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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

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
Figure 2: Diagram of cryostat and dewar system.
Drawing by Maciej Karcz



