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Abstract

Two niobium elliptical 1.3 GHz superconducting radio frequency (SRF) electron photoinjector
cavities were successfully recovered after mechanical inner surface damage. Both cavities had deep
imprints in the critical high surface electric field area around the photoelectric cathode position. The
lengthy repair procedure, which consists of surface inspection and defect characterization, mechanical
polishing and light chemical etching is described in detail. In the process, a new high pressure rinsing
(HPR) nozzle system optimized for the special photoinjector geometry was also developed.
Subsequent cold RF tests demonstrate complete performance recovery. This is the first time that
photoinjector cavities damaged in the high electric-field region could be recovered.

1. Introduction

Helmbholtz-Zentrum Berlin (HZB) is currently designing and building a high-average current all
superconducting continuous wave (CW) driven energy recovery linear accelerator (ERL) as a prototype to
demonstrate low normalized beam emittance of better than 1 mm x mrad at up to 100 mA and short pulses of
about 2 ps. In order to achieve these demanding goals HZB started a staged program for developing high current,
high brightness SRF electron sources [1].

1.1. Photoinjector cavity design

The SRF photoinjector cavity is the most critical component of the electron injector. In order to mitigate risk ofa
failed design, it is being developed in several stages. The cavity design described here is the first stage towards the
final high power version. The 1.4-cell design features a short half-cell optimized for low emittance beam
dynamics and dark current mitigation and a rather narrow cathode channel. It is equipped with an insert of a
high quantum efficiency (QE) normal-conducting multi-alkali cathode [2].

An overview of the cavity is given in figure 1. The 1.4-cell cavity includes a choke cell (2) and an enlarged
beam tube (6) to allow higher order modes (HOM) above the fundamental TMy;, monopole mode to propagate
to the absorber following the downstream coupler port (5) and superconducting solenoid. The cavity is
equipped with a blade tuner [3], featuring a stepper motor for coarse tuning and piezo stacks for fine tuning. For
operation up to 4 mA beam current, the cavity is equipped with two modified EU XFEL power couplers
optimized for CW operation [4] capable of 10 kW CW RF power each. The field distribution of the fundamental
mode of the Gun RF cavity was chosen to optimise for alow beam emittance and at the same time allow for a
high average current acceleration of 10 mA.

Whereas the emittance requires a high electric field for immediate acceleration at the cathode to prevent
emittance growth by space charge effects within the electron bunch, the high current limits the field by the RF
power requirements. The design is a compromise of fairly high field during emission to prevent space charge
driven emittance growth, while the limit by total beam power transferred through the power couplers results in a
beam energy between 2.0 and 2.6 MeV.

© 2024 The Author(s). Published by IOP Publishing Ltd
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Figure 1. SRF photoinjector cavity. 1—cathode tube, 2—choke cell, 3—half-cell, 4—main cell, 5—two input coupler ports, 6—beam
tube, 7—back wall, 8—opening for cathode.

Figure 2. Cathode insert design: 1—transfer rod (is out of the cavity, when cathode is at target position and locked), 2—thermal and
electrical insulating ceramics, 3—Petrov filter, 4—bayonet spring, 5—cathode insert, 6—cathode plug.

The field distribution was optimized such that the on-axis field has its maximum as close as possible to the
cathode, but not on the cathode itself. This helps to minimize the danger of field emission (FE) and results in
radial field components for initial focussing [5].

1.2. Cathode-insert design

The cathode insert and exchange mechanism (see figure 2) is a variant of the Helmholtz-Zentrum Dresden-
Rossendorf (HZDR) design [6] with the main difference, that the cathode plugis kept in place by a mechanism
exerting force by a special copper-beryllium spring (not shown) fixing the molybdenum plug (6) on the copper
insert (5). The cathode is cooled via helium gas to 80 K with thermal transfer between the cooling jacket (not
shown), the copper-made Petrov filter (3) and the insert itself to the plug. The Petrov filter acts as an additional
REF filter to the choke cell to suppress any fundamental mode propagation downstream the cathode transfer
mechanism and match the impedances. The transfer rod (1) is removed after cathode transfer, when the bayonet
mechanism locks the insert into the inner Petrov filter channel.

2. Cavities description

There were two photoinjector cavities built at this stage: Gun 1.0 and Gun 1.1. The present work describes
treatment of both cavities.

2.1.Gun 1.0
The Gun 1.0 prototype cavity was built by Jefferson Laboratory. The as-produced half-cell was 5 mm shorter
than the design which results in heavy multipacting when the maximum on-axis (E) field exceeds 17 MV m™".
For the same reason the cavity’s fundamental frequency was lowered by about 1.5 MHz. Gun 1.0 was retreated
(buffered chemical polishing and high-pressure rinsing) many times but always had strong field emission. This
cavity was used for the first cold cathode experiment at HZB. Gun 1.0 was assembled into a cold string and
installed in the Gun Lab - a test cryomodule equipped with a diagnostic beam line to characterise the electron
beam [7].

In figure 3 an intrinsic quality factor Qq [8], a measure proportional to the inverse of the resonator’s surface
resistance, is plotted versus maximum on-axis field Ey. The plot shows evolution of the cavity performance
starting from initial fabrication acceptance test (final vertical test) to a test of the complete beam vacuum system
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Figure 3. Gun 1.0 performance in intrinsic quality factor Qg versus on-axis peak electric field of the TM010-7 mode at different stages
of operation.

Figure 4. Copper cathode insert covered with a sputtered material (pointed with an arrow). The missing lip of the holding mechanism
can be noted close to the arrow.

assembled in the cleanroom with the cavity, the so-called cold-string horisontal test, until the last run in the Gun
Lab with photo-cathode transferred towards the half-cell’s back wall opening.

The cryomodule operation has demonstrated a large dark current even without a cathode installed [9]. RF
operation was also performed with a copper cathode and demonstrated a significant cavity quality factor
degradation (black triangles in figure 3). Furthermore, multipacting and field emission occurred at very low field
levels of 8 MV m " E, which could even not be suppressed by a DC bias voltage up to 9 kV. Later the cathode
insert was found to be covered with cathode sputtered material (see figure 4) caused presumably by discharges in
the gap between the cathode plug and the insert. This material deposited on the niobium surface of the cavity is
the main candidate to explain the quality factor degradation. Also, during one of the cathode exchanges, the
cathode insert was damaged. One lip of the holding spring was broken (missing lip can be noted in figure 4).
During release of the transfer rod from the insert, the molybdenum cathode plug fell into the half cell.
Subsequently, the cavity had to be disassembled from the module for cathode removal and cavity repair.

2.1.1. Removing the cathode

The cavity was dismounted from the Gun Lab and transported to the clean room keeping the horizontal
orientation to avoid cathode movement. The inner surface of the cavity was inspected with a camera. The
cathode plug resting in the half-cell is shown in figure 5(a). It was considered too risky for the cavity surface to try
to grab the cathode with any clamping device. The cathode was extracted from the cavity by means of a
solidifying resin used for the cavity surface replicas (described in section 3). A flexible polyvinyl chloride (PVC)
tube was positioned above the cathode plug and premixed replica material was supplied to fill the volume on the
backside of the plug. The tube position was kept constant until the resin solidified and bound the tube to the
cathode plug. The cathode after extraction with attached solid resin and a transparent PVC tube are shown in
figure 5(b).
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Figure 5. (a) Molybdenum cathode plug (1) resting on the equator welding seam (2) of the half-cell (running left to right). The dark
vertical line (3) is a reflection artefact. (b) The extracted cathode (1) with PVC tube (6) and solid resin (4) attached. The deposited high
quantum-efficiency cathode is visible on the plug face(5).

Figure 6. The optical image of the back-wall during cavity inspection (a) and the optical image of the cathode inside the cavity after the
cathode transfer (b) [10]. Defects are pointed with arrows and numbers. Grain boundaries are also indicated. The dark circle in the
middle is due to the cathode material coating.

After the cathode was removed, the surface optical inspection by means of a high resolution camera did not
reveal any visible scratches or indents at the cathode resting position. On the other hand, high reflective spots
were observed around the cathode opening. In figure 6(a) two of these spots are pointed at by the arrows and will
be referred later as Defect #1 and Defect #2. The image of the same area of the cavity and the cathode shown in
figure 6(b) was taken during the Gun Lab operation after the cathode transfer but before it was detached [10].

Clearly, both defects were present before the cavity test in Gun Lab. Defects were not recognised among
other reflections due to poor image quality provided by along-focus camera used to control the cathode position
during the cold test.

To provide more information about the defects a replica of the surface in this region was taken as described
in section 3.

2.2.Gun1.1
Gun 1.1 is a second photoinjector cavity for the bERLinPro injector built by Research Instruments, taking into
account the lessons learned from Gun 1.0 production and operation. Gun 1.1 was vertically tested before helium
vessel integration as a reference for the later tests and reached E, = 28.5 MV m ™' without field emission (initial
cavity performance is shown in figure 26, grey circles in the lower plot). The titanium tank was then successfully
welded. However during final high pressure water rinsing (HPR, [11, 12]) the cavity back plate near the cathode
opening collided with the HPR nozzle head. Subsequently the gun was transported to HZB for the surface
inspection to gauge the extent of the damage and to evaluate repair options.

An optical image of the defects is shown in figure 7. The same replica procedure as for Gun 1.0 (see section 3)
was applied to study the defect in details.

3. Cathode-area replica

A well-known [13—15] replica technique was used to acquire a detailed imprint of the cavity surface. As was
demonstrated in [16] performing a replica does not influence the cavity performance provided it is completely
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Figure 7. Optical image of Gun 1.1 back plate after collision with HPR nozzle. The dark area around the defect is a reflection of a
camera.

Figure 8. (a) Gun replica tool: 1 - main body, 2- pin, 3 - sealing lines, 4 - M4 screw, 5 - nut, 6—rod; (b) filled replica inside the cavity; (c)
replica removed from the cavity. The screw extends beyond the tube only because it is pushed up as the assembly is resting on a table.

removed from the surface. A standard high pressure rinsing (HPR) (6 passes with 10 mm min " axial velocity
and two revolutions per minute) of the surface is enough after the replica procedure.

Since HPR cannot clean the choke cell efficiently, it was essential that no replica leaks into this through the
cathode opening. Hence a tool shown in figure 8(a) was developed to produce the imprint. It consists of two 3D-
printed plastic parts: a main body (1) and a pin (2). Both parts are attached with a stainless steel M4 screw (4) to a
plastic rod (6) which is used to position the tool and extract it from the cavity. Before the assembly, both parts
were installed in the casting moulds to form sealing lines (3) with replica material.

To produce a replica the cavity was positioned vertically inside the cleanroom and the bottom of the replica
tool was inserted into the cathode opening and lightly pressed against the surface. Pre-shaped double sealing
lines ensure that no replica fluid leaks into the choke cell and outward the tool area on the back-plate. Mixed
replica fluid (Technosil NT” duplicating silicone) was supplied from the top via hose to fill the inner volume of
the tool (see figure 8(b)). After the mixture solidifies, the tool was extracted from the cavity by pulling the rod. As
aresult, the exact cast of the cathode opening and the area around was acquired (figure 8(c)).

4. Surface analysis

The replicas subsequently were studied in detail with a confocal laser scanning microscope (Keyence VK200) to
acquire the profile of the negative. As a result, high resolution images and a 3D profile of the surface were
acquired. Defects down to 0.3 m can be resolved.

4.1. Surface defectin Gun 1.0

In figure 9 surface profiles (solid lines) of one of the replicas from Gun 1.0 are shown. Three profiles passing
through the cavity axis were taken at different azimuthal angles for data redundancy (note the break in X axis).
The dashed circles represent the fitted curvature of a bevel of the cathode opening. By design, the bevel radius is
2.0 mm before the chemical etching. A measured radius of 1.7 mm means that about 300 pm of material was
removed in this region by etching, which was double of the average material removed based on vendor reports
(about 150 pm). This effect is anticipated as during the etching all the acid is pumped through the cathode
opening and thus has a much higher velocity comparing to other cavity regions. As a result, more material is
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Figure 9. Surface profiles of a replica. Three sections of the same replica at different azimuthal angles are shown. Dashed circles
represent fitted curvature of a bevel. Position of Defect #1 is indicated.

Defect #1

Figure 10. High resolution laser image of Defect #1 (top) and Defect #2 (bottom). The red rectangles show areas with common
shape. The yellow arc marker in the top image has a diameter of 11.5 mm.

removed and the cathode opening diameter is about 0.5 mm larger than designed. Section 3 (black line) passes
Defect #1 (see figure 6), so one can see the location and dimensions of the defect. Unfortunately, it is located in
the region of the highest surface electric field.

High resolution images of Defect #1 and Defect #2 are shown in figure 10. One observed a similar size and
shape for both defects. Furthermore, the red rectangles indicate areas with almost identical pattern, and it is
probable that both defects were made by the same ‘tool’. The outer edges of the defects are almost circular. The
yellow arc in top image fits the outer edge of the defect and has the diameter of 11.5 mm. Defect#1 has the
maximum depth of 80 yum and Defect#2 has the depth of 20 ym.

The sharp edges of the defects indicate that the damage was done after the final chemical treatment.
However, the cavity producer was unable to identify the tool and the procedure which could lead to such defects.

4.2. Surface defectin gun 1.1

The defect caused by colliding with an HPR nozzle is shown in figure 11. The defect (1) has the diameter of

20 mm, maximum depth of 30 ym and maximum width of 0.8 mm. One can also see several point-like defects
(2) which are not related to HPR nozzle collision, and typical etching pits (3) inherent in BCP process of single-
crystal niobium.

5. Cavity retreatment

To restore the performance of cavities it was decided to remove the defects. Several options were considered. If
the standard chemical treatment was chosen at least 80 ©m on average must be removed by electropolishing to
sufficiently smooth the defect. It would result in an unacceptable lowering of frequency (shift of about 800 kHz),
which would have removed Gun 1.0 even further off target resonance frequency. In case of buffered chemical
polishing (BCP) average removal and the frequency shift would be even higher [17]. However, as both cavities
were integrated with helium vessels there was no possibility to tune the cavity frequency enough after surface
etching. In addition, the amount of etching required would introduce a lot of hydrogen into the niobium
resulting in a possible Q-disease effect [8] and quality factor degradation.
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Figure 11. Optical image of the surface defectin Gun 1.1 (a), high resolution laser image of the defect (2) and its profile (c).

’ Optical Inspection ‘

’ Replica Defect Analysis ‘

’ Local Mechanical Polishing

’ Chemical Polishing ‘

’ High Pressure Rinsing "
HF Rinsing
’ Vertical Cold Test ‘ p

‘ Cold String Assembly ‘

Figure 12. Retreatment workflow chart. Eventually, HF Rinsing was added as an intermediate step after vertical testing to remove
oxides introduced by the high pressure rinsing.

Therefore, we decided to perform local mechanical polishing of defects followed by very light BCP
(max. 10 um) of a whole cavity and high pressure rinsing (HPR) afterwards. A workflow chart of the full
retreatment procedure is shown in figure 12. Hydrofluoric acid (HF) rinsing was added afterwards to remove
oxidization caused by HPR (see section 10).

Before retreatment, Gun 1.0 was rinsed with a standard HPR and tested vertically (see figure 16) to have a
base-line performance.

6. Mechanical polishing procedure

The polishing procedure was developed for Gun 1.0 to prove the reliability and later was also implemented with
Gun 1.1. The gun cavity was positioned vertically with a beam-tube pointing up (see figure 13) in the local clean-
room to avoid contamination by foreign particles beyond the polishing media. To prevent polishing media
leakage into the choke cell a plug (5) made of the same replica material was installed from the back side into the
cathode opening. The plug was retracted ca 5 mm from the back-plane to provide space for the polishing tool. In
addition, a protective sleeve (1) was developed to prevent any damage of the cavity inner surface by the tooling. It
houses LED lights and lips for a centring ring (3). The insert is fixed to the cavity flange and gives a solid support
for the polishing tool. The polishing tool consists of a plastic rod (2) and a clamp for the standard polishing heads
(4). Itis also equipped with the centering ring (3) to keep its position close to the cavity axis and is set in motion
with a battery driven drill.

Shank-mounted felt polishing bobs of different sizes and shapes were used with ready-to-use water-solvable
diamond polishing slurry Hyprez” (manufactured by Engis Corporation). The polishing was performed in three
stages, each subsequent step with reduced grain size of the polishing media: 14 ;sm, 8 ym and 3 pm. The grain
size was selected according to [ 18] and adjusted based on the defect size and our experience of Nb metallographic
sample preparation. The view of the polishing bob above the back wall is shown in figure 14. After each step, the
cavity back-plate was sprayed with deionised water to dilute the slurry. The slurry with water was removed by
means of a PVC hose connected to a vacuum cleaner. The cleaning procedure was repeated several times before
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Figure 13. Gun polishing setup: 1—protective insert, 2—rotating shaft, 3—centering ring, 4—polishing bob, 5—plug.

Figure 14. The view from the top beam tube opening down towards the end plate of the half cell: 1—shaft, 2—polishing bob,
3—plastic hose for draining and spraying. The plug (4) is installed in the cathode opening.

switching to smaller grain size polishing. Individual polishing heads were used for every grain size to avoid
scratches at a finer polishing step.
The evolution of the surface is shown in figure 15.

7. Chemical etching

After the mechanical polishing a modified buffered chemical polishing (BCP) at the vendor site was applied. As
the frequency of cavities is highly sensitive to the amount of the removed material (about 10 kHz per 1 ym
removed) we aimed to etch away as little material as reasonably possible. To reduce the etching rate for better
control of the process the BCP solution of 1:1:4 was used [8]: 1 volume of 48% HF, 1 volume of 65% HNO3 and 4
volumes of 85% H3PO, as a buffer solution. Varying the level of H;PO, thus affects the etching rate the mixture
was cooled before and during the etching process by an ice-cooled water bath. Temperature sensor installed on
the outer surface cavity beam tube showed temperature in the range of 10 °C-12 °C during the etching process.

The average amount of material removed was deduced by weighing the dry cavity before and after the
treatment. In addition, the material removal rate by the acid was checked twice, before and during the cavity
treatment, by means of a sample. To calculate the removal rate, a flat rectangular niobium sample with a known
surface area was etched in the BCP solution for two minutes. Weighing the sample before and after the etching
allowed the determination of the etching speed.

Gun 1.0 was used as a test piece and etched with BCP twice. After the first removal of about 0.9 um (on
average) a matte area around the cathode opening was observed. The cavity received a further etch, with about
5.7 um removed.
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Figure 15. Optical images of the back plane surface of Gun 1.0 after different polishing steps. Defects #1 and #2 are indicated with
arrows. Figure (a) shows the original surface with the defects marked by #1 and #2. Figures (b), (c), (d) and (e) show the surface at
different stages of rough polishing. Figure (f) shows the final surface after the full polishing process. In figure (b) some slurry from the
polishing is still visible.

Gun 1.1 received a single BCP etch, with 4.5 ym niobium removed. However due to a mistake during acid
preparation, a 1:1:8 mixture was used, resulting in longer etching times.

After BCP each cavity received an HPR as employed for European XFEL cavities was then transported to
HZB for the cold test.

8. High pressure rinsing

The first cold test of Gun 1.0 after the polishing showed improved quality factor but suffered from a low field-
emission onset field atabout 7 MV /m (see top plot in figure 16).

The onset field of the field emission was increasing during the test (all three curves ‘After Polishing’ are
acquired during one cold test) in comparison to the field emission we saw before polishing. That was by a hard,
material damage caused defect, which means it cannot be processed by RF field, such that it will physically
remain in its geometrical emission location. The field emitter is mainly caused by a local deformation of the
surface leading to an intensified local electric field allowing the lower field emission onset compared to a flat
surface. But field emission after the polishing and etching was not stable and changed with RF processing, as
indicated by the shifting Qo curves. It became evident that its source was not a hard defect. This was verified by
improving the field-emission onset after an additional in-house HPR at HZB. We assumed that it may have been
remnants of the polishing process on the back-wall and in the cathode channel which were not cleaned or
removed properly by existing HPR nozzle arrangement.

Based on the performance data it was concluded that a new HPR nozzle is required: a standard HPR nozzle
used for TESLA-type cavities doesn’t clean the back plate of the gun cavity. For that reason, we developed the so-
called ‘Gun nozzle’, as shown in figure 17: the stainless-steel body holds 10 screw-in nozzles (produced by
Spraying Systems Co., not shown in the picture). As compared to the standard nozzle head it has additional
water jets towards the back plate of the gun cavity. Using such a nozzle head yielded a significant improvement in
the FE onset field (see bottom plot in figure 16). For Gun 1.1 it shifted the onset field from about 10 MV m ™"
after standard HPR to about 16 MV m ™",

The Gun nozzle was also used for rinsing of the choke side of the cavity as it was feared, the particulates can
migrate from the reasonably ‘dirty’ choke cell into the main cavity. However, the choke cell can be rinsed only
through a small gap close to the cathode opening. For this reason, we also developed a so-called ‘choke-cell
nozzle’ shown in figure 18. Itis small enough to pass through the cathode opening and has ten jets with different
angles. Moving through the opening it sprays the choke cell with different jets cleaning the whole surface.

However the use of the choke-cell nozzle caused an intensive colorization of the cathode opening and the
back plate close to the cathode (see figure 19). This intense colour is known to be caused by the light interference
in thick niobium oxide [19, 20]. In figure 19(b) one still sees the ring from the damage. This is no longer a scratch
but change in reflection after chemical treatment. Although cavities showed good performance in cold tests, we
decided to remove the excessive oxide layer which might lead to unpredictable effects (in particular
multipacting) during photoinjector operation when the cathode is inserted. For this purpose we performed an
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Figure 16. Top: Gun1.0 performance before and after the polishing (with BCP and standard HPR). Bottom: Gun 1.1 performance
after the polishing (with BCP and standard HPR), after additional standard HPR and after HPR with the Gun nozzle. Dashed lines
represent field emission.

Figure 17. The Gun nozzle designed to rinse the photoinjector cavities (a) and its water-jet pattern (b).

additional study of the material in colorized regions (see section 9) and developed a retreatment procedure (see
section 10).

After removal of the oxide layer by rinsing with hydrofluoric acid, only the gun-nozzle was used to clean both
sides (main-cell side and choke-cell side) of the cavity. So far, the choke-cell nozzle has not been used again for
these cavities, but it is planned to further optimize the HPR parameters in the future to avoid the discoloration
with this system for maximum cavity performance.

The following parameters were used for all HPR runs. The water pressure was 100 bar, the cavity made two
turns per minute and vertical translation of the cavity was 10 mm per minute. In addition, filtered nitrogen gas
(filter’s particle removal rating > 3 nm) was supplied through the lance. As it will be shown in the following
section, a reliable electrical grounding of the cavity is critical.
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Figure 18. Choke-cell nozzle design (a), its water-jet pattern inside the choke-cell (b) and photo image of the nozzle (c).

Figure 19. Colorization of the Nb surface around the cathode opening in Gun1.0 (a) and Gunl1.1 (b) and a schematic image of the
water jets that presumably were the cause of the discoloration (c).

Figure 20. Nb coupons (1) in a holder (2) above the Gun nozzle (3).

As the main-cell side is the most critical part of the cavity it must be cleaned more thoroughly. We cleaned
the main cell side first, then the choke-cell side (after flipping the cavity) and the main cell side again. The
capacity of our ultrapure water (UPW) storage system was not enough to complete this sequence in one run.
After several experiments we established the following procedure. The cavity gets one or two cleaning cycles on
the main cell side and right after that, one or two cycles on the choke-cell side. Then the cavity stays overnight,
until the UPW system is refilled and the next day it gets six cycles on the choke cell side and the final six cycles on
the main cell side. Thus the main cell is rinsed the last.

9. Study of the impact of HPR on niobium

To find the proper HPR parameters and especially a safe nozzle-to-surface distance, additional studies with Nb
samples (‘coupons’) were performed. Several small (about 8 mm in diameter) coupons made of fine-grain Nb
sheets were placed in a holder to represent a back wall of the gun (see figure 20). During the coupon tests it was
also discovered that the cavity holder in our HPR system was not reliably grounded: whenever the ground
connection was lost during the operation, strong oxidation of the coupons occurred.
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Figure 21. The Raman Spectra (A = 532 nm) of niobium after BCP (bottom line) and after BCP followed by HPR (top line).

The coupons received an HPR with the same settings as the cavities that oxidized to identify a proper surface
treatment procedure.

9.1. Material analysis of coupons

The x-ray photoelectron spectroscopy (XPS) of niobium coupons was performed at the dipole beamline RGBL,
BESSY II synchrotron-radiation facility (HZB, Berlin) at photon-beam energies 0of 450—-1000 eV and normal-
emission geometry at a 55° angle between the incident beam and the analyzer aperture. The binding-energy (BE)
scale of the spectra was calibrated using the Au 4f; , core-level peak located at 84.0 eV measured with a metal foil.
The spectra processing was performed using the CasaXPS software package using the fitting model described
in[21].

The samples were additionally characterized by SEM, XRD (Bruker D8 Advance, Cu K-a), and Raman
spectroscopy (MonoVista SP-2500i, 532 nm DPSS-laser, 5 mW). In order to choose the method of removing the
defective structure created by HPR, it is necessary to determine the chemical state of the created film. Since
Raman frequencies strongly depend on the niobium oxide structures, this technique has been employed to
investigate the colored film observed on niobium coupons as well as the gun cavity after the HPR.

9.1.1. Raman spectroscopy

In figure 21 the Raman spectra of niobium surface after the standard BCP as well as the one subjected to HPR are
presented for comparison. The former spectrum contains the Raman bands at 150, 170, 270, 308, 350, 485, 530,
548,564, 670, and 850 cm !, that were reported for Nb-O modes of vibration in the slightly distorted [NbOg]
octahedra as well as among the octahedra in various polymorphs of Nb,O5 [22-24].

The spectrum collected from the niobium coupon subjected to HPR in the area where the blue colour was
the most intense, reveals the Raman bands at 264, 385, 485, 632, 670 and 850 cm ~'. The bands at stretching
frequencies 264, 485, 850 cm ™' were observed in Nb,Os [22, 23] while at 632 cm ™' was reported for both Nb,O5
[22]and NbO, [25]. One should note that in [25] the XPS spectra revealed the presence of Nb™> oxidation state
in the NbO, (Nb*) material. A broad and strong Raman band at ~650 eV is a typical feature of amorphous
niobium oxide Nb,Os or/and its hydrated form Nb,Os-n(H,O) that possesses distorted [NbOg] octahedra,
[NbO,] pentahedra and [NbOg] hexahedra as structural units [24, 26, 27].

9.1.2. X-ray photoelectron spectroscopy

To further characterize the aforementioned oxide films an XPS study has been performed. The wide-range
survey XPS spectra of the BCP-ed and HPR-ed niobium surface were represented by the core-level transitions
specific to niobium, oxygen and carbon. For the both samples, C 1s core-level (~285 eV) was represented by
carbonaceous adsorbate commonly found at the surfaces of solids after exposure to air (not shown).

The Nb 3d and O 1s core-level regions of the niobium coupons processed with HPR and following an HF-
rinsing are presented in figures 22(a), (b) and figures 22(c), (d), respectively. O 1s was fitted with three
contributions: 530.6, 531.5 and 532.7 eV associated with O -ions in niobium oxides, low-coordination-
number O~ '-ions that are compensating for some deficiencies in the oxide subsurface [28], and weakly
adsorbed species such as aliphatic C-O-C, etc [29], correspondingly.

12



10P Publishing Eng. Res. Express 6 (2024) 025009 Y Tamashevich et al

BCP
N b
a A Nb 3d Nb-02 O 1s
3 3
s S \
= > ‘ i
@ i Y
c g \
- COH o+ /nb-o
o \
e L —
214 212 210 208 206 204 202 200 534 532 530 528
Binding Energy (eV) Binding Energy (eV)
BCP + HPR
4
c Bt Nb 3d d Nb-02 O 1s
Not 4 | o
- ‘ ~ 7EAY
s A1 ; \
z AR $ ;
2 IR @ \
£ Prob § ,
< Pl € / \
R R c-o-c, / \
H { v
X\/ 4 c-o:.a " /Np-0 \
/ X \ ORI B -
214 212 210 208 206 204 202 200 534 532 530 528
Binding Energy (eV) Binding Energy (eV)
Figure 22. High-resolution energy dispersion curves of Nb3d and O1s regions of the BCP-ed (a), (b) and HPR-ed (c), (d) niobium
surface, respectively, collected at hv = 1000 eV.

The Nb 3d and O 1s core-levels (figures 22(a), (b) collected from the BCP-ed niobium underscores the
predominant Nb>"-oxidation state with the Nb 3ds ,-binding energy at 207.85 eV and the small contributions
from the lower niobium valences in the oxide film, evidently, located at the border with the metallic niobium,
Nb° (Nb 3ds /2at202.05 eV). For the blue niobium area after the HPR, only the doublet of Nb>™ state was
pronounced with the same binding energy of Nb 3d; , as for the BCP-ed niobium (figures 22(c), (d). Thus, the
presence of Nb ™ corresponding to NbO, is ruled out. The FWHM:s of the Nb 3d doublets corresponding to
Nb ™ was slightly broader for the BCP-ed niobium surface (1.24 eV) as compared to the blue area obtained by
HPR (1.15eV). Itis probably related to the Nb,Os-thickness difference of the two samples, and the tension that
occurs at the border with metallic niobium which is disturbed in the case of BCP. The calculated 90%-
information depth (the depth normal to the surface from which 90% of the detected signal originates [30]) for
our experimental condition is 4.64 nm (hv = 1000 eV).

X-ray diffraction measurements both in Bragg—Brentano geometry and at small angles of incidence of
primary beam revealed no reflexes except niobium, which proves the amorphous structure of the film. Thus,
from the presented data analysis we conclude that the blue-coloured film observed at the niobium surface after
HPR represents the amorphous Nb,Os. It is known that Nb,Os can be etched away with the diluted water
solution of HF acid [31].

10. Hydrofluoric acid rinsing

To understand the reason for a strong oxidation and to find a suitable treatment for cavities the same Nb
coupons were used to reproduce the defect. In the left part of figure 23(a) coupon with strong oxidation caused
by HPR is shown. In the right one can see the same coupon after treatment by 5% hydrofluoric acid for 10 min.

After coupon studies, a hydrofluoric acid rinsing (HF rinsing) procedure was applied to remove the oxide
from the cavity surface. A simple setup shown in figure 24 was developed to perform chemical treatment of the
cavities. It consists of a membrane pump, valves, hoses, cavity flanges and 10 litre acid canister. All components
are made of polytetrafluoroethylene (PTFE) or polypropylene (PP). Viton (FKM) gaskets are used to seal cavity
flanges. A pressurized air driven pump allows filling and draining the cavity as well as acid circulation during
treatment.

A water solution of hydrofluoric acid (5% by volume) was used. This mixture reacts only with niobium
pentoxide. As the total amount of niobium oxide is negligible compared to the mixture volume there is no
detectable heating of the mixture or the cavity. As aresult, an additional heat exchanger is not required and the
acid was at room temperature during the treatment (from 19 °Cto 21 °C).

The setup was placed in a standard chemical fume cabinet. It was not necessary to keep the acid circulation as
no gas evolves during the treatment. The pump was running for two minutes every five minutes of treatment.
After treatment was completed, the acid was pumped out of the cavity to the acid canister and ultrapure water
rinsing began. UPW was supplied with the flow of about 51 min~". The resistivity of drain water was
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Figure 23. Optical image of Nb coupon after HPR with too short distance between nozzle and sample (left) and the same coupon after
HF rinsing (right).
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Figure 24. Diagram (top) and image (bottom) of a setup used for HF rinsing.

continuously measured and rinsing was stopped when it reached 100 k{2 cm. Afterwards the water was drained
and the cavity was transported in to the clean room for ultrasound cleaning and HPR.

In Gun 1.0 the colour layer was completely removed after 30 min of HF rinsing,while for Gun 1.1 it took
150 min in 3 steps: 30 min, 60 min and 60 min. This suggests that the oxide layer in Gun 1.1 was much thicker.
After each step the cavity was rinsed with ultra-pure water and checked in the clean-room. Typical images of the
surface before and after HF rinsing are shown in figure 25.

11. Final cavity performance and summary

Figure 26 shows the cavities’ performance after each treatment step. All tests shown were performed without
120 °Cbaking of the cavity, as it was not critical for intermediate steps.
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Figure 25. Optical image of the back plate of Gun1.0 after HPR with a choke-cell nozzle (a) and after subsequent HF rinsing.
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Figure 26. Evolution of Gun 1.0 (top) and Gun 1.1 (bottom) performance.

As one can see, performance of Gun 1.0 is significantly improved compared to initial performance: Qy is
twice higher and no field emission up to maximum field. In case of Gun 1.1 the low field Q slightly increased,
but high-filed Q, is lower, but no field emission observed. It should be noted that the baseline test for Gun 1.1
was performed after 120 °C treatment while it was omitted in the final test. Also this cavity received only 650 °C
annealing during production, so it is possible that the amount of hydrogen in niobium after the full treatment
increased and reached the level, when Q-disease is pronounced. It is planned to apply 800 °C annealing followed
bylight BCP to this cavity during injector module refurbishing.
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As aresult we demonstrated the first time a full recovery of a damaged SRF photoinjector cavities, which
were not able to be operated because of a huge defects in the high electric field cathode area, and could bring
them back to original level. It took two years as a series of tools needed to be adapted for the specific cavity shape
or completely developed. Because we only have two photoinjector cavities and the goal was to recover both, we
had to carefully design and test each treatment step and evaluate its effect on cavity perfomance before we could
implement such a treatment.
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