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Abstract:

An experiment to measure the electric dipole moment of the neutron (nEDM) is
under construction at the Spallation Neutron So(f6t¢S) in Tennessee. It has the
potential to improve the sensitivity of the current experimental limit by two orders of
magnitude. [2] In order to assist this experiment, our group at Indiana University
Cyclotron Facility (IUCF) is investigating the highltage breakdown in normal state
liquid and superfluid helium. In addition, the properties of Superconducting Quantum
Interference Devices (SQUID), which will be used to monitor the variation of the
ambient magnetic field and the precession of the heBwmmagnetometers, are being
characterized in the high voltage environments. The dielectric strength of the normal
state and superfluid helium has been found to be dependent on the pressure and
temperature. Details of the experimental design and resuitslibas the observed

abnormal hysteresis in the high voltage breakdowns will be discussed in this report.

Introduction:

The neutron Electric Dipole Moment (nEDM) collaboration will be performing a
measurement of the nEDM at the Spallation Neutron 8car©ak Ridge National
Laboratory. The neutron is made of fundamental particles with positive and negative
charge, namely two down quarks with charfy@e and one up quark with charge 3e/
where e is the charge of the proton. Although electricallyrak a separation in the

positive and negative charges would result in an electric dipole moment of the neutron. If



a nEDM exists it has to lie along the axis of the spin (and thus along the magnetic dipole
axis). If placed in an external magneticdi@ magnetic dipole will experience a torque
(eq. (1)). This will cause the dipole to precess about the direction of the magnetic field.
Similarly an electric dipole moment will precess under the influence ektmnal
electric field. The rate of thispin precession is governed by the combined Larmor
precession frequency (eg. (2)).
1) to=mf Bt.=d3E
(2) w=nmB° d&E

Many previous experiments applied the technique of nuclear magnetic resonance

(NMR) to extract the size of the EDNIhe currenbestlimit of the nEDM (d, ), given by
an experiment using ultracold neutrot#QN), has provided a limit off, <13 10 *° e-

cm[2]. The SNSNEDM measurement expects a value as lowas10 **e-cm. [2

In order to perform this measurement, the collaboration will pass a beam of
polarized neutrons into a helium bath thereby producing polarized UCNs by the down
scattering proced®2] The UCNSs are then trapped in a material cell under the presence of
bothan electric and magnetic field. The information of neutron spin precession can be
extracted with the addition of polarized helkBatoms as conagnetometers. Flipping
the direction of the electric field will change the precession frequency by twicalties v
of the electric field strength multiplied by the electric dipole moment. Consequently, in
order to enhance the measured observable, it is essential to maximize the applied electric
field. Furthermore, the stability of the field is important for dets of reasons. In
particular, the sensitive electronics (SQUID sensors) inside the HV volume could be
damaged by the fluctuations associated with an unstable field. It is possible that the
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intense electric fields produced during a spark could indxoessive amount of current
through the delicate Josephson Junctions of the SQUID thus destroying it. Consequently,
it is very important that the applied electric field is stable and that no sparks are present in
the system during the experiment.

The reaiired stability of the electric field comes also from concerns of the
mechanical structure of the electrodes. A breakdown, which is characteristic of an
unstable electric field, results in a current discharge between electrodes, mostly initiated
from thenegatively charged electrode (cathode) to the positively charged electrode
(anode). This discharge is accelerated in the electric field and begmsshower. At
the point of impact the energy from this shower can pit the surface of the positively
chaged electrode. This phenomenon can result in sharp discontinuities on the surface of
the electrodes which leads to localized regions of high electric field strength. These
discontinuities can act as a catalyst for future breakdowns. Since this eréatatzed
region of increased electric field it decreases the voltage that can be applied throughout
the entire HV volume for subsequent measurements after the initial pitting.

In the experiment, polarized Feeatoms will be used for two main reasonisst-

He-3 acts as a emagnetometer. H8 atoms sample the magnetic field in the same
volume occupied by UCNSs. It can provide information of magnetic field fluctuations.
The He3 density of liquid helium is much higher than that of neutrons and caersggu
the precession of the Fwill produce a larger signal, which will make it feasible to
measure using SQUID magnetometry. Second, th8 EBn be used to analyze the spin

of UCNs. When the spin of the Fgeis anttaligned with that of the neutroniset

following reactionn+ He® - H?®+ p will occur at the maximum rate. The final



products of the reaction then ionize tHe* molecules and create UV scintillation light.
This scintillation light is then frequeneshifted on thesurface of the cell and transported
to photomultiplier tubes using light guides. By using the measurement of {Be He
precession rate and the modulation frequency of the scintillation light, one can determine
the precession rate of the neutrons usingnplg beat frequency relation.

Our HV measurement was motivated by the results of work done at Los Alamos.
This series of tests characterized the breakdown properties of a large system of superfluid
helium. Their design uses a voltage amplification systeimcrease the applied field in

the HV volume. The following schematic shows the amplification design:
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Figure 1: Cross sectional view of the HV volume and amplification
system used in the HV tests at Los Alamos. [3, Figure 2]

The amplification systems works by charging the electrodes, disconnecting the

circuit while the electrodes are charged, and then physically pulling back the ground



electrode. This causes the energy and electric field inside the electrodes to indfease to
desired field strength.

The results of the test showed that the maximum applicable voltage®in
before and after the lambda transition are comparable at and below pressures of 100 torr.
Their experiment also showed a pressure dependence are#keldvn in normal state
liquid helium. [3] The system at Los Alamos was unable to reach the high electric field
(50 kVv/cm) required to perform the EDM experiment. Their tests did show, however,
that pressurization has promising results for meeting tpesis, although further testing
is required.

These results were the main motivation for our effort to characterize the
breakdown strengthdés dependence on pressure.
experiment has sacrificed size in order to decrdasedol down time and thereby the
cost and time obligation that the larger system at Los Alamos has. The small size of our
apparatus allows us to do a test and modify the probe as frequently as twice in one day as
apposed to the two weeks that it takesldrger experiment at Los Alamos.

Consequently our cryostat is being used to make quick measurements of a variety of
effects including electrode material, electrode spacing, pressurization path on the phase
diagram, and the effects of perturbing thed|ubp name a few. The information gathered

in this process has been presented to the nEDM collaboration as a series of
recommendations, which may be applicable to the full scale system. These results will
later be verified and tested in the full scaletsyswhere bulk properties of the fluid

might be more important.



In summary the R&D effort at IUCF has produced preliminary data related to two
parts of this process. First, to determine the characteristics that maximize the stable
applicable electric &ld in normal state liquid Helium and superfluid Helium. Second,
characterizing the noise of SQUID sensors in a high voltage (HV) field as well as
developing effective ways to shield the SQUID from effects of the HV field that might

increase the noise tie SQUID detectors.

Design of the High Voltage test setup:

a. Cryostat:

In designing the cryostat, there were multiple goals that needed to be taken into
account. These goals and their subsequent solutions will be described in the following
sections. Théasic goal of the cryostat design was to be able measure the effects of
pressure and temperature independently on the breakdown strength of superfluid He. To
perform this measurement the system needed to be able to produce superfluid He and
cool it to 1.5K.

Since the temperature of the system is controlled by pumping on the vapor
pressure of a LHe bath, two independent volumes are required if measurements are to be
made with pressurized superfluid. The outer LHe volism®nnected to the pumping
systensand is used to control the temperature of the system. An inner LHe volume,
which will be referred to as the HV volume throughout this paper, is immersed in the
outer LHe volume. While the HV volume is in thermal contact with the outer LHe

volume it isphysically separated, so that it can be pressurized independently. A system



had to be designed to deliver HV to the cryogenic HV environment. Throughout all of
the tests it was important to be able to monitor the temperature continuously, therefore
temperature sensors needed to be implemented in the system. LHe level sensors were
also required in order to verify that the electrodes were fully immersed in LHe during HV
testing.

For the SQUID characterization, RF and magnetic shielding (using
supercondumng Pb) needed to be implemented in order to decrease the background
noise. Furthermore, the ability to simulate RF interference using a wire loop was desired
in order to test the effects of noise of different frequencies on the SQUID. Finally it was

important to maximize the size of the HV volume in order to accommodate electrodes of

reasonable size, yet still leave enough room to avoid large fields on the boundaries. At

the same time it was important to minimize the mass of the probe in order taséeitre
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Figure 2: Diagram of cryostat and dewar system.

Drawing by Maciej Karcz

cool down time as well as the amount
of helium expended in the cool down

process.

b. Mechanical structure of the

probe:

The cryostat is top loaded into
the helium dewar. The top flange of
the cryostat connects with a vacuum

o-ring seal to the dewarA series of



tubes and a rod, which are 200 |l ong, run fro

a control rod for the superfl uildHevolaneed! e val v
and the HV vol ume. T h e r echhause thitedtereaded wo 1/ 80
wire pairs. Finally there is a 1/80 holl ow

volume, which will be described in further detail below, and a HV tube. The HV tube
houses the HV conductor in a vacuum environment and is dolecdenboth the top and
HV flange. A cylindrical can is bolted into place at the bottom of the HV flange. The
HV volume is made vacuum tight by compressing a Myleing between a-grove on
the HV flange and the can. There are a series of radladifles on the tubing run in
order to provide a radiation barrier between the 300 K and 2 K environments.

The can acts as a barrier between the inner HV volume and the outer LHe volume.
This allows the probe to be cooled by pumping on the outer LHemeoWithout
affecting the pressure in the HV volume. The physical separation of these two volumes is
what makes the cryostat capable of measuring the breakdown strength of normal state
and superfluid helium as a function of pressure and temperature ideapgn A
superfluid needle valve was implemented in the system to allow the HV volume to be

filled at the same time as the outéte volume.

c. Electrical: High Voltage (HV)

The HV system, as was described briefly above, needs to deliver HV to the
cryogenic HV volume. Since the breakdown strength of He vapor is very low the HV

line needed to be physically separated from the outer LHe volume of the dewar. In order
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to isolate the HV conductor it was placed in a vacuum. This prevents condensation on

the & end of the HV line, which then might act as a channel for breakdown. Our final

design is depicted in a schematic in Figure 2. The HV line houses the HV conductor and
consists of a 0 ss tube with a HV feedthrou
end of the tube terminates with a5 flange. A tee on the tube above the top flange is

terminated with a K25 flange that allows the HV flange to be connected to a pump and

evacuated. The HV line was inserted through holes in the top and bottge dliad then

welded in place. On the top end

of the HV line a fitting has been HV
) Feedthrouah
constructed that consists of a KF
|
25 flange welded to a HV ¥ G-10
i Mount
feedthrough. By connecting this ;
| HV

fitting to the top of the HV line it electrode
is possible to isolate the HV line Ground
from the othe environments. Electrode

Two Teflon tubes have 1 HV Can
been inserted into the HV line.
This increases the dielectric
strength of the piping and
thereby decreases the chance o
breakdown in the HV line. The
Teflon also decreases the
difficulty of assembling the Figure 3: Cross sectional view of the HV volume.
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systemby acting as a guide for the SS tube that joins the central conductor of the two HV
feedthroughs. This small SS conducting tube fits snuggly over the central conductors of

the two feedthroughs.

d. Electrode Material and Spacing

A mounting system had tceldesigned in order to be able to change the electrode
material, geometry, and spacing. This mount needed to be either adjustable or multiple
mounts of different length had to exist so that the electrode spacing could be easily
changed. Another importaptoperty of the mounting system was that it had a good
dielectric strength in order to minimize tleakagecurrent.

Since the HV volume needed to be superfluid tight, a vacuum tight HV
feedthrough was required for the HV line. To simplify the desfghemounting system
a commercial HV feedthrough (Lesker, Part # EFT2011091, 20 kV rating) was purchased
that had a screw on connection on the end. By making an electrode that was threaded and
screwing it onto the HV feedthrough it was possible to hoddHV electrode in place.

The HVfeedthrough islesigned to electrically isolate the rest of the cryostat by using
quality ceramic dielectric. This simplified the mounting system of the ground electrode.
Since the HV feedthrough established the cry@sgaround, this meant that the ground
electrode only had to be connected to the surface of the cryostat to ensure that it was
grounded.

Having the electrodes already electrically isolated increased the freedom of the

mount design for the ground electrodéwas now possible to move away from designs
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that were centered around minimizing the leakage current. Materials that were more

easily assembled, less expensive, and easier to machine were then considered.

Decreasing the cross sectional area of tbamhin order to decrease the conducting area

became less important as well. The final design consisted dftat@e with slots cut

out of the sides to make assembly easier. -F0&ap was glued to the top of thelG

tube. The GLO cap had through hes allowing the ground electrodes to be bolted to the

G-10 mount. A ring of GLO was produced that fit snuggly into the end of thE0G

cylinder. The ID of the ring was sufficient that it could slide over the HV electrodes and

there were through holes the ring that allowed it to be screwed to HV flange of the

cryostat. The &0 ring was then glued to theI® cylinder using Stycast 2850, which is

a glue with good cryogenic and high vacuum properties as well as having a similar

thermal expansion coétfent to G10[5]. The gap between the electrodes was adjusted

by adding or removing shims between thd@ring and the HV flange. The length of

the G10 tube was sufficiently short that no tests would be required for electrodes spacing

less than thepacing when no spacers were inserted, however if there was a desire to

move the electrodes closer spacers could be inserted behind the ground electrode.
The dielectric properties of the-T® mount were also used in order to shield the

wires in the HV envonment from the HV field. By running any wires that we installed

in the system on the outside of thelG mount we were able to ensure that they would

not be in the HV environment. TheI® mount would also decrease the field that the

wires experiencetlecause of the shielding properties of the dielectric. Finally taping the

wires to the GLO mount guaranteed that they would not vibrate in the system and thereby

decrease the noise associated with their induced electromagnetic fields.
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e. Pressurization:

In order to be able thll and separate the HV volume and the outer LHe volame
superfluid leak tight valve was implemented on the top of the HV flange. A control rod
ran from the pin in the needle valve to a rotary feedthrough on the top flange. Thi
allowed the two volumes to be connected or disconnected as deSapdrating the two
volumes allowed the system to be cooled by pumping on the outer LHe volume without
decreasing the pressure in the HV volume.

The system also needed a method fosguazing the HV volume. The original
idea was to attach a bellows to the bottom of the HV volume. While the LHe was filled
into the HV volume the bellows would be partially compressed against the bottom of the
helium dewar. After closing the needlewabnd pumping on the system the pressure
inside the HV volume would remain at roughly atmospheric pressure. We could then
increase the pressure by further compressing the bellows or reduce the pressure by
allowing them to expand. The expansion of thiéoles could be controlled by
implementing another bellow at the room temperature end of the cryostat above the
vacuum seal. Adding or removing weight on the top bellows would compress both the
top and bottom bellows. We also considered designs whetepitellows were
connected to a set of threaded rods that would allow the height of the cryostat to be
adjusted directly.

After presenting this idea to the nEDM collaboration it was brought to our

attention by George Sidel that an alternative methodesSpirization could be easily
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implemented into our system. This method was to attach the HV volume to a regulated

helium gas bottle at room temperature. By using this method it was possible to monitor

the pressure inside the HV volume with pressure gaatge®m temperature. The

pressure in the HV volumsould also be easily controlled by using a pressure regulator
connected to the helium gas bottle. In order to implement this idea it was necessary to

add another stainl es swillsefeeteds the puebsearizgtidnling.0 OD) ,
The pressurization line runs from the HV volume to the top flange. The top of the tube is

then connected to the helium bottle through a gas manifold. The description of the gas

manifold is discussed in the follang section.

f. Gas manifold:

A gas manifold system services both the pressurization line and the HV line. It

was designed to connect a helium bottle to the pressurization line, connect or disconnect

pressure gauges from the HV volume, purge the sysigmhelium gas, and evacuate

the HV line. Figure 4is a schematic of the gas manifold.
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Barrion Gauge Pressurization Line

® V3 V4
V2
LR QL)
Pressure
Gaugel V6
He Gas bottle HV Line

Figure 4: Schematic of gas manifold. The valves are
labeled one through six and will be referred to as Vn
where in is the number of the valve.

Instead of describing the train of thought that led to the plumbing design | will go
through the capabilities and advantages of our fiealgn. To give a summary of what
is to come the general design goal was to create a system that would minimize the
connections that had to be made during a data run. During this process it will be assumed
that all valves are closed unless otherwise morat. | will also assume that the linear
valve, V1, i1s always open since it is not
overall gas flow but instead just controls conductivity.

| mentioned above that the HV line needs to be evacuatedeletool down. In
order to do this valves V4 and V6 are opened. This allows the HV line to be connected
with the HV volume and the pumping system that is used to cool theldigarolume.
It is also worth noting that this allowed the HV line to beged at the same time as the
HV volume and outetHe volume.

The gas manifold allows the system to be purged with helium gas lhéferis
transferred, a process consisting of two steps. First valves V3, V4, V6 and the needle

valve are opened and thestsm is evacuated. When the pressure goes off scale on our
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barrion gauge (roughly .001 torr) the valve to the pump is closed and V2 is opened
thereby filling the volume with helium gas. When the system has been pressurized to
atmospheric pressure the pess is repeated. On the final purging cycle, while the
system is in vacuum, valve V4 is closed before the rest of the system is filled with He
gas. This leaves the HV line in vacuum as is desired during a data run.

The gas manifold also allows the sed pressure gauge to be closed off from the
rest of the system. This is a safety measure to protect the barrion gauge by closing it off
from the system if the pressure rises above 800 torr.

V5 allows a pump to be connected the HV line should it be sapet pump on
the HV volume while the twaHe volumes remain separated. This also gives the ability
to vent the system if for some reason the needle valve becomes inoperable due to a clog

or another unforeseen event.

g. Mounting Structure for SQUID Sensor

Another goal of the original cryostat was to characterize the properties of a
SQUID in a HV environment. The ability to simulate radio frequency (RF) interference
and monitor the SQUIDOGsSs response was al so de
requirements another piece was implemented in the system. A macor piece was attached
to the back of the @0 mount. The macor piece wasacylindera&di us 10 and
thicknesdJ 0 Two grooves were lathed out of the sides of the macor piece. These
allowed s to wrap a wire around the macor piece which we then connected to a function

generator using wire runs inside our auxiliary wire tube. By running the function
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generator it was then possible to produce simulated RF interference. The macor piece
also hadour throughholes corresponding to the holes in the ground electrode. To
secure the macor piece screws were inserted through the macor piEre)d@sint, and
finally into the ground electrode. The SQUID was then stuck to the back of the macor
piece usig Blue Tacor tape. The SQUID requires six wires which were run through a

dedi cated SQUID wire tube (1/80 SS) for

h. LHe Level Sensor (American Magnetics,

It is important to be able to ensure that théellevel is sufficiently high to cover
the region of HV during a data run. Consequently, two LHe level sensors were installed
in the LHe volume of the dewar. The first was inserted through an auxiliary tube that
was used as a vent. The second, a cédibreensor, can accurately measure the level of
superfluid Helium. It was inserted into the access tube used for LHe transfer after the

system was filled with LHe.

Experimental Procedure and Methods:

a. HV Measurement Preparation

All of the HV measuremen began with a similar procedure, which will be

described throughout this sectioBach step of this process was preformed in order to

prepare for a measurement; consequently they will not be mentioned again.
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First a set of tests was preformed on a woddéle outside of the dewar and was
used to verify that the cryostat was breaking down between the two electrodes. The
voltage was ramped up while the electrodes were being visually inspected. During the
breakdown a spark in the electrode gap indicttatithe cryostat was working correctly,
however if the breakdown was not visible or not in the electrode gap an investigation of
the mode of breakdown had to be preformed. Assuming that the breakdown was in the
gap, the can was installed on the systethasecond test was done in air.

The second test was designed to verify that applying the can did not affect the
breakdown strength. Therefore the voltage of breakdown with the can on was compared
with the voltage without the can. If these two valueseasimilar then the next step was
to insert the probe into the system. If the breakdown voltage was significantly lower with
the can on this would indicate that something moved when the can was installed or that
the electrodes were discharging to the. cihe breakdown voltages were also compared
with an expected value, which depended on the electrode materials, spacing, and the
breakdown strength of air (6kV/1.3mm).

The cryostat is then tejpaded into the dewar. The insulating vacuums on the
helium ransfer line and the dewar were pumped on at this time. The system was then
purged with gas while the dewar and transfer line were being evacuated. The evacuation
process was described in the section Gas Manifold. The whole system was purged three
times If the HV volume will be pressurized during the data run an additional test is
performed. The HV volume is pressurized while the needle valve is closed and the outer
LHe volume is evacuated. The pressure is increased to roughly 800 torr and thesystem

monitored for pressure changes in the outer LHe volume. An increase in pressure in the
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outer LHe volume is a sign that the Mylaring seal between the can and the HV flange
fails to be vacuum tight. This is important because a leak in the Mylag ovill prevent
the system from being pressurized. By troubleshooting this problem before the cool
down it is possible to waste less helium.

After purging the system and testing the Mylairgy the pump on the insulating
vacuum and LHe transfer line alkut off. The nitrogen volume (cold shield) of the
cryostat is then filled. The liquid nitrogen shields the outer LHe volume from the 300K
environment by providing an intermediary temperature. The cold surfaces of the nitrogen
volume cryopump the insulag vacuum during the cool down process thereby further
decreasing the heat load on the LHe volume. After the nitrogen volume has been filled
the needle valve is open and the LHe transfer is preformed. When the HV volume and
outer LHe volume are filled ith LHe the transfer line is removed and the second LHe
level sensor is inserted into the LHe fill port. Finally the connection on the LHe level

sensor is sealed and the system is ready to begin a measurement.

b. First Generation HV Measurement Goals:

Initially the goal of the HV system was to measure the breakdown strength of
LHe. The tests were focused around an attempt to verify that the system was behaving as
designed and in particular that the breakdown was happening between the two electrodes.
Thesetests used SS steel electrodes of planer geometry. The planer geometry was
selected because of its similarity to the HV system at Los Alamos. The majority of the

first generation tests consisted of comparing the breakdown voltage before and after
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removing a component from the system, changing the background gas, or modifying the
system in some other way. The evacuation rate of the outer LHe volume was also
measured to provide a point of reference for future tests. A large deviation from this rate
mightsuggest that a leak had formed in the system. We found that it takes roughly thirty
five minutes to pump from 750 torr to ~37 torr, the pressure at which the superfluid
transition takes place (Fig. 6).

Due to a chronic issue with leaky Mylarring sea$ and the inconsistency of the
results the decision was made to upgrade the probe. The first set of SQUID performance

data was taken while the system was being upgraded.

Pressure vs Time during cooldown in L-He
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Figure 5: Graph of the pressure as a function of time. The pumps are evacuating the Oute
LHe volume that is filled with LHe.
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c. First Generation Probe Modifications:

I. Temperature Senssar

Two temperature sensors were implemented into the system. These served two
main purposes. First and foremost the sensors gave an alternative and more reliable was
of determining the temperature in the HV volume than the vppssure curve and the
pressure of the outéiHe volume. They also gave an indirect method of measuring the
LHe level in the HV volume. The main heat sources of the system come from above and
consequently as tHeHe level in the can decreases the top of the can begins tosedrea
temperature. Furthermore, the increased temperature migrates down the volume as the
level continues to drop. Therefore by having two temperature sensors in the volume, at
different heights, it is possible to infer if the electrode gap is expodealiton vapor.

The temperature sensor, a Ruthenium Oxide resistor, works by measuring the resistance
and current across the resister. By comparing the resistance with a calibration table
provided by Lakeshore, it is possible to determine the temperattive gap. The first
temperature sensors were secured to the macor piece using dental floss. This ensured that
the temperature sensor was close to the HV gap. The second was positioned on the inside
of the G10 mount below the pressurization line. Taeperature sensors can be

operated in two ways. Connecting one lead to each side of the sensor allows a
measurement of the resistance of the resistor and wire run; this is the less accurate

method of measuring the temperature because the resistaneendfetliun has to be

accounted for. The other alternative is to attach two leads to each side of the resistor.
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This allows measuring of both the resistance and current across the temperature sensor
andconsequently gives a highaccuracymeasurement dhe temperature.

In general the four lead system is preferred, however there were cases in which,
due to the limited number of wires running to the HV volume it was necessary to use the
two leads measurement. Once both of the temperature sensorastadted in the
system the lower one was run with 4 leads and the upper with only 2. The resistance of

the thermometer was typically 1.00 k Ohm at room temperature and 1.24 k Ohm at 4 K.

d. Second Generation HV Procedure:

The second generation HV tester& prepared in the usual manner. Two HV data
points were taken withHe at atmospheric pressure before cooling the systemiata
point consists of ramping up the HV power source until a spark discharges in the system
as was described earlier in the papThis is determined by a quick drop in voltage on
the HV power source, which is accompanied by an increase in current through the HV
power source. After a spark occurs the voltage at which there was a breakdown is
recorded as well as the pressuredadghe HV volume anduterLHe volume resistance
of the thermometer; aricHe level

The cool down of the system begins by opening the valve to the pumps. Data
points could be taken during the cool down, however, after the first few data runs
breakdown mesurements were not taken during the cool down process because of the
repeatability of earlier results. At roughly 50 torr more HV data points were taken.

These points were taken to investigate
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the lambda gint transition (~30 torr) into superfluid. More data points were taken in
superfluid helium before pressurization.

The second stage of the measurement is pressurization. The needle valve is closed.
V2, V3, and V4 are opened letting He gas into the ldWime. The pressure regulator is
set adjusted to control the pressure in the HV volume. Generally the pressure was set to
800 torr. The helium gas coming from room temperature is a heat source for the system
and consequently both the ouké¢te volume anl the HV volume heats up momentarily.
The system is left to equilibrate and eventually the pumps bring the temperature back
across the lambda transition. During this process we can take data points of superfluid
helium under controlled pressure as dekire

The final stage of the data run is the warm up. The helium bottle is turned off and
the pumps are turned off allowing the system to warm up. During this process
measurements can be taken as necessary. The system is left alone until the pressure
reaches roughly 800 torr at which point a valve is opened to allow gas to escape from the
system. For safety measures, if at any point the pressure in the HV volume increases

over 800 torr the needle valve is opened or the HV volume is vented through V5.

e. Second Generation HV results:

The early data runs showed that as the pressure bHgecreased so did the
breakdown voltage. This was the expected result and verified the results measured in the
larger system at Los Alamos. The breakdown strengtledsed in superfluid helium. A

promising result of the preliminary tests was that pressurizing the normal state helium
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increased the breakdown voltage (Fig. 6), however, the system could not easily

accommodate tests on pressurized superfluid.
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Figure 6: This is a plot of the breakdown field strength as a function of
temperature.

These results prompted further testing of this phenomenon. Our tests at IUCF led
to the discovery of a hysteretic effect involving the pressurization cycle. As is shown in
Figure7, the cool down and pressurization phases of both dasehad similar results,
however during depressurization the plot on the right shows improvement in the
breakdown strength. After the pressurization is completed valve V2 is closed and the
system is allowed to equilibrate. The outeéte volume pulls heabut of the HV volume
thereby causing the gas in the line to condense until the pressure in the HV volume
matches that of the outeHe volume. The minimum pressure achieved after
pressurization was generally lower than what was achieved when simply guomgtine
system originally. This is possibly due to the longer duration of cooling and because
most of the thermal mass has been sufficiently cooled. Performing a breakdown test after
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P (torr)

preparing the system in this way shows that the breakdown voltagmsdmgh. This
suggests that it would be possible to pressurize the volume briefly, turn off the pressure,

and perform the nEDM measurement at the saturated vapor pressure and desired
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Figure 7. Graphs of breakdown strength as a function of temperature and pressure plotted on the phase
diagram. This data was taken on Jan 28th 2008 (left) and Feb 4th 2008 (right).

temperature (suBelvin). This has the added benefit that the helgas bottle can be

turned off removing that heat source from the system

f. Second Generation HV Discussion:

This hysteretic effect is a very intriguing effect, that has the potential of greatly
simplifying the process of doing the measurement becausevitsalhe measurement to
be done in a nepressurized system with all of the benefits of the pressurization. It was

suggested that this hysteretic effect is caused by a suppression of quantum vortices in the
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