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A novel high-gradient accelerating structure with low phase velocity, v=c ¼ 0.38, has been designed,
manufactured and high-power tested. The structure was designed and built using the methodology and
technology developed for CLIC 100 MV=m high-gradient accelerating structures, which have speed of
light phase velocity, but adapts them to a structure for nonrelativistic particles. The parameters of the
structure were optimized for the compact proton therapy linac project, and specifically to 76 MeV energy
protons, but the type of structure opens more generally the possibility of compact low phase velocity linacs.
The structure operates in S-band, is backward traveling wave (BTW) with a phase advance of 150 degrees
and has an active length of 19 cm. The main objective for designing and testing this structure was to
demonstrate that low velocity particles, in particular protons, can be accelerated with high gradients. In
addition, the performance of this structure compared to other type of structures provides insights into the
factors that limit high gradient operation. The structure was conditioned successfully to high gradient using
the same protocol as for CLIC X-band structures. However, after the high power test, data analysis realized
that the structure had been installed backwards, that is, the input power had been fed into what is nominally
the output end of the structure. This resulted in higher peak fields at the power feed end and a steeply
decreasing field profile along the structure, rather than the intended near constant field and gradient profile.
A local accelerating gradient of 81 MV=m near the input end was achieved at a pulse length of 1.2 μs and
with a breakdown rate (BDR) of 7.2 × 10−7 1=pulse=m. The reverse configuration was accidental but the
operating with this field condition gave very important insights into high-gradient behaviour and a
comprehensive analysis has been carried out. A particular attention was paid to the characterization of the
distribution of BD positions along the structure and within a cell.

DOI: 10.1103/PhysRevAccelBeams.23.084801

I. INTRODUCTION

A major effort is being made by the CLIC collaboration
to develop accelerating structures capable of accelerating
relativistic leptons with a gradient in excess of 100 MV=m.
A set of design, fabrication and operational procedures
have been established and over twenty prototype X-band
structures have operated in dedicated test stands above

100 MV=m for extended periods [1–5]. The success of this
program opens the opportunity of using high-gradients in
other applications. The peak surface field in a structure is
often used to characterize the performance of a structure,
but more recently it has been shown that other parameters,
such as power flow and group velocity, also determine the
ultimate structure performance.
One potential application of the high-gradient technology

is proton therapy based on linacs. Linacs are an alternative
to the synchrocyclotron-based facilities which currently
dominate the commercial market. Linac-based proton
facilities can offer greater flexibility in treatment param-
eters and possibly lower cost. A linac-based facility is being
developed by ADAM [6,7]. Higher gradient versions of
such a concept have been under study by the TERA
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foundation and a collaboration with CLIC on the high-
gradient structures and high-power rf systems have been
underway for some years [8,9]. In order to advance this
application further, a program was established, and funded
by the CERN Knowledge Transfer (KT) fund, to design,
build and test a prototype high-gradient structure for proton
acceleration, in particular for use in TULIP (turning linac
for protontherapy) [10]. This structure is the subject of
this report.
The structures would be used to generate a 76 MeV

beam, which is the lowest energy planned for the linac-
mounted gantry of the TULIP facility [10]. Initial studies
indicated that high-gradient becomes increasingly difficult
to maintain as phase velocity, which must match particle
velocity, is reduced below c [11]. The specific target of
v=c ¼ 0.38 was chosen because it is with the least phase
velocity making the most challenging structure and it is
worth studying whether it is still capable of achieving a
gradient of at least 50 MV=m. This is over a factor of two
higher than the gradient in the ADAM linac for example.
The result of the optimization is a backward traveling wave
S-band structure with magnetic cell-to-cell coupling, which
is quite different than the forward travelling wave, X-band,
speed of light phase velocity CLIC structures. The signifi-
cant difference in rf parameters compared to CLIC struc-
tures makes the BTW structure a very important test for the
range of applicability of the CLIC high-gradient design
methodology.
This report describes the full development of the proto-

type: rf design, mechanical design, fabrication, and high-
gradient testing. The report first describes the structure as
designed and operating in the normal configuration. The
high-gradient test happened to take place in a reversed power
flow direction so that the test result was analyzed based on it.
The implications and consequences of the reversed instal-
lation are addressed where relevant, and high-gradient
results are then compared to CLIC prototype structures.

II. RADIO FREQUENCY DESIGN
AND OPTIMIZATION

The rf design and optimization of the high-gradient low
phase velocity BTW structure is described in detail in
Refs. [10–13]. In this report, a short summary is given to
highlight the novel features compared to standard S-band
side coupled standing wave structures studied previously
[14,15]. The cell features a shape of the central part of the
iris, the so-called nose cone, with both reduced modified
pointing vector Sc, described in [5], and rf power required
for a given gradient, optimized using the quantity:

μ ¼ Pz

E2
a
·
Sc
E2
a
¼ vg

ω
·
Sc=E2

a

R0=Q
ð1Þ

where Pz is the input power in a cell, Ea is the cell
accelerating gradient, vg is the group velocity in the cell, ω
is the angular rf frequency, R0 is the effective shunt

impedance per unit length and Q is the quality factor of
the cell. Equation (1) weighs equally the required power
and the modified Poynting vector. Minimizing μ is
expected to give the highest sustainable gradient for the
lowest input power.
The geometry of a full disk of one regular cell is shown

in Fig. 1 (top). The shape of a regular (i.e., not coupling)
cell is shown together with the variation of the surface
electric and magnetic fields as well as the variation of Sc in
Fig. 1 (bottom).
The cell-to-cell coupling is provided by 16 holes in the

region of the highest magnetic field. This gives a magnetic
coupling and results in a backward travelling wave, that is a
negative phase velocity, and thus the direction of particle
acceleration is in the direction opposite to the power flow.
The number and size of the coupling holes has been
optimized in order to provide the required coupling while
limiting the Sc values in the region of the coupling hole to a
value below that on the nose cone. The variation of Sc in the
regular cell section is shown in Fig. 1 (bottom right), where
the two highest values of Sc, on the nose cone and in the
coupling holes, are roughly equal.
The design is approximately constant-gradient. The

group velocity ranges from 0.4% to 0.2% of c. The range
has been chosen as a compromise between acceptable
filling time and efficient acceleration of the beam. The
group velocity is tapered by varying the radii of the
coupling holes. The radial position of the coupling holes
has been varied to adjust the resonant frequency. All the
other geometrical parameters have been kept constant
throughout the structure.

FIG. 1. Regular disk shape (top). Normalized electric field
E=Ea (left), normalized magnetic field H=Ea (center), normal-
ized modified Poynting vector Sc=E2

a (right) in a regular cell
section (1=32 azimuthal symmetry) (bottom).
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An analysis of the frequency sensitivity to dimensional
changes has been made for the final shape of the regular cell
to determine mechanical tolerances and establish the tuning
methodology. The tolerances specified in the mechanical
drawings result in no more than�5 MHz of frequency shift
per cell. This possible error can be compensated by means
of 4 dimple tuners. From simulations and mechanical tests
on copper cells, the tuning range is higher than 6 MHz per
cell, well beyond the range required in the worst case
tolerance scenario.
The input and output power couplers are single-feed with

magnetic coupling. They have been optimized to provide
impedance matching while perturbing as little as possible
the field distribution and the accelerating voltage of the
coupling cell. The radius of the coupling holes in the input
coupling cell was reduced in the region near the coupling
slot in order to compensate for the enhancement of Sc due
to the local increase of the power flow. The remaining
coupling holes were resized to maintain the overall cell-to-
cell coupling in the cell at the level of the regular cell

(Fig. 2 left). As a result, the coupling cells provide the same
acceleration as the regular cells (Fig. 2 right).
However, since the structure was tested in the reversed

direction, which caused significant differences in the field
distributions during the test compared to the design. The
longitudinal profiles are shown in Fig. 3, where the profile
with the power fed into the nominal input is shown in solid
line and that with the power fed into nominal output in
dashed line. With power fed into the nominal input port, the
field profiles are nearly flat. With power fed into the
nominal output port, which has a lower group velocity than
at the nominal input port, the field distribution is no longer
uniform and the maximum field is in the input cell and
decreases rapidly toward the end. In addition, the peak Sc
on the nose of the input cell is about 30% higher than that in
the coupling holes whereas these values are roughly the
same when the power is fed in nominal direction. Figure 4
shows the Sc variation on the face of the coupling cell with
1 W input to that cell.
The most important parameters of the BTW accelerating

structure in the normal, forward direction, are summarized
in Table I.

FIG. 2. Input coupling cell (left) and electric field profile in the
structure (right). Note the variation in the coupling hole radii.

FIG. 3. Variation of the rf parameters along the structure cells at
normal (solid) and backward (dash) filling with 32 MW input
power; red: accelerating gradient, Ea; blue: maximum surface
electric field, Es; magenta: maximum modified Poynting vector,
Sc; black: input power, P.

FIG. 4. Variation of Sc in the nominal output cell (left) where
the power is fed in the tested direction and the nominal input cell
(right).

TABLE I. Main parameters of the accelerating structure.

Parameters (unit) Values

Frequency (GHz) 2.9985
Phase advance per sell (rad) 5π=6
Phase velocity (% of c) 0.38
Pulse width (μs) 2.5
Average accelerating gradient (MV/m) 50
Number of cells 12
Structure length (mm) 189.9
Quality factor (first/last cell) 6954=7415
Normalized shunt impedance (MΩ=m) 51.5=54.6
Filling time (ns) 224
Group velocity (first/last cell) (%c) 0.39=0.21
Peak input power (MW) 20.6
Max Sc=E2

a (A/V) 3.1 × 10−4

Max Es (MV/m) 219
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III. MECHANICAL DESIGN AND FABRICATION

The mechanical design and fabrication methods used for
this structure are based on those used for CLIC high
gradient X-band accelerating structures [3,11]. For exam-
ple, the cells were fabricated using micron-precision turn-
ing and milling followed by bonding and brazing heat
cycles with partial hydrogen pressure for assembly.
However the mechanical design takes into account many
subtleties given by the differing size, rf design, and
requirements of this accelerating structure. For example,
the slots in the input and output couplers were made part of
the end-cells to avoid brazing in the area critical for the
matching. Furthermore, the choice of wall thickness and
slot sizes results from a compromise between the optimal rf
performance and compactness requirements on the one
hand, and the minimum wall cross section on the other; the
latter has to be large enough to provide structural strength
to the cell and to efficiently cool thermal loads in the
nose area.
The micron-precision machined disks were manufac-

tured by a commercial supplier [16]. After delivery to
CERN, the disks were visually inspected and critical

dimensions were measured. For assembly the disks were
axially aligned using a precise V-shaped support. The disks
were then bonded in partial hydrogen atmosphere, with a
maximum temperature of the heat cycle of 1040 °C.
Azimuthal alignment was established by using the tuning
holes and was checked via fiducial grooves on the external
surfaces of the cells. Waveguide transitions, cooling plates
and vacuum flanges were brazed together, and then joined
to the accelerating structure via a later brazing step. Tuning
pins were also brazed to the structure allowing push-pull
tuning. An overall view of the completed BTW prototype is
shown in Fig. 5.

IV. rf PERFORMANCE AND TUNING

All 12 cells (10 regular and 2 coupling cells) of the
structure were tuned using the bead-pull technique to
minimize the standing wave pattern and to provide the
desired phase advance (150� 1.5° for regular cells) at the
operating frequency of 2.9985 GHz under vacuum at a
temperature of 32 °C. The frequency of the output coupling
cell was increased by 2.2 MHz, the frequency of the 10
regular cells were increased by 0.1 to 0.8 MHz (average of
0.3 MHz) and the frequency of the input coupling cell
was decreased by 0.6 MHz. Figure 6 shows the electric
field pattern along the structure as well as the measured
S-parameters.

V. HIGH POWER TEST SETUP

The high-power test of the first BTW prototype was
performed in the Sbox test area at CERN, which was
formerly part of CTF2 and is now used for high-power
S-band and X-band tests [17,18]. The structure was
powered by a 43 MW S-band klystron [19] connected to
the structure via SF6-filled WR-284 wave guides followed
by a window. The klystron was protected against reflected
power by a high-power circulator. An ion pump was
connected to the prototype through an rf pumping port
to maintain a vacuum measured at the pump of below
10−8 mbar. A picture of the structure and experimental
setup installed in the CTF2 bunker is shown in Fig. 7.

FIG. 5. Picture of the BTW prototype.

FIG. 6. Measured electric field pattern in magnitude (left) and phase (middle) and the input and output S11 values (right) of the tuned
structure in a dry nitrogen atmosphere at 23°C.
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The layout, instrumentation, control, BD detection,
BD recovery and conditioning strategy was based on
the hardware, electronics, software and algorithms devel-
oped and used in the X-band, high-gradient test stands,
Xboxes-1 to 3 [20,21]. Nearly twenty CLIC prototype
accelerating structures have been successfully conditioned
and operated for many thousands of hours at gradients
around 100 MV=m [22–24]. Using the X-band testing
methodology for the test of this structure exploits the
accumulated experience and also allows the most direct
comparison of results.
The acquisition and control system is based on National

Instrument electronics [25]. The system allows the user to
control the power level, modulate the phase waveform and
automatize the conditioning of the structure. A PXI real-
time system equipped with FPGA-based digitizers per-
formed the data acquisition of the rf signals, the detection
and data storage of BD events. The operation of the test
stand is controlled and interfaced by a simplified version of
the Xbox-2 LabVIEW software [21].
Directional couplers before and after the structure were

used to measure the incident, reflected and transmitted rf
signals. The amplitude and phase of these 3 GHz signals
were down-mixed to 62.5 MHz and digitized in 250 Msps
analog-to-digital converters (ADCs). The incident, reflected
and transmitted power signals were calibrated and fitted
parameters were used in the Labview code to convert the
mV signals read by the PXI crate into MW rf power values.
Additional calibrations were performed periodically during
the test and the results were incorporated into the analysis
code. On-axis Faraday cups upstream and downstream of
the structure measured emitted dark current and BD current
bursts from the structure.
The temperature of the structure was stabilized using a

stand-alone chiller unit that maintained the input cooling
water temperature at 32 °C. Additionally a sensor was
used to measure the surface temperature of the structure.

A detailed description of the experimental stand is pre-
sented in [26,27].

VI. HIGH-GRADIENT TESTING RESULTS
AND ANALYSIS

Throughout this section, field values were taken into
account the reversed installation of the structure. Some
values may differ from those found in past publications
before the reversed installation was uncovered [26,28]. The
structure was conditioned using the same computer-con-
trolled algorithm as that used in the Xboxes [18,29]. A
number of measurements which are routinely carried out in
the CLIC high-gradient tests were repeated on this structure.
The essence of the conditioning algorithm is that the

input power is increased by a user-defined power step if no
BDs occur in a fixed number of pulses. In addition, the
breakdown rate (BDR) is regulated to stay below a thresh-
old value, typically about 3 × 10−5 per pulse, by setting of
the power step to zero if the BDR threshold is exceeded.
The structure was initially operated at the pulse length of
350 ns, conditioned to a gradient in the first cell of
70 MV=m and then the pulse length was progressively
increased to 1.6 μs. The pulse repetition rate was 25 Hz at
the beginning of the testing and 50 Hz after 360 million
pulses due to a system upgrade. A conditioning history with
gradient and accumulated BDs plotted as a function of the
number of rf pulses is shown in Fig. 8.
Overall, the structure conditioned very similarly to CLIC

structures with an initial period during which the gradient
increased, followed by a period during which the pulse
length was increased at constant gradient and finally a
period when BDR decreased during operation at a fixed
gradient and pulse length. The structure achieved a maxi-
mum accelerating gradient in the first cell above 80 MV=m
with 1.6 μs pulses. The test was completed due to a time

FIG. 8. Conditioning history of the BTWaccelerating structure.
The plot shows the accelerating gradient in the first cell (blue) and
accumulated number of BDs (red) versus the number of pulses,
with pulse lengths indicated at the top.

FIG. 7. Picture of structure and subsystems in the Sbox test area
at CERN.
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limit. The BDR decrease can be seen during operation with
1.2 μs pulses by observing that the curve of the accumu-
lated BDs flattens. More detailed comparisons with CLIC
structures are presented in Sec. XI.
A standard measurement for high-gradient structures is

the dependence of BDR on gradient [4]. This was measured
after the initial conditioning period followed by an
extended period of running with constant conditions with
1.2 μs pulse length in the region from 310 to 350 and from
400 to 430 millions pulses as indicated in Fig. 8.
A plot of BDR as a function of peak surface electric field

is shown in Fig. 9. This data analysis has been used to
improve the structure performance in its conditioning state.
In such case, the rate varies with time and has strong
dependence on acceleration gradient. The data has been fit
with a power law as presented in Eq. (2). The resulting
exponent is significantly lower than the typical power index
value of 30 observed in other high gradient structures at 12
and 30 GHz [5,30–32]:

BDR ∝ E10�3
s ð2Þ

Another important measure of the high-gradient behav-
ior of the structure is the distribution of the BDs along the
length of the structure. The longitudinal position of a BD
can be determined from the relative timing of the rising
edge of reflected power and the falling edge of the
transmitted power for the BD pulse, including the filling
time of the structure to ensure the same time origin since
both signals are extracted from two different directional
couplers. The distribution of BD positions for the entire run
of the structure obtained using this so-called edge method
[33–35] is shown in Fig. 10. BDs occurred predominantly
toward the input of the structure. This distribution is
consistent with the rapidly increasing field profile toward
the input cell, as shown in Fig. 3. The decrease in BDR
along the structure is however less rapid than the depend-
ence of the structure as a whole, as described in Eq. (2).
This is generally consistent with other structure tests [3,4].

Pulse heating is also one of the driving mechanism of the
BDs. However, the maximum value of pulsed surface
heating reached during the test was 32 °C, occurring in
the uppermost coupling hole in the input coupler, as shown
in Fig. 1. This value is below the 40 °C occurring in, for
example, CLIC structure tests [36–38]. In these tests the
pulsed heating was shown not to play a role, suggesting that
pulsed surface heating does not play a role in this test either.

VII. INVESTIGATION OF LOCATIONS OF
BREAKDOWNS AND LIMITING VALUES Sc

Sc, which is a measure of local power flow [5], is an
empirical measure of high gradient capability and has been
used for example to successfully increase the gradient in
successive generations of CLIC accelerating structure
designs. In the accelerating structures tested so far, the
maximum value of Sc occurs in a region of high electric
field, and tests have resulted in consistent limiting values
[39,40]. However in the present structure, Sc has local
maxima both on the noses, where the electric field is high,
and on the coupling holes, where the magnetic field is high.
In the nominal powering direction the maximum values of
Sc are approximately the same on the nose and on the
coupling hole whereas in the reversed (tested) direction the
maximum value on the nose is approximately 30% higher
than on the coupling holes of the input cell. The ratio varies
along the structure due to different coupling holes radii.
This can be seen in Fig. 4. A test of the structure in the
nominal direction has the potential to address the important
question if BDs are equally likely to occur, for the same Sc,
on the coupling irises where the fields are primarily
magnetic as on the noses where the fields are primarily
electric. This has both practical consequences for further
design optimization, but also for a deepened understanding
of the BD process. Because Sc is higher in the reversed
direction this question could not be addressed directly.
Nonetheless the BD data, specifically the characteristics of
the reflected signals, was analysed with the objective to see
if two populations could be identified which might then be
used to distinguish nose BDs from coupling hole BDs.

FIG. 9. Measurement of BDR as a function of peak surface
electric field. The dashed line shows the power law fit E10

s .

FIG. 10. BDs localization obtained by edge method.
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In fact, the reflected signals during BD show two distinct
peaks in the amplitude population during the runs from
900 ns to 1.6 μs: one with a large reflection coefficient and
one with a relatively small one. This can be seen in Fig. 11.
Test with a short pulse length is not considered due to the
uncertainty in the shape of the reflected signal. Actual pulse
shapes of two types of BDs appearing in the two peaks are
shown in Fig. 12. The attenuation of the structure was not
included in this distribution since most of the BDs are at the
front of the structure. Including attenuation would result in
only a small correction. The observation of this twin-
peaked distribution lead to further investigation if the origin
could be correlated with the BD location within the cell.
The hypothesis is that BDs on the nose should cause a
strong cell detuning, resulting in a large S11 while BDs on
one of the 16 coupling holes results in a small change in the
coupling and consequently a relatively small S11.
HFSS simulations were performed to investigate the

validity of this hypothesis by simulating a BD with a short
circuiting conductor in the two different positions in the
cavity. Details of this simulation are described in [13].
According to the simulating, the reflection from the noses is

in the range from 0 to −5 dB, while that on the coupling
holes from −6 to −15 dB. The results of the simulation are
consistent with the hypothesis described above, that the S11
is much higher when the BD happens on the rf gap, rather
than on coupling holes. By taking an input reflection
coefficient PREF of −6 dB as the cut-off value for sepa-
rating the two BD populations, the number of BDs occurred
on the nose region is greater than on a coupling hole region.
This can be seen in Fig. 13. The analysis of endoscope
images gives additional information on the question of BD
location within a cell as described in Chapter X.

VIII. DARK CURRENT STUDIES

Another important phenomenon which occurs in struc-
ture operating at a high-gradient is electron field emission
and resulting dark current. Dark current can provide insight
into the state of the structure surface and has operational
consequences like causing background in current and beam
position monitors, radiation if dark currents are accelerated
over longer distances and in the extreme case, beam loading
of fields. This structure is unique as it has a very high
surface fields, in excess of 200 MV=m, and a phase
velocity that is much less than c. The low phase velocity
means that field emitted electrons are more easily captured
in an rf bucket, but also that they can exceed the speed of
the bucket. Consequently the dynamics of the transported
current is much more complicated than in a structure with
speed of light phase velocity. An attempt to quantify this
effect was performed [13]. To the authors knowledge, this
is the first structure which has both high gradient as well as
low group velocity.
A plot of dark current measured in the Faraday cups as

function input rf power is shown in Fig. 14. The data is also
shown in a standard Fowler-Nordheim plot form [41]. The
maximum surface electric field in the first cell is used for
electric field in this analysis. In addition to the Faraday cup
measurement of dark current, radiation outside the structure
measured by x-ray photons monitor PAXCT401 can be also
used for a Fowler-Nordheim type analysis. This is because

FIG. 11. S11 histograms during normal pulses (top) and BD
events (bottom) as a function of input reflection S11.

FIG. 12. A nominal incident (INC), reflected (REF) and
transmitted (TRA) rf signals in the structure with comparison
to a pulse after BD event with different reflection coefficient.

FIG. 13. Numbers of BDs with reflection coefficient PREF
during the conditioning of the BTW structure.
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under high fields, electrons that are field emitted from the
cavity surface are then accelerated by the fields in the cavity
volume and finally collide with the walls, producing
electron and photon radiation outside the structure (and
neutrons when the energy is above around 10 MeV).
Consequently one can expect a proportionality between

dark current measured in Faraday cups and the radiation
level outside the structure, which is consistent with meas-
urement as shown in Fig. 15. Figure 16 shows the radiation

level from the structure as a function of the pulse length and
rf power. For this BTW structure, the field enhancement
factor β is around 27 as shown in the bottom plots of Fig. 14
and 16. It is important to note that enhancement factor stays
practically constant during the different stages of the
conditioning. The field enhancement value is comparable
to the values of X-band accelerating structures tested at
CERN [42]. Overall the radiation at a given field level
decreases with conditioning time. This is consistent with
other experiments [43] and an explanation is given in [44].

IX. POST-TEST rf MEASUREMENT

After high power testing, the low power rf measurements
described in Sec. IV were repeated in order to determine if
rf properties changed. The measurement of the complex
scattering parameters S11 and S22, corresponding to the
input and output rf ports, show that the magnitude of S11
changed from −60.2 to −19.6 dB and S22 from −24.3 to
−15 dB at the central frequency 2.9985 GHz (see Fig. 17).
These changes are minor enough that the accelerating

structure could be reused without retuning. Still, the
structure was tuned again to a state very similar to the
one before high power testing by compensating the changes
of the few cells at the beginning and end of the structure.
The reason for the detuning has not been determined yet
however the leading explanation is that cells at the input

FIG. 15. Dependence of radiation level vs. upstream and
downstream faraday cups signals at a pulse length of 1.2 μs
and an accelerating gradient of 70 MV=m.

FIG. 14. Dependence of faraday cups signals on power during
conditioning (top) and the fit to the Fowler-Nordheim formula
(bottom).

FIG. 16. Dependence of radiation level on power during
conditioning (top) and plot in Fowler-Nordheim axes adapted
to measured radiation (bottom).
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and output of the structure were deformed when forces are
applied through the input and output waveguides during
installation. These forces may be rather large when for
example the rf/vacuum flanges are being bolted together.
Future structures will be mechanically reinforced in the
area of the input and output waveguide.

X. BORESCOPE INSPECTION

After the low power rf measurements were completed,
accessible surfaces of the structure were inspected by a
borescope. The primary objective of this examination was
to determine the location of the BDs to cross check against
the longitudinal BDs position distribution obtained from
the rf measurements and to see the relative occurrence of
BDs on the nose and on the coupling holes as described in
Sec. VII. A selection of images are shown in Fig. 18.
Pictures from the borescope show that most of the BDs

occurred on the noses of the cell of the input power side of
the structure. The fact that the BD craters are primarily in
the input cells confirm the reliability of the data analysis
based on the difference in time of the rf signals. However
there is evidence of a small amount of BDs on the coupling
holes as can be seen in Figs. 18. This confirms the
explanation for the double peaked population of BD
reflection coefficients presented in Sec. VII. Further inves-
tigation of the origin of this effect awaits retest of the
structure oriented in the correct direction. The test will be
made during the next run of Sbox at CERN at 2020.

XI. CONDITIONING COMPARISON
TO CLIC PROTOTYPES

One of the objectives for designing and testing this
structure is to demonstrate that low velocity particles can be
accelerated with high gradients, which is required for
proton acceleration. The tests also provide data that can
be directly compared to that from the speed-of-light CLIC
X-band structures in order to determine the range of
validity of gradient-limiting parameters.
The major differences to the CLIC structures include

lower frequency, S rather than X-band, magnetic coupling

rather than electric, Sc local maxima in both high electric
and magnetic field regions, backward traveling wave rather
than forward traveling and standing wave and a low,
v=c ¼ 0.38, phase velocity rather than speed of light.
Both confirmation and deviation from expected values
contributes to an increased understanding of high-gradient
limits and the physical processes behind BD.
Standardized high-gradient measurements were used to

make the comparison between this structure and four
reference X-band CLIC structures tested at CERN
[29,42]. These structures were chosen because they were
tested under similar conditioning algorithms. Conditioning
curves of this structure along with the four reference
structures are plotted in terms of unscaled (that is not
scaled for pulse length or BDR) surface electric field and
modified Poynting vector in Fig. 19. The curves have
roughly the same shape and show that the structures
behaved similarly. There are many differences in the
details, but these are due to operational issues with the
test stands themselves. Most strikingly, the absolute value
of peak surface electric field was significantly higher in this
structure than in the reference CLIC structures.
The same data were then replotted with accelerating

gradient and S1=2c scaled for pulse length and BDR using the
scaling law: BDR ∝ E30

a t5 [45]. This scaling has been
observed in previous experiments. Plotted in this way in

FIG. 17. A comparison of input (left) and output (right)
reflection before and after high power testing.

FIG. 18. Borescopy images from the structure after condition-
ing: the iris of the first, second (top), third, and twelfth (middle)
cells, one of the coupling holes of input and output cells (bottom).
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Fig. 20 the processing history of the X-band the BTW S-
band structures look similar. However according to the
result shown in Fig. 9, the power law scaling measured for
the BTW structure is E10

a . Using this parameter, the scaled

electric field and the scaled modified Poynting vector Sc are
shown in Fig. 21. Using this scaling the peak electric field
again appears significantly higher in this structure than in
the CLIC reference structures.

FIG. 20. Comparison of the scaled accelerating gradient (left) of the first cell and the scaled peak modified Poynting vector Sc (right)
with respect to the number of pulses for: TD26CC N1 (Xbox-1), TD26CC N3 (Xbox-2), T24PSI N2 (Xbox-3), T24SiC N2 (Xbox-3),
and BTW N1 (Sbox).

FIG. 19. Comparison of the peak surface electric field Es (left) and the peak modified Poynting vector Sc (right) with respect to
the number of pulses for: TD26CC N1 (Xbox-1), TD26CC N3 (Xbox-2), T24PSI N2 (Xbox-3), T24SiC N2 (Xbox-3),
and BTW N1 (Sbox).

FIG. 21. Comparison of the scaled accelerating gradient (left) of the first cell and the scaled peak modified Poynting vector Sc (right)
assuming BDR ∝ E10

a t5 with respect to the number of pulses for: TD26CC N1 (Xbox-1), TD26CC N3 (Xbox-2), T24PSI N2 (Xbox-3),
T24SiC N2 (Xbox-3), and BTW N1 (Sbox).

A. VNUCHENKO et al. PHYS. REV. ACCEL. BEAMS 23, 084801 (2020)

084801-10



To complete the comparison, a selection of high-gradient
parameters achieved after conditioning are summarized in
Table II. A detailed description of the total analysis of the
BTW structure is presented in [27].

XII. CONCLUSIONS

A low phase velocity S-band structure has been designed,
fabricated and high-power tested. Although the structure
was installed backwards, important results were obtained.
Firstly, the structure has achieved a local (first few cells)
accelerating gradient in excess of 80 MV=m.This shows the
potential range of operation for such a structure. This
primarily confirms the possibility of using such a low phase
velocity structure for the all-linac solution of the TULIP
project, which would accelerate proton beams.
At this gradient and corresponding pulse length, the

structure was operated with peak surface field values higher
than the limiting values in the speed-of-light phase velocity
CLIC X-band structures, which have a similar maximum Sc
but higher acceleration gradient. The conditioning behavior
was similar to the CLIC structures but the BDR rate had a
much weaker dependence on gradient. Consequently, high-
gradient technology can be applied in a new domain, in
particular in the acceleration of subrelativistic particles.
Two BD locations in a cell was speculated from the

two-peaked distribution of BDs analysed with edge
method. It is consistent to the artificially inserted short
circuits in HFSS simulation, one at the nose and the other at
the coupling holes.
A high priority is to test the structure with the power flow

in the correct direction. This is important to establish the
achievable gradient over an entire structure. The existing
structure, and an identical structure fabricated at the same
time, will both be tested.
Finally this exercise is an intriguing example of how

development in technology for high-energy physics can
make an impact also in other fields, such as radiation
therapy. The test has shown that the high gradient tech-
nology has the potential to provide significant advantages
for hadrontherapy linacs.
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