
Wolfgang Korsch (University of Kentucky)  
M. Broering, J. Abney, D. Budker, B.W. Filippone, J.He, S. Kandu, K.Leung, M. McCrea, M. Roy, C.Swank, A.Timsina, W.Yao


Impact of Cell Charging on Cryogenic EDM Searches

4th International Workshop on Searches for a Neutron Electric Dipole Moment 
Feb 14-19, 2021

Funding Agencies



Wolfgang Korsch, 4th Int. Workshop on Searches for an nEDM, Feb 16, 2021Impact of Cell Charging on Cryogenic EDM Searches

 Overview
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•Motivation for cell charging studies 

•Test apparatus at UKy 

•Studies of cell charging 

•Impact on nEDM@SNS 

•Summary
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 Free Charges in SF4He Cells
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• neutron beta-decay 
• n + 3He ➞ p + t + 764 keV 
• other ionizing radiation from 

ambient materials

dTBP coated PMMA cell

filled with SF4He

HV

Number of secondaries depends on kind of ionizing radiation (and its energy) 
• electrons thermalize via elastic scattering from 4He atoms 
• electrons form “bubbles” when thermalized, radius re ~1.9 nm 
• ions form “snowballs”  Msnowball ~ (40 - 60) m(4He),  rb ~ 0.7 nm 

• if charges are separated, “bubbles” and “snowballs” will drift in presence of external field  
 

r0(1 + cosθ0) ≥
2e

4πϵ0 ⋅ E

condition for charge separation (no diffusion):

E-field

e-

ion+

θ0
: initial separation of charges 

: electric field

r0
E

G.M. Seidel et al., PRC 89,  025808 (2014)

Here: E >>10 kV/cm 
           ➞ charge separation very likely

SF4He

During measurement cycle:

see talk by T. Ito
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 Free Charges in SF4He Cells

How to measure the effect of cell charging on the stability of the E-field?

• charges recombine during drift to cell walls (no effect on E-field) 

• charges recombine on cell wall  (unlikely ➞ insulators) 

• charges recombine under E-field reversal 

• charges do not recombine but move to opposite wall under E-field reversal   

Potential problem for nEDM measurement?

Effects on E-field stability:

➩ changing E-field causes a changing B-field

nEDM@SNS requirement: ΔB ≲ 0.2 fT ➞  (per measurement cycle) 
ΔE
E

≤ 1 %

Motional magnetic field:  ⃗B m = ⃗v n × ⃗E
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 Monitor E-field Stability Using the Kerr Effect 
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dTBP coated PMMA cell

filled with SF4He
HV

Test setup at UKy:5 ELLIPSOMETRY 7

Figure 4: Cartoon diagram of radiation from a ce-
sium source ionizing a helium atom and charges
being separated. The green arrow is a 662 keV
gamma ray. Purple circles represent helium atoms,
blue represents electrons, and red represents posi-
tive helium ions. Gray blocks are the PMMA cell
walls, and the blue arrows show the direction of the
electric field.

oriented perpendicular to the one used for the laser
beam. The gauge was positioned against the cryo-
stat’s outer wall. The aperture could be closed to
block the radiation from the cesium source.

Cesium-137 has two notable decay channels. The
primary decay channel starts with the cesium-
137 first beta decaying to barium-137m, which
then rapidly decays via gamma emission to stable
barium-137. The secondary decay channel is a beta
decay straight to the stable barium-137. However,
Geant4[19] simulations showed that the beta radi-
ation was unlikely to reach the target region with
enough energy to impact the experiment, and the
beta radiation was deemed to be a negligible com-
ponent.

When open, the gamma radiation, produced by
the cesium’s primary decay channel, ionized the su-
perfluid helium inside the cell. If a su�cient frac-
tion of the generated charges separates and builds
up on the cell walls, this will cause the electric field
to drop over time (figure 4). As the electric field
drops, so will the ellipticity induced in the laser
beam.

As stated above, a triple modulation technique
was employed. The electric field is one of the three
modulated parameters. However, it also contains a
DC o↵set; the equation describing the electric field
is |E| = (VDC +VAC cos(!t)) /d, where ! is the
modulation frequency of the electric field, and d is

the distance between the electrodes. This provides

E2 =
V2

DC

d2
+

V2

AC

2d2
+

2VDCVAC

d2
cos (!t)

+
V2

AC

2d2
cos (2!t) , (8)

The net field reduction from charge buildup will
not a↵ect the AC amplitude. However, the DC o↵-
set will decrease with time. This means that the
cross term in equation (8) is of particular impor-
tance as it both oscillates and depends upon the
DC o↵set. Since the cross term couples the AC
and DC components together, cell charging can be
monitored using lock-in amplifier (LIA) techniques.
The portion of the ellipticity induced by this cross
term will be referred to as ✏1,

✏1 =
2⇡

�

Z
K

d2
VDCVAC cos (!t) dl . (9)

Where the integral is performed over the inner di-
ameter of the IVC along the path of the laser beam.

Ellipsometry
Figure 5 provides a schematic of the polarime-

try setup used for this experiment. The light is
linearly polarized with a Glan-Thompson polar-
izer. The laser used was a 633 nm HeNe laser
from Thorlabs (model HRS015). The light then
passes through the sample region, picking up el-
lipticity proportional to the electric field squared.
After this, it passes through the systems polariza-
tion state analyzer which consists of a photoelas-
tic modulator and a Glan-Thompson prism. These
are both aligned at a ⇡/4 o↵set from the Glan-
Thompson polarizer. The PEM imposes a modu-
lation on the polarization state of the light in such
a manner that, upon passing through the second
Glan-Thompson prism, the elliptical and rotational
components of the polarization state are expressed
on di↵erent harmonics of the PEM modulation fre-
quency. In this setup, ellipticity is found on the
first harmonic of the PEM[20]. After the PEM, it
passes through another Glan-Thompson polarizer
that is o↵set from the first by ⇡/4. It then passes
through an optical chopper operating at ⇠ 300 Hz
and into a photodetector (Hinds DET-100-002 pho-
todetector).

37 mCi !!

ϵ(t) =
π
λ

KE(t)2L

SF4He

no neutrons ➞ ionize SF4He using a strong γ-source (Eγ= 662 keV)

Electric field induces an ellipticity in  
linearly polarized light:

K = Kerr (material) constant 
E = electric field ➞ ε  ∝ E2 

L = sample length

A. Sushkov et al., PRL 93, 153003 (2004)

Laser beam

Electro-optical Kerr effect:

(1.43 ± 0.02stat ± 0.04sys) × 10−20 cm2

V2
K(SFHe) = Yes, milli-Curie

E-field
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 Cryostat and HV Electrodes 
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dTBP coated PMMA cell

filled with SF4He
HV

4 METHOD FOR CELL CHARGING 5

Figure 2: A 2D diagram of the cryostat. It is in-
tentionally made not to scale in order to highlight
aspects of the geometry. The cryostat is about 67
cm tall.

filled with superfluid helium up to the bottom of
the LHe can during operation. The target region is
located at the bottom of this region, between the
two electrodes.

Figure 2 shows two of the quartz windows at-
tached to the IVC. They are centered on the same
path as the four windows depicted on the OVC and
thermal shield. Together, these windows provide
an optical path to the electrodes and experimental
region. The cryostat contains a second symmetric
set of six windows (not depicted in figure 2). These
are perpendicular to the two dimensional cutaway
plane shown in figure 2) and are located near the
bottom of the IVC (at the same height as the pic-
tured set).

When performing a superfluid helium run, the
cryostat is first cooled to 4 K with liquid helium
delivered through the “LHe primary fill line”. As
the 4 K liquid helium fills the level sensor (figure 2),
the capacitance between the two copper cylinders
changes by several picofarads. Once the level sensor

is submerged, the system is ready to switch to the
“LHe capillary fill line”. This is the ideal time as
the “LHe can” will ultimately be held at a constant
4 K temperature. If the liquid contained beneath it
in the IVC comes into direct physical contact with
the can, the heat load will be too high to maintain
the superfluid state that is critical to this experi-
ment. Using the primary fill line reduces the time
to fill with its increased 4 K helium conductance,
but the conductance through the primary line can-
not be reduced enough for this system to reach su-
perfluid. The heat load is too large.

Therefore, switching to the “LHe capillary fill
line” is necessary. The capillary fill line, which will
be used for the rest of the data run, has su�ciently
low conductance to maintain the superfluid state.
The IVC pressure can then be reduced by pump-
ing. This causes the liquid helium temperature to
reduce to the point where it transitions to super-
fluid. The capillary is used to replenish the helium
that is lost to pumping.

Method for Cell Charging
At the bottom of the IVC, a level sensor, heater

block, and electrode setup can be seen (figure 2).
These are suspended in place from the LHe can by
nylon rods. As previously mentioned, this region
is submerged in superfluid helium for data collec-
tion. This is to simulate the environment that will
be present in the nEDM@SNS experiment cells.
The nEDM@SNS experiment requires a PMMA
cell filled with liquid helium, a large electric field
(75 kV

cm
) across this region, and some amount of

ionizing radiation.
Another critical component, for simulating the

nEDM@SNS experimental environment, is a plas-
tic “cell” fixed between the electrodes. Figure 3
provides a diagram of the “cell”, electrodes, and
their housing used in this experiment. A gap in
two of the cell walls allows the superfluid to fill
the region and light from a laser to pass through.
This appears as a rectangular gap in the middle of
figure 3. The “cell” is made of PMMA, and the
gap is 9 mm tall and 2.84 mm wide with about
0.64 mm of “cell” wall on each side. The electrodes
were flush against the “cell” walls and about 3 cm
long. The “cell” extended a few millimeters past
the electrodes on either side.

When there is a potential di↵erence between the

137Cs source

SF4He

Chapter 6 Experimental Region

6.1 Sample and High Voltage Cell

Figure 6.1: Electrodes with cell. Photo taken outside of cryostat. Cell gap is 9 mm
tall, 2.84 mm wide and 3 cm in length. Liquid helium fills the gap and surrounds the
cell and electrodes as well. The cell wall thickness between the electrode and the cell
gap is about 0.6 mm.

The experimental regions consist of a rectangular poly(methyl methacrylic), PMMA,
cell. High voltage electrodes are positioned outside the cell in order to generate the
high electric field required in the experimental region. Multiple di↵erent configura-
tions of this basic design were used in the experiment before settling on the design
pictured in figure 6.1 for the superfluid helium measurements. This setup is attached
to the end of the cryostat’s insert which has it located level with the windows near
the bottom of the cryostat (see Figure 4.1). During the experiment, this region is
filled with either liquid nitrogen or superfluid helium, depending on the measurement
being made. The fluid surrounds the cell and electrodes and fills the gap in the cell
as it is open on both ends.

PMMA can have a range of dielectric constants, , at room temperature, depend-
ing upon its actual composition. One study found that the constant can range from
at least 1.8 to 4.3 based upon Al2O3 content [49]. To further complicate things many
materials experience changes in their electrical properties at di↵erent temperatures.
Given the extremes in temperature at which these measurements are being conducted
(roughly 2 K and 77 K), knowing the dielectric constant at room temperature would
not be su�cient anyway. Fortunately, the Kerr constants for both liquid nitrogen
and superfluid helium have been measured. The values are listed in equations 2.64
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of the cell walls also comes into play. If the walls are too thin, they may bow inward
when cooled due to mechanical stresses from contraction. The device designed to
hold the cell was built to help alleviate these stresses without sacrificing alignment.
However, the cell was shown to crack during construction or cooling should the walls
become too thin. Each wall needs over half a millimeter of thickness to prevent these
problems. Ultimately, the final configuration used a cell with 0.64 mm thick walls, a
cell gap of 2.84 mm, and an electrode spacing of 4.12 mm.

6.2 COMSOL Electric Field Simulation

Figure 6.2: Geometry constructed in COMSOL for the experimental region

Figure 6.2 is the geometry constructed in COMSOL to represent the experimental
region. To highlight the cell setup, much of the surrounding features were hidden for
this figure. After generating the geometry, each object needs a material to be assigned
to it. That material must have all relevant physical attributes programmed in. For
simple, stationary electric field models, the relative permittivity, , is required. Since
this is unknown for PMMA, a range was programmed into the model as a “parametric
sweep”. This will run the simulation multiple times, each time increasing the value
from a set minimum to a set maximum. In this simulation, 1.056 to 5.056 was used.
For simulations lacking a PMMA cell, this sweep is unnecessary.

Before running the simulation, each component must be set to an initial voltage
value (usually zero) and anything fixed at a specific voltage must be set that way
as well. For this simulation, the electrodes were set to their e↵ective voltage value.
This value was determined by taking the actual DC voltage o↵set and AC voltage
amplitude used (see equation 5.2), multiplying them together, and then taking the
square root of that value,

Veff =
p
VDCVAC = 10.25 kV . (6.3)

This was designed to provide Veff such that the electric field produced in the sim-
ulation was equal to the apparent electric field to which ✏1 from equation 3.24 is
sensitive. This result was split between the two electrodes so that the potential dif-
ference was equal to the full result. Multiple simulations showed that, as long as the
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potential di↵erence remained the same and both electrodes had a fixed voltage, it did
not change the results in the cell gap.

Figure 6.3: Plot of the squared electric field, in (V/m)2, from a COMSOL simulation
for a PMMA  of 5.056.

Figure 6.3 is a typical example plot of the simulation output. The data within the
cell gap and along the beam path while remaining within the IVC was then exported

to a file. From this file,
R Lactual
0 E2

effdl was approximated numerically via small steps.
This approximation was done for each path on a grid in the xy plane (assuming laser
propagates along ẑ). An average was then taken and the process was repeated for
each di↵erent value of  used. These points were then plotted and a polynomial was
fit to the data (figure 6.4).

Figure 6.4: Numeric integration of E2dl vs PMMA

This polynomial fit can then be used to determine the actual value for  for
the PMMA used in the setup. This will be done by finding the value for  that
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Electrodes: 
• length L = 3 cm 
• gap d = 2.84 mm (between PMMA walls) 
• wall thickness t = 0.64 mm

dummy “cell”

Laser beam

COMSOL Model

HV electrodes

• Small continuous 
flow cryostat 

• V  < 1 l 
• Tmin ~ 1.9 K
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Cell Charging Lab 

7

dTBP coated PMMA cell

filled with SF4He
HV
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Chapter 3 Polarimetry and Signal Detection

3.1 Laser Path

Figure 3.1 displays the path of the laser (Thorlabs helium neon laser, HRS015)
through the experimental apparatus. It shows the laser passing through the steer-
ing optics, the polarization stage, the sample, and then the analyzer optics. The
beam is steered by reflecting it o↵ two di↵erent mirrors before being polarized. This
allows adjustments to the beam’s positioning and angle to be made using the kine-
matic mounts for the mirrors. After the second mirror, the laser passes through a
Glan-Thompson polarizing prism with an extinction ratio of 100,000:1 (provided by
supplier, Thorlabs). This is set up to linearly polarize the laser at ⇡/4 to the electric
field being applied in the sample region, to maximize the Kerr e↵ect (see section 2.2).

Figure 3.1: Diagram of the optics setup being used in the experiment. Not to scale.
Using some simplification.

After the polarization stage, the laser passes through the sample region, generally
liquid nitrogen or superfluid helium. In order to reach the sample region, the laser
must first pass through three end windows on the way through the cryostat. Another
three windows need to be passed through after the sample region. Given that the
inner windows are immersed in the cryogenic fluid, there really is no way to ensure
that all of the windows will be perfectly parallel. This means that there will be
several sets of back reflections from these windows. This makes aligning the laser
more di�cult and time had to be spent developing an alignment technique. Kerr
constant measurements in liquid nitrogen helped to confirm this technique.

The inner windows are in a region that would otherwise experience some fringe
fields from the electrodes. However, these fields are already small and the windows
are shielded from them. The inner windows are epoxied to the inside a cylindrical

23

Ellipticity Monitor

8

Modulate HV so that: |E | =
VDC + VAC ⋅ cos(ωt)

d

E2 =
V2

DC

d2
+

V2
AC

2d2
+

2VDCVAC

d2
cos(ωt) +

V2
AC

2d2
cos(2ωt)

monitor these two terms 
using lock-in techniques 

VDC ⋅ VAC term ➞ sensitive to changes in DC voltage (E-field)

V2
AC term ➞ monitors stability of AC voltage (E-field), note sensitivity  

 reduced by factor of 4

Typical values: 
• VDC = 15 kV 
• VAC =  7  kV 
• Epeak ~ 53 kV/cm 

expected ellipticity in 
SF4He ~2 μrad  

(without cell charging)

Extremely small signal!!

Low frequency E-field modulation to 
minimize RC distortions (corrections 
applied)

• triple modulation 
• vibration isolation 
• avoid frequencies of ambient noise sources 
• lock-in amplifiers 
•  ….
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Calibration of System using LN2
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Kerr constant for LN2: K(LN2) = (4.38 ± 0.15) × 10−18 cm2

V2

A. Sushkov et al., PRL 93, 153003 (2004)

factor of 300 higher than K(SF4He)

5 ELLIPSOMETRY 8

Figure 5: Diagram of the polarimetry setup for the
cell-charging experiment.

The detector’s signal is directly analyzed by two
di↵erent LIAs. The first is the “DC” LIA (Ametek
Signal Recovery 7270 DSP); it locks to a signal at
the optical chopper frequency. It outputs a voltage
that is proportional to the intensity of the laser,
VLIA

DC
/ I0. The second LIA (Signal Recovery 7280

DSP), referred to as the “1F” LIA, locks to a signal
at the first harmonic of the PEM frequency. It am-
plifies and outputs a voltage that is proportional to
the induced Kerr ellipticity, still varying with time.
The 1F LIA output is then used as the input to a
third LIA (EG&G Instruments 7260), the “Mod1”
LIA, which locks to a signal at the frequency which
the electric field is modulated. This outputs a volt-
age proportional to the laser intensity and the am-
plitude of the ellipticity induced by the cross term
(equation (9)) producing, VMod1 / ✏amp

1
I0. The

ellipticity can then be extracted from the ratio of
the two outputs,

✏amp

1
/ VMod1

VLIA

DC

. (10)

Before running the experiment in superfluid he-
lium, the polarimetry and apparatus were tested
with liquid nitrogen. Liquid nitrogen is ideal for
these tests as its Kerr constant is approximately
two orders of magnitude greater than that of su-
perfluid helium, providing a much larger signal.
The liquid nitrogen Kerr constant was previously
measured[15] to be

KLN2 = (4.38± 0.15)⇥ 10–18 (cm/V)2 . (11)

Figure 6: Plot of measured ellipticities for multi-
ple di↵erent voltages. The term “A” contains the
necessary constants from equation 9 such that the
slope equals the Kerr constant.

The polarimetry alignment was tested by observ-
ing the Kerr e↵ect in liquid nitrogen at multiple
di↵erent settings for the applied AC and DC volt-
age on the electrodes (without a PMMA cell). No
other parameters were adjusted during these mea-
surements. Figure 6 shows the results. The term
“A” is defined as

A =
2⇡

�
LCFF .

The cos (!t) is not present because the LIA mea-
sures the RMS value, which is then converted to
peak values for our plot. The new term CFF is a
fringe-field correction factor that was determined
from the geometry of the electrodes (figure 3) us-
ing electric field simulations in the COMSOL[14]
modeling software. This same model can be used

(4.38 ± 0.10) × 10−18 cm2

V2K(LN2) = 

Measured Kerr constant:

Corrections applied: 
• electric fringe fields 
• signal distortions
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Cell Charging in LN2
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KLN2new = (4.38± 0.10)⇥ 10–18
⇣cm
V

⌘2
, (7.1)

KLN2
= (4.38± 0.15)⇥ 10–18

⇣cm
V

⌘2
. (7.2)

After confirming system alignment and functionality with the previous measure-
ments, the cell charging e↵ect was measured in liquid nitrogen. For these tests, a
PMMA cell was installed between the electrodes and the electrodes were adjusted to
accommodate the cell and sit flush against the cell’s surfaces. This cell was designed
to have walls 1.5 mm thick and a gap between the walls of 3 mm. This kept the
electrodes about 6 mm apart. For the proof of principle in liquid nitrogen, generic
PMMA was used; the type of PMMA being used in the SNS-nEDM apparatus was
not used in liquid nitrogen. The data for a typical cell charging run is plotted in
figure 7.2. The DC voltage applied for the data in this figure is about 10, 440 ± 10
V. The AC voltage applied was 7, 630± 10 V. The rather large actual uncertainty of
⇠ 10 V is actually an uncertainty of about 1 mV on the actual measurement due to
the measurement resistor detecting a voltage that is scaled by a factor of 10,000 as
discussed at the beginning of chapter 5.

Figure 7.2: Cell charging in liquid nitrogen. Blue data points are when the cesium
source is closed. Black points are when it is open. Blank sections occur when the
high voltage is turned o↵. The quoted errors represent the statistical uncertainty (1
�).

Initially a baseline, full signal, measurement (first set of blue data) was estab-
lished with about half an hour of data. After this, the cesium source was opened.
The gamma radiation began generating charged particles which separated and stuck
to the cell walls, lowering the net field. This process was allowed to continue for about
an hour (first set of black data) after which the cesium source was closed, blocking
the gamma rays. Data was then collected for another ⇠5 minutes to determine the
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LN2: 
• cell walls charge up 
• charges stay on PMMA 

surface when HV is turned 
off 

• reversing the HV recovers 
original signal

uncoated PMMA cell
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Cell Charging in SF4He
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SF4He: 
• cell walls charge up 
• charges stay on PMMA 

surface when HV is turned 
off 

• reversing the HV recovers 
original signal

uncoated PMMA cell

7 PMMA DIELECTRIC CONSTANT 10

nal and the recovered signal of ⇠ 3 µrad is only
about 0.55% of the full signal. This is well within
the 0.8% uncertainty in the reversal.

In this liquid nitrogen data run, it can be seen
that the noise increased after the electric field was
flipped. However, the noise settled down over time.
This was caused by mechanical vibrations in the
high-voltage setup that were introduced when flip-
ping the electric field. The support structure orig-
inally used for the high voltage setup was not well
stabilized against vibrations. This was discovered
during the liquid nitrogen data run, and a new sup-
port structure was commissioned for the liquid he-
lium cell charging experiment. The new support
structure reduced the signal noise caused by vi-
brations in the high voltage support structure to
a level where there was no noticeable increase in
noise when reversing the electric field.

Figure 8: Cell charging data taken with an un-
coated PMMA cell. The blue data points/red band
are the full scale signal. Black data points are the
signal after cell charging. Run 1 is the signal after
1 hour of charging, run 2: 2 hours of charging, run
4: 4 hours of charging.

This experiment was then repeated in superfluid
helium. However, due to the smaller induced el-
lipticity, the time constant for data collection was
increased to 500 s, and it is no longer possible to
display the drop in the signal in “real time”. In-
stead, the horizontal axis for the plots will repre-
sent a “run number”. Each data point is the aver-
age value for either a full-signal measurement (or
recovered-signal) or a lowered signal measurement.
The voltages were average over approximately three
hours. Full-signal (recovered-signal) measurements
are presented in blue while lowered signals are pre-
sented in black. The red band is the average of
all the full-signal (recovered-signal) measurements.

The data are presented in the order in which they
were collected. The full-signal was recovered be-
tween each lowered data point by reversing the elec-
tric field in the region. Figure 8 shows the cell
charging data from an uncoated PMMA “cell”.

Run 1 is the signal after 1 hour with the ce-
sium source open, run 2 is the signal after 2 hours
with the source open, and run 4 is the signal af-
ter 4 hours with the source open. The data show
the signal dropping more the longer the source is
left open, and that the full-scale signal recovers be-
tween each cell charging run. Data also needed to
be taken for a cell given the same TPB coating as
the nEDM@SNS-experiment target cell. These re-
sults are shown in figure 9.

Figure 9: Cell charging data taken with a coated
cell. Blue data points/red band is the full scale
signal. Black data points are the signal after cell
charging. Run 1 is the signal after 4 hours of charg-
ing, run 4: 2 hours of charging.

For this plot, run 2 is the signal after 4 hours with
the cesium source open and run 4 is the data after
2 hours. The four-hour data were taken first as this
was deemed to be the more critical measurement to
make. The signal was recovered between the two
charged cell points (black) by reversing the electric
field.

For both superfluid cell-charging runs, an AC
amplitude of about 7.1 kV at 400 mHz was used,
and the DC o↵set between the electrodes was about
15.1 kV. Both the coated and uncoated PMMA
cells show a real cell charging e↵ect that is con-
sistently neutralized by reversing the electric field
polarity.

PMMA Dielectric Constant
The data taken before cell charging and after sig-

nal recovery can be used to determine the dielectric

Charging time [hours]

recovered signal

sensitivity: few 100 nrad
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nal and the recovered signal of ⇠ 3 µrad is only
about 0.55% of the full signal. This is well within
the 0.8% uncertainty in the reversal.

In this liquid nitrogen data run, it can be seen
that the noise increased after the electric field was
flipped. However, the noise settled down over time.
This was caused by mechanical vibrations in the
high-voltage setup that were introduced when flip-
ping the electric field. The support structure orig-
inally used for the high voltage setup was not well
stabilized against vibrations. This was discovered
during the liquid nitrogen data run, and a new sup-
port structure was commissioned for the liquid he-
lium cell charging experiment. The new support
structure reduced the signal noise caused by vi-
brations in the high voltage support structure to
a level where there was no noticeable increase in
noise when reversing the electric field.

Figure 8: Cell charging data taken with an un-
coated PMMA cell. The blue data points/red band
are the full scale signal. Black data points are the
signal after cell charging. Run 1 is the signal after
1 hour of charging, run 2: 2 hours of charging, run
4: 4 hours of charging.

This experiment was then repeated in superfluid
helium. However, due to the smaller induced el-
lipticity, the time constant for data collection was
increased to 500 s, and it is no longer possible to
display the drop in the signal in “real time”. In-
stead, the horizontal axis for the plots will repre-
sent a “run number”. Each data point is the aver-
age value for either a full-signal measurement (or
recovered-signal) or a lowered signal measurement.
The voltages were average over approximately three
hours. Full-signal (recovered-signal) measurements
are presented in blue while lowered signals are pre-
sented in black. The red band is the average of
all the full-signal (recovered-signal) measurements.

The data are presented in the order in which they
were collected. The full-signal was recovered be-
tween each lowered data point by reversing the elec-
tric field in the region. Figure 8 shows the cell
charging data from an uncoated PMMA “cell”.

Run 1 is the signal after 1 hour with the ce-
sium source open, run 2 is the signal after 2 hours
with the source open, and run 4 is the signal af-
ter 4 hours with the source open. The data show
the signal dropping more the longer the source is
left open, and that the full-scale signal recovers be-
tween each cell charging run. Data also needed to
be taken for a cell given the same TPB coating as
the nEDM@SNS-experiment target cell. These re-
sults are shown in figure 9.

Figure 9: Cell charging data taken with a coated
cell. Blue data points/red band is the full scale
signal. Black data points are the signal after cell
charging. Run 1 is the signal after 4 hours of charg-
ing, run 4: 2 hours of charging.

For this plot, run 2 is the signal after 4 hours with
the cesium source open and run 4 is the data after
2 hours. The four-hour data were taken first as this
was deemed to be the more critical measurement to
make. The signal was recovered between the two
charged cell points (black) by reversing the electric
field.

For both superfluid cell-charging runs, an AC
amplitude of about 7.1 kV at 400 mHz was used,
and the DC o↵set between the electrodes was about
15.1 kV. Both the coated and uncoated PMMA
cells show a real cell charging e↵ect that is con-
sistently neutralized by reversing the electric field
polarity.

PMMA Dielectric Constant
The data taken before cell charging and after sig-

nal recovery can be used to determine the dielectric

Cell Charging in SF4He

12

SF4He: 
• No difference to results from 

uncoated cell (within 
statistics)

dTBP coated PMMA cell recovered signal
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Charge Collection Efficiency
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Figure 7.9: Diagram of decay channels for 137Cs [10].

Figure 7.10: Image taken from the Geant4 simulation. The depicted events are a
representative portion. Green lines are � rays, while red lines are � particles [10].

solid angle for the target region of

�⌦

4⇡
" =

249

2.09⇥ 108
= 1.19⇥ 10–6 . (7.4)

These events dump an average of 80 keV/� in the superfluid and the energy spectrum
can be seen if figure 7.11. Therefore, the actual average power being dumped in the
region can be calculated following equation 7.5,

Pactual
� =

dEtotal
�

dt

�⌦

4⇡
"
80 keV

662 keV
= 1.24⇥ 108

eV

s
. (7.5)
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Geant4 model of  complete setup ➔ production rate of  electron-ion pairs in cell: 
·Ne = 2.88 × 106 e−

s

QE=0 = (6 ± 1) × 1010e−

charge needed on PMMA surface to cancel external E-field:

Qcoll = (1 −
Veff

charging

Veff
no−charging

) ⋅ QE=0

for 100% collection efficiency: Qmax(t) = ·Ne ⋅ tcharge

from this experiment

κPMMA = 1.8+0.4−0.3

tcharge is the amount of time spent with the cesium source open for the reduced
signal. Qfull is an estimate based on the results from the Geant4 simulation (see
equation 7.6).

The fraction of charge collected on the walls is then simply Qcoll/Qfull. Not all
of the charges produced are expected to be collected. Some will recombine in the
fluid (section 6.3) and a small fraction may miss the cell wall, traveling out the open
end of the dummy cell, and then make their way to the electrode to be neutralized
by the electrode. The fraction of charge collected for each length of time charging is
presented in table 7.7.

Table 7.7: List of charges produced during a charging session compared to the charges
collected on the cell wall.

Fractional Charge Collected

tcharge (hrs) Qfull
�
1010e–

�
Qcoll

�
1010e–

�
Qcoll/Qfull

1.06 1.09 0.67± 0.45 60%± 40%
2.01 2.08 1.34± 0.45 65%± 22%
4.00 4.15 1.79± 0.67 40%± 20%

The results in the final column are in agreement with each other for the fraction
of charges produced that are collected on the cell wall. To determine the agreement
seen with the work by Seidel, et al. [50](section 6.3), the average field present in
the region needs to be calculated. Previously, the field or voltage of concern was
the e↵ective one, which is the field to which the first harmonic of the Kerr e↵ect
is sensitive. However, the charge recombination depends upon the actual field, and
the average percent recombination will more closely resemble the average field in the
region, at least when there is a significant DC o↵set. In this case the average field is
simply the DC componentfor the full signal field,

EDC =
VDC

d
=

14.90 kV

0.41 cm
= 36

kV

cm
. (7.12)

To see how the reduced net field a↵ects the charge collection rate, the average net
field after four hours of cell charging should also be calculated. As mentioned before,
the reduction in ✏1 can be treated as a reduction in the net DC voltage and the net
AC voltage remains una↵ected. Calculating the e↵ective net DC voltage after four
hours of cell charging produces a reduction from 14.90 kV to 10.49 kV, producing
Elow
DC = 26 kV/cm. Figure 6.6 is given an overlay in figure 7.12 to illustrate that,

for full signal, approximately 70% of the charge is expected to be collected and that,
after four hours of cell charging, approximately 60% of the charge is expected to be
collected, which is in agreement with the values shown in the last column of table 7.7.
However, these expected values are based on the fit of the data presented in figure
7.12. No data had previously been taken for charge recombination in liquid helium
at the electric field values as strong as the ones used in this cell charging experiment.

86

max max

Results consistent with data and theory in Seidel et al. 
G.M. Seidel et al., PRC 89,  025808 (2014)

Pb shield

137Cs source

γ
e−
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Implications for nEDM@SNS during Measurement Cycle
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Cell charging during measurement cycle (mc):

•neutron beta-decay 
•n + 3He ➞ p + t + 764 keV 
•other ionizing radiation from 
ambient materials

Best estimate so far: Qmc ~ 900 pC

Capacitance of HV electrodes: C ~ 16 pF

➞ 
ΔE
E

=
ΔV
V

=
56V

635kV
≈ 9 × 10−5 ✔

1% E-field stability per measurement cycle: can keep E-field > 100 cycles 

Will reverse E-field more frequently for systematic studies
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 Implications for nEDM@SNS during Filling Cycle
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Cell Charging Rate (μC/fill) for two Cells

see talk by: D. Loomis

dTBP coated PMMA cell

filled with SF4He
HVMCNP, COMSOL simulations for nEDM@SNS

K. Leung

Cell charging during neutron filling of the cells:

Improve  
• shielding 
• cell material (dPMMA)   
• window thickness

minimize charge build up reverse HV before every measurement cycle ?
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 Summary
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dTBP coated PMMA cell

filled with SF4He
HV

• Cryogenic apparatus with HV electrodes was constructed to study cell charging 

• Free charges were produced in cryogenic liquids by means of a strong 137Cs γ-source  

• Electro-optical Kerr effect was used to study the stability of E-field  

• Cell charging was observed in LN2 and SF4He 

• Charges were neutralized by E-field reversal 

• Charges produced during a measurement cycle of the nEDM experiment are not expected to 

impact the stability of the E-field significantly 

• Frequent E-field reversal is planned to investigate systematic effects  

• More systematic studies in progress: “closed cell”, binding energies, ….. 

Thanks for your attention!


