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Abstract
High gradient acceleration is one of the critical technolo-

gies required by future linear colliders, free-electron lasers,
and compact linac-based applications. Among decade-
long effort to break state-of-the-art gradient limitation of
∼100 MV/m in normal conducting structures, using RF
pulses shorter than 20 ns is a promising approach based
on theoretic analysis and experimental observation. In this
study, we demonstrated high gradient above 300 MV/m us-
ing an X-band 11.7 GHz single-cell travelling-wave structure
with 6 ns FWHM RF pulses generated by a power extractor.
In comparison, a scaled 11.424 GHz structure only reached
below 150 MV/m driven by 30-100 ns RF pulses from a
klystron with pulse compression. The experimental results
and the suggested new mechanism of beam acceleration in
the Breakdown Insensitive Acceleration Regime (BIAR) are
presented in this manuscript.

INTRODUCTION
Gradient is a key figure of merit of linear accelerators

to increase energy gain while maintaining facility footprint.
Over the past decades, worldwide effort has been devoted to
X-band normal-conducting accelerating structures driven by
the challenging requirements of TeV-scale linear colliders.
To date, ∼120 MV/m and ∼150 MV/m accelerating gradient
have been respectively achieved in multi-cell and single-cell
structures owing to continuous improvements of geometry
optimization, high precision machining, high quality surface
preparation, and understanding of RF breakdown. How-
ever, further breakthrough of gradient may rely on advanced
acceleration concepts.

Acceleration using RF pulses shorter than 20 ns is a
promising approach as predicted by the empirical scaling law
of breakdown rate (BDR) [1] as well as proved in recent ex-
periments by two-beam acceleration [2] and collinear wake-
field acceleration [3]. In this study, we directly demonstrate
the effectiveness of this approach where at least two-fold
improvement of gradient has been obtained by shortening
the RF pulses from 30-100 ns to 6 ns. Encouraged by the
results, we propose the BIAR scheme in which the transmit-
ted RF pulse and the accelerated beam remain intact even
when RF breakdown occurs.
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STRUCTURE DESIGN
The X-band metallic disk-loaded single-cell travelling-

wave accelerating structure (Fig. 1(a)) has been optimized
for high transient gradient with 6 ns FWHM RF pulses (3 ns
rising time, 3 ns flat-top, and 3 ns falling time) generated by
power extractors available at Argonne Wakefiele Accelerator
facility (AWA) [2, 4–6]. The transient gradient is defined as
the one seen by an ultra-relativistic witness beam,

𝐺(𝑡0) =
∫𝑙2

𝑙1
𝐸(𝑧, 𝑡)𝑑𝑡

𝑙2 − 𝑙1
|𝑡=𝑡0+𝑧/𝑐 (1)

where 𝐸 is the on-axis field, 𝑡0 is the injection moment of
the witness beam, and 𝑙1,2 are the longitudinal boundaries.
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Figure 1: The X-band single-cell travelling-wave structure
(a), the on-axis field (b), and the surface field along the
contour (c).

The optimized structure consists of a normal cell and
two matching cells designed by Kroll’s method [7]. The
resultant on-axis and surface field of the input matching cell
are slightly higher than the normal one, therefore making it
more vulnerable to RF breakdown, as illustrated in Fig. 1(b-
c).

The simulated transient accelerating gradient is illustrated
in Fig. 2. Using 6 ns FWHM RF pulses, the maximum
transient accelerating gradient of the normal cell (denoted
as 𝐺𝑛𝑜𝑟𝑚𝑎𝑙,𝑠ℎ𝑜𝑟𝑡) and the input matching cell (denoted as
𝐺𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔,𝑠ℎ𝑜𝑟𝑡) reaches 80% and 92% of the theoretical
steady value calculated from RF properties of the normal cell
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(denoted as 𝐺𝑡ℎ𝑒𝑜𝑟𝑦) [8], respectively. Using long RF pulses
with 20 ns rising and falling time at Tsinghua, the transient
gradient of the normal cell and the input matching cell during
the flat-top (denoted as 𝐺𝑛𝑜𝑟𝑚𝑎𝑙,𝑙𝑜𝑛𝑔 and 𝐺𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔,𝑙𝑜𝑛𝑔) is
93% and 100% of 𝐺𝑡ℎ𝑒𝑜𝑟𝑦, respectively. The small difference
between 𝐺𝑛𝑜𝑟𝑚𝑎𝑙,𝑙𝑜𝑛𝑔 and 𝐺𝑡ℎ𝑒𝑜𝑟𝑦 is caused by the slight on-
axis field distortion of the single normal cell introduced by
the matching cells.
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Figure 2: Transient gradient calculated by Eq. (1).

EXPERIMENTAL SETUP
The experimental setup at AWA is illustrated in Fig. 3.

Drive beam with 8 bunches spaced at 769 ps was sent through
a metallic disk-loaded power extractor [4], generating short
RF pulses at the output coupler that fed into the accelerating
structure and absorbed by the load. The input pulse and
the transmitted pulse of the accelerating structures were
monitored by directional couplers [4]. It should be noted that
an elongated secondary input pulse could be observed ∼25 ns
after the main pulse, which was caused by double-reflection
of the main pulse at the input coupler of the accelerating
structure and the beam entrance of the power extractor.

Directional 
coupler

Directional 
coupler

Main pulse
Secondary

pulse

Figure 3: Experimental setup at AWA. Inset: typical input
pulse shape to the accelerating structure.

The long pulse experiment at Tsinghua used a 50 MW
X-band klystron with pulse compression [9] to drive the
accelerating structure. Various pulse lengths from 30 ns to
100 ns could be obtained by adjust the LLRF system.

EXPERIMENTAL RESULTS
Short Pulse

The high-power test at AWA has accumulated ∼ 7.7 × 104

pulses with 2 Hz repetition rate. We divide the entire test
history (Fig. 4) into two regimes , the conditioning period
when the input power (i.e. the drive beam charge) was con-
tinuously increased and the testing period after reaching the

maximum input power. Due to the relatively large drive
beam charge fluctuation, we future divide all pulses accord-
ing to 𝑁𝑛𝑜𝑟𝑚𝑎𝑙,𝑠ℎ𝑜𝑟𝑡 for following statistic analysis.

Conditioning Testing(a)

(b)

Figure 4: High-power test history at AWA (a) and the pulse
distribution as a function of 𝑁𝑛𝑜𝑟𝑚𝑎𝑙,𝑠ℎ𝑜𝑟𝑡 (b).

Three typical pulse shapes could be identified from trans-
mitted wave through the accelerating structure monitored at
the RF load. In the normal condition (Fig. 5), the measured
pulse shape, including the transmitted main and secondary
pulses, agrees well with the predicted one convoluted by the
input pulse shape and the measured S21 of the accelerating
structure in cold test.

Main pulse

Secondary pulse

Figure 5: Normal transmitted pulse shape.

In the first abnormal case (Fig. 6), the measured main
pulse distorts and the secondary one still transmits. The
dependence of probability on gradient has two bands during
conditioning and vanishes in testing. Therefore, we attribute
this case as multipacting that could be caused by emission
from initial surface defects [10].

In the second abnormal case (Fig. 7), the measured main
pulse agrees with convolution while the secondary one is
blocked. The probability exponentially depends on gradient
and decreases after conditioning. Accordingly, we consider
this case as RF breakdown.

Long Pulse
The high-power test at Tsinghua has accumulated ∼ 2.3 ×

107 pulses with up to 60 Hz repetition rate and the history
is illustrated in Fig. 8.

Comparison
The dependence of BDR on gradient in both tests is illus-

trated in Fig. 9. The BDR of the short pulse experiment is
relatively high due to the limited pulse number and it should
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Main pulse

Secondary pulse

(a)

(b)

Figure 6: The first type of abnormal transmitted pulse shape
(a) and its probability as a function of 𝑁𝑛𝑜𝑟𝑚𝑎𝑙,𝑠ℎ𝑜𝑟𝑡 (b).
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Figure 7: The second type of abnormal transmitted pulse
shape (a) and its probability as a function of 𝑁𝑛𝑜𝑟𝑚𝑎𝑙,𝑠ℎ𝑜𝑟𝑡
(b).

Figure 8: High-power test history at Tsinghua.

be able to be reduced by further conditioning. Therefore, we
fit the long pulse data by 𝐵𝐷𝑅 ∝ 𝐺30 [1] and extrapolate
it for vivid comparison. At the same BDR, the short pulse
gradients doubles the long pulse ones, with 𝐺𝑛𝑜𝑟𝑚𝑎𝑙,𝑠ℎ𝑜𝑟𝑡,
𝐺𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔,𝑠ℎ𝑜𝑟𝑡, and the maximum surface field reaching
270 MV/m, 308 MV/m, and 500 MV/m, respectively.

DISCUSSION
In Fig. 9(a), the experimental results with 54 ns is further

extrapolated to 6 ns by 𝐵𝐷𝑅 ∝ 𝜏5 where 𝜏 is the pulse
length [1]. The resultant gradient is still ∼30 % lower than
the short pulse experimental results at the same BDR and the
deviation could be even larger considering the short pulse
case in Fig. 9 only represents the detectable RF breakdown
of the secondary pulse while the main pulse remains intact.

(a)

(b)

(c)

(
54 𝑛𝑠

6 𝑛𝑠
)1/6

Figure 9: BDR as a function of (a) 𝐺𝑛𝑜𝑟𝑚𝑎𝑙, (b) 𝐺𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔,
and (c) maximum surface field. The thick dashed lines rep-
resent the exponential fitting results.

This observation indicates new breakdown mechanism in
the short pulse regime.

We propose a hypothesis that RF breakdown triggered
by the main pulse requires certain time to develop, i.e. the
generated plasma from the iris surface with the highest field
needs tens of ns to expand towards the iris and block RF
transmission [11,12]. In this case, the main pulse (shorter
than 10 ns) can transmit through the structure normally but
the following secondary pulse will be blocked by plasma.
This mechanism encourages the Breakdown Insensitive Ac-
celeration Regime where the RF pulse length is shorter than
the RF breakdown development period so that RF trans-
mission and beam acceleration won’t be impacted by RF
breakdown.

CONCLUSION
By comparing the performance of an X-band single-cell

accelerating structure with various RF pulse lengths from
6-100 ns, we have directly demonstrated the effectiveness
of using short pulse to improve gradient where accelerating
gradient above 300 MV/m has been successfully obtained
with no RF breakdown of the main pulse. We have studied
the physics underlying the observation and proposed the
BIAR concept that could benefit linac-base applications in
general.
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