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Feeding 650 kV into a LHe cryostat from outside is difficult
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• HV generation
• Requires a large device 

• HV vacuum feedthrough
• It is impossible to make a HV 

vacuum feedthrough that meets all 
the nEDM@SNS requirements 
related to: 
• Sub-K cryogenics
• Compatibility with SQUID operation
• Non-magnetism
• Limited physical size

• Note: we need very little power
• Leakage current << 1 nA
• Charged particles caused by n 

beam

750 kV Cockcroft 
Walton Generator at 
CERN



Methods to produce high voltage
• Van de Graff
• Cockcroft-Walton/Greinacher
• Marx Generator
• …

• Most are not suitable for cryogenic operation 
(doesn’t work, or produces too much heat)
• Heat from friction
• Diode operation at <1 Kelvin
• Heat from moving charge across diode drops
• ...
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Cavallo Multiplier Concept

The “Cavallo Multiplier” is a 200+ 
year old method to amplify a 
voltage.
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Induce charge on Plate B 
with VB = 0

Disconnect ground from 
Plate B, move toward 
Plate C.  QB ~ –CAB VA

Touch Plate B to Plate C, 
transferring charge.

By BillC - Own work, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?c
urid=5117737



Cavallo Multiplier Demonstration
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CCD ~ 200 pF dominated by 
the electrometer cable
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Cavallo Multiplier Demonstration
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Prediction of Voltages
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Expression in terms of mutual capacitances Cij:

Infinite parallel plate 
capacitor model:

𝐶!" = 𝜀#𝐴/|𝑥! − 𝑥"|
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E-field between B 
and C electrodes in 
parallel plate model



Room temperature demonstrator
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Figure 5. Left: photograph of the demonstration apparatus, with two of the grounded sides removed. Here,
plate B is about halfway along its path to plate C. The vibrating disc, non-contact electric field probe, not
present in the main photograph but shown in the inset photograph, was positioned below and at the outer
edge of plate C. Right: COMSOL [3] geometry used to compute mutual capacitances between the electrodes
in the demonstration apparatus.

3 Demonstration apparatus

We constructed an apparatus to test quantitative understanding of the voltage development on
plate C. The apparatus geometry is similar to that shown in figure 1, with electrode diameters
of approximately 40 cm and stroke length 29 cm. The Plate C electrode is supported by G10
insulators on a stando� ring, which was connected to common ground in these studies. The
moving electrode, plate B, is supported by a solid G10 rod which passes through the top shelf
to a linear actuator. Before moving away from its upper position next to plate A, plate B is
electrically isolated from ground by retracting a solenoid-actuated grounding pin. A photograph
of the apparatus is shown in figure 5, along with the apparatus geometry representation in the
finite element software COMSOL [3], which was used to check measured capacitance values. Not
present in the photograph and COMSOL model is an additional grounded electrode immediately
underneath Plate C to increase load capacitance.

The mutual capacitances between pairs of electrodes in the system (including ground) were
measured as a function of plate B position using a handheld capacitance meter (Agilent U1733C).
A pair of coaxial cables served as measurement leads, with the outer conductors connected to the
guard input on the meter. These cables were passed through the top deck of the apparatus, and
electrodes i and j were connected to the meter inputs via the coaxial cables center conductors to
measure Ci j . All electrodes in the system other than i and j were also connected to the guard input
of the meter, and all grounded sides of the apparatus were in place during measurements. This
arrangement was e�ective in removing parasitic capacitances, ensuring the measured value was the
mutual capacitance Ci j . Results of these measurements are shown in figure 6 along with fits to
empirical functions. The Ci j calculated with finite element software are also plotted, showing good
agreement with the measurements.

At the relatively small plate charges in the demo apparatus for reasonable applied voltages
on Plate A, leakage current must be minimized. We employed a non-contact method to measure
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Figure 7. Voltage on the demonstration apparatus plate C during five charging cycles with VA = �100 volts.
Plotted are the measured voltages with the non-contact vibrating capacitor method (circles) and predicted
voltages (line) based on the fits to measured mutual capacitances (figure 6).

errors in capacitance measurements and leakage current through insulating stando�s. Although
care was taken in the apparatus construction to avoid the triboelectric e�ect caused by the rod
sliding against dissimilar material (such as a plastic bearing block in an earlier iteration), another
possible source of systematic error is from charges stuck to the G10 rod holding Plate B, which
would impact the charge initially induced on Plate B and that transferred to Plate C. At much higher
operating voltages, this e�ect should be relatively less important. Leakage current through the
insulators supporting plate C could in principle be accounted for by connecting the stando� ring
to the input of a picoammeter (virtual ground), rather than directly to ground, and logging these
data to enable a correction in the data analysis; however, this was not done in the present study. In
any case, it appears the voltages in the demonstration apparatus can be reasonably well predicted
from measured or calculated capacitances, validating an approach of using calculated capacitances
to evaluate designs for a production apparatus.

4 Cavallo’s multiplier in a neutron EDM experiment

As a specific example of incorporating a Cavallo multiplier into a physics experiment, we performed
a high voltage design study for a large-scale, cryogenic experiment to search for the neutron electric
dipole moment (nEDM) [5, 6]. The central detector is a large (⇠1 m3) volume containing liquid
helium at about 0.4 Kelvin. A capacitor is formed by a central high voltage electrode flanked on
either side by measurement cells followed by ground electrodes. To take advantage of the excellent
dielectric strength of liquid helium, a design goal is to charge this capacitor, with CCG ⇡ 100 pF,
to about 650 kV, corresponding to a field inside the measurement cells of 75 kV/cm.

Bringing 650 kV into a volume filled with LHe at 0.4 K with a direct HV feed is a very
challenging task. The HV feed line needs to be designed so that the heat brought in is within the
allowed heat budget of a few tens of milliwatts, which requires proper thermal anchoring at 4 K and
77 K. In addition, the feedthrough needs to be superfluid tight and, for the nEDM experiment, strictly
non-magnetic. The leakage current flowing across the surface of the insulator must be minimized
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○ Measurement
—  Calculation

• Predicted electrode voltage is based on fits 
to measured capacitances (above plot). 

S.M. Clayton et al. JINST 13 
P05017 (2018)
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nEDM@SNS experiment
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C electrode

B electrode

A electrode

D electrode

The electrode geometry 
was optimized to:
• Maximize the voltage 

gain
• Minimize the probability 

of electrical breakdown

Full scale cryogenic prototype



Cryogenic Cavallo Simulations

Electric Potential Electric Field

kV kV/cm
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Assembly of full-scale 
cryogenic prototype
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“3-Hole-Punch”

Field mill for non-contact 
voltage measurement in 
Cavallo test stand
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C electrode

D electrode

Field mill rotor

HV power 
supply

Field mill calibration

View of field mill rotor with 
C electrode removed



Test of the full-scale cryogenic prototype at 
room temperature in vacuum
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Successful demonstration of an 
amplification factor of 13.

A problem developed with the A 
electrode holding the input voltage. The 
problem was traced to an incorrect 
material used  for the standoffs.



2nd Test of the full-scale cryogenic prototype at 
room temperature in vacuum
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After replacing A electrode standoffs

New problems were revealed:
• Ions created when B returns to ground

• Can be mitigated…
• Can’t seem to charge above ~45 kV

• Caused by poor vacuum?

C electrode

B electrode

A electrode

D electrode



Next steps
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• Repeat HV amplification test in room temperature 
vacuum with an input voltage of up to 25 kV
• Improve vacuum
• Add diagnostics (monitor currents induced on ground ring 

and “D” electrode)
• Also: Try SF6 environment

• Develop cryogenic field mill and alternatives
• Test cooldown of upper cryostat (1K pot)
• Install the Cavallo electrodes in the test cryostat
• Cooldown the cryostat and perform HV amplification 

test in liquid helium



Cavallo team and friends
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• Marie Blatnik
Caltech graduate student
(front row, 2nd from left)

• Steven Clayton 
work package leader (back row, left)

• Takeyasu Ito
scientist (front row, left)

• Alex Jacobs 
summer student from Santa Fe Prep 
(middle row, right)

• Anh-Thai Le 
summer student from Yale 
(middle row, 2nd from right)

• Mark Makela
deputy group leader (not in the 
photo)

• Chris O’Shaughnessy 
engineer  (not in the photo)

• Eric Renner
engineer (middle row, left) 

• Isaac Smythe 
post-bac (back row, right)

• Theresa Sandborn 
post-bac (front row, middle)

• T.J. Schaub
research Technologist (not in the 
photo)

• Jason Surbrook
postdoc (not in the photo)

• Wade Uhrich
research technologist (not in the 
photo)



Extra Slides
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Non-Contact Voltage Measurement

Data from one Cavallo 
charging cycle

• Vibrating plate connected to current preamp (Stanford 
Research SR556) followed by lock-in amplifier (SR830)

• In this study, the reference plate voltage was fixed at 0 V 
(open-loop operation)

Moving plate: Cu-
clad G10 (now a 1 ¼” 
disc; old plate shown 
here)

Piezo actuator (here, 
operated with ≈ 40𝜇m 
stroke, 40 Hz sine wave 
excitation, so  
Max 𝑣!"#$% = 0.5 
cm/s)

Reference plate

G10 rod down 
to actuator
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Spark Energy in Toy Model
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Other Sources of Heat
• Charge flow across resistive electrode surfaces
• 𝑊3	~	∆𝑡	𝐼4𝑅	~	𝑅𝑄54/∆𝑡
• If R ∼ 1 kΩ, QB ∼ 1 μC, and ∆t ∼ 1 s, à Wq ∼ 1 nJ

• Turbulent flow around B electrode
• Scale experimental results of small sphere oscillating in 

He-II at 0.3 K, M. Niemetz and W. Schoepe, J. Low Temp. 
Phys. 135 447 (2004).
• Force 𝐹6 = (𝑐6𝜌𝐴/2)𝑣4 − 𝐹7
• If v=3 cm/s, the estimate is

PD~0.1 mW for ~10 cm radius
disc.
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FIELD MILL PROGRAM: 
  NO-CONTACT HIGH VOLTAGE MEASUREMENT DEVICE

“3-Hole-Punch”

“Waffle”
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