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ABSTRACT

This paper presents a new technique to study the adsorption and desorption of ions and electrons on insulating surfaces in the presence of
strong electric fields in cryoliquids. The experimental design consists of a compact cryostat coupled with a sensitive electro-optical Kerr device
to monitor the stability of the electric fields. The behavior of nitrogen and helium ions on a poly(methyl methacrylate) (PMMA) surface was
compared to a PMMA surface coated with a mixture of deuterated polystyrene and deuterated polybutadiene. Ion accumulation and removal
on these surfaces were unambiguously observed. Within the precision of the data, both surfaces behave similarly for the physisorbed ions. The
setup was also used to measure the (quasi-)static dielectric constant of PMMA at T ~ 70 K. The impact of the ion adsorption on the search for
a neutron permanent electric dipole moment in a cryogenic environment, such as the nNEDM@SNS experiment, is discussed.
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. INTRODUCTION

The usage of liquefied noble gases as possible materials for
detecting rare events in nuclear and particle physics has been appre-
ciated since the middle of the last century."” Noble gas liquids have
various advantages over many other fluids since they can be pro-
duced with a high degree of isotopic purity, have high densities,
and are highly transparent at optical wavelengths; all these prop-
erties make them attractive for the use of ionization chambers,

calorimeters, or scintillation detectors. The sensitivity of such detec-
tors has improved continuously, and their applicability to the direct
detection of dark matter particles, neutrino scattering experiments,
and the search for the neutron electric dipole moment has gained
widespread popularity in recent years. Large-scale detectors filled
with liquid argon,3 ° liquid xenon,”’ or, even more recently, lig-
uid helium® have become quite common. Often, these liquids are
part of time projection chambers where the side walls are coated
with dielectric materials, e.g., polytetrafluoroethylene (PTFE). The
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coatings are chosen to guarantee high reflectance for photons with
wavelengths ranging from the optical to the vacuum ultraviolet
(VUV) regime. Since these dielectrics are directly exposed to elec-
tric fields, the question arises of how the ions and electrons that
are created inside the liquid and then drift to the insulating sur-
faces will impact the uniformity and stability of the electric fields.
Even in extremely low background environments, the generation of
free charges due to some remaining radiation cannot be excluded.
The possible effect on the electric field will conceivably impact
the detectors’ sensitivity. To our knowledge, the behavior of such
charges on insulating surfaces under the conditions mentioned
above has not been investigated in great detail.

The effect of charge collection on dielectric walls, from now
on referred to as cell charging, could also have severe conse-
quences for searches of permanent electric dipole moments (EDMs).
For example, the neutron EDM experiment, as proposed by the
nEDM@SNS collaboration for the Spallation Neutron Source at Oak
Ridge National Laboratory, plans to use superfluid helium-4 as a
source for the production of ultracold neutrons (UCNs)” and also
as a scintillator medium for the detection of neutron f-decay prod-
ucts. The UCNs will be captured and stored for several hundred
seconds in cells with volumes of a few liters. The cell wall material is
poly(methyl methacrylate) (PMMA) coated with a mix of deuterated
polystyrene (dPS) and deuterated tetraphenyl butadiene (dTPB).
The search for a permanent electric dipole moment requires that the
cells be exposed to strong electric fields. Various sources of ioniz-
ing radiation can create free charges inside the cells. For example,
the stored neutrons are not stable particles and will S-decay with a
lifetime of ~880 s. The protons and electrons in the final state have
enough energy to ionize the helium atoms. Furthermore, neutrons
not converted to UCNs can be absorbed in an ambient material and
cause activation during cell-filling. If the activated material emits
gamma or beta radiation, which ends up in the superfluid helium,
ionization can occur. Finally, cosmic rays will also contribute to
ionization. It is, therefore, unavoidable that a certain amount of
ionizing radiation will be present throughout the data-taking peri-
ods of the experiment. Free charges in superfluid helium-4 exhibit
some interesting features. The positive charges form clusters of siz-
able positively charged quasi-particles, so-called snowballs, and the
electrons form electron bubbles'” that will drift to the dielectric side
walls of the storage cells. The goal of the nEDM@SNS experiment
is to improve the present neutron EDM limit of 1.8 x 1072 e cm
(90% C.L.)'" by about two orders of magnitude. To achieve this goal,
stringent requirements on the stability and uniformity of the applied
magnetic and electric fields must be imposed. For example, the elec-
tric field’s stability must be kept at the 1% level during a typical
measuring cycle of about 1000 s. This constraint limits the amount of
allowed ionization and charge collection on the cell walls. A detailed
description of the experiment can be found in Refs. 12 and 13. In
this paper, we present a new method to monitor the stability of elec-
tric fields in cryogenic liquids using the electro-optical Kerr effect.
In Sec. I, we describe the sensitivity requirements for monitoring
the electric field stability necessary for the nEDM@SNS experi-
ment. In Sec. I1I, the apparatus and the measurement procedure
are introduced. Section I'V contains the discussion of the performed
measurements and systematic uncertainties, and Sec. V presents the
results and their impact on the nEDM@SNS experiment. This paper
concludes with a summary in Sec. V1.
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Il. ELECTRIC FIELD REQUIREMENTS FOR nEDM@SNS

The quest for permanent EDMs in atomic and subatomic sys-
tems has become a very active field in the search for fundamental
symmetry violations. The (non-)discovery of an EDM in next-
generation experiments will impose stringent constraints on various
theoretical models. In the case of detecting a finite value, new CP-
violating physics will be discovered at a very high energy scale. All
EDM searches use the basic concept of superimposing collinear
weak magnetic and strong electric fields. The simplest form of the
Hamiltonian describing the interaction between the spin of a particle
and external fields is given by

H=—yG B) - %(g’.ﬁ), (1)

where y is the gyromagnetic ratio of the particle, 5 is its spin, er is
the magnitude of the electric dipole moment, and B and E are the
applied magnetic and electric fields, respectively. The experimental
observable in all these searches is the change in precession frequency
or phase accumulation of the particle’s spin precession in the applied
fields.

For example, the nNEDM@SNS experiment plans to operate at a
magnetic holding field of ~3 yT. This field strength has been opti-
mized for systematic errors and statistics, and it needs to be kept
uniform at a level of several ppm/cm. The magnitude of the electric
field will be maximized, and its orientation (parallel or antiparallel to
B) will be flipped frequently to control for systematics. The goal for
the electric field is 75 kV/cm at the location of the neutrons. Assum-
ing a neutron EDM of 3 x 1072 e cm, the corresponding energy
shift associated with this electric field is AE = 2.25-107> eV. This
small energy splitting implies that the systematic effects of magnetic
fields related to electric field reversal have to be kept less than 8By,
= AE[u, =2.25-107 eV/6.02-10~° eV/T = 0.37 fT. The stability
and uniformity of the electric field are constrained by motional mag-
netic fields as imposed by special relativity. A particle, in this case,
a neutron, moving with velocity v in an electric field experiences a
motional magnetic field,

B —

x E. (2)

Sl =

Combined with a magnetic field gradient, this effect will cause a
linear frequency shift proportional to E. For a particle moving per-
pendicular to the electric field with a v/c ratio of about 107® (typical
velocities for UCNSs), the motional magnetic field is about 250 pT,
which is much larger than the required 0.37 fT. This motional mag-
netic field will also change the magnitude of the total holding field
by 8B = 0.5 - B2, /By ~ 10 fT; however, this quantity does not change
under electric field reversal. Still, it implies that the electric field’s
variation when its direction is inverted must be better than +0.5%
to keep the systematic effect on the extraction of the EDM due to
magnetic field variation below 0.2 fT.

A schematic of the measurement cells sandwiched between the
high-voltage electrodes for the nEDM@SNS is shown in Fig. 1. The
cells are used to store the neutrons under study (in the form of
UCNs), as well as isotopically purified superfluid helium-4 cooled
to around 0.4 K, and a small amount of hyper-polarized *He atoms,
which serve as a comagnetometer and in situ neutron spin analyzer.
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FIG. 1. Schematic of the measurement cells and high voltage electrodes for the
nEDM@SNS experiment. A high voltage is supplied to the central (red) electrode,
and the green electrodes are grounded. The magnetic holding field, B, is generated
by external coils (not shown here). The directions of all fields can be reversed as
needed.

The cells and electrodes are inserted in a large (1000 1) volume
of natural-isotopic-abundance superfluid helium-4 used to cool the
helium inside the cell to around 0.4 K by conduction through the
cell walls. The inner dimension of the cell along the E-field direction
is 8 cm. The PMMA side walls of the cell parallel to the cell elec-
trode surfaces will be #1 cm thick with a small gap of around 1 mm
between the outer wall and the electrode surface. More details of the
basic concept of this new experimental technique can be found in
the seminal paper by Golub and Lamoreaux.'?

Typical measurement cycles for the nNEDM®@SNS start with the
filling of the target cells with UCNs for a time period of around
1000 s. For this purpose, well-collimated and focused cold neutron
beams pass through the cells. Careful beam collimation is neces-
sary to avoid the possible creation of background radiation due to
neutrons hitting the side walls of the cells. The neutrons relevant
for the UCN production will be selected from a narrow slice of
the cold beam with a wavelength around 8.9 A, corresponding to
~1 meV, with a chopper system from the SNS white neutron beam
that is pulsed at a frequency of 60 Hz. These 8.9 A neutrons pro-
duce the UCNSs via down-scattering from single phonon excitations
in superfluid helium-4.”'* Once created inside the cell, UCNs with
energies below the 150 neV neutron trapping potential provided by
a deuterated plastic coating on the inner walls will be stored for
~1000 s of data taking. Any neutrons that pass through the cell with-
out interaction will be absorbed downstream of the cell-electrode
system.

The time-averaged total rate (i.e., integrated flux) of neutrons
from the beam incident on each cell is expected to be 5 x 10° s,
Only a tiny fraction of these (=5 x 107®) will be converted to UCNSs.
A much more significant fraction scatters in the end windows and
superfluid helium-4. The protons in plastic materials have large
incoherent neutron scattering cross-sections, causing the typical
scattering mean-free paths to be on the order of ~1 mm at our
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temperatures. To reduce the scattering of the neutron beam, the
end windows will be made from thin (<1 mm) fully deuterated
(d8) PMMA. However, available materials still contain ~1% level
of proton content. This small amount will cause a few percent of
the neutron beam to be scattered at each window. The scattering-
mean-free path of 8.9 A neutrons in superfluid helium-4 is 17 m. A
40-cm long volume will scatter about 3% of the cold neutrons. Sim-
ilar fractions are scattered in the superfluid helium-4 upstream and
downstream of the cell.

The neutrons scattered from the beam will continue to scatter
in the protonated cell walls and the high-voltage (HV) electrodes,
amounting to long path lengths in these materials. Many of them
will be absorbed via the n+p —d+y (2.2 MeV) reaction, pro-
ducing prompt y’s that can reach helium-4 inside of the cell and
cause ionization. The applied electric field will reduce ion-electron
recombination significantly, and most of the produced charge will
separate and drift toward the electrically insulating inner walls
of the measurement cells. From preliminary MCNP'® simulations
and applying the observed recombination probabilities from Ref.
16, 6 uC of free charge (ions plus electrons) is expected to be
produced per fill. A thin layer of neutron-absorbing °Li-loaded
material close to the inside of the cell is being considered; this
would reduce the free charge inside the cell by around a factor
of two.

There will also be lower levels of free charge inside the cell pro-
duced by the ionizing products from UCN-"He capture events, the
scintillation light from which is one of the critical experimental sig-
nals in the experiment, as well as -decay of the UCNs inside the cell,
and decaying nuclei of contamination around the cell that became
activated by either the direct cold neutron beam or the scattered
neutrons. However, the impact on the stability of the electric field is
expected to be small compared to the effect of prompt-y generation
during filling.

The charge on the dielectric surfaces inside the cell will affect
the electric field in this region. This charge will screen the electric
field inside the cell so that the UCNs will experience a weaker field.
While the outer electrodes (green in Fig. 1) are connected to ground,
the high-voltage electrode (red in Fig. 1) will have a fixed amount of
charge (~70 pC) loaded on it by a Cavallo charging system,'” and
then, it will be isolated. This design can reach the required 75 kV/cm
inside the cell while lessening the required high-voltage feedthrough
requirements. The presence of charges on the cell walls will cause
the charges on both the high voltage and ground electrodes to rear-
range. This change in the charge distribution will reduce the E-field
screening effect. However, this charge rearrangement will increase
locally the E-field inside the PMMA cell wall material and, the
more severe effect, increase the E-field in the gap between the elec-
trodes and the cell. This larger E-field can cause unwanted electrical
breakdown and limit the E-field that can be produced inside the
cell.

The behavior of free charges (ions and electrons) on dielectric
surfaces in cryogenic liquids is not well known. To our knowledge,
the mobility and the binding due to physisorption in strong electric
fields have not been studied. For example, whether the charges will
desorb and recombine under E-field reversal at field strengths dis-
cussed here is still an open question. The remainder of this paper
will describe the first experimental study, which will answer some of
these questions.
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FIG. 2. Basic concept of the cell charging test setup.

lll. CELL CHARGING SETUP

To study the effect of cell charging on the sensitivity of the
nEDM@SNS experiment, a small-scale test setup was constructed.
Several requirements on the apparatus had to be satisfied: the system
had to be able to produce electric fields of order several tens kV/cm
inside a cryogenic liquid (liquid nitrogen or superfluid helium-4),
a dummy PMMA “cell” had to be inserted between the high volt-
age electrodes, and finally, the stability of the electric field had to be
monitored in the presence of ionizing radiation. A simple sketch of
the test setup is shown in Fig. 2.

Given the stringent requirements, the electro-optical Kerr effect
was used to monitor the electric field. The Kerr effect induces an
ellipticity in initially linearly polarized light if the indices of refrac-
tion in a medium differ for the two orthogonal directions perpen-
dicular to the direction of light propagation. An isotropic medium
cannot exhibit such an effect; however, an electric field that is applied
perpendicular to the direction of the light induces a birefringence in
the medium, causing a difference in the indices of refraction parallel
and perpendicular to the electric field. This difference is given by

An=nj-ny = AKE%, 3)

where A is the wavelength of the laser light, K is the material-
dependent Kerr constant (proportional to the electrical polarizabil-
ity of the medium), and E is the magnitude of the electric field. A
linearly polarized laser beam, propagating in the z direction, will
become elliptically polarized with an induced ellipticity of

e= %K sin (26,) [Ez(z)dz = %K sin (ZGI,)LeffEZ, 4)

where the integral takes fringe effects into account. Ly is an effec-
tive length defined as the ratio of the integral over the square of the
electric field in the center of the gap. The signal was maximized by
rotating the plane of the initial polarization, 8,, by n/4 relative to the
direction of the electric field.

To minimize cooling cycles, the system was relatively compact
with a cryoliquid volume of about 0.1 1 (see Sec. IV B) and two
high voltage electrodes of about 3 x 3 cm” in surface area each. The
bare gap between the electrodes was $0.6 cm. Thin-walled PMMA
plates were inserted between the electrodes, reducing the gap width

ARTICLE pubs.aip.org/aip/rsi

FIG. 3. The high voltage electrodes with a PMMA insert. The electrodes’ two hemi-
spheres on the left and right sides were used to attach the HV leads. The gray area
in the central part indicates the geometry of the PMMA insert.

to about 0.3 cm, just wide enough for a carefully collimated laser
beam to pass through without touching the walls. The height of the
gap was about 1 cm. The exact dimensions varied slightly for the dif-
ferent setups described below. A radioactive cesium-137 source with
an activity of 27 mCi was used to create a sufficient amount of ion-
izing radiation in the small volume (~0.9 cm®) between the PMMA
plates (see Fig. 2). More details of the high voltage electrodes and the
PMMA insert are shown in Fig. 3.

IV. THE EXPERIMENT

As mentioned above, several requirements need to be fulfilled
to study the effect of efficient cell charging. A cryostat capable of
storing superfluid helium-4 for a long enough time to monitor a
possible change in the electric field is essential; the amount of the
superfluid should be as small as possible to minimize cool-down and
warm-up times. Furthermore, an ionizing source strong enough to
produce a significant number of free charges is essential to reduce
the charging time. Finally, an optical system is needed to detect
tiny changes in the electric field via the Kerr effect. Subsections
IV A-TV C describe the requirements and the components in detail.

A. Estimate of charging rates

The measurements presented in this paper aimed to study the
behavior of ions and electrons on a PMMA surface in superfluid
helium-4. As described in Sec. 111, the ionization volume between
the PMMA walls was only about 0.9 cm® with a gap width of about
0.3 cm. Due to space and safety constraints inside the cryostat,
a cesium-137 source was placed outside the system to ionize the
helium-4 atoms in the liquid. The point-like source was located
in the center of a thick lead shield container (Berthold, model LB
7440'%), and the ionizing radiation could only escape through a 9 cm
long collimating channel with a diameter of about 2 cm.

The expected charge production and possible charging times
were estimated based on a Geant4'’ simulation of the complete test
geometry. Figure 4 shows the relevant region used in the simulation.

The electromagnetic physics package “Penelope” was used for
these Geant4 simulations. This subroutine contains a model that is
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FIG. 4. Geometry of the central region used in the Geant4 simulation. Only the
lead enclosure for the '*”Cs source, the copper electrodes with the PMMA insert,
and a few bottom plates for the cryostat are shown. The cylindrical side walls of
the cryostat are omitted for better visualization. The blue and red lines correspond
to gamma and beta tracks, respectively.

optimized for low-energy electromagnetic physics. The cesium-137
isotope with 662 keV y rays and 514 keV (1.176 MeV)  particles
was positioned inside a lead shield with the same dimensions as the
actual enclosure. The decay particles were tracked from the source
to the central fiducial volume, i.e., the volume between the PMMA
plates, with all materials contributing to the energy loss of the par-
ticles included. A spectrum of the energy deposited in the liquid
helium-4 between the PMMA plates is shown in Fig. 5. An average
energy loss of 85.3 keV/y inside the fiducial volume was determined.
The spectrum in Fig. 5 is the result of one billion simulated initial
events.

The total initial energy flux due to the y radiation into a
solid angle of 47 is E], = 6.28 x 10" eV/s. The number of gam-
mas encountering some energy loss in the fiducial volume between
the PMMA plates is equal to the number of events shown in Fig. 5
(News = 1053) divided by the total number of initial gammas. This
ratio corresponds to the product of the relative solid angle of the
fiducial volume, (AQ/47), and the probability for a gamma experi-
encing an energy loss due to excitation or ionization, Pgjy, yielding
(AQ/Am) x Ppjss = 1.083 x 107°. Therefore, the radiant flux into the

45
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Std Dev  0.06362
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FIG. 5. Simulated energy deposition between the PMMA plates in superfluid
helium for y rays with an energy of 662 keV.
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fiducial volume is Ejyi ol

loss per unit time between the PMMA plates is AE};

x (85.3/662) eV/s = 8.76 x 107 eV/s.

Since the average energy needed to produce an electron-ion
pair for helium-4 atoms is W = 43 eV, the ionization rate is 2.04
x10° ™ /s ~ 0.3 pA. This production rate can be contextualized by
estimating the surface coverage of the ions and their impact on the
externally applied electric field during typical data-taking periods.
A straightforward calculation yields a total charge of about 6.6 - 10*°
electrons (ions) for an externally applied voltage of about 10 kV and
a dielectric constant of 2.0 for PMMA at low temperatures. In this
estimate, a charge collection efficiency of 70%'® was assumed. Ignor-
ing the effect of Coulomb repulsion, the complete elimination of the
external field will take more than 15 hours of charging. The charging
times described in this paper are less than four hours, implying that
the total electric field never reached zero.

The collected charge is small compared to the equivalent of
one monolayer of ion snowballs (ry ~ 6 A) or electron bubbles
(rep 19 A). The number of sites on a plane geometric surface is
about 2.38 - 10'* electron bubbles for the size of the exposed PMMA
plate. Surface roughness will undoubtedly reduce the number of
possible sites. However, this charge is at least two orders of magni-
tude larger than the charges produced here. These estimates yield a
charging rate of about 0.3 nC/cm?*/hr. The expected worst-case sur-
face charge density for the nEDM@SNS experiment is ~10 nC/cm?.
Hence, irradiating the cryogenic liquid in the test setup for a few
hours yields surface charge densities that are at least within an
order of magnitude of the actual experiment. Therefore, the results
presented in this paper are relevant to the SNS experiment.

=6.80 x 10° eV/s, and the total energy

_ Y
dvol — Eﬁdvol

B. The cryostat

The measurements presented in this paper were performed
by utilizing a modified Janis Research SuperTran cryostat (STVP-
100), which was initially designed to cool small samples down to
4.2 K via continuous gas flow. However, the original design was
incompatible with the requirements to produce and store superfluid
helium at a temperature of about 2 K. Several modifications were
required to convert the original three-chamber cryostat to a contin-
uously refillable refrigerator. The main alteration was the addition
of a fourth chamber, labeled “4K LHe container” in Fig. 6. This
additional chamber served as a 4 K reservoir from which small
amounts of liquid helium were transferred to the inner vacuum
chamber through a capillary to replenish any helium lost to pump-
ing. The flow impedance of the capillary was adjusted empirically
to obtain the desired steady-state transfer rate. The optimal capil-
lary length was about 23 c¢m, with an inner diameter of 0.25 mm
and a wall thickness of 0.1 mm. To reduce the flow impedance of
the capillary tubing even further, an additional 11.5 cm long steel
wire (0.2 mm in diameter) was inserted on the upstream end of the
capillary. With the additions of the LHe container and the capil-
lary, superfluid helium-4 just below the A-point could be generated
using standard techniques. First, the inner chamber containing the
electrodes and optically transparent windows was cooled down by
transferring liquid helium with a transfer line from a 100-1 dewar
through the LHe primary fill line to the cryostat (see Fig. 6). The
cooling time for reaching liquid at 4.2 K was typically less than
two hours. The chamber was filled until a capacitive level sensor,
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FIG. 6. The cryostat used for cell charging. Drawing not to scale.

mounted just underneath the LHe container, was completely sub-
merged in liquid, corresponding to a total volume of about 100 ml.
The sensor was home-built, and the change in capacitance was about
3 pF when filled with liquid helium. When the liquid reached the top
of the level sensor, the transfer line was switched from the primary
fill line to the LHe capillary fill line (see Fig. 6). This switch was nec-
essary to achieve superfluidity. The heat load the 4.2 K-helium added
when entering the inner chamber through the primary fill line was
too high to reach superfluidity by pumping. However, adding liquid

ARTICLE pubs.aip.org/aip/rsi

through the capillary allowed for a careful balance between pumping
and replenishing the system. A final temperature of about 1.8-2.0 K
was achieved by adjusting the pumping speed of an oil-sealed rotary
vane pump (Edwards E1IM18) with a needle valve. The temperature
was measured with a silicon diode (model DT-670A from LakeShore
Cryotronics, quoted precision +0.25 K for 2 K < T < 100 K), which
was mounted on the heater block (see Fig. 6), and read out with a
LakeShore temperature controller (Model 325). To avoid additional
heat load at this stage, the liquid level had to be kept below the bot-
tom part of the LHe container since direct contact of the liquid with
the container caused too much heating to maintain superfluidity.
This way, the system could keep superfluid helium-4 for at least 24 h
before exchanging the dewar.

C. Signal extraction

The basic layout of the complete experimental setup is shown
in Fig. 7. Linearly polarized light was produced by a low-power,
intensity-stabilized HeNe laser (Thorlabs, model HRS015) oper-
ating at the standard wavelength of 632.8 nm. Combining two
alignment mirrors and a pair of focusing convex lenses created
a well-collimated beam that passes through the cryogenic system.
Before entering the cryostat, the light was linearly polarized using
a Glan-Thompson polarizer. As the laser light moves through the
cryogenic medium, which is subjected to a horizontal electric field,
the polarization of the light changes. An ellipticity, proportional
to the square of the electric field, is induced by the electro-optical
Kerr effect. The polarization of the light is then analyzed by using
a photo-elastic modulator® [(PEM), Hinds PEM 100] in com-
bination with another Glan-Thompson prism. Finally, the light
is detected by using a photodetector (Hinds DET-100-002). To
maximize the sensitivity of the system, the initial light was polar-
ized at an angle of 8, = /4 relative to the direction of the elec-
tric field, and the angle of the PEM was Opgy = 7/4. The second
Glan-Thompson prism was set to 8, = 0, i.e., along the horizontal
direction. These orientations provided the maximal sensitivity to the
induced ellipticity. In the analysis of the light polarization, the ellip-
tical and rotational components of the polarization state are coupled
to different harmonics of the PEM modulation frequency. This
setup extracts the ellipticity at the PEM’s fundamental frequency
(f = 50 kHz).

The intensity of the laser beam was modulated with a mechani-
cal optical chopper at a frequency of 300 Hz, and a dedicated lock-in
amplifier (Signal Recovery, model 7270 DSP), denoted as “DC Lock-
in” in Fig. 7, was used to monitor the output power of the laser. The
lock-in amplifier was operated in a single-ended mode with a low
filter frequency roll-off of 12 dB/octave. The chopper wheel’s motor
speed and duty cycle determined the laser beam’s modulation fre-
quency. A noise analysis of the complete setup showed no resonance
peaks in the few-hundred Hertz range. The integration time con-
stant of the “DC Lock-in” amplifier was chosen to be the same as
the time constants for “Mod1(2) Lock-in“ amplifiers. In this way,
the normalization in the extraction of the ellipticity, see Eq. (6), was
adequately considered.

Since the expected ellipticities in superfluid helium-4 are small,
electric field modulation was necessary. A low frequency, about
400mHz, was chosen for these studies. Although a modulation at
a higher frequency would be favorable, the time constants associated
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FIG. 7. Diagram of the experimental setup for the cell charging studies.

with the internal and external RC-circuitry of the HV power sup-
plies made this impossible. More details are presented in Sec. IV D 1.
The time-dependent field comprised a DC and an AC component,
i.e, E(t) = (Vpc + Vaccos (wt))/d. Vpc is a DC offset, Vac is the
amplitude of the modulated high voltage, and d is the electrode
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separation. Therefore, the induced Kerr effect acquires contributions
from

2

Ve  1Va VeV, 1V,
2o Zbe ZTac Mcos(wt)+5%cos(2wt), (5)

S F 2 &
indicating that the product VpcVac is modulated at the funda-
mental frequency and V3¢ is modulated with the second harmonic.
The lock-in amplifiers labeled “MOD1 Lock-in” (EG&G Instru-
ments, model 7260 DSP) and “MOD2 Lock-in” (EG&G Instruments,
model 7265 DSP) in Fig. 7 were used to isolate these contributions.
Both lock-in amplifiers were operated in a differential mode with
a low-pass filter roll-off of 12 dB/octave. Any cell charging due to
ionization will decrease the DC component of the electric field with
time. Therefore, the cross term modulated with cos(wt) will be sen-
sitive to this effect. The last term in Eq. (5) was used to monitor the
stability of the AC amplitude. However, it should be noted that its
sensitivity is reduced by a factor of four compared to the VpcVac
term. The measured ellipticity is directly proportional to the ratio of
the “MOD1 Lock-in” to the “DC Lock-in” amplifier signals®"** and
can be written as

LIA

4 2 Vioni
e¢= —KL.E] o . 6
2 eff =1 VBICA (6)

Here, E, is the contribution to the electric field that is produced by
the VpcVac term in Eq. (5). It should be noted that the inputs for the
“MOD1” and “MOD2” lock-in amplifiers were taken from the detec-
tor by patching the signal through the “1F Lock-in” amplifier (Signal
Recovery, model 7280 DSP). The integration time constant of the
“1F Lock-in” amplifier had to be selected sufficiently short so that the
signal was not distorted. This could be easily realized since the PEM
(1F) frequency was 50 kHz, and the modulation (MOD1, MOD2)
frequencies were 400 and 800 mHz, respectively. The “1F Lock-in”
time constant was set to 20 us, whereas the time constants for all the
other lock-in amplifiers were at least 20 and 500 s for measurements
with LN, and superfluid helium-4, respectively. A numerical simu-
lation of the setup showed that the effect of this time constant was
negligible. More details about the extraction of the ellipticity can be
found in Refs. 23 and 24.

D. Systematic effects
1. Impact of external circuitry on the electric field

This section summarizes some of the main systematic
effects associated with the setup described above. Two Spellman
SL30PN150 power supplies generated the high voltage, one con-
nected to each electrode. The currents were limited to 1.5 mA by
adding 20 MQ metal-oxide resistors (ROX, Vishay) in series with
each electrode to protect the supplies from possible damage in
the case of unwanted sparking. Two additional resistors, 100 MQ
(metal-oxide, ROX Vishay) and 10 kQ in series, were wired par-
allel to the electrode, as shown in Fig. 8. The voltage drop across
the 10 kQ resistors allowed for monitoring of the electrode volt-
age. The usage of high-resistance resistors can have several effects
on the applied high voltage. Possible microphonics due to mechan-
ical vibrations and the effect of temperature and voltage coefficients
must be considered carefully.

The manufacturer specified the temperature coefficients for the
metal-oxide resistors as 200 ppm/°C, and since the temperature in
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FIG. 8. LTspice model of the HV supplies and external RC chains. The diode chain in the rectifying circuits of the HV supplies is replaced by a single diode only.

the laboratory was kept within 1 °C and the charging currents were
well below 1.5 mA during data taking, any temperature-dependent
HV changes were negligible. The voltage coefficient of resistors is
another point of concern. It causes a change in the resistance with
the applied voltage, i.e., it is a nonlinear effect. The listed values for
the ROX metal-oxide resistors were —4 ppm/V. This could poten-
tially amount to a difference in the voltage at the electrodes and the
voltage measured at the test point of up to ~4%. However, carefully
calibrating and comparing the two resistor chains for the electrodes
showed a linear response with the applied HV. The measured volt-
ages at the test points (across the 10 kQ resistors) differed by about
2%. This difference is consistent with the expectation based on the
actual values of the resistors. The resistances were measured with a
high-resolution multimeter (Agilent, 3458A, resistance range up to
1 GQ), yielding the values 19.94 and 99.20 MQ for the negative HV
supply and 20.96 and 100.38 MQ for the positive HV supply (see
Fig. 8 for the polarity of the HV supplies). The uncertainty on each
value is better than 0.01 MQ.

To minimize the impact of microphonics, vibrations were
damped by placing the support structures for the equipment in
sand-filled boxes.

2. Signal distortion due to RC effects

Besides the resistors mentioned above, the power supplies were
equipped with internal capacitances of 4 nF each. These values are
not of importance for most DC applications. However, to measure
small changes in the electric field, the applied voltage on one of
the electrodes was modulated so that lock-in amplifiers for signal
extraction could be used. For that purpose, an external function gen-
erator (Agilent 33120A) was connected to the analog remote input
(0-10 V) of one of the HV supplies (see Figs. 7 and 8). The com-
bination of the large resistances and capacitors in the HV chain,
consisting of the power supply and the external resistors, amounts
to an RC time constant of 0.4 s, which is not negligible even at a
modulation frequency of f,,,; = 400 mHz (T = 2.5 s). As mentioned
in Sec. IV D 1, the high voltage was monitored by measuring the
voltage drop across the 10 kQ probe resistor. A maximum voltage
drop of 2.5 V corresponding to 30 kV at one electrode was easily
measured with a standard voltmeter or an analog-to-digital con-
verter (ADC) attached to the data acquisition computer. Figure 9

shows an example of such a measurement. The blue markers are the
data points. The vertical axis was scaled to the actual voltage at the
negative electrode. The function generator supplied the DC offset
(~ — 11 kV) and the amplitude ~7.5 kV of the voltage. Although a
pure sinusoidal waveform was applied to the HV supply, the mea-
sured signal at the electrode is quite distorted. To get a quantitative
understanding of this signal distortion, the simplified circuit (see
Fig. 8) was simulated using the electronic circuit software LTspice.”
The red curve in Fig. 9 shows the result of the simulation for a
modulation frequency of 400 mHz.

Although agreement between the simulated curve and the data
is not perfect, the basic behavior is well captured, showing that RC
effects dominate the signal distortion. The exact waveform must be
considered for precise extraction of the Kerr ellipticity. As shown
in Eq. (6), the ellipticity was extracted from lock-in amplifier read-
ings. However, the lock-in signal only displays a voltage equal to the
component of the detected signal at the reference frequency (fyo4
in this case). Any signal distortion will move signal strength into
higher harmonics, reducing the amplitude at the base frequency.
The impact of this distortion on the extraction of the ellipticity was
determined by fast Fourier transforms (FFTs) of the actual voltage
from plots (Fig. 9). The FFT results were verified by directly com-
paring them with the amplitudes of the monitoring voltages when

OFTTTI T

time [s] °

FIG. 9. Measured data (blue markers) and simulated curve (red line) for a mod-
ulation frequency of 400 mHz. The simulation is based on the electronic diagram
shown in Fig. 8.
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measured with a lock-in amplifier. Both methods agreed well, and
it was found that the value measured by the lock-in amplifier, after
rms to peak value conversion, was 86.7% of the actual peak value
across the resistor, showing a 13.3% loss in signal due to the RC effect
at foq = 400 mHz. The relative uncertainty of this signal reduction
was about 0.5%. Lowering the modulation frequency even further
was also considered, and the expected effects on the RC distortions
were simulated using LTspice. It was found that noticeable pertur-
bations occur down to frequencies of 10 mHz. The drawback of such
low frequencies is increased 1/f noise, leading to longer data-taking
times. Eventually, the signal boost will be outweighed by the reduced
measuring time, so the high voltage parameters outlined above were
chosen, and a modest signal loss from the RC effect was considered
in the data analysis.

3. Laser and optics alignment

The laser beam has to pass through a small (<3 mm) 3 cm-
long gap between the PMMA plates. Therefore, the beam has to
be properly collimated and steered through the electrode system to
avoid any interaction with the PMMA plates. The typical beam size
was less than 1 mm in diameter, and intensity loss was minimized
by measuring the transmitted power as a function of the horizon-
tal laser beam angle. After this procedure, the beam was aligned for
maximum transmission.

Another potential systematic effect to consider is the impact
of misalignments in the ellipsometry setup. As shown in Eq. (4),
the angle between the linear polarization state of the light and the
external electric field must be 7/4 to maximize the signal. All angles
relevant to the polarizing and analyzing optics must be well aligned.
Fortunately, known symmetries and ellipsometry effects can be used
to check the alignment. For example, when the laser light is polarized
correctly at an angle of 77/4 with the external electric field, an addi-
tional rotation of the linear polarization by 7/2, 7, or 37/2 should
not affect the measured signal. This provides four “symmetric
settings” for the angle between the polarization state of the laser light
and the electric field. The polarization-generating and polarization-
analyzing prisms were mounted on high-precision motorized rota-
tion stages (MKS, URS100BPP) with a bi-directional repeatability
of £200 prad. The initial light polarization was measured after
each optical component with a high-precision polarimeter (Thor-
labs, PAX10001R1). Once the polarization state and the electric
field were aligned correctly, the ellipticity signal was measured. The
angle was then changed to the other three symmetric settings, and
the signal was remeasured at each setting. Minor adjustments were
made until the same signal, within statistical uncertainty, was mea-
sured at all four symmetric polarization settings. After carefully
aligning the laser beam and the optical components, any induced
systematic uncertainties were significantly smaller than the statistical
uncertainties and could be ignored in most cases.

V. MEASUREMENTS AND RESULTS
A. Kerr constant of liquid nitrogen

Before conducting the experiment in superfluid helium, the
polarimetry and apparatus were tested with liquid nitrogen. Liquid
nitrogen simplifies the verification of the experimental procedure as
its Kerr constant is approximately two orders of magnitude greater
than that of superfluid helium, providing a much larger signal.
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FIG. 10. Plot of measured ellipticities for multiple different voltages. The term “A”
on the abscissa contains the necessary constants from Eq. (6) such that the slope
equals the Kerr constant.

Its Kerr constant was previously measured” to be Kin, = (4.38
+£0.15) x 1078 cm?/V2,

The ellipsometry setup was tested by observing the Kerr effect
in liquid nitrogen at multiple settings for the AC and DC volt-
ages on the electrodes (without a PMMA “cell” in place). No other
parameters were adjusted during these measurements. Figure 10
shows the results. The measured ellipticity is plotted as a function of
A-VpcVac.

The factor A on the abscissa in Fig. 10 is defined as

_ 2Ly

A=

7)

The scaling of the horizontal axis was chosen to extract the Kerr
constant directly from the slope of a linear fit to the data [see also
Eq. (4)]. A finite element analysis was performed with the COM-
SOL”" modeling software to determine L.s. For a gap width d of
5 mm, Leﬁ =3.54+0.18 cm.

The small, nonzero vertical intercept in Fig. 10 was due to
environmental noise present during the initial tests. This noise was
further mitigated in the following measurements by improving the
vibrational damping of the system and only taking data during
hours when the environmental noise was significantly reduced. The
slope of the linear fit to the data yields a value of Kin, = (4.38
+ 0.09(stat) + 0.04(sys)) x 107'® cm?/V%. The dominating sys-
tematic error is due to the uncertainties in the effective electrode
length, L.y, and the electrodes’ separation, d. The measured value
is in very good agreement with the previously published result.”®

B. (Quasi-)static dielectric constant of dTPB-coated
PMMA at LN, temperatures

The experimental setup also allowed for determining the
(quasi-)static dielectric constant of dTPB-coated PMMA at LN,
temperatures. It should be noted that the dTPB coating is not
essential for this measurement; it was merely used to simulate the
conditions in the nNEDM®@SNS experiment. The central region con-
tains a capacitor with three layers of dielectric materials. The gap
between the electrodes is filled with two thin-walled dTPB-coated
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PMMA plates, mounted as close to the electrodes as possible, and
a sample region filled with LN, (see Fig. 1). The addition of the
PMMA plates alters the strength of the electric field inside the cryo-
genic liquid. It, therefore, impacts the induced Kerr ellipticity when
a linearly polarized laser beam passes through the sample region.
Measuring the induced ellipticity provides a procedure to extract
the (quasi-)static dielectric constant of PMMA, xppma, at low tem-
peratures. The low 400-mHz modulation frequency of the electric
field can be considered quasi-static. The presence of the two different
dielectrics modifies the magnitude of the electric field in the center
of the electrodes in the following way:

Ve V' VpcVac

ELNZ = d+ow KIN, = d+ow KN, (8)

KpMMA KpMMA

where Vor = \/VpcVac is the high voltage used for the signal extrac-
tion, d is the gap width between the PMMA plates (d = 2.84 mm
at room temperature), and w is the thickness of each PMMA plate
(w = 0.64 mm at room temperature). The thicknesses of the PMMA
plates were measured with an ultrasonic probe (Check-Line, model
TI-PVX, 3/16 in. pencil) to a precision of 10 ym. Since the sys-
tem was cooled to temperatures of around 70 K, the PMMA did
shrink slightly, and the electrodes could move closer together. To
take this effect into account, the size reduction was estimated using
a linear coefficient of expansion of 9.28 x 107> K™! for PMMA and
16.7 x 1078 K™! for copper. In our case, this implied that the middle
gap was reduced to d = 2.79 mm, and the PMMA thickness shrank
to w = 0.63 mm. An ellipticity of eznz = 959.50 + 0.77 yrad (stat) was
measured at voltages of Vpc = 14.817 + 0.010 kV and V¢ = 6.833
+0.010 kV or equivalently V5 = 10.062 + 0.014 kV.

To fully account for fringe-field effects, the geometry was simu-
lated using COMSOL. The integral of the squared electric field over
the length of the sample region, fOL E*dl, was determined for various
possible values of the PMMA dielectric constant. Since the dielectric
constant for PMMA can vary between about 2 and 5 (see Ref. 28),
with a most likely value between 3 and 4 at low frequencies, the inte-
gral was evaluated for a range of values of xpypa. The results of two
different simulations for T = 70 K are shown as blue and red curves
in Fig. 11. In one case (blue), the copper electrodes were allowed
to move closer when the system cooled. However, we assumed
that the position of the electrodes is constrained by the thickness
of the (shrunken) PMMA insert. In the other limiting case (red),
the PMMA insert did shrink, but the distance between the copper
electrodes was assumed to be the same as at room temperature.

The Kerr ellipticity measurements can constrain these curves.
The horizontal magenta solid line corresponds to the extraction
of the integral at V5 = 10.062 kV [see Eq. (4)] with a numerical

value of (2.19 +0.05) x 10° V?/cm. The dashed lines indicate the
total uncertainties in the measurement where the (vastly dominat-
ing) statistical and systematic errors were added in quadrature. If the
electrodes are allowed to move with temperature, a value of 1.84*0 11
was extracted for xpyma and in the case of non-moving electrodes,
KPMMA = 1.98f8j3. Since the actual separation of the electrodes was
not measured when the system was cooled down, the most reason-
able determination of kpyma is the average of the two values, yielding
a result of 1.9170%% at T ~ 70 K. The exact temperature of the LN,
varied between ~70 K and ~75 K during these measurements. To
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FIG. 11. Numeric integration of E2dl vs xpya with liquid nitrogen filling the gap
between the PMMA plates. The red squares are the results of COMSOL simu-
lations where the separation of the electrodes was consistent with the thickness
of the shrunk PMMA; the blue circles are based on COMSOL simulations without
moving the electrodes, i.e., they were kept at room temperature positions. The
blue and red lines are fourth-order polynomial fits, and the dotted lines indicate the
uncertainties.

avoid bubbling due to boil-off, the liquid was initially cooled down
to #70 K by pumping on it. Before the start of data taking, the pump
connected to the inner vacuum chamber was turned off, and an
adjustable valve to the ambient atmosphere was opened. Then, the
system was allowed to warm up until the liquid was within one or
two degrees of the boiling point. This warm-up time was about four
hours. The effect of the slight temperature variation on the simulated
curves in Fig. 11 is insignificant.

C. Cell charging in liquid nitrogen

The general procedure for taking cell charging data involved
establishing a baseline measurement first. Before ionizing the cryo-
genic liquid with the gamma rays from the cesium source, the initial
Kerr ellipticity was measured with the “cell” installed. The shutter to
the cesium source was then opened for some period of time (usu-
ally 1-4 h), and charges were adsorbed on the “cell” walls. Then,
after closing the shutter, the stable lowered ellipticity was measured
again. Next, the polarity of the electric field was flipped, followed
by another ellipticity measurement, which probed the effect of HV
reversal on the accumulated charges.

To verify the procedure, cell charging was first performed in
liquid nitrogen as a proof of principle. However, this measurement
cycle included an extra step. At the end of the charging period, the
electric field was turned off for several minutes and then restored
without flipping its polarity. This step allowed for checking whether
the no-field condition affects the adsorbed charges. Finally, the field
polarity was reversed, and the process resumed as described above.
The integration times for the DC and Mod1 lock-in amplifiers were
set to 20 s for these measurements at a modulation frequency of
400 mHz.

Figure 12 shows the liquid nitrogen cell charging results.
The ordinate corresponds to the measured ellipticity, and the
abscissa is the data-taking time. The different regions, i.e., baseline,
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FIG. 12. A typical liquid nitrogen cell charging run. The blue data points show the
ellipticities when the shutter to the cesium source was closed, and the red data
points correspond to shutter-open ellipticities.

charging, and reversed signal, were separately fit with zeroth-order
or first-order polynomials. The blue bands are the results of the fits,
including the 1o confidence interval.

Due to the sensitive apparatus and the sizable Kerr effect in lig-
uid nitrogen, the change in ellipticity can be observed in real-time,
while the radioactive source is open. The full-scale signal, i.e., the
maximum net electric field signal, was 962.2 + 0.6(stat) urad. The
statistical error ranges from 4 to 6 urad for each data point in this
region. Error bars have been omitted in Fig. 12 for visualization pur-
poses. The shutter to the cesium source was closed after about one
hour, and the signal settled at a lower value of 905.0 + 0.8(stat ) uyrad.
The change in ellipticity corresponds to a drop of about 6% in the net
DC offset of the electric field, leaving the two sections of data more
than 400 apart. The first section of blank data (~8700 to ~9000 s)
corresponds to the interval when the electric field was turned off.
When the HV was turned back on, the ellipticity measurement did
not change, indicating that all the adsorbed charges were still present
on the PMMA surfaces. However, after field reversal (following the
second blank section, ~9400 to ~9600 s), the signal recovered to
963.0 + 0.4(stat) prad. All the ions recombined during the process.

The data were taken at a DC voltage of Vpc = 14.806 + 0.010 kV
and an AC modulation voltage of Vac = 6.871 + 0.010 kV. It should
be noted that careful laser beam alignment and collimation are
crucial for these measurements; any scattering of photons on the
PMMA walls will generate non-reproducible results. The electrode
positions shift slightly during the cool-downs and also upon reversal
of the high voltage. For more details, see Sec. IV D 3.

D. Cell charging in superfluid helium

The experiment was then repeated in superfluid helium. How-
ever, due to its small Kerr constant [Kipe = (1.43 +0.02(stat)
+0.04(sys)) x 107 cm?/V?*°], the time constants of the DC and
Mod 1 lock-in amplifiers were increased to 500 s, which implied that
it was no longer possible to observe the drop in the signal in real-time
as the signal changes are too small to be noticed without signal aver-
aging. To emphasize this point, the signal changes for the uncoated
and coated surfaces are shown in Fig. 13. Even after several hours
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FIG. 13. Effect of charging as a function of time. The red data points correspond
to the change in ellipticity for uncoated “cell” walls, and the blue data points show
the effect for the dPS/dTPB coated “cell” walls.

of cell charging, the data are consistent with a linear drop in the
ellipticity, indicating that the total charge adsorbed on the surfaces
is still relatively small. Hence, the expected exponential drop-off is
not visible yet. The signals change at a rate of —199 + 47 nrad/h for
the uncoated “cell” (red data points) and —269 + 52 nrad/h for the
coated “cell” (blue data points). Although the slopes are in agree-
ment at the 20 level, it should be pointed out that the main source of
discrepancy is due to the last data point (after 4 h of charging) taken
with the uncoated cell. An unidentified source of noise was present
over some period during that measurement, which caused a slight
upward shift in the ellipticity. The overall shift in the two datasets is
due to slightly different baseline levels for the two runs.

The impact of electric field reversal was investigated the same
way as described in Sec. V C. Figures 14 and 15 show the results.
The data in the plots are presented chronologically with the integers
on the horizontal axes corresponding to “run numbers.” Figure 14
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FIG. 14. Cell charging effect in superfluid helium-4. The blue data points cor-
respond to the baseline and the recovered signals, and the red data points
correspond to signals after one hour (run No. 2), two hours (run No. 4), and four
hours (run No. 6) of cell charging. The data are plotted in chronological order.
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FIG. 15. Cell charging effect in superfluid helium-4 using a dTPB-coated PMMA
“cell”. The blue data points correspond to the baseline and the recovered signals,
and the red data points correspond to signals after four hours (run No. 2) and two
hours (run No. 4) of cell charging. The data are plotted in chronological order.

shows the cell charging data for an uncoated PMMA “cell.” The sig-
nal for run No. 2 corresponds to a 1-h charging time; for run No. 4,
the cesium source was kept open for two hours, and run No. 6 shows
the signal after four hours of charging. The blue data points are the
average ellipticities before cell charging (original baseline signal) or
after the high voltage reversal (recovered signal). The red data points
are the average ellipticities after several hours of cell charging. It was
observed that the baseline ellipticities were recovered within uncer-
tainties after closing the shutter to the cesium source and electric
field reversal. The blue band is the 1o confidence interval of all the
baseline and recovered signal measurements.

For the nEDM®@SNS experiment, the inner target “cell” walls
will be coated with deuterated TPB to convert UV light to visible
light, which will then be transported to silicon photomultipliers.
To investigate the effect of the dTPB coating on a PMMA surface,
the above-described experiment was repeated using a dTPB-coated
“cell”. The results of these measurements are shown in Fig. 15. In this
case, run No. 2 corresponds to four-hour and run No. 4 to two-hour
charging times. Here, as well, full-signal recovery was accomplished
by reversing the electric field.

In Fig. 15, the signal drops from 2.36 + 0.15 to 1.28 + 0.18 yrad
and then recovers back to 2.36 +0.15urad.””® The difference
between these values is about 30. The coated and uncoated PMMA
“cells” show comparable charging effects that are consistently
obliterated by reversing the electric field polarity.

For all superfluid cell charging runs, an AC amplitude of about
7.1 kV at 400mHz was used, and the DC offset between the elec-
trodes was about 15.1 kV. The voltages were measured as described
above, but the exact values were not crucial, given the statistical pre-
cision of the liquid helium data. The measuring times and changes
in the observed signals were not inconsistent with the rate estimates
presented in Sec. IV A.

VI. CONCLUSIONS

A sensitive ellipsometry setup was presented, allowing for the
Kerr ellipticity measurements with sub-yrad precision. The Kerr
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constant in liquid nitrogen was determined to be (4.38 + 0.10)
x 107'* cm?/V?, which is in good agreement with a previously pub-
lished value’® but with a slightly improved uncertainty. Using the
same setup, a method was presented to extract the (quasi-)static
dielectric constant of PMMA at a temperature of about 70 K. A value
of 1.91%57% was found at this temperature.

The adsorption of electric charges on dielectric surfaces in lig-
uid nitrogen and superfluid helium-4 was observed by measuring
the drop in the magnitude of the net electric field inside a PMMA
“cell.” The effects were ~400 in liquid nitrogen and ~3¢ in super-
fluid helium-4. It was shown that electric field reversal obliterated
this effect. Therefore, the impact of cell charging in cryogenic exper-
iments, e.g., the nEDM@SNS experiment, can be reduced by the
careful choice of materials and shielding arrangements to minimize
ionizing radiation.

The technique presented here opens interesting opportunities
for future work. It offers the possibility to determine (quasi-)static
dielectric constants of different insulating materials in liquid nitro-
gen and superfluid helium temperatures. In addition, it allows for
a new, independent method to determine charge separation and
collection rates such as those studied in Ref. 16 as well as the deter-
mination of the binding energies of ions and electrons on dielectric
surfaces in cryogenic liquids.
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