inside the pumping tube.
The third heat exchanger is a small gold-plated copper plate mounted above the edge of
the cell bottom end flange. It serves as part of the precooling line in the cool-down
process; and also, it can serve as a 1 K heat exchanger in the equilibrium working state to
cool intrinsic heat loads generated in a particular measurement by some component that
should stay around 1 K but outside the experimental cell. For example, the load resistor
of the signal collector in the fast and exotic ions experiment can be placed on this plate to
restrain the thermal noise. There are a series of #4-40 tapped screw holes on the 1 K heat
exchanger for object mounting.
Thermal Anchors
Traditionally, thermal anchors for fill lines are made by winding and brazing the fill
capillary onto a copper rod. The inlet and outlet of the thermal anchor are the two ends of
the capillary. The inlet and outlet are connected to the fill line capillary with soft-soldered
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junctions. This type of junction has two major flaws: first, the junction is quite difficult to
be disassembled or reassembled especially when the region surrounding the thermal
anchor is crowded with electrical leads; second, it is difficult to clean off the residue of
solder flux inside the junction, and this can potentially cause a capillary plug in the
experiments.
Therefore, I have designed a new type of thermal anchor for the fill lines as shown in the
left bottom corner of Figure 2.8. First, the new design has a miniature cavity excavated
on the top of the copper rod. A 1/16” O.D. copper tube is wound on the rod with its top
end piercing into the miniature cavity through a tiny hole on the side wall. The copper
tubing is later brazed onto the copper rod with its top end sealed on the side wall.
Compared with the traditional style, the miniature cavity could enhance the thermal
exchange rate and avoid the impurities that can potentially block the fill line capillary.
Second, the soft-soldered junctions are abandoned in the new design. Instead, the inlet of
the thermal anchor employs an indium-sealed flange-to-flange coupling. The top of the
copper rod is brazed to a stainless steel 3/4” female flange, and the feed-in capillary or
tubing is accordingly equipped with a coupling flange. Here, the 3/4" flange is of a
standard size: 0.75” O.D., 0.25” I.D. and six #4-40 screw holes on a 0.5” dia. circle. On
the other side, the outlet of the thermal anchor employs brazing to join the following fill
line capillary to the bottom end of the wound 1/16” O.D. copper tubing. The free end of
the fill line capillary is equipped with a male 3/4” flange. It may be either connected to
the next thermal anchor or installed on the inlet of the 1 K pot or the cell. All the brazed
joints for the thermal anchor, the fill line capillary and the 3/4" flange can be completed
and cleaned thoroughly off site ahead of installation. As a result, it absolutely avoids the
flaws of the old style thermal anchor and makes the fill line system easily assembled and
friendly to repair.
In the process of assembling the thermal anchor, brazing the thin stainless steel capillary
into the end of the copper tubing is fairly straightforward. But there are two points one
needs to be cautious of. First, the capillary should be inserted into the 1/16” O.D. copper
tubing by at least 0.5”, or else the brazing alloy might get sucked into the end of the
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copper tubing and plug the capillary. Second, the brazing temperature must be well
controlled so as not to overheat these small objects, or else the thin-walled capillary may
break, or grow a thick layer of black oxide on the capillary outer wall, either of which
hinders the brazing alloy from attaching the capillary surface and results in a bad seal.
Yet brazing the thin-walled capillary onto a 3/4" flange is not as simple as it may seem.
Since the scales of both parts are greatly mismatched, it is difficult to evenly heat both
parts to the melting point of the brazing alloy. In consequence, a short section of 1/16”
O.D. copper tubing is embedded as a structural transition. One may first braze the copper
tubing onto the flange, and then braze the capillary into the copper tubing. It is
undertaken at the cost of introducing one more brazing joint. But it is worth doing this
because both brazing joints get simplified and reliable.
I describe the thermal anchors for the electrical cables and leads later in section 2.4.

2.2.4 Thermometry
Thermometry is crucial in monitoring the working state of the cryostat and precisely
measuring the experimental temperatures. Two types of thermometer are employed in the
cryostat, four silicon diodes and two germanium resistors. In this subsection, I focus on
the position, monitoring and calibration of the thermometers, and leave the wiring and
grouping of the electrical leads later in subsection 2.4.3.
The silicon diode thermometers as listed in Table 2.3 are DT-400 series manufactured by
LakeShore f. They have a repeatable temperature response in a wide temperature range
between 2 K and 300 K. Hence the diode sensors are mainly used to monitor the cooldown process of the cryostat, as well as the conditions of the helium bath and the 4 K
shield in the equilibrium working state. Since the measurements do not require a high
accuracy, these diode sensors are simply calibrated with the SoftCal algorithm in the
LakeShore temperature monitors – the models 330 and 331 particularly in use. By the
f

LakeShore Cryotronics, Inc. addr. 575 McCorkle Blvd, Westerville, OH 43032, tel. 614-891-2244
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SoftCal algorithm, the temperature response curve of each DT-400 thermometer is
created from the standard curve present in the monitor plus three reference points entered
by the user, which are taken at 300 K (RT), 77.35 K (nitrogen temperature) and 4.2 K
(helium temperature) respectively.
Table 2.3 Chart of thermometry
No

Type

Location

Channel+

Monitor

Range

Input::Curve

TA

silicon
diode

4 K ring

CH2

Lakeshore
330

2-300 K

CHA::Curve11

TB

silicon
diode

1 K heat
exchanger#

CH4

Lakeshore
330

2-300 K

CHB::Curve12

TC

silicon
diode

bath
bottom
plate

CH1

Lakeshore
331

2-300 K

CHB::Curve21

TD

silicon
diode

4 K shield

CH3

Lakeshore
331

2-300 K

CHB::Curve22

TG1 germanium

T-shaped
plate*

CH5

Conductus
0.3-15 K
20

CHA::27060-1

TG2 germanium

cell side
flange

CH6

Conductus
0.3-15 K
20

CHB::27065

+

Channel refers to the group of thermometer leads as that is described in subsection 2.4.3

#

1 K heat exchanger is mounted on the cell bottom end flange as introduced in subsection 2.2.3

* T-shaped plate is part of the heat exchanger on the 1 K pot pumping tube

As for the LakeShore 330, one may place the thermometer at the three reference
temperatures and type in the corresponding temperature in sequence. It doesn't matter in
which order the data points were taken. Two of the silicon diodes are calibrated in the
LakeShore 330 to the user curve11 and curve12 respectively, and are installed on the 4 K
ring close to the precooling line and the 1 K heat exchanger on the cell bottom edge
respectively as shown in Table 2.3. These two sensors are of great help in monitoring the
cool-down progress of the cryogenic units in both the 1 K and 4 K regions.
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As for the LakeShore 331, one needs to record the corresponding voltages at different
reference temperatures as listed in Table 2.4, and afterwards, input them in the monitor
all at once. Here, the sensor (serial number 47013) was installed on the bath bottom plate
and another (47014) was mounted at the bottom of the 4 K shield. Sensor (47015) listed
in both Table 2.3 and Table 2.4 is a spare. Since the LakeShore 331 only has its channel
B (CHB) applicable to the silicon diode sensors, it can only be used to monitor one of the
two sensors at a time. One has to manually switch the cable plug-in on the rear panel of
the monitor and the response curve to alter the display. Most of the time, it is set to
display the temperature on the bath bottom plate so as to continuously follow the status of
the helium bath both in the cool-down process and in the equilibrium working state.
Table 2.4 SoftCal reference points on LakeShore 331
No

sensor #

TC

47013

TD
–

4.2 K

77.35 K

300 K

curve #

in use

1.6487 V 1.0198 V 0.5263 V

21

Bath bottom plate

47014

1.5760 V 1.0270 V 0.5700 V

22

4 K shield

47015

1.5756 V 1.0272 V 0.5588 V

23

spare

Figure 2.9 Old response curves of the germanium thermometers
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The two germanium resistors listed in Table 2.3 are model GR-200A-100CD produced
by LakeShore. They are quite suitable for temperature measurement between 0.3 K and
4.2 K. Both the thermometers are driven by the temperature controller – Conductus LTC20. They were inherited from the previous cryostat used by Matthew Hirsch and Denis
Konstantinov. According to the archived calibration report made in the year 1996 by
LakeShore and the response curve saved in the Conductus, the sensor with the serial
number 27065 was using the factory calibration table as shown in Appendix C. But
unfortunately, the other one with the serial number 27060 has already lost its record on
how the response curve was generated. In the test run, the two germanium sensors were
placed side by side on the top of the 1 K pot, and a temperature mismatch of about 50 mK
was discovered under 1.7 K. This implies an error might exist in its response curve saved
in the Conductus. After retrieving and plotting the curve for the sensor 27060, an obvious
kink was seen on the curve below 1.602 K as shown in Figure 2.9. It looked as if this
section of the curve had been manually shifted before. Under this situation, the response
curve of the sensor 27060 was recalibrated according to that of the sensor 27065. As the
lowest temperature in the test run was only 1.2 K, the bad points only got replaced
between 1.2 K and 1.6 K. The remaining points needed below 1.2 K were obtained by
fitting the modified response curve between 1.2 K and 3 K with equation (2-4) [22] to the
function
3

log R = ∑ an ( log T )

n

(2-4)

n =0

The modified curve of the sensor 27060 is saved in the Conductus as curve 27060-1. This
calibration is considered good enough to monitor the status of the thermal anchors on the
1 K pot fill line, marked as TG1. The sensor 27060-1 is attached underneath the clamped
junction of the T-shaped plate and the thermal joint on the 1/4" dia. 1 K pot pumping
tube, which is abbreviated as “on the T-shaped plate” as noted in Table 2.3. The more
accurate sensor 27065 is employed for the temperature of the experimental cell. This
sensor is positioned on the cell side flange, marked as TG2.

41

In addition to monitoring the temperature of the 1 K region, the Conductus LTC-20 also
can control the temperature by means of a 3.69 kΩ resistance heater. The heater is
mounted on the top of the thermal link of the precooling line to the 1 K pot top surface.
With this configuration, the heater can also be used to heat up the precooling line
whenever needed in the cool-down process of the cryostat. In operation, one only needs
to set the target temperature and the maximum output power in the Conductus
temperature controller. Then, the programmed feed-back mechanism will automatically
adjust the actual power output to achieve a balance. However, the possible maximum
power settings of the Conductus are 0.05 W, 0.5 W, 5 W and 50 W, which apart from the
lowest of these are too large for temperature control in this cryostat. Therefore, three
different resistors parallel to the 3.69 kΩ resistance heater were introduced to divide up
the output power. These resistors are of the wire-wound type and rated at 10 W. They
were enclosed in an aluminum box with a three-way switch to alter the actual power
output of the heater and with a 12 VDC fan to air-cool the resistors as shown in Figure
2.10. The heater is wired in the cryostat through two leads from the group CH7 that is
introduced in subsection 2.4.3. The leads have a resistance Rleads of 110 Ω. As a result,
the values of the actual heater power are given by equation (2-5) as below and listed in
Table 2.5. The “indicated power” refers to the maximum power settings of the Conductus,
and 50 Ω in equation (2-5) is the default resistance that the Conductus employed in
calculating the power output.
Heater Power =

Ro 2 Rheater

( Ro + Rheater + Rleads )

2



Indicated Power
50 Ω

Table 2.5 Actual heater power regulated by the parallel resistor R0

Indicated
Power

Heater
power

Resistor R0
30 Ω

75 Ω

125 Ω

5W

22.6 mW

138 mW

374 mW

0.5 W

2.26 mW

13.8 mW

37.4 mW

0.05 W

0.23 mW

1.38 mW

3.74 mW
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(2-5)

Figure 2.10 Picture of the heater power control box

2.3 Experimental Cell
The experimental cell (abbr. as cell) is an isolated sealed chamber where experimental
tests take place. It is thermally connected to the 1 K pot to provide a steady cryogenic
working environment. The design of the cell needs to satisfy various experimental needs.
It should consist of the following components: a cell body, a bottom plate, view window
ports, fill lines, electrical feed-throughs, thermometers and the experimental structure.
The cell is designed for easy-assembly based on the following considerations.
(1). Small parts of the cell, such as the electrical feed-throughs, the thermometers, and
the cell fill lines, are best installed with mounting flanges, so that each unit is
replaceable in the case of breakdown.
(2). All the mounting flanges should have a standard size, so that the configuration of
the units can be easily changed according to the experimental need. The standard
size is chosen as 3/4” flanges as mentioned in subsection 2.2.3.
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(3). The arrangement of all the components should facilitate the preparation of the
experimental structure for the mobility measurement and making the connections
for the electrodes. For this reason, it is convenient to keep the outer wall of the
cell in place, and only remove the cell bottom plate to set up the experimental
structure. All of the units associated with the experimental structure should be
integrated on the cell bottom plate. The electrical feed-throughs should be
installed on the flange-mounted ports of the cell bottom plate.
(4). It is best to have only a few items that have to be removed when modifying the
experimental structure. For this reason, units that are always needed regardless of
the details of the experiment, such as the cell fill line and the thermometer, should
be installed on flange-mounted ports on the side wall of the cell body, where they
may remain unchanged regardless of disassembly of the experimental structure.
(5). The cell bottom plate together with the experimental structure can be simply
mounted onto the cell body with only one indium seal between the bottom plate
and the cell body, as shown in the blue zoom circle of Figure 2.4. This design
makes it the only cryogenic seal that has to be replaced in order to rebuild for a
new experiment.
In the following subsections, I introduce the detailed design of the cell body and the
window ports in subsection 2.3.1, the cell fill line in subsection 2.3.2, and the design and
construction of the cell electrical feed-throughs in subsection 2.3.3.

2.3.1 Cell Body and View Window Ports
The cell should have adequate space to accommodate various experimental structures.
Bearing in mind the previous experiments performed in our lab, the cell body was chosen
as a cylindrical chamber of 4.375” high and 2.5” I.D. with a total inner volume of 352
cm3, as shown in Figure 2.11. This size was a compromise, i.e., large enough for the
time-of-flight structure for the fast and exotic ions experiment, but not so large that it
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would take a long time to fill with liquid helium. The cell body has four window ports,
each with 0.5” dia. viewing area, for observations or optical measurements. The window
ports were aligned with the windows on the radiation shields and the RT vacuum jacket
of the Precision Cryogenics dewar, as shown in Figure 2.1. The four window ports are all
positioned in the horizontal middle plane of the cell body, so that the cell body can be
hung below the 1 K pot with either end of it attached to the 1 K pot, and the windows still
aligned with the window ports on the Precision Cryogenics dewar. The four windows are
0.75” dia., 0.125” thick sapphire disks manufactured by Meller Optics Inc. g Each window
is pressed and held on the cell body by a stainless steel flange, and sealed with the cell
body by a 0.030” thick indium wire. A 0.005” thick Teflon thin-film disk ring is
sandwiched between the window and the flange as a buffer to avoid crushing the window
while fastening the flange. Besides the window ports, the cell body also has four flangemounted ports on its side wall for the 3/4" flanges, each with a 0.1” dia. center hole
through wall. The cell fill lines and thermometers were mounted on these ports as to be
described below. Each of the side flange-mounted ports, as well as the window ports, has
six blind tapped #4-40 screw holes. Every screw hole should have at least 5 threads for a
strong screw holding, which requires a minimum hole depth of 0.125”. The cell side wall
has to be thick enough to embody these holes. It was not practical to make the cell side
wall have this thickness over all of its length, because that would make it too massive,
and require a large amount of liquid helium for the cool-down. Therefore, the cell wall
thickness was chosen as 0.030”, except for the two regions where the ports were located.
One region is 1.25” wide centered on the mid plane of the cell and is for the window
ports; the other is 0.75” wide, and is centered 1.375” below the mid plane for the side
flange-mounted ports as shown in Figure 2.11. Four mutually perpendicular flats are
milled on both rings, each 1.4” off the z-axis of the cell body. The ports are positioned on
these flat planes. Unneeded material between the flats for the ports was removed to
reduce the mass as much as possible. The ends of the cell body are designed to be flanges
of 3.750” O.D. with sixteen #6 clearance screw holes on a 3.323” dia. circle to match the

g

Meller Optics, Inc., addr. 120 Corliss Street Providence, RI 02904, tel. 1-401- 331-3717
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cell–1 K-pot mounting adapter, as mentioned in subsection 2.1.4. The cell body is sealed
with the cell–1 K-pot mounting adapter by an indium wire seal as shown in the brown
zoom circle of Figure 2.4. Since the indium seal often makes the two surfaces stick
tightly to each other, four additional tapped #4-40 screw holes on a 3.323” dia. circle are
introduced in the end flanges, so that screws can be employed to pry off the cell body.
The entire cell body is machined out of a single piece of 3.75” dia. SS304 rod, so as to
minimize the number of joints and chance of leaks. The total mass of the cell body is
about 0.54 kg.

Figure 2.11 Schematic of the experimental cell

2.3.2 Cell Fill Lines
The cell should have two fill lines to reduce the risks of plugs and accelerate the cell
filling process. In order to obtain ultra-pure liquid helium for the experiments, the cell
should not be filled with liquid retrieved from the helium bath but by condensing UHP
helium gas. The gas is supplied by a UHP 5.0 helium gas cylinder connected on the gas
control panel. Two fill lines mean that there are two separate paths for the gas
condensation to feed into the cell. Hence, the cell can always be filled even if one path is
plugged by impurities. For easy identification, one path is marked with the color
“yellow”, and the other with the color “green”. Each path originates from the gas control
panel and extends to the cryostat via copper tubing. The tubing connects with one of the
cell fill lines via an O-ring sealed quick-connector on the top of the cryostat. In the quick-
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connector, the metal press-ring for the O-ring must be brazed onto the copper tubing to
avoid popping of the tubing in case of a sudden pressure overload in the fill line. After
the quick-connector, the filled helium gas passes through the helium bath via a 1/8”
general purpose tube and reaches the 1/2" flange below the bath bottom plate. Beyond the
1/2" flange, the fill line transitions to a section of 1/16” O.D. copper tubing and conveys
the helium gas into a thermal anchor on the 4 K ring for condensation. Afterwards, the
condensed liquid flows through a section of 0.010” I.D. capillary and into another
thermal anchor on the 1 K pot pumping tube for a further precooling. After the second
thermal anchor, the liquid heads to the cell through a section of 0.010” I.D. capillary with
flow impedance of a 0.007” thick solid wire at the center. The moderate flow impedance
in the last section of the cell fill capillary is aiming at retarding the flow rate, so as to
allow effective condensation and precooling in previous thermal anchors.
Table 2.6 Different sections of the cell fill line
# Tubing

Inlet

Outlet

1 1/16” O.D. copper tubing

1/2"flange

3/4” flange

2 hollow 0.010” I.D. capillary outlet of the thermal anchor
on the 4 K ring

3/4” flange

3 0.010” I.D. capillary with
impedance

3/4”flange

outlet of the thermal anchor
on the 1 K pot pumping tube

Each fill line must be tightly sealed all over the path. Below the 1/2" flange, it is natural
to divide the fill line into three sections by the two thermal anchors as shown below in the
Table 2.6. The first section is the 1/16” O.D. copper tubing. Its inlet is brazed onto a 1/2"
flange, and its outlet onto a 3/4" flange. After heating during the brazing, the copper
tubing gets annealed and turns soft, which makes it flexible to adjust the orientation of
the flanges by gently bending or twisting the tubing. The second section is the hollow
0.010” I.D. SS304 capillary. The inlet of the capillary is brazed onto the outlet of the
thermal anchor on the 4 K ring, and the outlet to a 3/4" flange. The third section is the
0.010” I.D. SS304 capillary with the flow impedance. It is made by method (A) in
subsection 2.1.2, the same method as that is used in the top section of the 1 K pot fill line.
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The inlet is brazed onto the outlet of the thermal anchor on the 1 K pot pumping tube, and
the outlet to a 3/4" flange as well.
Once the cell has been filled to the desired level, any liquid in the fill line will soon sink
into the cell chamber, and it eventually leaves the whole fill line as well as the thermal
anchors with helium vapor at SVP. This is too low a pressure to induce any significant
thermal convection in the vapor. However, one cannot exclude the possibility that surface
tension can keep superfluid liquid helium in the last section of the cell fill line. It is very
difficult to detect if this is occurring, but we estimate that the impedance of the last
section of the cell fill line capillary will restrict the heat load carried by the superfluid
helium internal convection to below 1 mW.

2.3.3 Cell Electrical Feed-throughs
Generally speaking, the cell electrical feed-throughs can be classified into two types: one
for ordinary low-voltage input or signal, and the other for output high-voltage input. The
methods for making these two types of feed-throughs are different, although both types
ought to be installed on the cell via the 3/4" flanges.
For the low-voltage feed-through, there is little concern over voltage breakdown, so these
were home made with 5 pins grouped and sealed in one single feed-through flange. (see
the left part of Figure 2.12). The method was as follows:
(a). Prepare a 3/4" flange with a 1/2" long tube extending from it, and braze a metal
stopper at the end of the tubing, so that a special-made fiber-glass cup can be
seated on the end of the tubing as shown in Figure 2.12;
(b). Prepare the 5 feed-through wires with pins soldered on one end and Teflon tubing
sleeved for most of the length;
(c). Feed the 5 wires through the 3/4" flange prepared in (a) with pins barely extended
out of the fiber-glass cup. Adjust the Teflon tubing so that no wire is sleeveprotected within the fiber-glass cup;
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(d). Mix the Stycast with its curing agent; pump the mixture for a while to remove all
the tiny air bubbles trapped during mixing.
(e). Paint Stycast over the bare sections of wires within the fiber-glass cup; then fully
fill the cup with Stycast; Stir the Stycast and rock the cup to release trapped air.
(f). Fasten the pins with a fiber-glass patterned disk; Clean the pins with acetone.
(g). Cure the Stycast under heating bulb for 24 hours.
Tests afterwards show that the home-made 5-pin feed-through is solidly sealed at
superfluid helium temperatures. A maximum voltage of about 700 V has been applied on
these feed-throughs without occurrence of breakdown.

Figure 2.12 Electrical feed-throughs on the cell bottom plate
The high-voltage feed-throughs are required to withstand a voltage of at least 3 kV in the
fast and exotic ions experiment. This is far beyond the reliability limit of any homemade
feed-throughs. Hence, we turned to search for commercially available ones. A hermetic
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single-pin HV feed-through h with a max rating of 6 kV was found, which fit our
requirements perfectly. The purchased unit can be coupled onto a specially modified 3/4"
flange via laser-welding, which was done at Alpha Precision Welding, Inc. i (see the right
part of Figure 2.12). Tests have proved the assembled feed-through to be tightly sealed as
well at superfluid helium temperatures.
Considering the requirements of the fast and exotic ions experiment, there needs to be
five 3/4" flange-mounted ports on the cell bottom plate to satisfy the large demand for the
electrical feed-throughs, as shown in the right part of Figure 2.11.

2.4 Electrical System
Besides the electrical feed-throughs on the cell bottom plate, the cryostat needs other
electrical wiring to serve the experiment. Wiring can be grouped into three categories:
static high voltage lines, signal drive & acquisition coaxial lines and thermometer leads.

2.4.1 Static High Voltage Lines
The fast and exotic ion experiment needs at least four separate static high voltage lines to
set up the electrostatic grids of the time-of-flight structure. For the sake of easy
identifying, the four lines are color-coded with black, blue, red and yellow, respectively.
All the lines come in the cryostat via hermetically-sealed jack SHV connectors j on the
top of the cryostat, each of which is plugged in an O-ring sealed 3/8” quick connector.
Since the outer diameter of the SHV connector is 1/2", a reducer adapter of 1/2"-to-3/8”
is welded on the rear of each connector as shown in Figure 2.13.

h

Hermetic single-pin HV feedthrough, 6 kV rating, part# 9791-04-W, by CeramTec, Inc.

i

Alpha Precision Welding, Inc. addr. 15 Industrial Lane Bldg 3, Johnston, RI 02919, tel. 401-228-8791

j

Hermetic jack SHV connector, weldable, manufactured by Insulator Sea , Inc., part# 9231000
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Figure 2.13 Schematic of a hermetic jack SHV connector
The power delivered through these HV lines to electrostatic grids are negligible, so that
one may employ thin-walled stainless steel capillaries k as the electrical conductors; this
restricts heat loads along these lines. Each capillary is brazed onto the rear pin of the jack
SHV connector across a brass transition coupling, and extends all the way through the
helium bath in a sealed 3/8” general purpose tube down to the 1” flange below the bath
bottom plate. Since capillaries of 0.020” O.D. are quite flexible, it is necessary to guide
the capillary with a series of evenly-spaced concentric nylon disks in the 3/8” general
purpose tube to prevent electrical shorts. The 1” coupling flanges underneath the bath
bottom plate for electrical wiring do not need seals, and they are supposed to be open to
the vacuum chamber. Each flange is merely covered with a Teflon flange to hold the
capillary.
Below the 1” flanges, heat loads coming in along the high voltage lines should be sunk
via specially-designed thermal anchors on the 4 K ring. These thermal anchors are made
of sapphire rods l – an excellent insulator. The left graph of Figure 2.14 shows the design
of the thermal anchor, which has the sapphire rod stuck onto a copper base by Stycast,
and has the copper electrical wire clinging around the sapphire rod above a thin insulating
Teflon sheet on the top of the copper base. The assembling procedures are recorded as
follows:
(a). Paint the bottom of the sapphire rod with a thin layer of thermal grease m;
k

0.020” O.D., 0.005” thick, SS304 capillary, sold by McMaster-Carr, part# 8988K525

l

Sapphire rod, 0.343” O.D., 0.45” high, manufactured by Mellor Optics, Inc.

m

Apiezon N Grease
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(b). Tightly clamp the rod onto the gold-plated copper base;
(c). Stick the rod to the base along the v-shaped chamfer with Stycast;
(d). Clean the excessive Stycast on both the rod and base with acetone;
(e). Cure under heating bulb for 24 hours;
(f). Place the teflon sheet on the top of the base;
(g). Fold the copper wire at the middle, and then coil it on the rod tightly;
(h). Glue the coiled wire with GE Varnish and cure for another 24 hours.

Figure 2.14 Thermal anchor for the static high voltage line
The semi-finished HV thermal anchor up to step (e) is shown in the middle plot of Figure
2.14, and the finished one is shown in the right graph.
One branch of the copper wire from each HV thermal anchor connects to the bottom end
of the thin-walled capillary via a gold-plated pin-socket connector; the pin is soldered to
the stainless steel capillary using acid flux. The other branch connects to the HV feedthroughs on the cell bottom plate via a section of enamel-coated manganin wire. As the
maximum rating on a manganin wire is merely 500 V, the wire is sleeved with thickwalled Teflon tubing as protection. Experiments show that the maximum rating of each
of the HV lines is above 3000 V.

2.4.2 Signal Drive & Acquisition Coaxial Lines
Experiments performed in other cryostats in our lab have often evolved in a way such
that more and more electrical signal drive & acquisition lines are needed. Hence, it is
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important to incorporate an adequate number of lines in this new cryostat. The best
option for the signal drive & acquisition electrical lines is the LakeShore n type SS ultraminiature coaxial cable, which is designed for cryogenic applications with a low thermal
conductance, a high mechanical flexibility and a small outer diameter of only 0.040”.
(Specifications of the LakeShore coaxial cables are quoted in Table 2.7 )
Table 2.7 Specifications of Lakeshore type SS ultra-miniature coaxial cable
Dimensions

Material

Center conductor AWG

32

Center conductor

SS304

Dielectric material dia.

0.016”

Jacket Material

Teflon FEP

Shield

0.028”

shield

braided SS304

Jacket O.D.

0.040”

Dielectric material

Teflon FEP

Electrical properties
Center conductor (at 293 K)

23.62 Ω m-1

Shield (at 296 K)

3.61 Ω m-1

max. DC voltage

600 V

max. DC current

200 mA

Capacitance (at 5 kHz)

173.9 pf m-1

Impedance

40 Ω(at 10 MHz)

Temperature range

10 mK – 473 K
Normal Attenuations

Frequency (MHz)

1

5

10

15

20

50

100

500

1000

Attenuation (dB)

0.57

1.27

1.80

2.85

2.54

4.03

5.69

12.75

18.05

Based on previous experience, 8 coaxial lines are believed to be a sufficient optimal
number to satisfy possible future experimental needs. The 8 coaxial lines are marked with
capital letters, A to H. The eight cables alone can easily fit into one 3/8” general purpose
tube. But the 3/8” tube can also accommodate a wire bundle of thermometer leads. The
procedures of preparation and installation of the wire bundle is described in subsection
2.4.3.

n

LakeShore Cryotronics, Inc. addr. 575 McCorkle Blvd, Westerville, OH 43032, tel. 1-614-891-2244
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The length of each coaxial cable is about 1 meter, which corresponds to a capacitance of
about 180 pf. They are clamped at positions close to their bottom ends by a copper minivise attaching on the 4 K ring for heat sinking. These coaxial cables were later found to
be not suitable for the detection of weak signals. This was because the capacitance of the
cable causes a large time constant in the signal trace, and because the sections of the
cable within the 3/8” general purpose tube pick up the 280 Hz vibrations induced by the
Roots pump. We tried to reduce these vibrations as much as possible but could not reduce
their effect to an acceptable level.
As a result, another short cable of 12.5 cm long was introduced to deliver the weak signal
from the ion collector. The cable is still the LakeShore ultra-miniature coaxial cable, but
it leaves the cryostat via the southwest window port at the lower level on the Precision
Cryogenics dewar instead of through the top of the cryostat. The corresponding window
on the RT vacuum jacket is replaced with a QF25 quick clamping flange with the
hermetic jack BNC connector as the vacuum feed-through. The window flanges on the 4
K and 77 K shields are replaced with blank metal plates with small holes for the cable
feed-through. The heat sinking of the cable is achieved by clamping it to the window
flange of the 4 K shield. This avoids the capacitance problem of the coaxial cables
running to the top, but does make the cryostat assembly more difficult.

2.4.3 Thermometer Leads
Based on the actual arrangement of thermometry introduced in subsection 2.2.3, 32 leads
are installed for this. The leads were made of manganin simply because there happened to
be an AWG 36 coil of this material in the lab. Since thermometers are measured by fourlead method, the 32 leads are grouped into 8 channels. In each channel, two leads are
used to apply current, I+ and I-, which are color-marked as white and black, respectively;
another two are used to measure the voltage drop V+ and V- across the thermometer, and
are color-marked as yellow and blue, respectively.
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The two current leads and the two voltage leads need to be twisted together to reduce
electrical pick-up. The procedures of wire twisting are recorded as follows:
Make a hook out of 1/8” copper tubing, and hold it in the chunk of a hand drill;
(a). Clamp the two ends of a section of wire in a vise, and put the copper hook
through the midpoint of the wire;
(b). Stretch the wire a bit to keep a tension, and twist it at a low speed;
(c). After twisting, do NOT smooth the twist, as it will loosen it;
(d). Pinch the ends of the wire by fingers and release the vise;
(e). Slowly release the fingers to allow the wire to relax;
(f). Feed the wire through a protective Teflon sleeve;
(g). Chop off the end of the wire where the hook was placed to complete the
twisted wire pair.
Ideally, it is better to route the pairs of different functions through separate Teflon
sleeves. However, in order to minimize the dimension of the wire bundle so that it can be
later fed through the 3/8” general purpose tube as mentioned in subsection 2.2.2, the four
leads of the same channel are placed in one Teflon sleeve o. This gives in total 8 Teflon
sleeves, for the 8 channels. Each and every wire is assigned to an exclusive functioning
role in its channel, and marked with the corresponding serial number and color code as
listed in Table 2.8. The 8 Teflon sleeves are tightly bundled together with the 8
LakeShore coaxial cables by three pieces of heat shrink tubes.
Before feeding the wire bundle through the general purpose tube, the leads need to be
firstly wired to a sealed connector box, which integrates all the required hermetic
connectors for the electrical feed-throughs. The connectors are soldered onto the front
panel of the brass box with 60Sn–40Pb solder in a pattern as shown in Figure 2.15.
Instead of using a torch or solder gun to perform the soldering, one may put the box body
o

0.032” I.D., 0.019” wall thick, Teflon tube, SPC Tech #TSI-S20-1100, sold by Newark, Inc.
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on a hot plate and heat it up to 250 oC, paint the joint area with flux, and then feed solder
slowly until the joint gap is smoothly filled. The finished part is then left to cool down
naturally. Once fully cooled, one may start soldering the 32 thermometer leads to the
hermetic 32-bin connector

p

as listed in Table 2.8, and the center conductors of the 8

coaxial cables A–H to the 8 hermetic BNC jack connectors q , one by another. After
grounding the braided shields of the 8 coaxial cables with the box body, one can close the
back of the connector box with a cover plate, where sealing is made by a #153 O-ring in
an elliptic groove. After these procedures are finished, one may feed the wire bundle
through the general purpose tube, slowly and gently. In the end, the outlet of the
connector box is plugged into the 3/8” quick connector on the top of the cryostat. Then
sealing is complete.

Figure 2.15 Schematics for the connector box, plus the 32-pin and 5-pin connectors
The next step is to heat-sink the 32 thermometer leads. Instead of winding the bottom
ends of the 32 thermometer leads from the top plate directly on a thermal anchor, it is

p

Hermetic 32-pin connector, manufactured by CTI, part# 851IH18-32P50, as shown in Figure 2.15

q

Hermetic jack BNC connector, manufactured by Amphenol, part# 31-4238
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better to separate the thermal anchor as an independent unit, which greatly favors the
replacement of the broken leads. The thermal anchor for thermometer leads is simply
made of a copper rod, on which a piece of porous lens paper is first wrapped and glued
by GE varnish as the insulating layer, and then 32 manganin wires each folded in their
middle are afterwards wound and glued by GE varnish. The winding configuration of the
32 wires is very similar to that in the HV thermal anchor as shown in the left graph of
Figure 2.14. After the thermal anchor is installed on the 4 K ring, one end of each of the
32 wires from the thermal anchor is joined with the bottom end of one of the 32 leads out
of the general purpose tube at an exchange strip of gold-plated pin-socket connectors.
The other end of each manganin wire from the thermal anchor directly extends to one of
the thermometers. The redundant lengths of the leads are secured on rigid structures to
reduce noise due to vibrations.
Table 2.8 Chart of number and color codes for thermometer leads
Channel

White ::

I+

Black

::

I-

Blue

::

V-

Yellow ::

V+

CH1

1-1

::

A

2-2

::

B

3-3

::

C

4-4

::

D

CH2

5-5

::

E

6-6

::

F

7-7

::

G

8-8

::

H

CH3

9-9

::

U

10-10

::

V

11-11

::

W

12-12

::

X

CH4

13-13

::

f

14-14

::

g

15-15

::

h

16-16

::

j

CH5

17-17

::

Y

18-18

::

Z

19-19

::

a

20-20

::

b

CH6

21-21

::

J

22-22

::

K

23-23

::

L

24-24

::

M

CH7

25-25

::

c

26-26

::

d

27-27

::

N

28-28

::

P

CH8

29-29

::

e

30-30

::

R

31-31

::

S

32-32

::

T

5pin–A :: 32pin 5pin–B :: 32pin 5pin–D :: 32pin 5pin–E :: 32pin

It is possible that some of the thermometer leads might break somewhere in the section in
between the general purpose tube because of aging after numerous thermal cycles.
Nevertheless, the lead is absolutely replaceable, because the leads in different channels
are well isolated by the protective Teflon tubes, and the lead pairs are thus resting in each
tube loosely. The replacement plan would be as follows:
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(a). Open the back plate of the connector box and locate the broken lead;
(b). Unsolder it as well as the other three leads of the same channel;
(c). Tie the newly-made lead pairs on the top ends of the old leads;
(d). Make sure the knot is clear to enter the Teflon tube.
(e). Pull out the old leads from the bottom and simultaneously pull the new ones in;
(f). Solder electric connections and restore everything related.
More wiring work is needed outside the cryostat before the thermometers can be used.
Firstly, the 8 thermometer channels need to be sorted out in a home-made connection
box. This box has an input 32-pin connector and eight identical outputs of 5-pin
connectors r. The assignment of pins is listed in Table 2.8. The pin patterns of both the
32-pin and 5-pin connectors are shown in the right part of Figure 2.15. Then, a thick 32wire cable is employed to connect the input of the wire connection box to its counterpart
on the connector box on the top of the cryostat. Six of the channels are assigned to
thermometers and half of a channel is used to drive the heater, following the thermometry
plan outlined in Table 2.3 in subsection 2.2.4. Finally, the output of the wire connection
box is connected to the corresponding temperature monitors or controllers by 4-wire
cables. One plug of each cable is mated to the 5-pin connector, whereas the other plug is
customized to the particular connector type on the temperature monitor or controller.

r

Wire-PRO 126 series miniature hexagonal connector: cable plug Male #126-217, panel mount Female

#126-218, sold by Newark, Inc.

58

2.5 Gas Handling System
A cryostat can be viewed as a complicated vacuum system with some regions filled with
cryogenic liquids. For operation, it needs a gas handling system for gas supply and
evacuation. The gas handling system includes gas cylinders, vacuum pumps, pipelines,
control valves and pressure gauges. In order to design the gas handling system, one needs
to first identify the requirements. For the current cryostat, these include supply of UHP
helium gas for the 1 K pot fill line back-pressurization, the precooling line functioning
and the cell filling, plus evacuation for the RT vacuum jacket, pumping on the 1 K pot,
and pumping on the cell and the precooling line. At different stages of operation, the
demands of the gas handling are different as follows:
(1). In preparation, the RT vacuum jacket, the cell and the precooling line need
evacuating.
(2). The 1 K pot fill line is back-pressurized with helium gas throughout the early
stage of the cool-down process.
(3). The precooling line needs to be filled with helium gas and evacuated several
times in the cool-down process.
(4). Pumping on the liquid bath of the 1 K pot takes place from the late period of the
cool-down and throughout the entire time it is in the equilibrium working state.
(5). The cell needs to be filled once the 1 K pot has reached the equilibrium working
state.
(6). The liquid in the cell must be evacuated in the beginning of the warm-up process.
(7). If accidents such as a super-leak show up during the cool-down process or the
equilibrium working state, the cryostat will experience an abnormal warm-up. In
the worst case, this requires the RT vacuum jacket, the 1 K pot and the cell to be
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pumped simultaneously so as to avoid a further damage by the rapid rising
temperature and pressure.
The gas supplies are provided from two UHP helium gas cylinders. As indicated in
subsection 2.1.1, the 1 K pot pumping is mainly provided by the Roots pump. The other
pumping operations rely on the pumping station equipped with a roughing pump and a
diffusion pump and placed against the outside wall of the Faraday copper mesh room.
There are other pumps available for use as well. One is the giant mechanical pump (the
“giant pump”) situated in a neighboring lab and connected to our lab by a large pumping
line directly. Other facilities include some movable pumping stations, one with a
roughing pump and a diffusion pump, and another with a turbo pump. Unfortunately, the
controls for the “giant pump” are hard to access, and the movable pumping stations need
quick-connect ports to couple in the system.
The layout of the gas handling system is shown in Figure 2.16. The configuration of the
pipelines and control valves serves to assign the pumps and the gas cylinders readily to
the desired targets. Various pressure gauges are employed in the system to monitor the
state of each target. Pressure relief valves are installed to auto-protect the target from
pressure overload, especially the cell and the 1 K pot, which often contain liquid helium.
(1). As introduced in the subsection 2.1.1, the Roots pump is connected by the 6-inch
pipeline and controlled by the gate valve.
(2). The pumping station outside the shielded room accesses to the targets through A
series valves: valve A is to the 1 K pot pumping line via the side port of the big elbow
(2” O.D. quick-clamp fitting) as shown at the upper left corner of Figure 2.16; A0 is a
quick-connect port for a side arm to the 6-inch line from the Roots pump; A1 is to the
junction panel, A2 and A3 are to the gas control panel and to a quick-connect port for
a connection to the RT vacuum jacket, respectively.
(3). The pipeline of the “giant pump” in the neighboring lab merges into the gas handling
system via B series valves. Valves B and B2 allow the giant pump to take over part of
the work of the stationary pump station; and valves B1 and B3 guide it towards a
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quick-connect port on the junction panel for an alternative connection to the RT
vacuum jacket.
(4). The Faraday copper mesh room has two layers of wall meshes that are separately
grounded. Any pipeline going across the wall must be specially installed so that it
does not short the two grounds. As a result, a plastic coupling was embedded between
the two wall meshes. The pipelines are sealed to it with O-rings from both sides.
(5). The 1 K pot back-pressurization is provided by a UHP helium gas cylinder. The gas
is conveyed via valve G0 to the side port of the big elbow. In between the valve G0
and the side port of the big elbow, there are a pair of pressure relief valves (1/3 psi
and 4 psi), a thermocouple gauge TC2 and a mechanical gauge to adjust, auto-protect
and monitor the pressure of the 1 K pot.
(6). In addition, a thermocouple gauge TC1 and an ion gauge are installed on the junction
panel (as shown in middle of Figure 2.16) to monitor the general status of the
stationary pump station; and meanwhile in the RT vacuum jacket, another
thermocouple gauge TC3 is installed to monitor the state of the vacuum jacket. The
thermocouple gauges TC1–TC3 (Varian Model 0531) and the ion gauge (Model I075-N) are driven by the Varian Multi-Gauge.
(7). The entire gas control panel is inherited from a previous experimental setup of our
lab. Some modifications have been made to adapt it for the present experiment. Its
configuration is shown as the rightmost panel in Figure 2.16. Some of the pipelines
and valves are no longer in use. Only the active ones are labeled.
(i). The gas control panel acquires pumping power via a split in the pumping line,
which starts from valve A2 on the junction panel, splits into two branches, and
ends up behind valves T1 and T2, respectively on the gas control panel. The panel
can also use the pumping of another external pumping station temporarily
connected at the quick-connect port beyond valve T0.
(ii). Valves C1 and C2 control the path to the two cell fill lines, the green line and the
yellow line respectively, as described in subsection 2.3.2.
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(iii). Valve P1 controls the path to the precooling line, and valves P2–P4 on the top of
the platform are for the operational control of the precooling line, where valves P3
and P4 are for flushing the liquid nitrogen through the line in the cool-down
process as described in the section 2.6.
(iv). Valves G1–G4 control the gas supply to the cell fill lines as well as to the
precooling line from a UHP helium gas cylinder attached on the side of the panel.
The gas may be fed directly to the target via valve G4, or through a cold trap via
valves G2 and G3 with the impurities filtered.
(v). A digital gauge (Omega DP 80 series) and a large dial mechanical gauge are
installed between valves R1 and R2 on the gas control panel. The former works
for the low pressure range between 1 mmHg – 1000 mmHg, and the latter for the
high pressure range from 0 psi – 1000 psi above 1 atm.
(vi). A 15 psi pressure relief valve is installed behind valves S1 and S2. The panel
enables an auto-protection for the cell fill lines or the precooling line via the
emergency-exit route along valves R1–R2–S1–S2.
The sizes needed for the pumping lines are determined by many factors. The pressure
drop along the pipeline is given theoretically by equation (2-1). A long and thin pipeline
will greatly limit the pumping power. The best pumping speed comes from a pipeline of
large diameter, but valves for such a line can be very expensive and the line itself will be
very heavy. In our lab, three used Goddard valves for 1-1/4” O.D. tubing were found but
they were not working normally. The failure of the valves was mainly due to scratches on
the nickel-plated brass gate, which is designed to press against a pair of plastic seals on
both the inlet and outlet sides of the valve to close the pipe path. These scratches can be
polished away with fine sand paper. Two of the valves were fixed in this way and passed
the leak detection test. Because of the limited number of available valves, 1-1/4” O.D.
tubing was only employed in a few places. The two valves are accordingly used as valves
A and B as shown in Figure 2.16.
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Figure 2.16 Layout of the gas handling system

2.6 Cool-Down Process
Generally speaking, the cool-down process is divided into three stages: the first stage is
to cool the cryogenic units down to 77 K with liquid nitrogen, the second stage is to
further cool down to 4.2 K with liquid helium, and the third stage is for the 1 K region to
ultimately reach 1 K under the action of the 1 K pot. The cool-down method in an optical
cryostat is a bit complicated, because some of the cryogenic units are placed in a vacuum
chamber and isolated from the coolants. On the one hand, an efficient cool-down requires
an excellent thermal connection between the cryogenic units and the coolants; while on
the other side, a steady and optimal performance at the equilibrium state afterwards asks
for an excellent thermal isolation instead.
Heat Switch
To get out of this dilemma, people have introduced the heat switch. One form of this
consists of a sealed thin-walled stainless steel tube, with one end immersed in the coolant
bath and the other end thermally connected to the major cryogenic units. During the cooldown process, the heat switch is filled with working gas which carries heat convectively
between the cryogenic units and the coolants. The efficiency of the thermal convection
depends on the species and state of the working gas. Usually in the first stage (300 K 
77 K), one temporarily fills the helium bath with liquid nitrogen and the heat switch with
1 atm of nitrogen gas to exchange heat. Afterwards in the second stage (77 K  4.2 K),
one replaces the coolant with liquid helium in the helium bath and the working media
with 1 atm of helium gas in the heat switch. This lowers the temperature to close to 4.2
K. Once this is completed, the helium gas is removed from the heat switch and the cell is
cooled by the operation of the 1 K pot. Nevertheless, the cool-down process with a heat
switch has some difficulties. The cooling from 300 K to 77 K takes place rather slowly
due to the mismatch of the thermal capacity of the nitrogen gas with respect to the total
amount of heat that needs to be removed. In addition, between the first and second stages,
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one has to make sure that all of the nitrogen liquid and gas has been removed. As the heat
capacity of nitrogen is large, cooling and solidifying this nitrogen will waste a large
amount of liquid helium. And the nitrogen may freeze on the surface of the level sensor
and stop it functioning.
Precooling Line
As a result, people have developed a different structure to enhance the cool-down
performance. This is called the precooling line. A precooling line is essentially a through
tube, which starts from its inlet on the top of the cryostat, traverses the helium bath, gets
thermally-connected with all the major cryogenic units, and then returns across the
helium bath to its outlet on the top of the cryostat. The precooling line also includes a
loop (see the highlight in Figure 2.17) with thermal contact to the 4 K ring and to the 1 K
pot. In the first stage (300 K  77 K), a liquid nitrogen dewar is connected to the inlet of
the precooling line, and liquid nitrogen is continuously flushed through the precooling
line, directly exchanging heat with the cryogenic units, and then escaping into the air at
the outlet. Compared with a heat switch, a precooling line takes up more space, but the
heat exchange at the first stage of a precooling line is much more efficient and faster; a
precooling line consumes a lot of liquid nitrogen, but the cost is small since liquid
nitrogen is cheap. With the precooling method, the helium bath is no longer filled with
liquid nitrogen, but sealed with helium gas to prevent air contamination as well as to
precool the structures in the bath via the gaseous thermal convection. As a result, there is
no danger of nitrogen remaining in the helium bath space, and one only needs to evacuate
the precooling line tube after the first stage, which is fairly easy. In the second stage (77
K  4.2 K), the precooling line is sealed by valves P3 and P4 at both its inlet and outlet,
and then filled with 1 atm of helium gas through valve P2. The helium bath is filled with
liquid helium as always. Under this situation, there is a convective flow of helium gas
around the loop, which has connections to the 4 K ring and to the 1 K pot. This
convection serves to bring the temperature of the 1 K pot quickly down to 4.2 K. In the
third stage, the precooling line is disabled by removing the helium gas. The segments of
the precooling line in between different temperature regions are made of thin-walled
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stainless steel tubing to limit heat transfer when the line is under vacuum, and the
segments near the thermal links are made of copper.
In the current cryostat, the precooling line takes advantage of two 3/8” general purpose
tubes as introduced in subsection 2.2.2 to traverse the helium bath: one is used as the inlet
line and the other as the outlet line. The lower sections of both inlet and outlet lines
convert into 1/4” O.D. tubing at a pair of indium-sealed 1” coupling flanges below the
bath bottom plate. As shown in Figure 2.17, the inlet line is a single tube that extends
vertically down and joins with the outlet line via a section of horizontal tube leveling
slightly above the bottom of the 1 K pot; while, the outlet line is made into a circulation
loop so as to favor the thermal convection. There are three thermal links on the outlet line
attached to the 4 K ring, the 1 K pot top and the cell bottom, respectively. The former two
links are rigid copper mounting feet, which also structurally hold up the precooling line;
and the third one is a flexible copper braid connecting the bottom of the outlet line with
the gold-plated 1 K heat exchanger on the edge of the bottom end flange of the cell. For
the sake of easy installation, the second link to the 1 K pot top is split into two subunits
both with screw slots that allow adjustment of their relative positions.
Assembling the precooling line is quite complicated, as all of the components must be
precisely made and positioned to join one another. In particular, the screw holes on the
two 1” male coupling flanges must be aligned to those on their counterparts; the two rigid
thermal feet must be closely attached against the target units with the mounting holes
aligned; and the horizontal tube together with the elbow and tee fittings at its two ends
must be properly oriented to match up the inlet and the outlet lines. In order to satisfy all
of the requirements above, several of the brazing joints are identified as crucial for the
alignment and were finished on-site, whereas the remaining ones could be prepared ahead
off-site. After the prepared components were assembled and fastened in their ultimate
positions as designed, the brazing work was performed to fix the overall configuration.
The last joint, which is underneath the 1” coupling flange of the outlet line, was chosen to
be soft-soldered, because it was so close to the 4 K ring. If this joint was brazed, the heat
applied on the joint would quickly reach the 4 K ring and destroy the gold coating.
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Figure 2.17 Schematic of the precooling line
Function of the 1 K Pot Pumping Tube in the Cool-down Process
Besides the precooling line, the 1 K pot pumping tube may also be employed to
contribute to the cool-down. In the first stage of the cool-down, the 1 K pot and its
pumping tube must be kept pressurized to keep a constant small flow of UHP helium gas
outwards through the 1 K pot fill line into the main helium bath in order to avoid plugs of
the fill line capillary in the second stage of the cool-down. Under such a situation, the 1 K
pot pumping tube is essentially working as a heat switch, except that the working gas is
helium but not nitrogen in the first stage. In the early second stage to keep the 1K
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pumping tube as a second heater exchanger, the pressure in the 1 K pot pumping tube is
on purpose maintained at 10 inHg below 1 atm. Until transitioning to the third stage, it is
pumped to start the 1 K pot. Note that when the 1 K pot is running in its equilibrium state,
the cold gas pumped away through the 1 K pot pumping tube may cool the main helium
bath to 3.9 K – 4.1 K.
Thermo-Acoustic Oscillation and its Function in the Cool-down Process
Thermo-acoustic oscillation (also called Taconis oscillation) is a type of thermally
excited pressure oscillation with a typical frequency of tens of Hertz. These oscillations
occur spontaneously in narrow tubes with large length-to-diameter ratio, when one end of
the tube is open at low temperature (typically helium temperature) and the other end
closed at high temperature (typically RT). These oscillations are often used to measure
the level of liquid helium with a thin probe tube with its top end sealed by a balloon.
People may tell the surface position by the frequency change when the bottom end of the
tube crosses the liquid-vapor surface. It is the easiest and cheapest design of level sensor.
However, in some situations the thermo-acoustic oscillation is harmful, because it can
dramatically enhance the heat transfer from the hot end of the tubing towards the cold
end. In the current cryostat, there are two locations where these harmful thermo-acoustic
oscillations might occur: the bath exhaust lines and the cell fill line. The best way to
hinder the development of thermo-acoustic oscillations is to open the hot end of the tube
to a large volume. For the bath exhaust lines, two small slots were cut on each tube, so
that the tubes are open to the RT region just underneath the bath top plate. For the cell fill
lines, the overall volume of the tubing in the gas supply system is already large enough to
ease the oscillations, but any attempt to close the fill lines at the top of the cryostat might
be dangerous, not only because the oscillations will occur and bring in a heat load, but
also because any accident accompanying a rapid temperature rise will eventually cause
the pressure of the cell to exceed threshold of safety.
Nevertheless, the thermo-acoustic oscillation may be utilized positively in the cool-down
process, especially in the second stage (77 K  4.2 K) of the precooling line in the
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current cryostat. During the test run, it was found the thermo-acoustic oscillation of the
working gas can be induced if the valve P2 is closed, which greatly enhances the heat
exchange rate; if the valve P2 is opened, the oscillations quickly damp out, and the heat
exchange rate drops down accordingly.
The specific cool-down procedure is listed in Appendix D. The entire cool-down process
is quick. It generally takes about 10 hours to finish the first stage (300 K  77 K), about
8 hours for the second stage (77 K  4.2 K), and less than half an hour for the third
stage. The cryostat can stably run at cryogenic temperatures for a long period of more
than a month. This provides us with plenty of time to investigate the experimental objects
in details.
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Chapter 3
Time of Flight Method

As introduced in Chapter 1, the fast and exotic ions were previously discovered in time of
flight (TOF) measurements by several research groups. In order to further investigate
these mysterious objects, it is necessary to have a good understanding and proper
implementation of the TOF method. In this chapter, I first introduce the general principle
of the TOF method in section 3.1, and then describe the design of the experimental TOF
apparatus and control circuits in section 3.2. The experimental signal acquisition and
processing is described in section 3.3, and the method of signal searching in section 3.4.
Finally in section 3.5, I present preliminary experimental results and discuss the peak
shapes and the errors of measurement.

3.1 Introduction to the Time of Flight Method
The time of flight (TOF) method is a standard method employed in the measurement of
ion mobility. The basic idea is to measure the transit time t for the ions to cross a known
drift distance d in the presence of an electric field E . From the average velocity v = d t
the ion mobility µ is determined as.

µ =v E
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(3-1)

3.1.1 A Brief Introduction to the Time of Flight Apparatus
A typical TOF measurement is performed with a setup composed of an ion source, a
control gate, a drift region and an ion collector. The details of each component have been
quite different in different previous experiments.
(1) The ion source in the experiment can be a radioactive source, a hot wire, field
emission tips, or a pair of electrodes used to produce a gas discharge. The ultimate
choice of ion source depends on the ion species and on the limits on heat dissipation
in the cryogenic system.
(2) The control gate is a set of mesh grids (one or more) that can precisely control the
entrance of the ions into the drift region and accurately set the time at which ions can
enter the drift region.
(3) The drift region is the most important section of a TOF structure. For the sake of an
accurate mobility measurement, it must be of an accurately known length and the
electric field must be uniform. The electric field ranges from tens of Volts per cm to
thousands of Volts per cm; this wide range of value is because the behavior of the
ions is qualitatively different under low and high fields. The field strength E = ∆V d
is set by the potential difference ∆V between the grids on either end of the drift
region and the length of the drift region d . It is hard to introduce very high electric
potentials into the TOF structure, so to have a very strong field it is necessary to
reduce the drift length. There are a few special considerations that enter for both short
and long cells. It is necessary to have the spacing between the control gate grids much
less than the length of the drift region, so for a short drift region the grid spacing has
to be extremely small and yet, of course, the grids must not touch. For a long cell
(length larger than the diameter), a series of field homogenizers are needed to keep
the field uniform over the whole volume.
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(4) The ion collector usually consists of three subunits: a metal collector plate, a Frisch
grid and a grounded shield. The collector collects the ion current, which is then
amplified and recorded. The Frisch grid is placed in front of the collector to screen it
from the image charges induced by the ions as they approach while still in the drift
region, and thereby improve the shape of the ion signal. And the grounded shield
protects the side and back of the collector and shields it from electromagnetic pick up.

Figure 3.1 Schematic of a typical low-field TOF structure
Figure 3.1 is a schematic of a typical low-field TOF structure, where S is the ion
generator (the ion source), G1 and G2 are the two gate grids, and F and C are the Frisch
grid and the collector, respectively. The drift region is the space from G2 to F, and H1–
H4 are the field homogenizers. Regardless of the particular form of the ion generator, S is
usually held at the highest potential energy for the ions. In the gate-closed state, the
potential energy at G2 for the ions is normally set to be slightly higher than that at G1, so
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that the generated test ions from S are all blocked at G1 from entering the lower part of
the TOF structure. In this situation, a small accumulation of ions may take place around
G1 as the ions drain into G1 along the electric field lines. In order to release some of the
test ions into the drift region, a square pulse is employed to lift the potential energy for
the ions at G1 to a level higher than at G2. The gate then switches to the open state within
the duration of the square pulse. The ion train starts traveling out of G1 at the front edge
of the square pulse, and later gets truncated at G2 at the rear edge of the pulse. As a
result, only a thin slab of test ions is projected into the drift region, and the effective gateopen duration is equal to the width of the gate pulse minus the time the ion front takes to
cross G1–G2. The slab of test ions traverses the drift region along the drift field, passes
through F and ultimately reaches C. C is connected to ground via a load resistor Rc, and
so the passage of the ion current through this resistor gives a voltage signal.

3.1.2 Interpretation of the Signal Profile and the Transit Time
Before getting involved with the detailed dimensions of our TOF structure, we explain
how the geometry of the apparatus affects the signal profile and how the transit time
across the drift region is related to the time-dependence of the received signal.
In an ideal situation, the Frisch grid F would completely shield the collector from the ions
until the ions pass through the grid and leave the drift region. Once the ions pass through
F, they begin to induce image charges on the collector C. As they approach C, the image
charge increases. The image charge has to flow onto C through the load resistor Rc. Once
the ions arrive at C, they neutralize the image charges already there.
In order to analyze this process, we first consider the case of a single layer of negative
ions with a charge density σ per unit area. The distance between F and C is d FC ; the
potential on F is VF and that on C is approximately zero. At the moment as in Figure 3.2,
the ions are d1 away from F and d 2 away from C, where d1 + d 2 =
d FC . Denoting the
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potential of the ions by Vσ and the electric fields on either side of the ions by E1 and E2
we then have

E1 + 4πσ =
 E=
2
 E1 VF


Vσ + E1 d1  
V=
F
E V
 V =Ed
=
F
2 2
 σ
 2

d
1
− 4πσ 2
d FC
d FC
d
1
+ 4πσ 1
d FC
d FC

(3-2)

Figure 3.2 Schematic of induced charges on the collector by a single layer of ions
If the area of the collector surface is Ac, then the image charge on the collector Qc is
E A
AV
σ Ac d1
− 2 c =
− c F −
Qc =
4π
4π d FC
d FC

(3-3)

Ac 4π d FC is the capacitance between F and C, and the first term on the right hand side of
equation (3-3) is the static charge Q0 on C due to this capacitance. The second term on
the right hand side of equation (3-3) is the image charge due to the drifting ions; this is
proportional to the distance that ions are away from F as shown in Figure 3.3. This
distance d1 is equal to vFC t , where vFC is the velocity of the ions in the region between
the Frisch grid and the collector. As a result, the current that delivers the image charges
from the ground to the collector is
Ic =

dQc
σA
= − c vFC
dt
d FC
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(3-4)

This means that if the ions move towards C at a constant speed, the resulting current stays
constant from the moment that the ions pass through F to the moment that the ions arrive
at C, and otherwise is zero as shown in Figure 3.3.

Figure 3.3 Induced charge and current on the collector by a single layer of
ions
We then consider the signal from a slab of negative ions with a thickness w0 in the drift
region. By signal we mean the voltage appearing on the collector. The ion thickness w0 is
eff
determined by the effective gate-open duration ∆t gate
, which is shorter than the width

∆t gate of the voltage pulse applied to the gate as indicated in subsection 3.1.1. w0 is equal
eff
, where v0 is the ion velocity in the drift region. It takes the ion slab the time
to v0 ∆t gate

eff
w0 v0 =
∆t gate
∆t F to pass through F, and ∆t F =
. It takes each single layer of ions the time

∆t FC to travel across d FC – the spacing between F and C. If the ion velocity in between F
d FC vFC . The field in between F and C is normally set to be
and C is vFC , then ∆t FC =
much stronger than that in the drift region, and so vFC is much faster than v0 .
The signal profiles may be discussed for two cases:
eff
< ∆t FC , i.e., the ion slab can entirely pass through F before its front reaches C;
(i). ∆t gate

eff
> ∆t FC , i.e. the ion slab is so thick that when its front arrives into C, its rear is
(ii). ∆t gate

still outside the F–C region.
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In either case, the resulting signal profile may be obtained simply by adding up the
currents contributed by every single layer of ions that is present in between F and C.
Figure 3.4 shows the simulated profiles of a negative signal pulse under five different
eff
relations between ∆t gate
and ∆t FC . The simulation is performed on the assumption that

the ions are uniformly distributed across w0 and the induced current by every single layer
of ions is identical.

Figure 3.4 Simulated signals of a slab of negative ions with different thickness
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In all the plots, a marks the response due to the electrical pick up from the pulse applied
to open the gate G1, and b marks the pick up from the gate closing; c refers to the front of
the ion slab passing F, and d refers to the front arriving at C; e represents the rear of the
ion slab passing F, and f represents the rear arriving at C. Here, cd and ef are both equal
eff
to ∆t FC , and the time intervals ce and df are both equal to ∆t gate
. One may notice that in

situation (i), the signal profile is a short trapezoid with e coming earlier than d, and the
height increasing with increasing effective gate-open duration In situation (ii), the signal
profile is a trapezoid with e falling behind d, but with a height which remains unchanged
eff
with respect to changes in the effective gate-open duration ∆t gate
. This picture is

consistent with the discussion in Ihas’ thesis 1972 [9] and Brody 1975 [23].
The transit time t0 across the drift region is best defined by the duration be from the time
that the rear of the ion train passes the bottom gate grid G2 to when it arrives at the Frisch
eff
grid F. In practice, when ∆t gate
and ∆t FC , are comparable the plateau de of the signal

profile is often rounded into a peak and the positions of d and e are no longer
distinguishable. If the peak position g is chosen as a benchmark, then using the duration
bg as the transit time can bring in 1% – 2% error.

3.2 Experimental TOF Structure and Control Circuit
In this section, I first review the TOF apparatus used in previous experiments and
summarize in subsection 3.2.1 the essential experimental conditions needed in our TOF
apparatus, and then summarize an unsuccessful attempt to make an apparatus with a short
drift region in subsection 3.2.2. I describe the detailed design of a TOF apparatus with a
long drift region in subsection 3.2.3, and introduce the control circuit and the electronics
in subsection 3.2.4.
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3.2.1 Summary of Previous Experiments
In previous experiments using the TOF method, Ihas and Sanders [9][10][11] measured
the ion mobility at low fields in two cells with different lengths for the drift region. They
were able to generate the fast ion by using a tritium β-source and by a glow discharge in
the vapor above the liquid surface, and later discovered a series of exotic ions when the
glow discharge was used. They reported that the appearance of the ions was strongly
affected by the level of the liquid surface. Eden and McClintock [12][13] measured the
ion mobility at high fields with a short drift region. They showed that the fast and exotic
ions could be generated by the glow discharge in the vapor, and again found that the level
of the liquid surface affected which ions appeared. Eden and McClintock even made a
rough sketch of the effect of the liquid surface level on the ion species as shown in Figure
3.5 [13]. Later, Williams, Hendry and McClintock, [14] following the work of Eden and
McClintock, tried a few new configurations of the discharge electrodes. They claimed in
this paper that, in fact, a precise level of the liquid surface did not significantly affect the
ion species, and indicated that the discharge current might be an important factor.
These groups have all successfully generated the fast and exotic ions with a source
consisting of a glow discharge in the vapor above the liquid surface. Ihas and Sanders
used a tungsten tip and a nickel perforated plate as the discharge electrodes, and the tip
was positioned at a few thousands of an inch above the plate. Eden and McClintock tried
various electrode geometries, and ultimately reported an optimal configuration of a single
3 mm long tungsten tip as the top electrode and a perforated brass plate attached with
many 1 mm long tungsten tips as the bottom electrode. The tip was positioned about 2
mm above the plate. Later, Williams, Hendry and McClintock continued to investigate
new electrode geometries that can sustain a glow discharge, but didn’t describe details.
There was an interesting difference between the different experiments. Ihas and Sanders
grounded the tip and put the perforated plate at negative 200 V – 300 V, [11] i.e., the tip
was the anode and the plate was the cathode. But Eden and McClintock put the tip at a
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potential more negative than that of the plate, i.e., the tip was the cathode and the plate
was the anode. The polarity of the electrodes as used by Eden and McClintock seemed
more reasonable because the fast and exotic ions are all negatively charged, and the
electrode polarity should favor the supply of negative ions to the drift region. We were
thus quite surprised at the electrode polarity used by Ihas and Sanders.

Figure 3.5 Chart for the helium surface level effect on different ion species by Eden
The spacing of the main components of the TOF apparatus in different experiments is
listed in Table 3.1. The drift length from G2 to F was 6.5 cm in the Ihas long structure,
2.6 cm in the Ihas short structure, and 1.0 cm in that of Eden. Ihas and Sanders could
operate with drift fields up to 100 V cm-1 when they used their short cell, while Eden and
McClintock managed to operate up to fields as high as 5×103 V cm-1. The spacing in
between P and G1 was 0.2 cm in Ihas and Sanders, and 0.4 cm in Eden and McClintock,
this larger spacing having the advantage that the liquid level could be varied over a
greater range. The spacing between F and C is typically chosen to be about the same as
the spacing between G1 and G2. Both of these spacings must be small compared to the
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drift length in order to acquire sharp signal peaks. In Eden’s apparatus the spacing
between G1 and G2 was 0.05 cm; the spacing between F and C was not recorded but
presumably was also 0.05 cm.
Table 3.1 Table of the major spacing of the TOF structures in different experiments
Distance
between

Ihas long

Ihas short

Eden

(cm)

(cm)

(cm)

P–G1

0.2

0.2

0.4

G1–G2

0.2

0.2

0.05

G2–F

6.5

2.6

1.0

F–C

0.2

0.2

0.05 (?)

The mesh grid used for the gate grids G1 and G2, and the Frisch grid F by Ihas and
Sanders is 70 WPI (wires per inch) nickel grid with optical transmission of 90 %. The
grid used by Eden and McClintock was not specified, but presumably was a finer grid of
a few hundred WPI. The inner diameter of the electrodes, including G1, G2, H1–H4 (if
the homogenizers exist), F and C, were not mentioned in the published papers and theses,
but can be roughly estimated from the schematics they provide of their apparatus. The
inner diameter of the electrodes in Ihas and Sanders was about 1.2 cm and that in Eden
and McClintock was about 3.2 cm. The diameter of the collector C was 1.2 cm in Ihas
and Sanders, and 2.6 cm in Eden and McClintock.

3.2.2 Summary of a Failed Short TOF Structure
Our first TOF apparatus had a short drift region very similar to that of Eden. Since we
initially had plans to test the fast and exotic ions with optical and ultrasonic methods after
we managed to produce them, the short structure ambitiously included optical openings
on the side of the drift region and a height-adjustable collector, which could be replaced
by a hemispherical piezoelectric transducer. The cross sections of the short TOF structure
is shown in Figure 3.6.
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Unfortunately, this initial design was unsuccessful because of many technical defects and
difficulties. These included
(a). The discharge region was not well isolated from the grounded metal experimental
cell, so some of the generated ions tended to head towards the cell side wall rather
than the drift region.
(b). Some of the high voltage wires exposed in the vapor were not well insulated from
the experimental cell, which resulted in unexpected electrical breakdown or vapor
discharge outside the TOF structure.
(c). The side optical openings allowed some of the ions to escape from the drift region
along strayed field lines.
(d). It was very hard to smoothly attach the fine nickel mesh grid of 200 WPI for the
gate grids and the Frisch grid. The mesh grid was too light, soft and fragile, and
would wrinkle and break in the operation of spot welding.
(e). The rough edging or bent wires on the mesh grid could easily cause a short
between the two gate grids, or between the Frisch grid and the collector.
Unfortunately, such shorts sometimes only appeared at cryogenic temperatures
after the meshes deformed due to thermal contraction.
(f). The area of all the electrodes was large, so that the induced response of the gate
pulse on the collector was fairly large.
(g). The transit time for the ions to traverse the drift region was on the order of a few
hundred micro-seconds. To make measurements it was necessary to use a very
narrow gate pulse and a large bandwidth collector circuit.
(h). The drift region length was set mostly by plastic parts, which could bring
significant errors after thermal contraction.
After these defects of the short TOF setup emerged gradually after many test runs, we
realized that many of them could not be fixed by simple modifications. We then decided
to design a new TOF structure with a long drift region.
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Figure 3.6 Cross sections of the unsuccessful short TOF structure

3.2.3 Detailed Geometry of the Long TOF Structure
Our second TOF apparatus had a long drift region similar to the long apparatus of Ihas
and Sanders. The cross section of the TOF structure is shown in Figure 3.7. T is the set of
discharge tips, P is the perforated discharge plate, G1 and G2 are the gate grids, H1–H4
are the field homogenizers, F is the Frisch grid and C is the collector. The configuration
of T and P kept changing in different test runs, and it finally turned into its present form,
with which we have managed to reproduce the best fast and exotic ion signals. The
discharge plate P has seven holes of 0.39 cm (0.155”) diameter: one at the center and six
on a 0.95 cm (0.375”) diameter circle. At T, four tips are installed on the brass holder:
one at the center hole and three at the side holes on an equilateral triangle. All the tips are
positioned about 0.05 cm above the discharge plate P. For more room in varying the
liquid level, the spacing between P and G1 is chosen as 0.56 cm, a bit longer than that in
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Eden and McClintock. The spacings between G1 and G2 and between F and C are both
0.15 cm. The mesh grids on G1, G2 and F are of 28 wire per cm (70 WPI) nickel grid,
which is spot-welded on the electrode ring disks and then sputtered with gold and
palladium. The electrode ring disk is made out of a 0.05 cm (0.020”) thick nickel sheet
with an inner diameter of 1.27 cm (0.5”). The drift region is defined as between G2 and F,
and the drift length is 6.15 cm. H1–H4 are of the same electrode ring disk as G1, G2 and
F but with the center hole uncovered. In order to confine the drift fields, the entire drift
region is shielded by a series of cylindrical metal wall units. Each wall unit is a short
brass ring with an inner diameter of 2.10 cm (0.825”). In between every two adjacent
electrodes in the drift region, two wall units are embedded against the upper and lower
electrodes respectively, and spaced by a 0.15 cm (0.060”) thick nylon spacer.

Figure 3.7 Cross section of the long TOF structure
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We did not make a detailed analysis of the structures used for the grids. The following is
a short discussion about the functioning of a grid. Consider, for example, a grid which is
held at potential zero. Place above it a distance b1 a plate at potential V1 and below it at a
distance b2 a plate with potential V2 . If the holes in the grid make up a very small
fraction of the area, then the fields E1 and E2 above and below the grid will be

E1 =

V1
b1

E2 = −

V2
b2

(3-5)

The charge σ F induced per unit area on the grid will be

σF =

E1 − E2
4π

(3-6)

For a grid like this, the electric field above the grid does not influence the field below and
so one can say that the grid is opaque. If most of the area of the grid is holes, on the other
hand, then
E=
E=
1
2

V1 − V2
b1 + b2

(3-7)

and the grid is essentially transparent to electric fields. To make an effective gate, it is
preferable to have a relatively opaque grid for G1, so that by holding the voltage on this
grid positive with respect to G2, one can assure that the field between G1 and G2 has the
right sign to prevent the ions passing on. But, if the holes occupy a very small fraction of
the area, a large fraction of the ions will flow into the grid wires even when the voltages
on G1 and G2 are set so as to make the grid open. Thus, it is necessary to make a
compromise between these two considerations. It is not easy to make a quantitative
calculation of the opacity since clearly this is determined not just by the fraction of the
area, which is open but is also dependent on the thickness of the grid and on the detailed
shape of the wires. We neither attempted to measure the opacity of the grid structure that
we used, nor attempted to simulate it, but chose the grid based on previous experiences.
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Some further details of the experimental structure are as follows.
(1). The brass tip holder is hexagonal and can accommodate seven tips at maximum. Each
tip is above a hole in the perforated plate P. The center tip is held by a clamp on the
top side and the other six tips are held by #2-56 set screws. The tip holder is seated on
a polycarbonate discharge confiner with its bottom surface 0.32 cm (0.125”) above
the discharge plate P, and the discharge region is bounded by the 1.59 cm (0.625”)
diameter center hole of the discharge confiner. A shallow slot was cut on the side of
the confiner for observing the glow discharge. The HV electrical lead for the tips is
fed through a hole close to the edge of the confiner and connected to the top side of
the tip holder. Afterwards, the tip holder is covered on top by a polycarbonate cap. A
section of transparent polycarbonate tubing is clipped and weakly glued in the
circular groove underneath the cap by thermal grease. In the experiment, after the
experimental cell is filled with liquid helium to the required level, the discharge
region and the HV leads exposed in the vapor are then effectively sealed in an
insulating cavity formed by the cap, the tubing and the liquid surface in the tubing.
(2). The lead for the perforated discharge plate P is connected to a brass electrode ring of
2.10 cm (0.825”) I.D. against the lower side of P. And similarly, the lead for the top
gate grid G1 is connected to a brass electrode ring against the upper side of G1. Both
brass electrode rings are 0.13 cm (0.05”) thick for most of the way round except for
an extruding block 1.27 cm (0.5”) wide and 0.25 cm (0.1”) thick on one side used for
making the lead-mounting screw holes. Both the extruding blocks later fit into a
nylon spacer specially designed to minimize the thickness of the final assembly as
0.51 cm (0.2”). Since the mesh grid is attached to the lower side of G1, the 0.56 cm
spacing between P and G1 has been chosen so as to take into account the thickness
0.05 cm (0.02”) of the G1 electrode ring disk. Since the mesh grid on G2 is attached
to the upper side of the electrode ring, the spacing between the G1 and G2 grids is set
up by a 0.15 cm (0.06”) thick nylon spacer.
(3). Further down the drift region, the leads for G2, H1 – H4 and F are each connected to
the appropriate one of the brass wall units. The middle section of the drift length is
composed of four identical unit blocks of 1.23 cm high. In each unit block, two of the
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brass wall units are placed against the homogenizer ring disk from either side, all of
which are contained by the nylon cup deformed from the 0.15 cm (0.060”) thick
spacer underneath the lower wall unit. In such a configuration, the drift length in this
TOF structure can be easily shortened by removing the unit blocks. But for a shorter
drift length, one has to decrease the spacing between the grids, replace the mesh grids
on G1, G2 and F with finer ones, and change the nylon spacers between G1 and G2
and between F and C with thinner ones.
(4). For the signal collector, the mesh grid on F is attached to the lower side of the
electrode ring disk and the spacing between F and C is set by a 0.15 cm (0.06”) thick
nylon spacer as well. The collector C is 1.27 cm (0.5”) diameter and gold-plated. It is
embedded in the grounded shield and separated from it by a 0.08 cm (0.031”) thick
Teflon spacer. The lead connecting to the bottom of the collector is sleeved with
Teflon tubing and then wrapped with grounded aluminum foil to reduce noise pick-up.
(5). The entire TOF structure is seated on a brass base plate standing on the bottom plate
of the experimental cell. All the components are aligned concentrically by three
insulating solid sticks that pass through each one of them from the top to the bottom.
The whole structure is firmly pressed down on the edge of the top polycarbonate cap
by four #2-56 nuts along four threaded rods rooting on the base plate.

3.2.4 Control Circuit and Electronics
A successful implementation of the TOF apparatus also depends on correct electrical
control. Because the ions of interest are all negatively charged and the collector is at
ground, the electric potentials applied on these electrodes are thus all negative with
respect to the common ground. The strength of the drift field is determined by the
difference in the potential applied to the bottom gate grid G2 and the Frisch grid F. In the
gate closed state, the top gate grid G1 is set at a potential a small amount positive with
respect to G2. The perforated discharge plate P is set at a potential either equally negative
or more negative than G2.
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Figure 3.8 Schematic of the control circuit of the TOF structure
To perform the experiment as described above, we need four high voltage power supplies
(HV PS) for T, P, G1 and G2, a low voltage power supply (LV PS) for F, a pulse
generator for the gate pulse, an external trigger generator and five multimeters. Figure 3.8
is the schematic of the control circuit. For convenience of identification, we marked the
HV circuit branch for T as the black line, that for P as the blue line, that for G1 as the red
line and that for G2 as the yellow line. In the black line for T, the resistor RT whose value
varies from 8 MΩ to 20 MΩ is used to limit the discharge current. In the blue and red
lines for P and G1, the resistors RP and RG1 of 1.2 MΩ are installed to protect the HV
power supplies in case of any short in the cell or other connections. The resistors to
ground R2 and R3 of 1.2 MΩ are employed to reduce the effect of ion currents flowing
into the plate or into G1. These currents can confuse the voltage control circuit in the
power supply. In the yellow line for G2, the resistor RG2 of 50 kΩ is installed for the sake
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of power supply protection. A series of resistors RH of 1 MΩ composes the voltage
divider for the field homogenizing electrodes H1–H4. In each HV line, a grounded 20
MΩ voltage divider RVD of 1000:1 ratio together with a panel-mounted ±2V multimeter is
connected on the side close to the electrode to monitor its actual potential. In the low
voltage line for F, the backflow current from the electrode is negligible, and so there is no
need for a resistor analogous to R2 or R3, but only a protection resistor RF of 50 kΩ. The
voltage on F is low enough to be directly measured by a digital multimeter. The gate
pulse is coupled into the electrodes P and G1 via a pair of 30 nF capacitors each denoted
as C1. In between these C1’s and the pulse generator, a grounded resistor R1 of 5.35 kΩ
and a couple of electrolytic capacitors C0 of 100 µF are installed to protect the pulse
generator in case one of the C1’s break down. The HV yellow line for G2 and the low
voltage line for F are each equipped with a grounded capacitor C2 of 50 nF to eliminate
any ripple or noise from the power supply.
All of the electrical elements introduced above except the voltage divider for H1–H4 are
enclosed in a circuit box, whose layout is shown in Appendix E. Here we would like to
acknowledge Mr. Bruce Chick for his great help in the design and modifications of the
circuit box. Out of the circuit box, each electrical line is connected to the electrical inlet
on the top of the cryostat by coaxial cables, then down to the experimental cell via either
a static HV line or a miniature coaxial cable as introduced in subsections 2.4.1 and 2.4.2,
and finally reaching the corresponding electrode of the TOF structure via various feedthroughs across the cell bottom plate as mentioned in subsection 2.3.3. The color code of
the HV circuit branches for T, P, G1 and G2 is consistent with that of the static HV lines
in the cryostat. The dotted lines in Figure 3.8 represent the section of the electrical lines
inside the cryostat. This is on purpose to remind that the voltage divider for H1–H4 is
installed on the 4K ring inside the cryostat, so that it only needs one HV feed-through to
get down to the cryogenic region.
As for the electronics, we have used a HP 6212A as the low voltage power supply, four
supplies chosen from an ORTEC 456, a Thorn PM28B, a Fluke 415B, and two Stanford
Research Systems PS350’s as the high voltage power supplies, where the option is after a
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convenience in experimental operation. We used either a Hewlett-Packard 214B or the
General Radio 127-C as the pulse generator (choice determined based on the needed
pulse amplitude), and a Berkeley Nucleonics 555 pulse/delay generator as the external
trigger source.

3.3 Experimental Signal Acquisition and Processing
The experimental signals from the ions are obtained at the collector C. The load resistor
to ground Rc converts the weak ion current into a small voltage signal, which is amplified
by a SRS SR560 preamp, then digitized by a National Instruments DAQ card (Model
PCIe-6361) and recorded by a computer as shown in Figure 3.8. Typically 5,000 to
20,000 signal traces are averaged and saved to improve the signal-to-noise ratio.
Afterwards, the acquired data are processed with Matlab programs to extract essential
information. The entire experimental signal acquisition and processing can be thus
divided into three steps: (a) analog signal amplification and noise management; (b) A/D
(analog-to-digital) conversion and data averaging; (c) numerical processing with Matlab.
The specific methods used in each step are described in subsections 3.3.1, 3.3.2 and 3.3.3
respectively. We were able to make a system sensitive to a current on the order of a tenth
of a pico-ampere, equivalent to an ion pulse with an ion population of a few hundred unit
charges.

3.3.1 Analog Signal Amplification and Noise Management
The collector circuit is shown at the bottom of Figure 3.8. We have already discussed the
detection process in section 3.1.2. In the discussion given there, however, the effects of
the collector capacitance were ignored. The total effective capacitance comes from the
capacitance between the collector and ground, the capacitance of the coaxial cables, and
the input capacitance of the preamplifier. Thus, the collector circuit is in fact an RC
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circuit, and the time constant τc must be considered in the measurement of a dynamic
signal. Inclusion of the capacitance has the effect that the collector voltage Vc resulting
from a thin slab moving between the Frisch grid and the collector is
Cc

dVc Acσ
V
0
−
vFC + c =
dt d FC
Rc

(3-8)

where Cc is now the total capacitance between the collector and ground, and vFC is the
velocity of the slab of ions. We can solve this equation to get
=
Vc Rc

σ vFC Ac
d FC

1 − exp ( −t / τ c ) 

(3-9)

where τ c = Rc Cc . Here t is the time measured from when the slab of ions passes through
the Frisch grid, and it is assumed that the slab has not yet reached the collector. After the
slab reaches the collector at time ∆t FC =
d FC vFC , the voltage on the collector is

=
Vc

σ Ac τ c 
Cc ∆t FC

 ∆t FC
1 − exp  −
 τc


 ( t − ∆t FC ) 

  exp  −

τc




(3-10)

For a pulse of ion signals of a more complex shape, the expected voltage signal can be
calculated by using this formula to add up the contributions from a series of slabs.
The signal amplification increases with the value of the load resistor Rc but the upper
limit is constrained by the time constant τc = Rc Cc. This needs to be small enough to
resolve the ion peaks in the acquired signal. It follows that it is desirable to make the total
capacitance Cc as small as possible. Some progress was made by minimizing the total
length of the coaxial cables from the collector to the preamplifier. In the very last
experimental run, we fed a short miniature coaxial cable through a side window on the
cryostat as described in subsection 2.4.2. The load resistor was 2.46 MΩ at cryogenic
temperatures and the time constant was estimated to be 220 µsec, corresponding to a total
capacitance of 90 pF. The preamp is set as a 5000 gain with a 30 kHz, 12 dB low pass
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filter (LPF). It was operated in the A–B mode, where channel A is the input of signal and
channel B is grounded so as to subtract the stray fluctuations in the ground.
There are several contributions to the noise in the signal. First, the root mean square noise
of a circuit with impedance Z at the temperature T is given by
<=
Vn >

4k BT ∆f Re Z

(3-11)

where k B is Boltzmann's constant and ∆f is the bandwidth of the RC circuit. In the
present collector circuit, the real part of the impedance Re Z equals to Rc. To achieve a
satisfactory time resolution, the bandwidth needs to be at least 5 kHz.
Since the thermal noise originates from the fluctuations of the charge carriers in the
conductor, T represents the temperature of the load resistor Rc. For the given value of Rc
and using a temperature of 1 K with a bandwidth of 5 kHz, the thermal noise is 0.82 µV
before the preamp.

Figure 3.9 Plot on contours of the noise figure in SR560 preamp manual
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From the manual for the SR560 low noise preamp [24], the additional noise introduced
by the preamp can be estimated from the noise contours plot of the noise figure as a
function of source impedance and frequency as shown in Figure 3.9. The noise figure NF
is defined as
Output noise


NF = 20 log 

Gain
×
Source
Thermal
Noise



(3-12)

As the load resistor is on the order of mega-Ohms and the frequency domain of the signal
is a few kHz, the noise figure of the preamp is about 0.05 dB, and thus it has a negligible
effect on the experiment.
Despite these estimates, the actual noise observed in the experiment was on the order of
10 µV, much larger than expected. Thus, the noise was likely to arise from some form of
pick up. This was surprising since the apparatus is enclosed in a shielded room. However,
there are sources of electromagnetic radiation coming from inside the room; these sources
include the computers used for data acquisition and the fluctuations in the plasma
discharge. But it was found that the largest contribution to the noise was component at
around 280 Hz, and that this was linked to the mechanical vibration of the Roots pump.
This was a serious problem, because even after averaging a large number of traces, its
amplitude was comparable to the strength of the signal from the fast and exotic ions. As a
first attempt at a solution, we tuned the time interval between pulsing the grid G1 to be an
odd number of half periods of the pickup. In such a way, the pickup from one signal is
canceled by the next. But this method did not work perfectly because the period of the
pickup changes up and down as time went on. Things improved when we determined that
the pickup was through the vibration of the long miniature coaxial cable that runs through
the helium bath. Since the cable was not tightly clamped for most of its length, its
vibration driven by the Root pump generated the electrical noise. The problem was
solved when we switched to using a cable of shorter length and smaller capacitance
passing through the side window, and then clamped it tightly onto the window flange on
the cryostat 4 K shield. More details are described in subsection 2.4.2. Other minor
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pickup also came from ground loops. We carefully set up a common ground of the
experimental system using the well-grounded copper mesh of the shielding room.

3.3.2 Control Program of the National Instruments DAQ Card
The National Instruments [25] (NI) DAQ card is essentially a computer controlled A/D
converter. The model in use is PCIe6361 with an input voltage range of ±10 V, a
maximal sampling rate of 2 MS (mega samples) per second, and 16-bit digital resolution.
The card is installed on the computer via a PCI Express (PCIe) electrical interface and
controlled by a customized MFC-based program. According to our experimental
requirement, the data acquisition should be synchronized with the gate pulse to the TOF
structure with the help of the external trigger source. The averaging over the large
number of acquired data traces needs to be carried out and displayed along with the entire
acquisition process. The key control parameters of the DAQ card, such as sampling rate,
sample number per trace, total trace number (average number), input voltage range, etc,
should be adjustable via the graphical user interface (GUI) dialog box, and the acquired
data traces should be properly recorded on the hard drive as well as some essential
experimental conditions, such as the potentials on different electrodes, value of the load
resistor Rc, settings of the gain and LPF on the preamp, the width, height and repetition
rate of the gate pulse, and the experimental temperature.
However, it was soon found that the NI DAQ card could only start A/D converting in
response to one external trigger pulse in each installation of the analog task handler, i.e.,
the analog input channel doesn’t support repeatedly triggered acquisition. As a result, the
only way to operate as desired is to employ the external trigger pulse to modify the
sample clock for the A/D converter as illustrated in Figure 3.10 [26]. The modification
takes place in a digital output channel of the DAQ card, where repeated triggering is
accepted. Every external trigger pulse can initialize a segment of pulse train, whose
timing element and total length is determined by the given sampling rate and sample
number per trace, and whose maximum number of repeats is restricted as the total trace
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number (average number), though the external trigger pulse is continually applied. The
whole pulse train as a new sample clock is simultaneously fed to the analog input channel
from an internal digital output channel. Hence no external wiring is needed. The DAQ
card only performs an A/D converting at the rising edges of the pulses within the whole
train. In such a way, the input analog signal is sampled and digitized as desired.

Figure 3.10 Retriggered sample clock of the NI DAQ card
The key control parameters of the DAQ card are chosen based on the following
principles. Each signal trace is usually composed of 3,000 sample points. The sampling
rate then is determined by the desired time duration of the signal trace, e.g., a 75 ms long
signal trace of 3,000 sample points should be taken with a sampling rate of 40 kS (kilo
samples) per second. The total trace number is chosen based on a compromise in between
the improvement of the signal-to-noise and the total acquisition time. On the one hand, an
average over N cycles can depress the noise by a ratio of

N , i.e., an average over 5,000

cycles can reduce the noise by 71 times, and an average over 20,000 cycles can reduce
the noise by 141 times. But on the other hand, the total acquisition time also extends
enormously, e.g., under a repeat cycle of 100 ms, the 5,000 average takes about 8 min,
and the 20,000 average takes about half an hour. Although in our experiment the
discharge and temperature can usually be stably maintained at least for hours, it is still
not practical to take an average of more than 20,000 cycles for a small improvement of
the signal-to-noise. With respect to the data storage, 20,000 traces of 3,000 doubleprecision sample points require a storage space of 456 MB. To save storage space in
some cases, we only record the averaged signal trace after every ten or hundred traces.
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3.3.3 Numerical Data Processing
After the data acquisition, some preliminary numerical processing is performed before
the data analysis. First, the averaged signal trace and the corresponding experimental
conditions are compiled into a Matlab data file, and the data processing afterwards will
all be performed with Matlab. Some processing steps include:
(1). If the capacitive response of the gate pulse in the averaged signal trace is interfering
with the ions arriving early, we take an averaged background trace under the same
experimental conditions but with potential on G2 lifted so as to obstruct ions from
entering the drift region. When we subtract this background trace from the signal
taken with the normal potential on G2, we are able to remove the capacitive response
of the gate pulse and reveal the shape of the ion peaks.
(2). If the signal trace is taken under a discharge in which sparks occur, large spikes
randomly appear along in some individual signal traces. These spikes can be
hundreds of times bigger than the ion signals, so a long-time average cannot totally
remove their effects. To solve this problem, we sometimes manually truncate the
height of the burst peaks so that the averaged signal can achieve a smooth background
and the ion peaks can be identified.

3.4 Procedure for Searching for Ion Signals
In subsection 3.2.4, I have introduced the general principles for setting the potentials on
the electrodes. Here, I further describe the method of looking for signals. After the
routine check on whether there is any short circuit among the electrodes or other problem,
we set the electrodes of the TOF structure with a potential configuration to give the gate
open state. We begin with the discharge suppressed by setting the tips T at the same
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potential as the plate P, and the potential difference between P and G1 no more than 100
V. Under these conditions there should not be any ion current, and the reading from C is
a steady small dc offset. By resetting T to a larger negative potential, the discharge can be
started and maintained, and the state of the discharge can be observed through the
window. At this moment, a current at least on the order of a pico-Ampere should start
being observed at C. After this, we increase the voltage on G1 (i.e., make it less negative)
and increase the reverse field between the gate grids until the current returns to zero. We
can then begin recording the ion signal by applying a gate pulse. If the current reaching
the collector C is too small to detect, we can also employ the Frisch grid F as a temporary
signal collector by grounding it via a load resistor. If a current remains undetectable, it is
necessary to check if there is any broken connection to the electrode.
After obtaining the ion signal, we further adjust the pulse strength by tuning the width
and height of the gate pulse, the strength of the reverse electric field between G1 and G2,
as well as the strength of the electric field between F and C. As indicated in subsection
3.1.2, the height of the gate pulse together with the strength of the reverse field
determines the time it takes the ions to cross G1 and G2; the width of the gate pulse ought
to be wider than the transit time across G1 and G2, and their difference should be equal to
the time interval ce in Figure 3.4; and the strength of the electric field between F and C
determines the time it takes the ions to cross F and C, as the time interval cd and ef in
Figure 3.4.

3.5 A Preliminary Experimental Result
In this section, I show a sample trace, describe the experimental conditions and basic data
analysis, and leave a more complete analysis of the collected data to the next chapter.
The selected trace is among the best ones acquired in the most recent experiment. It was
taken at 0.991 K with the liquid surface level 2.5 mm below the discharge plate P. Four
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tips were installed in the seven positions on the tip holder: one at the center and three
around it. The potentials on each electrode were as follows: VT = -791 V, VP = -550 V,
VG1 = -502 V, VG2 = -520 V, VF = -15.15 V. The gate pulse was a square pulse of 0.4 ms
wide and -30 V high, repeating every 106.5 ms. The average drift field was about 82.1 V
cm-1. The output voltage on the HV power supply (HV PS1) for T was -2200 V, RT was
19.9 MΩ, and RVD was 20 MΩ (refer to Figure 3.8). As a result, the discharge current IT
through the tips was calculated as -31 µA. In the collector circuit, the load resistor Rc was
a metal film resistor of 2.46 MΩ at cryogenic temperature, the preamp was set at a gain
of 5,000 with a low-pass filter of 30 kHz, and the sampling rate of the DAQ card was set
as 4×104 samples per second. 5,000 traces were averaged to obtain the voltage signal
trace of the ions. After divided by the load resistor Rc and the 5,000 gain on the preamp,
this voltage signal was converted into a current signal as shown in Figure 3.11.

Figure 3.11 Sample signal trace taken at 0.991K with a drift field of 82.1
V cm-1 and a 0.4 ms wide gate pulse
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The mobility of the ions is calculated with the scheme discussed in subsection 3.1.2, and
the transit time, mobility and relative mobility of major ions are listed in Table 3.2. As
marked in Figure 3.11, we denote the fast ion as F, different exotic ions as 1 – 11, and the
normal ion as N. We compare the relative mobility to the normal ion and identify the
corresponding ion names in Ihas thesis as listed in Table 3.2. And later, we also rely on
the relative mobility to identify the types of ions under various experimental conditions in
our experiment.
Table 3.2 Transit time and mobility of major ion peaks at 0.991 K
Ion Label

F

1

4

6

7

8

10

N

1

B

4

6

C

7

8

N

Transit time (ms)

2.88

4.35

7.78

Mobility (cm2 V-1 s-1)

26.03 17.20 9.62

7.90

7.32

6.32

5.41

4.07

Relative mobility

6.39

1.94

1.80

1.55

1.33

1.00

in Ihas thesis

4.22

2.36

9.48 10.23 11.84 13.82 18.37

3.5.1 Analysis of the Peak Shape of Ions
We now discuss some effects, which modify the shape of the ion pulse and lead to
systematic errors in the measurement of the mobility.

Ion Signal Broadening due to Diffusion
To a good approximation, the velocity of the ions is given by the mobility times the
electric field. However, the ions also have a random motion described by the diffusion
coefficient D. D is given by the Einstein relation,
D = µ kT e

As a result of diffusion, an initially narrow ion pulse will have a width of

(3-13)
Dt after it

has travelled for a time t. As an example, we take the drift field to be 100 V cm-1, and
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calculate the time to travel through the drift region of 6.15 cm. The results are shown in
the Table 3.3. It can be seen that the effect of diffusion is very small and can be
neglected.
Table 3.3 Effects of ion signal broadening due to diffusion
T

µ

D

t

Dt

(K)

(cm2 V-1 s-1)

(cm2 s-1)

(ms)

(cm)

0.95

4.844

3.97×10-4

12.70

2.245×10-3

1.0

3.173

2.73×10-4

19.38

2.300×10-3

1.05

2.253

2.04×10-4

27.30

2.360×10-3

1.1

1.685

1.60×10-4

36.50

2.417×10-3

Ion Signal Broadening due to Space Charge Effect
The electric fields originating from ions give rise to a space-charge field that will broaden
the pulse. Consider a disk of ions with a total charge Q , a thickness d and an area A. This
ion disk is moving from G2 to F under the influence of the drift field Edrift . Because of
the space charge, the electric fields at the front and rear edges of the slab will be

=
E1 Edrift + 2π Q / A
=
E2 Edrift − 2π Q / A

(3-14)

Then, assuming the space charge effect is small, the transit time for the front of the pulse
will be less than the transit time for the rear by an amount

t trear − t front  t0
∆=

4π Q
AEdrift

(3-15)

In this equation, t0 is transit time. For ions of an area density of 106 cm-2 ( Q A =4.8×10-4
CGS) traveling along the drift field 100 V cm-1 across the drift length 6.15 cm, the transit
time difference is given as follows. A density of 106 cm-2 is typical for the normal ions;
the density for the fast and exotic ions is normally about one order of magnitude less.
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Table 3.4 Effects of ion signal broadening due to space charge effect
T

µ

t0

t front

∆=
t trear − t front

(K)

(cm2 V-1 s-1)

(ms)

(ms)

(ms)

0.95

4.844

12.70

12.58

0.230

1.0

3.173

19.38

19.21

0.351

1.05

2.253

27.30

27.05

0.494

1.1

1.685

36.50

36.17

0.660

Ion Signal Distortion due to Inhomogeneous Drift Field
It is not possible to make the field in the drift region perfectly uniform. The field along
the axis of the cell is almost constant but varies greatly in both magnitude and direction
near to the field homogenizers H1–H4. In addition, we note that along the z direction the
potentials on H1–H4 are evenly distributed between G2 and ground. Because of the
voltage on the Frisch grid, this means that the potential difference between H4 and F is
smaller than the potential difference between the homogenizers H1-H4. Typically, the
field strength between H4 and F is about ten Volts per cm less than the field in the rest of
the drift region. We calculated the electric field and potential distribution using the finite
element software of COMSOL. In this calculation, the mesh grids on G2 and F were
taken as plate electrodes. The field lines are plotted in Figure 3.12. The color map shows
the potential difference relative to the Frisch grid F.
From the simulated electric field, we can calculate the transit time of the ions starting off
at different radius positions. The transit time is given by
tG 2 − F


dz
= ∫  
µ G2 E(z )
1

F

(3-16)

where the integral is over a path following the electric field. In Figure 3.13, this time is
shown for normal ions moving in an average field in the drift region of 82.1 V cm-1 at
0.991 K.
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Figure 3.12 Plot of electric fields and potential gradient in the TOF structure

Figure 3.13 Transit time of the normal ion along different field lines in the
r-coordinate across the drift region with an average drift field
of 82.1 V cm-1 at 0.991 K
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Overall Analysis
Despite the analysis of the effects just listed, it turned out to be impossible to make a
quantitative calculation of the expected pulse shape. There are five major effects entering,
namely (i) effective gate width, (ii) field inhomogeneity, (iii) diffusion, (iv) space charge,
and (v) response of the collector circuit. Among these, effect (iii) from the diffusion can
certainly be ignored. As discussed in subsection 3.1.2, effect (i) from the effective gate
width can be analyzed quantitatively, and is different for each ion because of its
dependence on mobility. As discussed in subsection 3.3.1, effect (v) from the response of
the collector circuit is well understood and contributes a time constant of 220 µs.
However, the effects (ii) and (iv) from the field inhomogeneity and the space charge are
uncertain. The difficulty is that both effects are highly dependent on how the number
density of the ions varies with the distance r from the cell axis. The field inhomogeneity
causes a large increase in the transit time for ions that travel near to the edge of the drift
region. The space charge effect will be larger if there are the ions concentrated at a
particular distance from the z axis.

3.5.2 Error Analysis in the TOF Measurement
Some of the errors in the TOF measurement on the mobility have been mentioned
previously. In this subsection, I summarize the situation from three aspects: errors arise in
the measurement of the drift velocity, in the evaluation of the drift field strength, and in
the measurement of temperature.
In the measurement of the drift velocity, there are uncertainties in both the drift length
and the drift time. The uncertainty in the drift length is mainly caused by thermal
contraction. We have employed three different materials in constructing the drift length:
nylon, nickel, and brass, which contract by 1.4%, 0.2% and 0.4%, respectively, when
cooled from room temperature to 1 K. There are in total 0.76 cm of nylon spacers, 0.30
cm of nickel ring disks and 5.09 cm of brass. The change in length from room
temperature is estimated to be 0.5% and this change in length could be allowed for
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without introducing a significant uncertainty. But we have not included this in the
calculated mobility since it is smaller than the other errors we next discuss.
For the drift time, there is a 1% to 2% systematic error in the method of determining the
time of flight as discussed in subsection 3.1.2. In addition, when reading the position of
the ion peak from a noisy trace, there could be a random error of at most 2-3 data points.
For a 4×104 s-1 sampling rate, the time resolution of the signal trace is 25 µs. A
discrepancy of 2–3 data points is equivalent to 0.05 ms off. If the discrepancy happened
on the fast ion in the sample trace shown early in this section, it would introduce an error
of 1.5%; while if on the normal ion, it would merely make an error of 0.3%.
For the drift field strength, there is an error of unknown magnitude originating from the
penetration of electric field through the mesh grids on G2 and F. This is in addition to the
error associated with the inhomogeneity of the drift field. However, this should not
greatly affect the arrival time of the front of the pulse, since this presumably comes from
ions, which move along the z axis of the drift region.
Because the mobility changes so rapidly with temperature, even a small error in the
temperature gives a large error in the mobility. In the temperature measurement, the
thermometer is a germanium sensor of the model GR-200A-100CD, which was produced
and calibrated to the International Temperature Scale of 1990 (ITS-90) in the year 1996
by LakeShore s as introduced in subsection 2.2.4. Since the calibration is obsolete, we
performed a calibration exam on the thermometer referring to the saturated vapor
pressure of liquid helium above 1.14 K. We found that the thermometer was reading
higher by about 1.5 % at most. But we didn’t correct this uncertainty. The thermometer is
reading according to the original LakeShore calibration table.
Because of the difficulty in estimating some of these errors we compared our mobility
data with the measurements by Schwarz [3]. He made a very careful study of the mobility
of normal ions in a cell of length 27.13 cm with 25 rings to keep the field homogeneous.

s

LakeShore Cryotronics, Inc. addr. 575 McCorkle Blvd, Westerville, OH 43032, tel. 1-614-891-2244
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Our results for the mobility of the normal ions at 0.995 K, 1.050 K and 1.130 K are
approximately 4.6 % higher, 1.1% lower and 1.5% lower than his data at 0.996 K, 1.048
K and 1.132 K repsectively.
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Chapter 4
Experimental Result and Analysis

In this chapter, we present experimental results taken under a range of conditions. In the
first experiment that we performed, we managed to produce the fast ion [27] but failed to
get any definite signals of the exotic ions. The configuration of the discharge electrodes
was then modified in several subsequent runs. Initially, there was only one discharge tip
[27], but we did try discharge plates of different materials and with different size holes.
Still, no exotic ions were observed. We then proceeded to increase the number of tips and
vary their positions. We had also investigated the effect of insulating the exposed metal
electrodes between P and G1 with a nylon cylinder. In this period, we saw only small
signals from exotic ions with poor signal-to-noise. But in the most recent experiment, the
TOF structure was changed into the configuration as introduced in subsection 3.2.3, and
strong exotic ions were recorded. In the following, I mainly present the data obtained in
the most recent experiment, and briefly mention some relevant previous result.
In traditional TOF experiments to study ions in helium, the focus is on measurement of
the drift velocity as a function of temperature and pressure. The measured mobility is
then compared with theories of the drag exerted on the ion by thermally-excited rotons
and phonons. In the present experiment, we are more interested in the nature and origin
of the fast and exotic ions. We need new angles of views to study these objects.
In each data trace, the transit time, the pulse shape and the population of ions of each type
are the major available information. The transit time was straightforward to measure. But
in many cases because of the background noise or pickup, it was difficult to tell whether
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some of the weaker ions were present. Although it was evident that different ions had
different pulse shapes, it was not clear how to interpret this because as discussed in
subsection 3.5.1, there were several different factors entering into the pulses shape. It was
also often difficult to estimate the ion population, particularly when two adjacent ion
peaks partially overlap one another.
The presentation and discussion of the data is made harder because of the large number
of parameters that can be varied in the experiment. These parameters include the
temperature, the drift field, the gate reverse field between G1 and G2 in the gate closed
state, the duration of the gate pulse, the voltages on the tip and the plate, and the position
of the surface of the liquid helium. In the experiments by Eden, the tip was at a potential
which was negative with respect to all the other parts of the cell; we call this the normal
electrode configuration. Ihas had the tip at ground and acting as the anode; we call this
the reverse electrode configuration. We performed tests both in the normal and reverse
electrode configurations. It appeared that as the experiment continued, the tip turned less
sharp, and the discharge current and other characteristics changed.

4.1 Fundamental Mobility Tests
We first describe results with the helium level 2.5 mm below the discharge plate P, the
drift field 82.1 V cm-1 defined by the G2 potential of -520 V and F potential of -15 V, the
P potential -550 V, and with the normal electrode configuration. We started at 0.985 K,
with a discharge current IT from the tip of -23 µA; only the normal and fast ions could be
seen. But after the tip current IT was increased to about -31 µA at 0.991 K, strong signals
of the exotic ions appeared together with the fast and normal ions. We then investigated
the effect of changes in temperature, drift field, and gate reverse fields.
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4.1.1 Tests Performed at Different Temperatures
Figure 4.1 shows the plots of the signals of the fast and exotic ions from 0.991 K to 1.100
K. Experimentally, the strength of these ion peaks generally tended to get weaker at
higher temperatures. In order to maintain a strong ion signal as the temperature varied,
the tip current IT was gradually increased from -30.9 µA at 0.991 K to -97.6 µA at 1.100
K as annotated in Figure 4.1. It can be seen from the figure that the size of the peak due
to the normal ion varies by a large amount from one temperature to the next. This is
because for each temperature, measurements had been made with a series of different
gate widths, gate voltages, and ion currents. So, Figure 4.1 actually shows the selected
trace for each temperature with the most clear signals from the fast and exotic ions.
The F, 1, 4, 6 and 10 ions were the strong ones that appeared in all the traces in Figure
4.1, whereas the remaining ions (we have seen twelve types of ions in total counting the
fast ion) were sometimes absent or indistinguishable from the noise. For most of the ions
and for most of the temperatures, the amplitudes vary smoothly with temperature, but
there are some striking exceptions to this. For example, the peak from the 6 ion was
generally small, but for some unknown reason at 1.015 K it was much larger. The signal
from the fast ion is small over the intermediate temperature range 1.035 K to 1.07 K.
It would be interesting to know how the population of ions of each type compares. The
population of ions of a particular type can be calculated from the area of the peak in the
signal from that ion. However since each peak has a long tail that often overlaps with the
peak from the ion with the next lower mobility, it is not easy to estimate the area of the
peak. We therefore have used the height of the peaks as an indication of the strength of
the different ions. Here, the height is defined as the difference between the signal S1 at the
peak of the pulse and the signal S2 at the start of the pulse. Clearly the determination of
S1 is straightforward; for the larger signals, the uncertainty in S2 is small. Figure 4.2
shows the ratio RFN, R1N,, R4N, R6N and R10N, of the peak height of the fast and 1, 4, 6 , 10
exotic ions to the height of the normal ion peak as a function of temperature. One can see
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from this figure that the ratio fluctuates over a wide range as the temperature is varied.
We do not know the reason for this. It seems unlikely that this can be a true temperature
effect; perhaps at some temperatures we took better care of optimizing the fast and exotic
ion signals. But Figure 4.2 does show that when one of the ions is strong there is a clear
tendency for the others to be also strong.
Figure 4.1 shows the data up to a temperature of 1.1 K. Other than these, we have
managed to detect some of the exotic ions up to 1.16 K but could not see them above this
temperature. The measured mobility of the fast, exotic and normal ions at different
temperatures are listed in Appendix F and plotted in the upper part of Figure 4.3. The
mobility relative to the mobility of the normal ion is plotted in the lower part of Figure
4.3. For comparison, the positive ion He+ was also measured in the same TOF setup with
the sign of the potentials on the electrodes reversed. No other species except He+ were
found in these positive ion tests. The measured mobility of the positive ion was also
plotted in the upper part of Figure 4.3. The mobility and temperature relationship are
fitted well by

µ A exp(∆ kT )
=

(4-1)

where A is a constant and ∆ is the roton energy gap. The values of the roton energy gap ∆
fitted for different ions as listed in Table 4.1 are generally a bit smaller than that found by
Ihas. This is because our mobility values are typically 5 % lower than that obtained by
Ihas, but at the lowest temperature this increases to 20 %. These differences are most
likely due to the difficulty in measuring the temperature with sufficient precision. Note
that because the mobility changes rapidly with temperature, a 1% error in temperature
corresponds to about an 8% error in the mobility. We found that if we use our data to
calculate the ratio of the mobility of each ion to the mobility of the normal ion, we obtain
values that agree very well with the results obtained by Ihas. This is consistent with the
assumption that temperature errors are the main source of the difference between our data
and Ihas’. We cannot be sure whether our calibration is more accurate than that of Ihas.
However, we do note that for all temperatures, our results for the mobility of the normal
ion are within 4.6 % of the results carefully measured by Schwarz. [3]
108

109
drift field of 82.1 V cm-1 and at different temperatures

Figure 4.1 Plots of the experimental signals of the fast and exotic ions at a

Figure 4.2 Peak heights of the F, 1, 4, 6 and 10 ions normalized by the
height of the normal ion peak as a function of temperature.

Table 4.1 The fitted roton energy gap ∆ for different ions
Our Label

F

1

4

6

7

8

10

N

P

F

B

4

6

C

7

8

N

P

∆ (K) (Wei)

8.76

9.23

9.23

8.98

8.86

8.52

8.1

8.12

8.81

∆ (K) (Ihas)

9.4

10.2

10.1

9.5

9.6

8.5

8.5

8.6

--

in Ihas thesis
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Figure 4.3 Mobility and relative mobility of the fast and exotic ions
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Supposing that all the ions are in the form of spherical bubbles, the bubble radius of each
ion can be estimated by the relationship µ ∝ 1 R 2 . As shown in the lower part of Figure
4.3, the relative mobility of the ions at lower temperatures is slightly higher than that at
higher temperatures. So the estimation of the bubble radius also varies a bit with
temperature. Based on the relative mobility value at 1.00 K and the fact that the radius of
the normal ion is about 19 Å, we may deduce the bubble radius of the fast and exotic ions
as listed in Figure 4.1. It shows that the objects are bubbles of a smaller size.
Table 4.2 Mobility and estimated bubble radius of different ions at 1.0 K
Our Label

F

1

4

6

7

8

10

N

F

B

4

6

C

7

8

N

Mobility (cm2 V-1 s-1) 24.34 15.92 8.88

7.3

6.79

5.81

5.03

3.79

Relative Mobility

6.42

4.20

2.34

1.93

1.79

1.53

1.33

1

Bubble Radius (Å)

7.5

9.3

12.4

13.7

14.2

15.3

16.5

19.0

in Ihas thesis

4.1.2 Tests Performed at Different Drift Fields
Results for the drift velocity as a function of drift field at 1.00 K are shown in Figure 4.4.
The set of data was taken right after the data measuring variation with temperature. The
helium level was 2.5 mm below P, the potential on P was -550 V, and the discharge used
the normal electrode configuration. The tip current was between -40 µA and -45 µA. The
peaks were generally much weaker than in the earlier data and some even disappeared,
probably because the discharge tips were worn out by the large discharge current used
previously to seek signals at high temperatures. Figure 4.4 indicates that the mobility of
the ions is independent of the drift field at low fields, but decreases by a few percent at
higher fields. For the same field, the effect is larger for the fast ion but we did not make a
detailed study. With the same gate pulse (0.4 ms and -30 V) and the relative potentials
among T, P and G1 almost unchanged, the size of the peaks decreases with the decrease
in the drift field. This may be largely due to the fact that when the field strength in the
drift region becomes weak compared to that in the gate region, a large fraction of the
field lines from the gate region terminate on G2 rather than continue into the drift region.
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Figure 4.4 Drift velocity as a function of drift field for the F, 1, 4 and 10
ions at 1 K

4.1.3 Tests Performed at Different Gate Reverse Fields
We have also measured the signal strength of the fast and exotic ions at different gate
reverse fields; this was done before the study on variation with temperature as discussed
in section 4.1.1. Some results are shown in Figure 4.5. The experimental temperature was
about 0.991 K. Again, the helium surface level was 2.5 mm below P; the drift field was
82.1 V cm-1 with -520 V at G2 and -15 V at F; P was set at -550 V; and the discharge was
in the normal electrode configuration. The reverse field was gradually increased by
varying the potential on G1 to make it from 3 V to 29 V more positive than that on G2,
and the gate pulse was kept at 0.4 ms wide and -30 V high. The potential change on G1
turns out to be not significant in affecting the tip current, which slightly fluctuates around
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-31 µA as noted in Figure 4.5. But the reverse field has a significant effect on the strength
of the normal ion peak, although not as much on the fast and exotic ions of high mobility.
Since the reverse field determines the effective gate width, the thickness of the ion slab
decreases with increase of the reverse field. Thus, we can understand the effect of varying
the reverse field.
In Figure 4.6, we show the same data as in Figure 4.5 but normalized so that the height of
the normal ion peak stays constant. This shows rather clearly that in addition to the peaks
due to the different ions, there is a time-dependent background signal. The strength of
this, at least at 0.991 K, is roughly proportional to the strength of the normal ion signal.

Figure 4.5 Plots of the experimental signals at different gate reverse fields
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Figure 4.6 Plots of the experimental signals with normalized normal ion
peaks at different gate reverse fields
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4.2 Tests in the Normal Electrode Configuration
Following the finding that the tip current affected the generation of the exotic ions, we
continued to explore the discharge conditions in the normal electrode configuration with
the helium surface level 2.5 mm below P, and the drift field at 82.1 V cm-1 defined by G2
at -520 V and F at -15 V. In subsection 4.2.1, the results of increasing the tip current IT
while holding P at -550 V are presented, and in subsection 4.2.2 results for increasing IT
with various potential values on P are analyzed. The data as described in subsections
4.2.1 and 4.2.2 were performed with the temperature at 1.00 K. Some similar data for a
few different temperatures are presented in subsection 4.2.3. In subsection 4.2.4, we
describe hysteresis effects associated with the tip current. In subsection 4.2.5, we
summarize the phenomena observed in this section.

4.2.1 Varying the Discharge Currents in the Normal Configuration
This first series of tests was undertaken with the potential on P at -550 V, the same as the
tests described in subsections 4.1.1 and 4.1.3. The gate pulse was 0.4 ms wide and -30 V
high. The reverse field in the gate region was adjusted somewhat by varying the potential
on G1 to keep the height of the normal ion peak below 0.5 V. The discharge current IT
through the tips was gradually increased by increasing the output voltage on the SR350
power supply.
The experimental signals are plotted in Figure 4.7. The current IT as denoted with each
trace varied from 0 μA to -40.1 μA. The minus sign indicates that negative ions were
emitted from the tip into the discharge space, i.e., the tips were the cathode. The voltage
difference between T and P – ∆VTP was also denoted with each trace. In the normal
configuration, ∆VTP is always negative, which together with IT was self-adjusted as to the
intrinsic characteristic of the discharge plasma. For each of the top few traces in Figure
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4.7, the measured current was 0.3 μA even though the tip voltage was being increased
from one to the next and the height of the normal ion peak was changing. Presumably,
this comes about because of the limited accuracy in the measurement of the tip current
(see Figure 3.8). With increasing IT, the emission from the discharge changed from no
light, to dim yellow, and then to a purplish white glow. It was found that the tip current IT
could not be continuously adjusted. For example, we were unable to set the current in the
range between -7.1 μA and -16.7 μA, between -19.8 μA and -24.3 μA, and between -30
μA and -38.8 μA. Figure 4.7 shows that the fast ion started to show up weakly at around
-5 μA, but the 4 and 10 exotic ions turned to appear at around -29 μA with a rapid rise of
∆VTP.

Figure 4.7 Plots of the experimental signals under increasing discharge current in
the normal electrode configuration with P at -550 V, the drift field at
82.1 V cm-1 and the temperature at 1.00 K
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4.2.2 Effect of Different Potentials on P in the Normal Configuration
In order to acquire more information on the discharge conditions that favor the generation
of the fast and exotic ions, we continued with more tests on increasing IT but with
different potentials on P. G2 was kept at -520 V to maintain the drift field at 82.1 V cm-1
as usual. G1 was about 15 V – 20 V more positive than G2 to set up the reverse field in
the gate region. The gate pulse was 0.4 ms wide and -30 V high.
Figure 4.8 shows the results with P at -520 V, (note that this is the same as G2). With the
gate pulse applied on both P and G1, signals could still be obtained. It is interesting that
the fast ion did not show up in this series of tests, while the 4 and 10 exotic ions still
appeared around IT of -29 μA with a rapid rise of ∆VTP.
Figure 4.9 shows the results with P at -600 V. In this series, the fast ion was easily seen
throughout the range where IT was between -16.9 μA and -36.1 μA, but did undergo a
sudden decrease in amplitude when IT withdrew to -29.8 μA and ∆VTP rose to above -250
V. At this same IT and ∆VTP, the 4 and 10 exotic ions appeared.
Figure 4.10 shows the results with P at -620 V. In this series, the fast ion started to show
up at -15.5 μA, and kept quite strong between -20.8 μA and -25.1 μA. When the tip
voltage was further increased, IT spontaneously jumped back from -25.1 μA to -23.0 μA,
∆VTP increased and the population of the fast ion fell significantly. After this IT jumped
from -29.4 μA to -39.0 μA, ∆V TP decreased and the fast ion returned to be strong again,
but no exotic ions were observed below -39.0 μA. Afterwards, the population of the fast
ion decreased gradually with small increases of both IT and ∆V TP, and the 6 exotic ion
appeared. By increasing the voltage further at IT = -41.9 μA, the current dropped again,
there was a steep increase in ∆VTP, and the 4 exotic ion appeared weakly.
We have also performed tests with P at -650 V as shown in Figure 4.11. In this series, the
fast ion started to clearly show up at IT of -15.2 μA, and its population kept rising until 26.5 μA. When IT reached -29 μA, sparking occurred in the discharge. In order to avoid
118

possible damage to the gate pulse generator, the series of tests stopped here. But with the
sparking, the fast ion peak grew extremely strong, but unfortunately no exotic ion could
be identified due to the noisy background coming from the discharge.
In addition to what has already been described, series of tests with P at -530 V, -540 V
and -570 V were also performed. The phenomena were in general similar to what was
seen with P at -550 V; there were minor differences but we were unable to find some new
effect, which could lead to a deeper understanding of the origin and physical nature of the
ions.

Figure 4.8 Plots of the experimental signals under increasing discharge current in
the normal electrode configuration with P at -520 V (even to that on
G2), the drift field at 82.1 V cm-1 and the temperature at 1.00 K
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Figure 4.9 Plots of the experimental signals under increasing discharge current in
the normal electrode configuration with P at -600 V, the drift field at
82.1 V cm-1 and the temperature at 1.00 K
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Figure 4.10 Plots of the experimental signals under increasing discharge current in
the normal electrode configuration with P at -620 V, the drift field at
82.1 V cm-1 and the temperature at 1.00 K
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Figure 4.11 Plots of the experimental signals under increasing discharge current in
the normal electrode configuration with P at -650 V, the drift field at
82.1 V cm-1 and the temperature at 1.00 K
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The signal strength was generally weak for the data shown in subsections 4.2.1 and 4.2.2.
At different experimental conditions, the F and 4 ions were the strongest ones that can be
most easily distinguished if existing. So in the following, we will only summarize how
the discharge conditions affected the appearance and strength of the F and 4 ions. IT and
∆VTP are among the best quantities to describe the state of the discharge plasma. In
Figure 4.12, we plot the variation of IT and ∆VTP recorded from series of tests at different
P potentials in the I–V coordinate, and mark the IT and ∆V TP values, under which the F
and 4 ions appeared, with different symbols.
(i).Figure 4.12 shows that most of the I–V curves obtained at different P potentials lined
up with one another, which most likely came from the intrinsic characteristic of the
discharge plasma.
(ii).Figure 4.12 shows that for different P potentials, the fast ion showed up mostly with
IT above -15 μA, and occasionally with IT between -5 μA and -10 μA; whereas, the 4
exotic ion mostly appeared in the vicinities of IT at -30 μA and -40 μA respectively.
(iii).Figure 4.12 shows that the fast ion appeared on the sections of the IT–∆VTP curves
with slow increases of both IT and ∆V TP, where the values of ∆VTP were above -150
V; while, the 4 exotic ion started to appear on the sections with steeper increase of
∆VTP, and the values of ∆VTP were all above -220 V.
(iv).When the potential on P was -520 V (equal to that on G1), no fast ion was observed.
With the increase of the P potential, the strongest signal from the fast ion that was
obtained at each P potential tended to grow; whereas, the strongest signal of the 4
exotic ion obtained at each P potential reached its maximum with P at -550 V and
then tended to fall with the increase of the P potential. This tendency of signal
strength of the F and 4 ions as a function the P potential with respect to G1 was quite
similar to that observed in the reverse configuration as introduced in section 4.3.
The tendency as summarized above suggests that the fast ion and the 4 exotic ion differ
from each other either in their origin and maybe in their nature, or in both. But at the
same time there is a correlation between them in the sense that as the 4 exotic ion showed
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up, the fast ion got weaker. Here it is necessary for us to caution that the trends we have
just described are with respect to the measurements in a particular geometry of the
discharge electrodes. The trends we have noted might change if the geometry of the
discharge electrodes was modified. The purpose of showing these results is to
demonstrate that for seeking an optimal signal of the fast and exotic ions, the variation of
the current IT, the voltage difference ∆V TP, and the P potential relative to G1 all matter.

Figure 4.12 Plots of all the discharge IT–∆VTP curves and marks on the I–V values
where the F and 4 ions exist, for the experiments taken in the normal
electrode configuration with different P potentials at 1.00 K
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4.2.3 Data at Different Temperatures in the Normal Configuration
Certainly, the state of the discharge plasma in the vapor above the helium surface will
change with temperature because the density of the helium vapor increases with
increasing temperature. Tests were performed to see how the change in the discharge
plasma affected the generation of the fast and exotic ions on the I–V characteristics
additionally at 1.01 K, 1.02 K and 1.04 K with P at -550 V. Unfortunately these tests
were not carried out at more temperatures. Also the effect of different P potentials at each
temperature was not investigated. Again, the helium level was at 2.5 mm below P; G2
was at -520 V to keep the drift field at 82.1 V cm-1; G1 was about 15 V – 20 V more
positive than G2 to set up the reverse field in the gate region; and the gate pulse was 0.4
ms wide and -30 V high. Each series of tests was still taken with increasing IT in the
normal electrode configuration.
Figure 4.13 includes plots of the IT–∆VTP curves at different temperatures with the I–V
values marked respectively with the appearance of the F and 4 ions. Generally, the
behavior of the I–V characteristics for 1.01 K, 1.02 K and 1.04 K was similar to that at
1.00 K. At each temperature, the fast ion showed up at a relatively low current with a
slow increase of ∆VTP, and the 4 exotic ion started appearing at higher currents with a
rapid increase of ∆VTP. The first section of the I–V curves with the 4 exotic ion shifted to
a higher current with increasing temperature. At a higher temperature, the apparatus
could cope with more heat dissipation from the discharge and so IT could be extended to
a higher value. The F and 4 ions both mostly appeared at high current.
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Figure 4.13 Plots of all the discharge IT–∆VTP curves and marks on the I–V values
where the F and 4 ions exist, for the experiments taken in the normal
electrode configuration with P at -550 V but at different
temperatures
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4.2.4 Hysteresis Effect in the Normal Configuration
All the tests as introduced in previous subsections were performed with an increasing
current. Here, I present a few series of tests with a decreasing current to show a hysteresis
effect. The tests were all performed right after the increasing sweep of current and under
the same experimental conditions. To clarify, the discharge was still in the normal
configuration; the helium level was at 2.5 mm below P; G2 was at -520 V to maintain the
drift field at 82.1 V cm-1; G1 was about 15 V – 20 V more positive than G2 to set up the
reverse field in the gate region, and the gate pulse was 0.4 ms wide and -30 V high.
At 1.00 K with P at -550 V, it was found that the 4 exotic ion disappeared below -36.7
μA when IT was intentionally decreased as shown in Figure 4.14. The tip current at which
the 4 exotic ion disappeared seemed to be higher than the current at which it first
appeared when increasing IT. To explore the reason, we check the I–V curves under the
increasing and decreasing current at 1.00 K with the P potential of -550 V as plotted in
Figure 4.15. It shows that ∆VTP fell below -180 V after IT decreased below -36.7 μA on
the I–V curve. This demonstrates again that both the values of IT and ∆VTP are important
for the appearance of the 4 exotic ion. It may imply that there might be a specific region
on the I–V coordinate where the 4 exotic ion is inclined to show up.
Besides the data at 1.00 K with P at -550 V, tests were also performed with decreasing
current at 1.00 K for P at -600 V as well as at 1.01 K, 1.02 K and 1.04 K respectively
with P at -550 V. Generally, the behavior of the I–V curves with decreasing IT was
similar to that at 1.00 K with P at -550 V as shown previously. They were much smoother
than the corresponding curve with increasing IT; and most importantly, the values of IT
and ∆VTP with the appearance of the 4 exotic ion all rested in a specific region, which is
shown in subsection 4.2.5.
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Figure 4.14 Plots of the experimental signals under decreasing discharge current
in the normal electrode configuration with P at -550 V, the drift field
at 82.1 V cm-1 and the temperature at 1.00 K
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Figure 4.15 Plots of all the discharge IT–∆VTP curves with marks on the I–V
values where the F and 4 ions appeared, for data taken with
discharge in the normal electrode configuration at 1.00 K for both
increasing and decreasing discharge currents with P at -550 V
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4.2.5 Summary on the Normal Configuration
Figure 4.16 shows all the IT–∆VTP curves of the data that have been introduced so far in
section 4.2. Obviously, there was a specific region on the I–V coordinate, in which the 4
exotic ion was inclined to show up. The section of each I–V curve in this region was
generally steeper than that out of the region. This means the resistance of the discharge
plasma in this specific region was much larger than that outside; collision and scattering
to the charged particles were more intensive in this region. This process presumably
helped generate more highly excited particles, which may be tightly related to the birth of
the 4 exotic ion. Compared with the 4 exotic ion, it was much easier to obtain the fast ion.
Besides the values of IT and ∆VTP that affected on the appearance of ions, the potential of
P with respect to G1 was also found to be important as the tendency (vii) summarized in
subsection 4.2.2. The voltage difference between P and G1 presumably was not high
enough to hold a stable discharge, but it determined the averaged field strength across the
liquid surface. Hence, the tendency (vii) might indicate that the helium surface or the
surface charge also played a role in affecting the appearance of ions.
Of course, all the summarizations of phenomena and the associated speculations I made
are merely based on the set of data we got in one experimental run. It is too ambitious to
make any conclusion at this point. The detailed phenomena might change with the change
of many other factors, such as the geometry of the discharge electrodes, the development
history of the discharge plasma, etc. But I feel it is worth to point them out here. I hope
these details may help future investigators with clues to reproduce these objects as well as
clues to possible theoretical explanations.
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Figure 4.16 Plots of the discharge IT–∆VTP curves and marks on the I–V values
where the F and 4 ions exist, a summary of those presented in section
4.2 with discharge in the normal electrode configuration.
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4.3 Results with the Reverse Electrode Configuration
We also made a series of measurements in the reverse electrode configuration. To set the
discharge tips T as the anode and the discharge plate P as the cathode, we applied a more
negative voltage to P, and also disconnected the power supply (HV PS1) for T and
grounded the free terminal of the load resistor RT (refer to Figure 3.8). The tip current IT
was adjusted by varying the P potential. This was quite different from the normal
configuration, where IT was varied by changing the output of the power supply for T at a
fixed P potential. For tests at a higher IT, we also reduced the value of RT, because the
range of IT was constrained by the parallel resistors RT and RVD. As a result, three
different RT values of 20 MΩ, 12 MΩ and 8 MΩ were employed for three studies of the
effect of increasing IT at 1.00 K. The entire current range spanned from 35 μA to 76.8
μA. One could now see a purplish white glow around only the tip region, rather than light
coming from the entire discharge space as in the normal configuration. The phenomenon
was consistent with the description given by Ihas. [11] All the other experimental
conditions were the same as previously: the helium level was at 2.5 mm below P; G2 and
F were at -520 V and -15 V respectively to maintain the drift field at 82.1 V cm-1; G1 was
about 15 V – 20 V more positive than G2 to set up the reverse field in the gate region;
and the gate pulse was 0.4 ms wide and -30 V high.
Figure 4.17 shows the experimental signals obtained at 1.00 K in the reverse electrode
configuration with RT of 12 MΩ. The P potential was increased in steps from -520 V to
-720 V, and IT accordingly increased from 51.2 μA to 76.8 μA. Above IT of 76.8 μA, the
heat dissipation of the discharge went beyond the capability of the cooling power at 1.00
K, and thus the experimental temperature rose above 1.00 K. As can be seen in Figure
4.17, the population of the 4 and 10 exotic ions first rose quickly, and then fell steadily
with the increase of P potential as well as the tip current IT, whereas the population of the
fast ion tended to rise when the signal from the 4 and 10 exotic ions fell. This tendency
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was similar to what we found in the normal configuration. Similar results were obtained
with the other two values of RT.
Figure 4.18 is the plots of IT–∆VTP curves obtained at different RT values with the I–V
values, under which the F and 4 ions appeared, marked with different symbols. It shows
that the 4 exotic ion started appearing after IT jumped from 42.2 μA to 46.3 μA and ∆VTP
dropped from 168 V to about 137 V. The discontinuity of IT and ∆V TP must imply a
sudden transition of the discharge plasma. Plus, the signal strength of the 4 exotic ion was
also significantly affected by the potential of P with respect to G1. It demonstrates that IT,
∆VTP and the P potential with respect to G1 all affect the ion signals. Compared with the
normal configuration, the I–V curves are quite different, and the 4 exotic ion started
appearing at higher tip current but lower voltage difference between T and P in the
reverse configuration. This difference may come from the different developing histories
of the discharge plasma or the geometric asymmetry of the discharge electrodes. It
remains unclear where the fast and exotic ions were generated and how they were
delivered into the liquid in the reverse configuration. I suspect that the excited neutral
particles might have involved in the process of generating these ions.
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Figure 4.17 Plots of the experimental signals under increasing discharge current in
the reverse electrode configuration at a drift field of 82.1 V cm-1 and a
temperature of 1.00 K
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Figure 4.18 Plots of all the discharge IT–∆VTP curves and marks on the I–V values
where the F and 4 ions exist, for the experiments taken in the reverse
electrode configuration with different RT values
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4.4 Tests at Different Helium Surface Levels
All the tests described so far were performed with the helium surface level at 2.5 mm
below P. We then went on to explore how the helium level affected the appearance of the
fast and exotic ions. Unfortunately, the comparison of results at different levels may be
affected by the fact that the tips were steadily wearing out as the experiment continued.
Also because of limitations of the experimental time, the number of data points and the
associated experimental conditions were both insufficient to obtain a complete picture.
We decided to keep the temperature at 1.00 K, and the drift field at 82.1 V cm-1 by setting
the G2 and F potentials as -520 V and -15 V, respectively. We then took data for several
series of discharge conditions in the normal and reverse electrode configurations for each
helium level. In the normal configuration, tests were performed with increasing IT by
increasing the power supply for the tip voltage under three P potentials of -520 V, -550 V
and -600 V. In the reverse configuration, data were obtained with increasing IT by
increasing the P potential and connecting T to ground via RT values of 20 MΩ and 12
MΩ. The sequence of the helium levels in the tests was -2.5 mm, -2 mm, -1.5 mm, -1
mm, 0+ mm, -4 mm, -3.5 mm, -3 mm and +0.5 mm, where the minus sign refers to the
helium level below P, the plus sign conversely refers to that above P, and particularly, 0+
means the helium level barely covered the top surface of P. The level was measured with
a metric ruler attached aside the window of the experimental cell. I briefly summarize the
results as follows.
For the levels below -1.5 mm in the normal configuration, the IT–∆VTP curves were quite
similar to the results obtained at -2.5 mm. The signals of the fast and exotic ions at other
levels were much weaker than that at the level of -2.5 mm. Generally, the fast ion was not
observed in the series of tests with the P potential of -520 V, but only appeared in the
tests with the P potentials of -550 V and -600 V. And the signals of the fast ion with the P
potential of -600 V were much stronger than those with the P potential of -550 V at each
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level. Meanwhile, clear signals of the 4 exotic ion were only observed in the series of
tests at the level of -4 mm with the P potential of -520 V and at the level of -2 mm with
the P potential of -550 V, besides the ones previously at the level of -2.5 mm. Some weak
signals of the 4 exotic ion were also found at other levels. The 4 exotic ion was never
seen unless the tip current was larger than the threshold of around -30 μA as found at the
level of -2.5 mm (see section 4.2).
For the levels below -1.5 mm in the reverse configuration, the IT–∆VTP curves were
similar to what was found with the level of -2.5 mm. The signals of the fast and exotic
ions at the other levels below -1.5 mm were slightly weaker than at the level of -2.5 mm.
Some interesting effects were observed when the level was below -2.5 mm. At 1.00 K,
the mobility of the normal ions was found to be between 3% and 7% lower than the
expected value. Such a big discrepancy was beyond any possible errors. Exploring the
experimental conditions, we found that these slowed signals of the normal ion showed up
when P was at a high potential and there was a large tip current IT. As well as seeing a
retarded normal ion, we found that the fast ion tended to disappear. As the voltage
difference ∆VPG1 between P and G1 increased, the signal of the normal ion would get
more retarded, and in the end disappeared. When the helium level was lowered, the
threshold value ∆V PG1 needed to give a retarded normal ion decreased as well. Based on
these facts, I speculate that this retarded signal came about because normal ions became
trapped on quantized vortices. This might occur if a large charge built up on the helium
surface so that most of the voltage drop between P and G1 occurred across the thin layer
of liquid above G1 rather than in the gas plasma. This large electric field across the liquid
could accelerate the normal ions to a velocity above the threshold velocity for the ion to
generate a quantized vortex and become trapped on it. The ion could then pass through
the grids while attached to a vortex ring. It is well known [6] that an ion attached to a
vortex ring moves slower than a free ion. After the ion and ring enter the drift region
where the field is lower, the vortex ring will decay leaving a free ion again. The distance
that the ion-vortex complex can travel before decay happens increases with the initial
radius of the vortex ring; and this radius of the vortex ring increases with the electric field
in the region where the vortex was created.
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For the levels above P, the electrical discharge in the vapor could be ignited in the normal
configuration, but only the normal ion was observed. Because of the existence of a thin
layer of liquid above P, IT never exceeded -9 μA even when the voltage difference ∆VTP
between the tip and the plate was as large as -900 V. Under these conditions, it is likely
that the liquid surface will be highly charged, and most of the voltage drop was
presumably across the thin layer of helium liquid rather than across the vapor. No fast
and exotic ions were observed until the helium liquid broke down and sparks burst in the
liquid. After the mathematical processing procedure for dealing with pickup from sparks
as mentioned in subsection 3.3.3, we were amazed to discover a strong signal of the 3
exotic ion when the level was +0.5 mm and the P potential of -670 V. Data are shown in
Figure 4.19. Similarly with numerous sparks in the liquid, the fast ion was also obtained
previously in the normal configuration [27], where the helium level was several mms
above P. As shown in Figure 4.20, the signal of the fast ion generated with the sparks in
the liquid was much stronger than the best ones generated under any other conditions,
and had a peak size comparable to that of the normal ion.
For the levels above P, the discharge could also be ignited in the reverse configuration,
although the variation of the current IT with P potential was significantly different from
the results with level below -1.5 mm. At the level of +0.5 mm, no negative ions were
observed. At the level of 0+ mm, only weak signals of the normal ion were observed. The
fact that there was any signal of negative ions was surprising since it appeared that there
should not be any electric field lines to deliver them from the discharge plasma to the
drift region. So I speculate that these weak signals of the normal ion originate from the
decay of some excited neutral atom or molecule which diffused into the space between P
and G1 from the discharge plasma.
At the level of -1 mm in the normal configuration, the IT–∆VTP curves were rather
different from the ones for the same P potentials and with the level below -1.5 mm. With
the P potential of -520 V, no fast or exotic ions were observed. The IT–∆VTP curve in the
low IT region behaved like that found when the helium level was above the plate. But
when the output voltage of the power supply for T was increased, there was a large gap in
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current to around -30 μA, and the IT–∆VTP curve for IT above -30 μA was close to that
obtained for levels below -1.5 mm. With the P potentials of -550 V and -600 V, the IT–
∆VTP curves were similar to those for levels below -1.5 mm but with ∆VTP larger than
that at the lower levels over most of the range of IT values. In these cases, the fast ion was
observed but no exotic ions. And it seemed that for the same ∆VTP, the fast ion was
smaller at the level of -1 mm than at the levels below -1.5 mm. Moreover, in the reverse
configuration no fast and exotic ions were observed. All of the above might indicate that
at the level of -1 mm, P was covered by a helium film thick enough to hinder the
discharge having the properties required to generate the fast and exotic ions.

Figure 4.19 Plot of the experimental signal of the 3 exotic ion obtained in the
normal configuration with sparks in the liquid at the helium level 0.5
mm above P, at 1.00K. The drift field was 82.1 V cm-1 and the gate
pulse was 0.8 ms wide.
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Figure 4.20 Plots of the experimental signals from the fast ion in previous
experiment. The solid curve was obtained with sparks in the liquid,
at the helium level a few mms above P and with a gate pulse of 0.6
ms wide. The dashed curve was obtained with discharge in the
vapor, at the helium level 0.5 mm below P, and with a gate pulse of
0.4 ms wide. Both signals were measured at 1.03 K with a drift field
at 98 V cm-1 in the normal configuration.
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Chapter 5
A Summary and Possible Explanations

As a summary, I constructed a new apparatus for the TOF and optical measurement that
can maintain a stable experimental environment for long periods of time. After efforts
being spent improving the signal-to-noise and exploring the experimental conditions, we
have managed to reproduce the fast and exotic ions, measure the mobility of these objects
and study the experimental conditions under which they appear. The nature and origin of
these objects still remain mysterious. Various theoretical speculations have been
proposed, but none could convincingly explain all of the ion species. Here I briefly
discuss three categories of theoretical possibilities.
(1). Impurity Ions
It has been proposed that the fast and exotic ions may be impurity ions of some nonhelium elements knocked off from the electrode or the cell wall by plasma in the vapor
above the liquid surface. The problem with this theory is twofold. One aspect is that the
objects we observed in our experiment are the same species as Ihas found in 1970’s. And
in our experiment, the ion species obtained in the normal and reverse electrode
configurations are similar to each other. This means after switching cathode and anode,
the electrodes of different materials failed to help in generation of different set of ions.
Another aspect of the problem is that to obtain objects of a size as the exotic ions, the
electron affinity of the impurity must have the right value. Consider a negative ion with
the affinity of the last electron to be Eb when the ion is in vacuum. The electron wave

(

)

function will fall off with the distance r exponentially as exp −r 2mEb  . [28] Once
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the impurity ion is placed in liquid helium and forms a bubble, the wave function of the
outmost electron will be slightly compressed by the liquid. To match up the size of the
exotic ions, the outmost electron of the impurity must be weakly bonded, i.e., the electron
affinity must be small. It has been shown by Grigovrov and Dyugaev that to have an
impurity bubble with a radius larger than 12 Å, the electron affinity as in vacuum has to
be smaller than 0.15 eV. [29] Unfortunately there are very few elements that meet the
requirement. And the chances are scarce to have them all and adequate in the cell. As a
result, we generally don’t think impurities are the ultimate answer to all the ion species.
(2). Atomic or Molecular Helium Anions
It also has been proposed that the fast and exotic ions may be atomic or molecular helium
anions. In these negative ions, the outmost electron is also weakly bounded by the parent
neutral atom or molecule. As a result, if existing in the superfluid liquid, these atomic or
molecular helium anions would presumably be in the form of a bubble as well. No study
on the shape and size of He − has been seen and proposed before; while, the He −2 bubble
in the 4 Π g state, which was proposed as the nature of the fast ion, was calculated to be a
radius of 8.2 Å and peanut-shaped alike that of the excited electron bubble in the 1P state
[30]. The problem with this theory is that the stability of these negative ions in superfluid
helium is unknown. We may refer to some relevant cases. In vacuum, the lifetime of the
metastable states of the atomic He– was measured to be 345 μs for the 4 P5/2 state and
about 11 μs for both the 4 P3/2 and 4 P1/2 states [31], whereas the lifetime of the molecular
He −2 in the 4 Π g state was measured to be 135 μs [32][33]. We may also compare the

parental neutral atom and molecule of these metastable anions. The helium atom of the
23S state has a theoretical radiative lifetime of 7870 s in vacuum [34], but it only

survives 15 μs in superfluid helium [35]. The helium molecule He2* in the a 3 Σ +u state has
a theoretical lifetime of 18 s in the vacuum [36], and it lasts about 13 s in superfluid
helium [37]. Of course, it is possible that lifetime of the anions may be prolonged
because some decay process is inhibited in the liquid. As a result, we speculate only a
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few of the atomic or molecular helium anions can match up the lifetime of above 10 ms
as observed in our experiment, and it cannot be the explanation for all the ion species.
(3). Fission of Excited Electron Bubbles
The theory of the fission excited electron bubble was proposed by Maris in 2000. [38] It
claims that when light excites a normal electron bubble from the ground state to the
excited state, the bubble may split at the nodes of the electron wave function and form
several small bubbles, each of which only contains a fraction of the wave function of an
electron. It is a radical idea. There were supporting quantum mechanical arguments
presented in 2000 and also a discussion on how to think about the charge of a small
bubble under these conditions. When an electron enters liquid helium from the gas
plasma above the surface, its wave function will presumably have a complex form. In
most cases, this wave function localizes into a single normal electron bubble. However,
one cannot exclude the probability that the wave function of the electron may localize
into several small bubbles each with fractional wave functions. And it might also be
possible that after the helium excitations annihilate in the liquid by either autodetachment
or collision with one another, the resultant electron may reside in several small bubbles
with fractional wave functions as well. To explain the exotic ions, one would have to
suppose that the different ion species may be several preferred divisions of the wave
function, which results in discrete bubble sizes. If the theory is plausible, it would be
natural to have several exotic ions showing up collectively as what was observed in the
experiment. But the problem with this theory is obviously that no direct experimental
evidence of the bubble fission has been seen and the stability of these small bubbles is
totally unknown.
It is certainly possible to have some small number of ions explained by the theories of
impurity and helium anions. For example, the fast ion, which seems to behave differently
from the exotic ions in our experiment, could perhaps be the molecular helium anion He −2
in the 4 Π g state. Presumably, abundance of this anion or its neutral parent He2* could be
generated in the discharge process associated with high electric field, either around the tip
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head or along with sparking in the breakdown liquid. But consider that the lifetime of
He −2 in the vacuum is short, and the fast and exotic ion can be both observed in the

normal and reverse electrode configurations. I want to propose a possible process related
with the metastable neutral molecule He2* that may result in the generation of the fast
ions. It is demonstrated theoretically that the metastable molecule He2* can be bound at
the surface of the liquid helium. [39] This might give a chance for He2* to pick up an
excessive electron and then immediately be pushed across the surface potential barrier
into the liquid by the electric field. When the field strength is small, the number of He −2
that can get across the surface barrier could be small, hence, there would be more chance
for it to get annihilated by colliding with another highly excited particles. After the field
strength across the liquid surface is increased, more He −2 would get into the liquid before
colliding with other dimers and being annihilated. If this process is real, the observed
signal from He −2 would enhance with increasing field across the surface; in our
experiment this field is determined by the potential difference between P and G1. It
would then fit the experimental observation on the fast ion as summarized as the
tendency (vii) in subsection 4.2.2.
I also want to propose that some of the exotic ions might come from the negative charged
products of the annihilation of the metastable molecules He2* or other highly excited
neutral particles on the liquid surface. These products could rest in the form of small
bubbles containing fractional wave function of an electron in the liquid. If this is the case,
it could then explain that when the exotic ion showed up, the fast ion tended to get
weaker, as was generally observed in the tests both with the normal and reverse electrode
configurations. In addition, when the glow discharge is intensified by increasing the tip
current, it would favor more generation of the metastable molecules He2* or other highly
excited neutral particles. Their density on the liquid surface is thus increased. It would
result in more chances of annihilation by collisions among them. If this is the case, the
exotic ions would more likely be observed under a high discharge current. This seems to
fit the experimental observation as we found in tests both with the normal and reverse
electrode configurations.
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If the fission of the excited electron bubble is the correct theory, then it is also possible to
have a continuous distribution of divisions of the wave function and bubble sizes.
Actually in the experiment, we have observed some evidence that such a continuous
distribution may exist, and it has a rather sharp start point. Figure 5.1 shows the profile of
the broad and continuous ion signal, which is revealed after mathematically fitting and
removing the ion peaks from the sample trace as shown in Figure 3.11 in section 3.5. If
we look at the signals plotted in Ihas’ thesis [9] as shown in Figure 1.3, it is obvious that
this distribution was present in his work as well, although he does not comment on this.
The major experimental difference in the measurements is that the temperatures were
0.991 K in our experiment and 1.005 K in his, the drift fields were 82.1 V cm-1 in ours
and 30.8 V cm-1 in his, and the discharge tip was employed as cathode in ours and as
anode in his. Of course, one could argue that this continuous distribution is not due to a
distribution of ions with fractional wave function of an electron. For example, one could
speculate that it arises from fast ions which decay into slower ions before they reach the
collector. But if this is the case, the start time of the continuous distribution should keep
unchanged relative to its parent ion peak, and the ratio of the ion population in the
distribution to that of its parent ion peak should keep increasing. Ultimately after a
sufficiently long time, the parent ion peak should disappear and only make a contribution
to the continuous distribution. Our mind is open to both the possibilities. Further
measurements as a function of drift field are being planned to test. The ideal experiment
would be to keep the generation conditions for the ions constant, but vary the drift time of
the ions by decreasing the drift field.
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Figure 5.1 Plot of the profile of the continuous ion signal (the solid curve), which
is revealed after mathematically fitting and removing the ion peaks on
the original signal (the dashed curve).
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Appendix A
Dimensions of the Precision Cryogenic Dewar
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Appendix B
Vertical Dimensions of the Cryostat
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Appendix C
Calibration Report for the Germanium Thermometer
LakeShore Calibration Report #258415
(the same as data stored on Conductus LTC-20 temperature controller)
No

T (K)

R (Ω)

No

T (K)

R (Ω)

No

T (K)

R (Ω)

1

0.25549

127050

21

2.00534

206.838

41

11.301

19.9357

2

0.284095

66630

22

2.18219

184.055

42

12.3131

17.8327

3

0.306246

42890

23

2.39523

162.408

43

13.3106

16.1894

4

0.336238

25370

24

2.58984

146.583

44

14.295

14.877

5

0.370683

15642

25

2.7954

132.93

45

15.2681

13.7959

6

0.416372

9179

26

2.99663

121.749

46

16.2394

12.8873

7

0.476308

5332

27

3.19946

112.128

47

17.1854

12.1222

8

0.53032

3610

28

3.41124

103.49

48

18.1388

11.4543

9

0.60115

2390

29

3.60992

96.4103

49

19.0938

10.8632

10 0.679361

1672.4

30

3.80301

90.2795

50

20.065

10.3268

11 0.759374

1241.7

31

3.99981

84.6667

51

21.11

9.80629

12 0.868002

903.3

32

4.20454

79.4102

52

22.7078

9.10833

13 0.953645

732.1

33

4.65738

69.4884

53

24.2131

8.53429

14

1.0409

610.3

34

5.06657

62.1218

54

25.8157

7.99313

15

1.1453

507.1

35

5.59056

54.2686

55

27.3926

7.51791

16

1.19406

468.3

36

6.31263

45.7463

56

29.0335

7.07263

17

1.29806

404.926

37

7.13502

38.3328

57

30.8273

6.63534

18

1.39913

355.852

38

8.17391

31.442

58

32.9431

6.17626

19

1.6016

287.099

39

9.21253

26.4498

59

35.9641

5.60675

20

1.80511

240.321

40

10.2736

22.6855

60

38.9596

5.12895

Sensor Model: GR-200A-100CD

61

41.9449

4.71947

Sensor Serial Number: 27065

62

44.9532

4.36359
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Appendix D
Procedures for Cool-down
1. Preparation before cooling down:
a. Check thermometers and other electrical circuits
b. Checklist of supplies
• 2 dewars of liquid helium + 2 dewars of liquid nitrogen (equiv. to 4~6 days’ use)
• backups: 1 cylinder of commercial helium gas + 1 cylinder of UHP 4He gas
c. Vacuum the system
• Pump on the tails with a turbo pump for 3 days
• Flush and pump the experimental cell at least 5 times with UHP 4He gas
• Evacuate the 1 K pot pumping line, and back-pressurize with 5 psi UHP 4He gas
• Evacuate the precooling line and fill with 10 psi UHP 4He gas
• Pump the helium transfer tube
2. Cooling down to N2 temperature (77K):
a. Fill the helium bath with 1 psi helium gas and seal all the bath exhaust outlets
b. Connect nitrogen dewars onto the N2 precooling fill and N2 shield fill inlets
c. Fill the N2 shield ( refill every 2 hours)
d. Flush liquid nitrogen thru the precooling line with 3-5 psi (no less than 3 psi)
• Close valve P2, open valve P3, and then open valve P4
3. Test the electrical circuits of the cryostat  No short
4. Preparation for transfer of liquid helium
a. Stop flushing the precooling line when temperature TB reaches around 90 K
• Defreeze valves and quick-connectors on the precooling line
• Close valves P3 and P4, and then open valve P2
b. Flush the precooling line with UHP 4He gas for at least 5 times.
• Each fill should stay for 2 min, then pump, finally turbo-pump to 2.0 mmHg
• Watch the temperature TC of the bath bottom. This should NOT rise above 86 K
c. Fill the precooling line with 15 psi UHP 4He gas.
5. Transfer liquid helium to the helium bath
153

a. Fill the bath with 1 psi 4He gas, and unplug the bath exhaust outlets
b. Start transferring liquid helium. ( cost ~30 L )
• Keep a slow transfer rate at the beginning to let cold gases precool the bath
• Cease pressurizing the helium dewar when level reaches 70%
• Finish transfer when level reaches 75% (Full)
c. Maintain the precooling line with around 600 mmHg UHP 4He gas
d. Close valve P2 to induce the Taconis oscillation and accelerate the cooling speed
e. After 2 hours, helium level gets below 30%; Make a 2nd transfer ( cost ~18 L )
6. Operations following helium transfer:
a. Fill 1 K pot pumping line with -10 inHg UHP 4He gas as thermal exchange gas.
• This helps cooling the 1 K pot and the heat exchange cube block
b. Once the temperature on the cell side flange (TG2) drops below 20K
• Rough-pump the precooling line, and finally turbo-pump to 1.95~2.0 mmHg.
[NOTE]: The thermometers TG1 and TG2 will initially display a fake rising
temperature. Once it starts dropping, the reading turns to be real.
7. Start pumping 1 K pot with the backing pump only. Open the gate valve slowly.
[NOTE]: Make sure the cooling water is flowing.
[NOTE]: Hereafter, the helium consumption rate will calm to normal, 1.6% per hour.
8. Wait for 6~8 hours till the 1 K pot is filled
9. Fill the Experimental Cell
a. Fill the cell fill line cold trap with liquid nitrogen (refill every 30 min)
b. Test whether the cell fill lines are open:
• Fill 760 mmHg 4He gas, and see whether pressure drops.
• Test the GREEN line and YELLOW line separately
c. Start pumping 1 K pot with the Roots pump
• Roots pump provides a larger cooling power, such that the temperature of filling
liquid can be kept below λ point, where helium is in superfluid phase.

d. Start filling the experimental cell with ~700 mmHg UHP 4He gas in both lines
• Filling with both lines only takes about 40~50 min.
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• Take account of the helium expansion when temperature gets lower, it is better stop
filling when it is 1~2 mm lower than the required level.
e. Once the cell is filled, the 24 psi pressure relief valve on gas control panel should be
left open all the time for safety. (C1, C2, R1, R2, S1, S2 all open)
10. Turn off the Roots pump during idle time but pump the 1 K pot by the backing pump.
[NOTE]: Whenever the Gate valve is closed, the Roots pump should be turned off to
avoid damage caused by sudden exposure of the pump to a high pressure.
11. Fix the 1 K pot over-fill
• When TG1 is below λ point, it indicates that 1 K pot is over-filled.
• Turn off the Roots pump and pump with the backing pump only
• Use heater to warm the 1 K pot to 1.8 K.
• Wait until TG1 goes above λ point, turn off the heater. Over-fill is fixed.
12. Fix the cell over-fill
• Stop 1 K pot: close the gate valve and turn off the Roots pump.
• Use heater or fiber light to heat up the cell to 3~4 K, roughing pump the excess
amount away, and then resume the 1 K pot to check the final level.
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Appendix E
Layout of the Circuit Box for the TOF Control Circuit
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Appendix F
Mobility of Major Ions at Different Temperatures
T (K)
0.991
0.995
1
1.005
1.01
1.015
1.02
1.025
1.03
1.035
1.04
1.045
1.05
1.055
1.06
1.065
1.07
1.075
1.08
1.085
1.09
1.095
1.1
1.105
1.11
1.115
1.12
1.13
1.14
1.15
1.16

F
26.03
25.15
24.34
23.39
22.34
21.53
20.64
19.74
18.95
18.25
17.4
16.72
16.09
15.56
14.89
14.19
13.99
13.42
12.9
12.32
12.02
11.47
11
10.61
10.25
9.78
9.47
8.86
8.22
7.75
--

1
17.2
16.54
15.92
15.27
14.56
14.01
13.39
12.79
12.27
11.74
11.34
10.83
10.36
9.98
9.62
9.27
8.88
8.6
8.22
7.89
7.54
7.24
6.99
6.66
6.38
6.17
5.96
5.48
5.13
4.71
4.45

4
9.62
9.3
8.88
8.5
8.16
7.8
7.45
7.13
6.82
6.56
6.29
6.03
5.77
5.54
5.31
5.13
4.92
4.7
4.55
4.37
4.2
4.03
3.87
3.73
3.62
3.46
3.31
3.08
2.84
2.66
2.46

Mobility (cm2 V-1 s-1)
6
7
7.9
7.32
7.64
-7.3
6.79
6.99
-6.69
-6.39
5.85
6.1
5.64
5.82
5.4
5.57
5.18
5.39
4.91
5.18
-4.96
-4.74
-4.59
-4.34
-4.19
-4.08
3.77
3.9
3.66
3.78
3.51
3.63
3.38
3.49
3.27
3.36
3.15
3.24
2.98
3.11
-3
2.82
2.88
2.72
2.79
2.63
2.59
2.41
2.41
2.23
2.25
2.1
---
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8
6.32
6.08
5.81
5.57
5.36
-4.93
-4.45
-------3.38
-2.98
-2.87
----2.5
--2.02
---

10
5.41
5.24
5.03
4.86
4.65
4.48
4.31
4.13
3.98
3.82
3.71
3.58
3.43
3.32
3.21
3.08
2.99
2.9
2.77
2.7
2.58
2.53
2.42
2.35
2.23
2.2
2.12
1.98
1.84
1.75
--

N
4.07
3.94
3.79
3.63
3.49
3.37
3.23
3.1
2.98
2.87
2.77
2.67
2.57
2.48
2.39
2.31
2.23
2.16
2.08
2.01
1.95
1.88
1.82
1.76
1.7
1.64
1.59
1.49
1.39
1.31
1.22

