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Linacs for high-energy physics, as well as for industry and medicine, require accelerating structures
which are compact, robust, and cost-effective. Small foot-print linacs require high-accelerating gradients.
Currently, stable-operating gradients, exceeding 100 MV=m, have been demonstrated at SLAC National
Accelerator Laboratory, CERN, and KEK at X-band frequencies. Recent experiments show that
accelerating cavities made out of hard copper alloys achieve better high-gradient performance as compared
with soft copper cavities. In the scope of a decade-long collaboration between SLAC, INFN-Frascati, and
KEK on the development of innovative high-gradient structures, this particular study focuses on the
technological developments directed to show the viability of novel welding techniques. Two novel X-band
accelerating structures, made out of hard copper, were fabricated at INFN-Frascati by means of clamping
and welding. One cavity was welded with the electron beam and the other one with the tungsten inert gas
welding process. In the technological development of the construction methods of high-gradient
accelerating structures, high-power testing is a critical step for the verification of their viability. Here,
we present the outcome of this step—the results of the high-power rf tests of these two structures. These
tests include the measurements of the breakdown rate probability used to characterize the behavior of
vacuum rf breakdowns, one of the major factors limiting the operating accelerating gradients. The electron
beam welded structure demonstrated accelerating gradients of 90 MV=m at a breakdown rate of
10−3=ðpulsemeterÞ using a shaped pulse with a 150 ns flat part. Nevertheless, it did not achieve its
ultimate performance because of arcing in the mode launcher power coupler. On the other hand, the
tungsten inert gas welded structure reached its ultimate performance and operated at about a 150 MV=m
gradient at a breakdown rate of 10−3=ðpulsemeterÞ using a shaped pulse with a 150 ns flat part. The results
of both experiments show that welding, a robust, and low-cost alternative to brazing or diffusion bonding, is
viable for high-gradient operation. This approach enables the construction of multicell standing and
traveling-wave accelerating structures.
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I. INTRODUCTION

There is a strong demand for accelerating structures that
are able to achieve higher gradients for the next generation
of linear particle accelerators for research, industrial, and
medical applications.
A continuous collaboration on the study of various

geometries, materials, surface processing techniques, and
technological developments of accelerating structures has
involved, for more than a decade, the SLAC National
Accelerator Laboratory in the USA, the Italian Institute of
Nuclear Physics–National Laboratories of Frascati (INFN-

LNF), and the High Energy Accelerator Research
Organization (KEK) in Japan. The results of this study
can be found in Refs. [1–23]. This paper is part of this study
and in particular it focuses on the technological develop-
ments directed to show the viability of novel welding
techniques [2–4,12].
The accelerating gradient is one of the major parameters

that determines the cost and viability of accelerator
projects, such as large-scale linear colliders for high-energy
physics and high-brightness electron sources of free-elec-
tron lasers, for example, the Eupraxia@SparcLAB [24] and
SLAC Linac Coherent Light Source [25].
The major issues determining the high-gradient perfor-

mance of accelerating structures are the vacuum rf break-
down, pulse surface heating, and field emission. The rf
breakdown abruptly and significantly changes the trans-
mission and reflection of the rf power that is being coupled
into an accelerating structure [1]. The rf breakdown physics
is an active field and the main method of studying it is
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experimental, where we typically report the breakdown
probability, i.e., the number of breakdowns per total
number of rf pulses per meter at a given accelerating
gradient and pulse shape. Numerous theoretical predictions
and experiments have been carried out in the major national
laboratories in order to evaluate the high-gradient perfor-
mance of accelerating structures made out of different
materials and operating at different frequencies [26–34].
Now, X-band structures are the most studied in terms of

rf breakdowns [5–8,10,35–37]. A major part of this study is
the technological activities, which resulted in the develop-
ment of sophisticated manufacturing, surface preparation
techniques, and systematic rf processing methods
[21,22,38]. We know that breakdown statistics depend
on pulse surface heating [9] and a numerous other factors,
such as the peak electric field, the peak magnetic field [11],
the peak Poynting vector [39], the hardness of the cavity
material [12], and the cavity temperature [15,16].
For these systematic breakdown studies using high-

gradient experiments, we developed three-cell cavities
[7,12]. In these cavities, only the central cell’s electric
and magnetic fields mimic the fields of a periodic full-scale
standing-wave structure. We refer to these types of cavities
as “single cell” because the field is highest only in the
middle cell, while the first and third cells have lower fields.
The peak on-axis electric field in the middle cell is two
times higher than in the end-cells for the purpose of
localizing rf breakdowns mostly in the middle cell. This
geometry was developed specifically to test the basic
physics of rf breakdowns. The test utilizes an economic
setup with a reusable TM01 mode launcher power coupler
[17,40]. With this configuration, we have tested more than
40 structures to date. As a result, a large amount of
experimental data were produced and used here as a
reference [5–14,17–20,23]. In these experiments, we tested
structures fabricated with novel manufacturing techniques,
including cavities built out of hard copper alloys. Our
previous tests have demonstrated that structures made out
of these hard copper alloys can achieve reliable accelerating
gradients higher than 150 MV=m with rf breakdown rates
better than that of soft annealed copper.
Commonly used methods for joining parts of accelerating

structures are high-temperature brazing and diffusion bond-
ing, which are performed at temperatures of 800–1000 °C.
This high temperature anneals the metal and makes it soft.
Although brazed cavities have good electrical, thermal, and
vacuum properties, experimental results with hard copper
cavities have shown that hard materials sustain higher
accelerating gradients for the same breakdown rate, with
the copper-silver (CuAg) alloy having the best performance.
High-power tests of hard CuAg structures show gradients up
to 200 MV=m at 10−3=ðpulsemeterÞ breakdown probability
using a shaped pulse with a 150 ns flat part. Complementary
to rf breakdown tests, studies of rf-induced pulse surface
heating have shown that hard, non-annealed alloys such as

CuAg, CuCr, and CuZr exhibited significantly less damage
than annealed copper [12–14].
These previous experiments [12–14], which have shown

superior performance of the hard copper alloys in terms of
higher accelerating gradients, were conducted in a setup
which is unsuitable for practical applications, such as
industrial or medical. This paper is directed to find a
joining technique which allows for practical use of these
alloys. The study of these alloys and compatible surface
processing techniques will be part of further developments
of high-gradient welded structures.
Since traditional high-temperature bonding makes cop-

per soft, there is a need for practical processes that preserve
the hardness of the material. The full study of building
practical structures made of hard materials includes several
developments, such as joining techniques, surface process-
ing compatible with these techniques, and corresponding
materials. This complete study is outside scope of this
paper, which is specifically directed to the first step of this
process—viability of novel joining techniques.
In this paper, we present the design and the high-power rf

tests of two innovative single-cell accelerating X-band
cavities that were manufactured without the high-temper-
ature bonding process using cost-effective methods. The
method of construction of these two prototypes, made out
of hard copper, was published in Ref. [3]. We used two
different processes for the vacuum sealing of the structures
—electron beam welding (EBW) and tungsten Inert Gas
(TIG) welding. These methods can be used to build
practical multicell X-band cavities. Both the EBW and
TIG processes assure a good vacuum envelope and robust
mechanical assembly. For the weldings to be compatible
with building high-gradient structures, several issues have
to be resolved such as heating, deformations, and contami-
nation of high-field surfaces.
For both the TIG and EBW structures, we have devel-

oped technological processes that dealt with these issues in
order to preserve the cavity dimensions as well as its
cleanliness [3]. During the electron beam welding, the heat
generated by the electron beam is localized at the melting
regions, therefore, not overheating the rest of the structure.
In addition, the debris generated during melting of the
joints stays confined in the secondary vacuum envelope [3].
As a result, the cleanliness of high-gradient surfaces of the
cavity is preserved.
While TIG welding heats the structure more than EBW,

it is a cheaper and simpler process. However, special care is
needed in order to avoid overheating and contamination of
the high-gradient surfaces.
The two prototypes were fabricated and low power tested

at INFN, and then were shipped to SLAC for the high-
power rf tests. Here, we will report the high-gradient
performances of both prototypes.
First, we conducted experiments with the EBW cavity.

During the test, we found that the cavity’s performance was
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limited by arcing in the TM01 mode launcher to gradient
levels lower than anticipated from our previous experience.
As this limitation was understood, the waveguide system
was reprocessed and the issue was solved. After that, we
tested the TIG cavity, which reached its ultimate
performance.
The EBW structure demonstrated an accelerating gradient

of 90 MV=m at a breakdown rate of 10−3=ðpulsemeterÞ
using a shaped pulse with a 150 ns flat part. On the other
hand, the TIG welded structure showed higher gradients of
about 150 MV=m at the same breakdown rate and
pulse shape.
We conjecture that, with further development, welded

structures of this type can be used as practical accelerators
by adding more cells and couplers [41]. This work maybe
followed by systematic studies of material and compatible
surface processing.
Moreover, the proposed EBW and TIG welded cavities

are suitable for cryogenic operation and therefore can be
run at even higher gradients [15,16]. At the end, a similar
construction technique could be employed to build mm-
wave accelerating structures [42,43].

II. CAVITY DESIGN AND CONSTRUCTION

In Fig. 1, we show the solid model of the clamped and
then welded 11.4 GHz single-cell accelerating structure.
This cavity construction is described in details in Ref. [3].
The main features of our clamping system are special
screws [(2) in Fig. 1]. Thanks to this innovative approach, it
is possible to obtain perfect rf contacts between the cells
and the desired quality factor without using high-temper-
ature bonding.

Two vacuum chambers are present in the structure. The
primary rf vacuum chamber (1) is the volume inside the
high-gradient accelerating cells where the rf power builds
up the electromagnetic field. This chamber is connected to
a vacuum pump through the input circular rf flange and the
circular downstream vacuum flange [(3) and (6) in Fig. 1].
The secondary vacuum chamber (4) serves two important
purposes: (1) it prevents virtual leaks (air pockets created
between cells clamped together) from leaking gas into the
primary vacuum chamber and (2) it reduces the risk of
contamination of the primary chamber caused by the
welding procedure performed on the outer surfaces of
the cavity. We have derived the secondary vacuum
approach from our previous multiple successful tests of
clamped structures [1,2,6–14], where cells have a knife
edge allowing for good rf contact. We consider this to be a
robust approach at this stage of development. It is possible
that, in the future, we may abandon the secondary vacuum
if we will find it excessive.
The rf simulations of the cavity were carried out with

Ansys High Frequency Simulation Software (HFSS) [44].
The electric and magnetic fields on the cavity mid-plane are
shown in Fig. 2. These fields are normalized to a
100 MV=m accelerating gradient in the middle cell.
The geometry of the high-gradient middle cell is based

on the geometry of a periodic accelerator structure cell. The
main rf parameters for this cell are listed in Table I. In this
table, Z0 is 377Ω, a is the iris aperture, λ ¼ 26.242 mm is
the free space wavelength at 11.424 GHz, and t is the iris
thickness. All the field-dependent parameters are normal-
ized to a 100 MV=m accelerating gradient for the speed of
light particle. The rf power is coupled into the single-cell
cavity by a circular waveguide using a TM01 mode launcher
[17]. The central cell has an on-axis peak-field that is two
times higher than that in the adjacent ones. The electro-
magnetic field inside the structure is excited at π mode.
With this layout, breakdowns occur predominantly in the
middle cell.

FIG. 1. Solid model, one-half of the welded single-cell cavity:
(1) middle high-gradient cell, rf vacuum chamber, (2) special
screws for clamping, (3) input rf flange, (4) secondary vacuum
chamber, (5) Conflat vacuum flange for the secondary vacuum
chamber, (6) downstream Conflat vacuum flange, and (7) water
cooling pipe.

FIG. 2. Electric and magnetic fields on the cavity mid-plane
which are scaled to a 100 MV=m accelerating gradient in the
middle cell; (a) shows the mid-plane electric field, with a
maximum of 202.9 MV=m and (b) shows the mid-plane mag-
netic field, with a maximum of 325 kA=m.
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In Fig. 3, we show the EBW and TIG prototypes after
welding. Since we tested a large number of cavities, we
developed a comprehensive naming approach for them.
These two particular structures are named “1C-SW-A2.75-
T2.0-EBW-Cu-Frascati-#1” and “1C-SW-A2.75-T2.0-
TIG-Cu-Frascati-#1” for the EBW and TIG, respectively.
Here, “1C” indicates one high-gradient cell (the middle
one), “SW” stands for standing-wave, “A” is the iris radius
a ¼ 2.75 mm, “T” is the iris wall thickness t ¼ 2 mm,
“EBW” and “TIG” are the processes used for the joining of
the cells, “Cu” is copper, and “Frascati-#1” indicates that
these are the first cavities of each type built at INFN-
Frascati. The machining of both structures and the TIG
welding was performed at Comeb srl [45], while the EBW

was outsourced. The primary vacuum envelopes in both
structures are geometrically identical. Each cell in the
cavity is connected to the other by stainless steel screws
that hold them tightly together. In order to accommodate
the two different types of welding, the outside shape of the
cell joints is different. The welding joints for the EBW and
TIG are shown in Fig. 3.

III. LOW-POWER RF MEASUREMENTS

Before the welding of both prototypes, the initial rf
characterization of the cavities was performed at INFN-
LNF. The measured resonant frequency of the operating π
mode corrected to vacuum was 11.4193 GHz for the TIG
cavity and 11.4190 GHz for the EBW cavity. These
structures were well within SLAC klystron bandwidth.
After the two cavities were welded, they were shipped to

TABLE I. The parameters of the periodic structure normalized
to a 100 MV=m accelerating gradient.

Parameter Value

Resonant frequency, f [GHz] 11.424
Stored energy [J] 0.153
Quality factor Q 8590
Shunt impedance [MΩ=m] 102.894
Hmax [ MA=m] 0.29
Emax [ MV=m] 203.1
Power loss per cell [MW] 1.275
a [mm] 2.75
a=λ 0.105
HmaxZ0=Eacc 1.093
t [mm] 2
Iris ellipticity 1.385
Phase advance per cell (deg) 180

FIG. 3. Left, single-cell cavity after TIG welding. Right, single-
cell cavity after EBW. (1) Welding joints, (2) input rf flange,
(3) downstream Conflat vacuum flange, and (4) Conflat flange for
pumping the secondary vacuum chamber.

FIG. 4. Bead-pull setup at SLAC with TIG welded cavity
installed for measurements. (1) 1C-SW-A2.75-T2.0-TIG-Cu-
Frascati-#1 cavity, (2) TM01 mode launcher, (3) nitrogen purge,
and (4) fish-line pulley system for the bead pulling.

FIG. 5. LabView screen of the bead-pull control program
showing the on-axis electric field profile of the TIG cavity
measured with the non-resonant bead-pull technique.
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SLAC and were both characterized with the non-resonant
bead-pull technique [46]. For an example, we show the
SLAC bead-pull setup used for the low-power rf measure-
ments of the TIG welded structure in Fig. 4.
Figure 5 shows a LabView plot of the on-axis electric

field in the TIG cavity measured with the bead-pull
technique. The measured field profile is a good match
with the simulated profile. The measured resonant fre-
quency of the operating π mode of the nitrogen-filled cavity
was 11.4186 GHz with a good quality factor of 9500.

IV. HIGH-POWER RF TESTS

A. Processing history

Two high-power experiments were performed; first with
the EBW cavity (1C-SW-A2.75-T2.0-EBW-Cu-Frascati-
#1) and second with the TIG welded cavity (1C-SW-A2.75-
T2.0-TIG-Cu-Frascati-#1).
The rf power source was a SLAC 50 MWXL-4 klystron.

In these experiments, the klystron was pulsed at 60 Hz
producing a shaped rf pulse with a length up to 800 ns. The
time evolution of the fields inside the cavity depends both
on the rf properties of the cavity and the shape of the input
rf pulse. We shaped the klystron pulse to create constant
electric fields for a portion of the pulse [15,23]. The high-
power conditioning process that we followed is well
established and can be found in Refs. [13–16].
A schematic diagram of the test setup is given in Fig. 6.

The klystron [(7) in Fig. 6)] was connected to the structure
(1) via a network of WR90 waveguides, with a 3 dB hybrid
(5) used to reduce large reflections from the cavity to the
klystron and back. The rf signals were sampled by two
directional couplers (4) located before the mode launcher.
The forward and reflected signals were both measured with
a Keysight N1912A peak power meter (14) and downmixed
(15) to be read by a fast digitizer (13). Two current monitors
(3) on both sides of the cavity intercepted the field emitted
electrons and were connected via coaxial cables to the same
digitizer. A photo of the experimental setup with the TIG
cavity installed inside the lead box is given in Fig. 7.
During the high-power tests of the EBW cavity, the high-

gradient performance was not limited by the structure itself
but likely by multipacting or arcing in the TM01 mode-
launcher, which couples the rf power into the cavity. This
arcing prevented us from increasing the power going into
the cavity higher than 2 MW. Because of this limitation, we
could not process the structure to its ultimate performance.
However, below 2 MW, the breakdown signals were
consistent with typical cavity breakdowns which enabled
us to measure the breakdown rate in the EBW cavity.
Typically, we process structures of this type to much

higher gradients and then measure the breakdown rate. At
first, we suspected that the breakdowns at lower power
were caused by the welded joints between the structure
cells and the rf flanges. Nevertheless, during the post high-

power test autopsy of the EBW cavity, we found no
indication of unusual damage that could support that
assumption and thus reduce cavity performance. The
results of the cavity autopsy then led us to conclude that
breakdowns happened somewhere else in the system. By

FIG. 6. Schematic diagram of the experimental setup:
(1) 1C-SW-A2.75-T2.0-EBW-Cu-Frascati-#1 (first experiment)
and 1C-SW-A2.75-T2.0-TIG-Cu-Frascati-#1 (second experi-
ment), (2) TM01 mode launcher, (3) current monitors to measure
field emission currents, (4) high-power directional couplers,
(5) waveguide 3 dB hybrid, (6) high-power loads, (7) SLAC
XL-4 X-band klystron, (8) variable attenuator, (9) traveling-wave
tube amplifier, (10) mixer for klystron signal shaping, (11) 11 GHz
signal generator, (12) arbitrary function generator for rf pulse
shaping, (13) fast digitizer, (14) peak power meter, (15) probes of
peak power meter, (16) phase-locked mixers with built-in local
oscillators for rf signalmeasurements, and (17) low pass filters. Not
numbered: cross guide directional couplers that couple signal
between the low pass filter (17) and probes (15) and (16), and low
power rf loads which are connected to high-power directional
couplers (4) and cross guide directional couplers.

FIG. 7. The TIG structure installed inside the lead box.
Experimental setup: (1) 1C-SW-A2.75-T2.0-TIG-Cu-Frascati-
#1 cavity, (2) TM01 mode launcher, (3) coaxial cables to the
current monitors, (4) port for secondary vacuum, and (5) high-
vacuum ion pumps.
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knowing this, we reprocessed the whole waveguide circuit
in preparation for the TIG welded structure experiment.
This reprocessing was done in two steps; first, we con-
nected a high-power load in place of the cavity-mode
launcher assembly and processed it up to 25 MW rf power
and pulse length of 1.5 μs, and second, we conditioned the
TM01 mode launcher. In order to condition the mode
launcher, we connected two mode launchers back-to-back
and then to a high-power rf load. After that, we observed
the same type of arcing behavior as we saw during the
EBW structure testing. Then, we conditioned the back-to-
back mode launchers up to 25 MWand 1.5 μs pulse length.
At this point, we realized that arcing in the mode

launcher was limiting the performance of the EBW cavity.
This was supported by our observation that the behavior of
the rf signals and the current monitor signals were con-
sistent more with multipacting rather than vacuum break-
downs in the mode launcher.

B. Results

The breakdown rate was measured for the duration of
1–3 million pulses at a repetition rate of 60 Hz. During the
measurements, the pulse shape was fixed and the gradient
and the rate of breakdowns were relatively constant. We
measured both trigger breakdown rates and total break-
down rates as discussed in Refs. [18–20]. The graphs below
show the breakdown rate for the total number of
breakdowns.

1. Breakdown performance of the EBW and TIG cavities

Here, we show the breakdown performance of the EBW
and TIG welded hard copper structures compared with
previously tested soft and hard copper structures of the
same geometry. Note that the previously tested hard copper
structures were joined by clamping. Figure 8 illustrates the
results for a shaped pulse with a 150 ns flat part. The hard
copper EBW structure demonstrated a gradient of about
90 MV=m with a breakdown rate of 10−3=ðpulsemeterÞ.
At the same breakdown rate, the TIG welded structure had
a gradient of about 145 MV=m vs 190 MV=m for both soft
and clamped hard copper structures. The slope of the
breakdown rate vs gradient for both EBW and TIG is
steeper then the previously tested soft and hard copper
structures.
In Fig. 9, we show the results for a longer pulse (a shaped

pulse with a 400 ns flat part). The hard copper EBW
structure demonstrated a gradient of about 80 MV=m and
the TIG structure demonstrated a gradient of about
130 MV=m, while both soft and clamped hard copper
structures had a gradient of 160 MV=m with a breakdown
rate of 10−3=ðpulsemeterÞ. Also in this case, the slope of
the breakdown rate vs the gradient for the welded structures
is steeper then for the other two structures.

2. Breakdown probability dependence on pulse length

In this section, we illustrate breakdown probability
dependence on pulse length. These measurements were
done using our usual protocol which is described in
Refs. [15,16]. We present the data below for rf pulses
with different flat part lengths: 100, 150, 200, 400,
and 600 ns.

FIG. 8. Breakdown performance of EBWand TIG welded hard
copper structures with soft and hard copper clamped structures,
shaped pulse with 150 ns flat part. (a) breakdown rates vs
accelerating gradient, (b) breakdown rates vs surface peak electric
fields, and (c) breakdown rates vs peak pulse surface heating.
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In Fig. 10, we show the data for the EBW structure. It
seems that the peak pulse heating is a surprisingly good
predictor of the breakdown rate. We know that the structure
did not reach its ultimate performance, so these data are a
snapshot of the metal’s surface state on its way to further
improvement, which we typically quickly bypass in our
experiments. This may indicate that the surface stress
induced by pulse surface heating plays a significant role

not only in ultimate breakdown performance but in the
physics of the conditioning process.
In Fig. 11, we show the breakdown probability depend-

ence on pulse length for the TIG welded structure. It seems
that neither the peak surface fields nor peak pulse heating
are good predictors of the breakdowns performance. It is
likely that for short pulses, the breakdown rate depends
more on the peak fields, and for longer pulses, it depends

FIG. 9. Breakdown performance of EBWand TIG welded hard
copper structures with soft and hard copper clamped structures,
shaped pulse with 400 ns flat part. (a) breakdown rates vs
accelerating gradient, (b) breakdown rates vs surface peak electric
fields, and (c) breakdown rates vs peak pulse surface heating.

FIG. 10. The breakdown probability dependence on pulse
length for the EBW hard copper structure, using shaped pulses
with 100, 200, and 400 ns flat parts. (a) total breakdown rates vs
accelerating gradient, (b) total breakdown rates vs peak surface
electric fields, and (c) total breakdown rates vs peak pulse surface
heating.
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more on the peak pulse heating. We observed the same
behavior in previously tested hard copper structures.

V. AUTOPSY RESULTS

We perform detailed autopsy on every tested structure.
The autopsy is part of the validating process of our joining
techniques. It shows whether or not the damage is asso-
ciated specifically with these joining techniques. In this

section, we discuss the results of the autopsies of the EBW
and TIG welded structures. Both structures were cut at each
of the outer joints and then unbolted. Various pieces were
examined with a scanning electron microscope (SEM). For
example, in Fig. 12, we illustrate the TIG cavity drawing
which shows the numbering approach we used as reference
for the autopsy analysis. In particular, we examined the
following pieces with the SEM: the three cells (items 4, 5,
and 6 in Fig. 12) and portions of the two adjoining drift
sections (items 7 and 8). In addition, we examined the joint
between the rf flange and a piece of the circular waveguide
connected to it.
The autopsy results are divided into two sections. The

first section is for the high-field areas, which are indicators
of the surface quality and breakdown activity. The second

FIG. 11. The breakdown probability dependence on pulse
length of TIG welded hard copper (1C-SW-A2.75-T2.0-TIG-
Cu-Frascati-#1) structure, using shaped pulses with 100, 150,
400, and 600 ns flat parts. (a) breakdown rates vs accelerating
gradient, (b) breakdown rates vs surface peak electric fields, and
(c) breakdown rates vs peak pulse surface heating.

FIG. 12. Drawing of the TIG welded cavity, showing reference
numbers and labels for the SEM analysis. (1), (2), and (3) are the
irises of end, middle, and input cell, respectively; (4), (5), and (6)
are the end, middle, and input cell, respectively; (7) and (8) are
the adjoining drift sections; and (9) is the welding joints.

FIG. 13. Image of the middle cell side of iris 1 of the EBW
structure. High-electric field areas have many small scattered arc
pits. In addition, there are a few isolated locations that have
concentrations of a very large number of arc pits, which are
typically observed in these type of structures.
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section is for the joints which show the quality of the
electrical and mechanical contacts. The inspection of the
joints is especially important for the validation of our
method of cavity construction. Because the joints are high-
current areas, the absence of rf-related damage shows that
our construction method for both structures is valuable.

A. EBW cavity

1. High-field areas

The middle cell has evidence of the heaviest arcing,
shown in Fig. 13. High-electric field areas have many small

scattered arc pits. In addition, there are a few isolated
locations that have large concentrations of arc pits, which
are typically observed in these type of structures. The dark
line located at iris tangent point is carbon residue, likely
due to contamination from the machining fluid. This carbon
material appears to be incorporated into the melted copper.
The dark spots are also carbon. Areas without arc concen-
trations appear pit free at low magnification, as shown in
Fig. 14. However most of these areas are covered with
small pits, often coincident with the sharp machining
edges. We did not see magnetic field-induced damage in
this area.
High-magnetic field areas have contamination but no

signs of rf pulse heating damage (see Fig. 15).

2. Joints

Thewaveguide to the flange joint is not damaged by the rf
fields, as seen in Fig. 16. However, the low beam voltage
SEM image reveals a layer of carbon contamination on this

FIG. 15. EBW structure. Images of middle cell side of iris 1.
High-magnetic field areas show no signs of pulse heating induced
damage.

FIG. 16. EBW structure. Images of the waveguide to rf flange
joint. No signs of rf-related damage.

FIG. 17. EBW structure. Image of the inner seal area. No
evidence of arcing or erosion related to high-rf currents.

FIG. 14. EBW structure. Image of middle cell side of iris 1.
Machining edges are obvious but there are no signs rf field-
induced damage.
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surface. We initially suspected that a gap in this area was
causing arcing and thus was limiting the cavity performance.
The compressed area of the cell-to-cell joints had no

evidence of arcing or erosion related to high-rf currents, as
shown in Fig. 17. This observation supports our assumption
that the main cause limiting the cavity’s high-field perfor-
mance was related to arcing in the TM01 mode launcher.
The performance of the cavity was limited by the mode

launcher. However, we did not observe any rf-related
damage neither in cell-to-cell joints nor in the rf flange-
to-circular waveguide joint. This absence of joints damage
validates our method of structure construction where we
first clamped the cells with screws and then welded them.
SEM images showed the cells were not chemically etched
with our standard procedure developed for brazed struc-
tures. It is possible that the absence of the etching would
have degraded the high-gradient performance of the cavity
in comparison with our previous clamped structures, if the
mode launcher was working well.

FIG. 19. TIG structure. Images of output side iris of input cell at a
high-electric field area. This type of damage is typically associated
with pulse surface heating in high-magnetic field areas.

FIG. 20. TIG structure. Images of the output side outer surface
of input cell. Top, high-magnetic fields areas; bottom, magnifi-
cation in a region of these areas. The small pits are probably not
rf-related.

FIG. 18. TIG structure. Images of output side of middle cell.
The high-electric field areas have many scattered small arc pits. In
addition, there are a significant number of isolated locations that
have high concentrations of arc pits, which is typical for these
type of structures.
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B. TIG cavity

1. High-field areas

As expected, the middle cell has evidence of the heaviest
arcing (see Fig. 18). The high-electric field areas have
many scattered small arc pits. In addition, there are a
significant number of isolated locations that have high
concentrations of arc pits, which is typical for these type of
structures. There are many areas of residual contamination,
likely originating from machining operations.

As expected, the input cavity has much less arcing as seen
in the SEM image of Fig. 19. There is apparent damage,
which is typical for high-magnetic field areas and is usually
associated with pulse surface heating. But in this case, it is in
areas with high-electric fields. This damage manifests itself
as slight topographic resurfacing which reveals the under-
lying grain structure caused by initial recrystallization due to
the surface heating. Furthermore, the grain size, grain
boundaries, and some indication of crystal orientation are
evident in this image. The origin of this damage is not clear.
The high-magnetic field areas appear unaffected, which

is typical for hard copper structures. As shown in Fig. 20,
some pits are seen at high magnification (bottom), but they
are probably not rf related.

2. Joints

All four inner compression seal areas were examined. No
evidence of arcing was found as shown in Fig. 21. In
Fig. 22, areas that appear raised and have a rougher texture
are areas of incipient diffusion bonding. Overall, no
features caused by high-power testing were detected.

VI. CONCLUSIONS

In the technological development of the construction
methods of high-gradient accelerating structures, high-
power testing is a critical step for the verification of their
viability. Here, we present the outcome of this step, the
results of the high-power rf tests of two X-band welded
accelerating structures. This study is specifically about the
validation of joining techniques; material processing will
be the subject of further studies.
The EBW structure was successfully constructed and

characterized at low power. During the high-power test, the
input power was limited by possible multipacting inside the
TM01 mode launcher to about 2 MW, so the structure did
not reach its ultimate performance. However, the EBW
cavity demonstrated an accelerating gradient of 90 MV=m
at a breakdown rate of 10−3=ðpulsemeterÞ using a shaped
pulse with a 150 ns flat part. The steep slope of the
measured breakdown rate for this structure vs the gradient
is consistent with the steep slope of the hard-copper
structures. It is not clear whether this steep slope is a
property of the hard copper or a manifestation of an
incomplete conditioning process. Nevertheless, the peak
pulse heating is a surprisingly good predictor of the
breakdown rate. We know that the structure did not reach
its ultimate performance, so these data are a snapshot of the
metal’s surface state on its way to further improvement. In
our previous experiments, we quickly bypassed this inter-
mediate stage. These results may indicate that surface stress
plays a significant role not only in the ultimate-high-field
performance but also in the physics of the conditioning
process. The autopsy showed no rf-related damage in the
circular waveguide to the rf flange joint and the cell-to-cell

FIG. 21. TIG structure. Images of inner seal areas. No evidence
of arcing was found.

FIG. 22. TIG structure. Images of inner seal areas. The areas
that appear raised and have a rougher texture are areas of incipient
diffusion bonding.
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joints. This validates our method of structure construction
and EBW as a part of it.
The TIG welded structure was successfully constructed

and high power tested. The cavity performance showed
about a 150 MV=m accelerating gradient at a breakdown
rate of 10−3=ðpulsemeterÞ using a shaped pulse with a
150 ns flat part. The slope of the breakdown rate vs the
gradient for the TIG cavity is steeper than that of soft
copper structures and close to that of CuAg structures.
Neither gradient nor peak pulse surface heating are good
predictors of the breakdown rate, which is not surprising for
hard copper structures. The TIG welded structure did not
reach the same performance as the hard copper structures
we have tested before. A possible reason for that is the
absence of chemical etching of high-gradient surfaces
which we typically perform on high-gradient structures.
Furthermore, we conjecture that the EBW performance
would have been similar to that of TIG if there was no
multipacting in the mode launcher.
We have designed a technique of cell clamping with

special screws in order to build multicell structures. This
technique is suitable for fabricating meter long structures.
The autopsy performed after both tests have shown no rf-
related damage in cell-to-cell joints. The results of this
study represent an important step to validate our approach
of building practical multicell structures made out of hard
copper alloys.
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