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An advanced setup for vertical electropolishing of superconducting radio-frequency niobium elliptical
cavities has been installed at CEA Saclay. Cavities are vertically electropolished with circulating standard
HF-HF-H2SO4 electrolytes. Parameters such as voltage, cathode shape, acid flow, and temperature have
been investigated. A low voltage (between 6 and 10 V depending on the cavity geometry), a high acid flow
(25 L=min), and a low acid temperature (20°C) are considered as promising parameters. Such a recipe has
been tested on single-cell and nine-cell International Linear Collider (ILC) as well as 704 MHz five-cell
Super Proton Linac (SPL) cavities. Single-cell cavities showed similar performances at 1.6 K being either
vertically or horizontally electropolished. The applied baking process provides similar benefit. An
asymmetric removal is observed with faster removal in the upper half-cells. Multicell cavities (nine-cell
ILC and five-cell SPL cavities) exhibit a standard Q0 value at low and medium accelerating fields though
limited by power losses due to field emitted electrons.
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I. INTRODUCTION

Electropolishing in hydrofluoric-sulfuric acid mixtures
has become the reference process to reach high perfor-
mance on niobium cavities [1] in accordance with the
requirements of recent projects such as Continuous
Electron Beam Accelerator Facility upgrade [2], X-ray
Free Electron Laser linac [3], and future International
Linear Collider (ILC). According to the standard process,
the cavity is electropolished in a horizontal position, while
rotating and half filled with circulating acid. Vertical
electropolishing (VEP) is studied in some laboratories
as an alternative [4–10]. The aim is to develop an easier
process compared to horizontal electropolishing (HEP),
while providing similar performance, in order to achieve a
cost-effective production of cavities for upcoming large-
scale projects in the near future. As an example, the
construction of the ILC requires the treatment of 16 000
cavities for the 500 GeV baseline configuration.
High gradients have already been achieved by VEP with

stirred static acid [11,12] but only for final thin removal; for
deeper removal a Q slope is observed [12]. We anticipate
that a circulation of the acid mixture and a better acid

renewal should provide improved electropolishing condi-
tions. An automated VEP device with a circulating acid
system has been developed at CEA Saclay (see Fig. 1). The
cavity is filled from the bottom and the acid runs back to the
tank by gravity from the top of the setup. The technical

FIG. 1. Five-cell SPL cavity during VEP treatment.
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characteristics of this setup are detailed elsewhere [5]. It has
been designed for the treatment of elliptical cavities, from
1.3 GHz single-cellto 704 MHz five-cell cavities designed
for the Superconductive Proton Linac (SPL) [13].
As a first step, single-cell Tesla-shaped cavities have

been used to commission the setup and optimize the
parameters. Then, multicell (SPL five-cell and ILC nine-
cell) cavities have been electropolished. Results will be
presented for these 1300 and 704 MHz superconducting
niobium resonators.

II. PARAMETERS STUDY ON SINGLE-CELL
1300 MHZ TESLA-SHAPED CAVITY

Vertical electropolishing at a voltage of 20 V has
already been investigated on single-cell cavities [5], and a
gradient of 30 MV=m has been achieved. In a second
step, single-cell cavities have been electropolished with
parameters derived from standard horizontal EP: (i) mod-
erate acid flow (8 L=min); (ii) voltage above 12 V;
(iii) temperature around 30° C.The electrolyte is a mixture
of HFð40w%Þ − H2SO4ð96w%Þ in volume proportions
of 1 to 9. The cathode chosen for these experiments
consists in a rod shape with a small protuberance (20 mm
in length and 50 mm in diameter). This cathode is used
in [5].
We applied those parameters to the single-cell Tesla-

shaped cavity “1AC3.” The inner surface inspection was
performed and revealed that these parameters are not
compatible with proper electropolishing conditions. In fact,
the surface is deteriorated after 70 μm removal on average:
a ring of pits is observed between the equator and iris of
the upper half-cell (see Fig. 2). The local removal rate is
above 1 μm=min. It is too high for desirable electropolish-
ing conditions, if considering the appropriate rate is
0.6 μm=min for HEP.
The location of pits coincides with a singularity of the

fluid distribution modeled at low fluid velocity which will
be mentioned later in Fig. 7. Furthermore, the presence of
hydrogen bubbles insufficiently evacuated by the acid flow
might also amplify this phenomenon. Thickness measure-
ments using an ultrasonic gauge were carried out, at six
locations of the cell [Fig. 2(c)]. The gauge was calibrated
using a niobium plate. At one location, the spans can be
explained by the nonflatness of the cavity and therefore, an
uncertainty is introduced while positioning reproducibly
the sensor. The removal on the upper or lower half-cell is
well illustrated in Table I.
As a consequence, we decided to increase the acid flow

up to 25 L=min in the following VEP sequences so as to
improve the fluid distribution (symmetry in the cell) and
the hydrogen evacuation out of the cavity. This would
allow both efficient acid renewal and temperature control
(electrolyte at 20° C) inside the cavity. Nitrogen is also
blown in the acid tank and at the top end group of the cavity
in order to prevent any explosion risk and to favor the

removal of the gas generated during the process. Previous
EP investigations showed that a reduced electropolishing
voltage (down to 5 V) has no influence on cavity perfor-
mance (a process called “low-voltage electropolishing”)
[14]. We decided to apply low-voltage VEP with the
following expectations: (i) a decreased joule heating and
decreased temperature gradient in the cavity and (ii) reduced
parasitic electrochemical reactions as sulfur forms [14–17].
A higher acid flow rate is thus expected to provide

improved electropolishing conditions. The highlighted set
of parameters was applied on the single-cell Tesla-shaped
cavity “1DE1,” which was previously horizontally electro-
polished, in order to compare the two techniques. After
70 μm additional VEP, the achieved surface is very shiny.
The average removal rate is 0.2 μm=min. No pitting is
observed though shallow stripes are observed at the equator
area in the upper half-cell. The new set of parameters seems
promising and the performance of the cavity at 1.7 K will
be evaluated.

FIG. 2. (a) Inspection of the inner surface of “1AC3” cavity
after VEP at 12 V − 30° C. A ring of pits observed at the
location indicated by a red arrow on (b). For further study of
material removal, single-cell cavities were carved at six locations
according to (c).

TABLE I. Measured material removal at 6 locations in the
cavity at 6 V and 8 L=min acid flow rate. Fluid circulates from
bottom.

Average removal (μm) 100

Removal at location #1 80–90
#2 50
#3 60–70
#4 80–100
#5 160–180
#6 210–240
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III. RESULTS ON 1300 MHZ CAVITY
WITH OPTIMIZED PARAMETERS

A. Results on single-cell cavities

The performance of the 1DE1 as received (after HEP)
was very high (Eacc > 42 MV=m, high Q0). It was tested
at 1.6–1.7 K after the additional 70 μm low-voltage VEP
sequence. The cavity was rinsed with diluted hydrofluoric
acid before the presented test in order to remove possible
contamination resulting from a leak. The rf tests in vertical
cryostat were performed before and after baking at 137° C
during 60 h. Q0 ¼ fðEaccÞ plots are shown in Fig. 3. The
following results can be observed: (i) the baking effect is
similar compared to HEP: the Q slope at high field is
removed and the performance was limited by quench at
Eacc > 40 MV=m; (ii) the Q0 ¼ fðEaccÞ plots after HEP
and after VEP agree very well. Low-voltage VEP offers
similar performance compared to HEP.
In a second step, we intend to achieve similar

performance with a cavity that has been exclusively
electropolished. Additional tests were carried out on the
1AC3 cavity. The 1AC3 cavity, as described in Fig. 2, was
again electropolished according to two VEP sequences
with “optimized” parameters and baked under vacuum
(110°C × 60 h). After each sequence, it was tested at 1.6 K
(see results in Fig. 4). The gradient reached 35 MV=m
gradient, in spite of the pitted surface. The performances
were limited by a quench located at the pitted area with
both thermal sensors and oscillating superleak transducers.
Moreover the gradient was improved after additional
VEP sequence at low voltage, though the Q0 value was
degraded.
The presented preliminary results on Tesla-shaped sin-

gle-cell cavities show that the described VEP treatment
offers potentials similar to the standard HEP. A Q slope is
observed after VEP, which is removed by baking. VEP

allows one to reach gradients similar to those obtained
with standard horizontal EP treatment. The decrease in Q0

after the last VEP treatment on the 1AC3 cavity is not
understood yet.

B. Results on a ILC nine-cell cavity

The same set of parameters (6 V − 20 L=min−
T < 20° C) was applied on a nine-cell cavity: 50 μm
on average were removed from the “TB9R1025” ILC
cavity from Fermi Accelerator National Laboratory
(FERMILAB), previously horizontally electropolished. A
large cathode diameter (50 mm) was used for nine-cell VEP
experiments in [5] in order to decrease the anodic current
density. The diameter was reduced down to 40 mm for this
experiment in order to avoid contact with HOM antennas
during insertion. Unfortunately, the performance was lim-
ited by field emission, with onset at 15 MV=m. The Q0

value at low and medium fields is satisfactory (see Fig. 5).
Additional VEP sequences and cleanroom assembly are

planned for improvement.

FIG. 3. Radio-frequency results of the “1DE1” cavity at
1.6–1.7 K before/after VEP at 6 V. The baking process has been
performed at 137° C during 60 h.

FIG. 4. Radio-frequency results of the “1AC3” cavity at
1.6–1.7 K after VEP sequences at 6 V and baking.

FIG. 5. Radio-frequency results of the “TB9R1025” ILC cavity
at 1.7–1.8 K after HEPþ 50 μm VEP at 6 V.
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IV. CATHODE DESIGN AND ASYMMETRY
OF THE PROCESS

A. Alternative cathode shapes

The possible benefits of alternative cathode shapes have
been widely investigated [7–9,18–22]. The effectiveness
of an optimized electrical field in the case of the buffered
electrochemical polishing treatment (electrolyte involving
additional acid lactic) [23] has been demonstrated [7].
Alternative shapes have been proposed in order to improve
the homogeneity of the process. We have decided to focus
on cathode shapes compatible with an easy insertion in the
cavity (narrower than the diameter of the beam pipe). The
work done in [5] was pursued with a more exhaustive study
[22]: a design of experiment method was carried out using
COMSOL software in order to obtain both uniform electric
field and fluid distribution inside the cell. Dominant
parameters that have been put forward are (i) the shape
of the cathode (ellipsoid or cylindrical) and (ii) the length
and diameter of the protuberance. The optimized cathode is
shown in Fig. 6(b) (shape #2).
Its shape is a cylinder (70 mm in diameter and 70 mm in

length). Figure 7 shows the fluid distribution inside the cell
at low flow rate (<5 L=min): the vortex created with shape
#1 should be suppressed with the cylindrical shape.

The electropolishing process is limited by the diffusion
of the fluorine ions [14,24] in the presence of a surface film
[25]. The signature of this diffusion is the plateau observed
on IðVÞ curves. Such curves were plotted during VEP of a
Tesla shaped single-cell cavity using both cathode shapes.
Shape #2 associated with a higher flow rate is efficient to
obtain a wider diffusion plateau, clearly visible in Fig. 8.

B. Asymmetry of the process

The effect of the cathode shape on the symmetry of the
material removal in the cell has been further investigated.
For the optimized set of parameters (25 L=min, 6 V,
T ¼ 20°C), thickness measurements have been carried
out after VEP sequences in additional configurations:
(i) shape #2 : insulated; (ii) shape #2 : naked; and (iii) 30mm
diameter rod cathode : naked. The results are given in
Table II.
We clearly notice the effect of the shape/insulation in

configuration A, on the lower half-cell: the removal in
locations #1, #2, and #3 is fairly uniform. However, this
gain is balanced by a strong vertical asymmetry with the
deeper removal in the upper half-cell. The removal at

FIG. 6. (a) Cathode used in previous VEP experiments (shape
#1) and (b) optimized shape (shape #2).

FIG. 7. Direction of the flow modeled with COMSOL for VEP
with shape #1 (a) and #2 (b) for low acid flow rate.

FIG. 8. IðVÞ curves plotted on single-cell cavity with cathode
shape #1 & #2.

TABLE II. Measured material removal at six locations in
single-cell Tesla-shaped cavities (1AC1, 1AC2, and 1AC3) for
different cathode configurations.

Configuration A B C

Cathode Shape #2 Shape #2 30 mm Rod
Insulated Yes No No
Average removal (μm) 120 60 90
Removal at #1 50 40–50 30–40
#2 40 30 30–40
#3 50 10–20 60–70
#4 100 50 80
#5 200 110 100
#6 290 150–180 160–170
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location #6 is roughly 6 times deeper than the removal at
location #1. In configuration C, the removal is less uniform
in the lower half-cell, but the vertical asymmetry is
decreased.
Similarly to [7], we have to consider in this study the

viscous layer that is generated at the niobium surface
during VEP. The benefits of improved electric field and
fluid distribution are lowered by the macroscopic move-
ment of the viscous surface film, highlighted on flat
samples in [26–27]. The two half-cells should be distin-
guished during VEP: (i) in the upper half-cell, the layer
runs or slides down the cavity due to the gravity. In some
areas, the surface might be “viscous layer depleted.” (ii) In
the lower half-cell, the surface is smooth due to the thicker
layer but the removal is thin due to its high electric
resistance.
Furthermore, in the upper part of the cell, the electric

current might be more sensitive to increased hydrodynamic
flow (acid as well as generated hydrogen). Because of the
bended flow [highlighted in Fig. 7(b)], the shape of the
cathode would then guide hydrogen bubbles to the surface
of the cavity. It might be responsible for the stripes
observed and for increased convection. The difference
between the configurations of rod/shaped cathodes might
be described in the following schematic (Fig. 9).
Considering these results, we conclude that a rod cathode

is more appropriate for the vertical EP configuration,
because of the better hydrogen removal and resulting
decreased asymmetry between the upper and the lower
half-cells. Alternatives are investigated in different labo-
ratories, for example, the use of a patented rotating
retractable cathode at Marui Galvanizing Company in
Japan [8]. The use of a mock-up in plastic proved the
resulting improvement of the mixing of the fluid, especially
at low flow rate.

For better understanding of the fluid distribution during
treatment using a fixed cathode, a mock-up was designed at
CEA Saclay in order to observe the inside of a cavity during
the VEP process. It consists of a cut single-cell cavity
embedded in a resin box, and closed with a transparent
window, as shown in the pictures in Fig. 10.
This modified cavity was electropolished with circulat-

ing acid using a rod cathode for several minutes. Once the
cavity is filled, the voltage is applied between the cavity
and the cathode. It is observed that hydrogen bubbles are
generated in curls and run along the cathode, driven by the
acid flow. This observation agrees with the result of the
flow model [5]. No visible bubbles are stuck at the cavity
surface. We have observed the effect of the pulse of the
membrane pump: the pressure pulses induce the destruction
of the H2 curls into constellations of smaller bubbles that
are more likely to diffuse in the electrolyte.
Besides, a distinct aspect has to be considered: the filling

rate of the cavity. At a high filling rate (30 L=min), air
bubbles are observed (several mm in diameter) that are
stuck at the upper side of the cell. These bubbles are
immobile and are not evacuated by the acid flow. Filling
of the cavity at a lower rate (<10 L=min) prevents the
formation of these air bubbles.

V. EXPERIMENTS ON SPL 704 MHZ
FIVE-CELL CAVITY

The VEP technique has been applied to a 704 MHz
five-cell SPL cavity, with β ¼ 1 (dimensions in mm are
given in Fig. 11) in order to match challenging gradients
(25 MV=m) targeted in the EuCARD project [13].

A. Profile of material removal

The efficient evacuation of hydrogen is considered a
major challenge for vertical EP. It is confirmed in this
demanding configuration, due to the large volume (∼90 L)
and the large niobium surface (1.76 m2) of the cavity. VEP
sequences were carried out at 10 V instead of 6 V for a
1300MHz cavity, because satisfactory polishing conditions
have been observed on a single-cell 704 MHz cavity under
this voltage [9,28]. We used a rod cathode (70 mm in
diameter) in aluminum. The acid flow was high (between

FIG. 9. Schematics of the assumed hydrogen/viscous layer
distribution during VEP for two cathode shapes. The drawings
are not in the correct scale. With a rod cathode (a), hydrogen runs
along it, but in the case of the cathode #2, bubbles are likely to
reach the surface in a viscous layer-depleted area, and this
configuration generates a faster removal.

FIG. 10. (a) Mock-up for the viewing of the inside of a single-
cell cavity during VEP and (b) setup ready for VEP.
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20 and 25 L=min). It corresponds to the upper admissible
flow for the setup, which allows one to decrease the
temperature rise in the cavity and facilitate hydrogen
removal. The temperature rise in the cavity was less than
5°C for an inlet temperature of around 10° C. The niobium
removal in the cavity was measured after several sequences
(measurement by ultrasonic gauge). The cavity was
systematically turned over between two VEP treatments.
After the first main sequence (60 μm removal), a very
strong attack resulting in a rough surface at the upper
position near the iris in cell #5 was observed. Some pits
were also observed after this sequence. The measured
removal profile is shown in Fig. 12 (black squares).
The monitoring of hydrogen inside the treatment cabinet

was considered afterwards and unexpected peaks have been
observed. Such a release of hydrogen should not happen
thanks to the nitrogen venting in the upper part of the acid
tank and at the upper end group of the cavity by the
extraction system. After inspection of the setup, we found
some acid condensation in the gaseous exhaust pipe
preventing gases from being extracted. The incriminated
pipe was drained.
A VEP sequence was carried out with the same cavity

orientation, and the material removal profile in this con-
figuration is shown in the second curve (white triangles)
of Fig. 12. An asymmetry in each cell (similar to the
1300 MHz case), with an additional effect of the position of
the cell, are observed. The removal in a cell increases with
its vertical position. The removal is more pronounced in the
two upper cells.
After the four main VEP sequences, the removal of the

cavity evaluated by weighing was 200 μm in average and
the distribution of removal is shown in Fig. 13.

We observe that turning of the cavity allows one to
obtain a symmetric removal around the center of the cavity.
The highest local rate in cell #5 results from deteriorated
conditions during the VEP sequence with no hydrogen
extraction previously described (already highlighted in
Fig. 12.).We might also notice that the removal rate at
the equators is half the rate at the irises. This ratio is similar
to the horizontal EP case with 1300 MHz resonators [29],
even though the configuration is less favorable (lower
electric field at equators due to the larger diameter of the
cavity). The nonuniform electric field distribution inside
the cell during EP is generally put forward as the explan-
ation. The movements of the resistive surface film due to
the gravity during the process, accumulating at the equator,
should rather be considered as the main component of the
removal rate distribution in the HEP configuration.

B. Surface morphology

The internal surface of the cavity was investigated after
substantial VEP treatments. The surface morphology varies
along the cavity as shown in Fig. 14. Equators, where the
highest rf magnetic field is located, are smoothened, as well
as irises and beam pipes. In the areas located between each
iris and equator, the surface appears to be rougher. Grain
boundaries are more pronounced and features such as
stripes are observed.

C. Field flatness

Field flatness has been measured after each VEP
sequence. The first uncontrolled sequence resulted in a
shift in the field profile (see the curve after 70 μm removal
in Fig. 15). Once the problem was solved, no shift was
observed.

D. 100 K effect

The vertically electropolished 704 MHz SPL cavity was
tested in a vertical cryostat. On the accelerating mode

FIG. 11. 704 MHz SPL cavity and characteristic dimensions.

FIG. 12. Niobium removal during two different VEP sequences
with the same cavity orientation. The removal in the upper cells is
dramatic if hydrogen is not properly evacuated (black curve).

FIG. 13. Distribution of niobium removal after the four main
VEP sequences, which corresponds to the removal of 200 μm in
average.
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(π-mode) the measured Q0 at low accelerating gradient
(below 1 MV=m) was 2 × 109 at 1.5 K, which is approx-
imately 10 times lower than expected. When increasing the
gradient up to 6 MV=m the Q0 decreased quickly down to
5 × 108, with a dissipated rf power of 150 W in the cavity.

The tests have been stopped at this rf power level. This fast
Q slope is observed when a “Q disease (100 K effect)” is
produced in the cavity [30]. It corresponds to the formation
of niobium hydride at the surface of the cavity. The
phenomena is enhanced when the cool down of the cavity
is not fast enough (typically staying at a temperature
between 150 K and 50 K for longer than 1 h). In order
to remove the incriminated hydrogen, a heat treatment of
the cavity under vacuum at 650° C for 24 h was carried out
at CERN.
The final surface treatment before the additional test

of the cavity was a light buffered chemical polishing(less
than 10 μm) with a standard mixture of hydrofluoric, nitric,
and phosphoric acids (ratio 1∶1∶2.4) to remove possible
contamination from the oven.
The quality factor was significantly improved after

heat treatment with a value over 2 × 1010 at 1.8 K.
(See Fig. 16.) Field emission occurred at high gradient
and the test was stopped at 18 MV=m because of the high
radiation level measured in the testing hall. Additional tests
are planned at higher gradients after the modification of the
test area.

VI. OUTLOOK AND CONCLUSION

Low-voltage (6 V), high acid flow (25 L=min), and low
acid temperature (20° C) are considered as promising
parameters for VEP of 1300 MHz cavities. Such a recipe
was tested on single-cell and nine-cell ILC cavities. After
70 μm VEP on a single-cell cavity, it showed similar
performance at 1.6 K compared to previous horizontal
EP (Eacc > 41 MV=m) limited by quench. VEP with

FIG. 15. Field flatness evolution after each VEP sequence.
After the second sequence (uncontrolled process), a shift is
observed. No deterioration is noticed once the hydrogen problem
has been solved.

FIG. 16. Tests of the SPL cavity in vertical cryostat before and
after heat treatment. The heat treatment at 650° C efficiently cured
the hydrogen contamination. The test was stopped at 18 MV=m
because of the too high radiation level (field emission onset at
10 MV=m). An additional test is planned at higher gradients.

FIG. 14. Typical surface morphologies after substantial VEP
(>100 μm) at different locations of the cavity. The weldings at
(a) equators and (b) irises are smooth. Stripes caused by bubbles
are observed at the proximity of irises (c) and (d). In the areas
between equators and irises (e). the surface is rougher. Some
pitting occurred during the uncontrolled VEP sequence (f). The
width of the each view is approximately 20 mm.
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circulating acid is promising at least for final treatment after
bulk EP/tumbling, etc. Another cavity reaches 36 MV=m
after heavy removal by VEP in spite of a pitted initial
surface. The baking effect after VEP is similar to HEP.
Nice surface finishing as well as a standard Q0 value are
obtained at low/medium fields on a nine-cell 1300 MHz
cavity. Unfortunately, the performance of the tested cavity
was limited by field emission. An asymmetric removal is
observed with faster removal in the upper half-cells.
The configuration is more challenging in the case of

704MHz cavities because of the larger volume of hydrogen
to be generated. A deficient evacuation of this hydrogen is
responsible for a faster attack in the upper cell, and pitting
of the surface. A five-cell SPL cavity with β ¼ 1 has been
vertically electropolished with a rod cathode. Thanks to
cavity turning between sequences, a symmetric material
removal in the cavity is achieved. No significant modifi-
cation of the field flatness is observed after each VEP
sequence, once the hydrogen flow is evacuated properly.
The cavity has been tested at 1.5 K and showed heavy Q
disease (100 K effect).Heat treatment at 650° C allowed
recovery of the expectedQ0 value. The gradient is presently
limited to 18 MV=m because of the radiation level.
The VEP treatment of five-cell 704 MHz cavities for the

Europeen Spallation Source with β ¼ 0.86 will also be
investigated. These cavities differ from the SPL cavity with
straight beam pipes (no taper), which should facilitate the
fluid circulation. Besides, improvements of the existing
machine are planned in order to improve gaseous evac-
uation during VEP treatments. They consist in enclosing
the cathode with a meshed net in Teflon and in increasing
the volume of the upper end group of the setup.
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