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Abstract

This project is an investigation to find the breakdown locations using a new method involving group
delays of the Scattering parameters (or S-parameters). The RF signals of the T24PSI 1 from the Xbox-2
test stand at CERN have been used to parasitically estimate the S-parameters of the structure during high-
power testing. The derivative of these parameters with respect to frequency are calculated to find
the group delays, which lead to the breakdown locations. It is found that the method has worked perfectly
well on normal pulses, and has reproduced the length of the test structure as the distance travelled. When
the method is applied on breakdown pulses, the noise and the complex nature of breakdowns, with
unknown reasons, have undermined the capability of the method in calculating the correct breakdown
locations.
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1 CLIC and Xbox2

The Compact Linear Collider (CLIC) study is an international collaboration to de-
velop the future electron-positron collider with energies up to several TeV and its aim is
to explore the frontiers of high-energy physics. Radiofrequency (RF) structures are used
to provide high-gradient electric fields such that electrons and positrons, with masses of
0.511MeV/c2, could be accelerated up to a centre of mass energy of 3 TeV [1]. The CLIC
project provides an alternative approach to the Large Hadron Collide (LHC) to find new
physics as it collides leptons instead of hadrons, and comes with better precision.

Figure 1: CLIC layout diagram at 3 TeV

To operate at high gradient, the structure has to overcome the challenges of vacuum
breakdowns. The maximum breakdown rate (BDR) specification for CLIC at 3 TeV is
about 3⇥ 10�7 bpp/m [2]. Three “Xbox” test stands are set up at CERN to test the high
accelerating gradient with prototype structures for long periods of time to aid with R&D
[3]. The data obtained from Xbox-2 has been analysed using Matlab and the results are
presented in the following sections.

In Xbox-2, the low-level RF (LLRF) system demodulates signals from directional
couplers, which allow high power RF pulses to be measured [4]. The klystron produces
up to 50 MW power pulses at 11.994 GHz of 1.5µs length at a repetition rate of 50 Hz.
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The amplitudes and phases of the incident, reflected and transmitted pulses are saved
to memory every minute when no breakdown occurs. If a breakdown occurs, the device
records the data of the breakdown pulse together with the two previous pulses (i.e. 20 ms
and 40 ms respectively before the breakdown pulse) [2, 3].

Figure 2: Block diagram of the Xbox 2 test stand. Adapted from [5]

2 Conditioning and breakdowns

A conditioning process is carried out before the structure is ready for high gradient such
as 100 MV/m in order to clean field emission sites and impurities on the copper surface as
they play a role in the breakdown process [6, 7]. The process is controlled by an algorithm
such that the gradient starts from 0 MV/m, and slowly increases once the BDR at each
gradient falls below a certain level, indicating that the structure is ready to be exposed to
the next higher gradient.

Breakdowns are very complicated physical phenomenon that occurs due to the high
field gradient within the RF cavity. It involves many fields of applied physics such as
surface, material and plasma physics etc... The exact mechanism is in fact not known yet
[8].

The relationship between breakdown rate (BDR) and accelerating field has been found
follow a power law of BDR / E30

acc [8]. When breakdown occurs, it acts like a conductive
plasma wall which forms a short circuit [9], then blocks and reflects all incident waves, and
this could be seen in figure 3a where the amplitude of the transmitted signal exiting the
structure, the |PEI| signal, rapidly falls to zero.

A common method to find the breakdown locations is called the “Edge Method”,
it uses the propagation delay of signals through the structure, on the order of around
1% of speed of light [10]. In this project, an alternative approach which utilises the RF
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(a) Structure Transmitted Amplitude |PEI| pulse (b) Structure Reflected Amplitude |PSR| pulse

Figure 3: Comparison between breakdown pulses and two preceding normal pulses. Note
that the two normal pulses are almost identical therefore one overlaps the other.

signals recored at the Xbox2 is used to calculate the breakdown locations. The findings
are explained in the following sections.

3 Normal pulses

Based on previous work done by Kathryn Jones [11], the Matlab script to analyse normal
pulses has been adapted and improved. The calculations of the S-parameters S11 and
S21 of the structure under test have shown to match the 3D electromagnetic simulations
performed in the High Frequency Structure Simulator (HFSS) (figure 6).
The estimates of S11 and S21 are given by

cS11(!) =
FT
⇥
h(t) · PSR(t)

⇤

FT
⇥
h(t) · PSI(t)

⇤ and cS21(!) =
FT
⇥
h(t) · PEI(t)

⇤

FT
⇥
h(t) · PSI(t)

⇤ (1)

,where FT refers to the Fourier transforms on the signal, PSI refers to the Structure Input.
A Hann window h(t) has been applied to each signal before taking the Fourier Transform
because the waveforms are not periodic in time, and this would add high-order frequency
terms to the result [12].
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3.1 Waveforms of a single pulse

As shown in figure 4a, a typical pulse lasts about 1.1µs but the main peak of 50 MW starts
900ns from the start of the pulse and lasts for 200 ns. The structure has a passband of 0.1
GHz and minimum reflection is at the operation frequency of 11.994 GHz (figure 5a).

(a) PSI vs time (b) PSI vs frequency

Figure 4: |PSI| of a single pulse in both time and frequency domains.

(a) S11 parameter. (b) S21 parameter

Figure 5: S-parameters of a single pulse. As the reflected signal S11 is scaled by unknown
constant, a shift occurs on the vertical axis of (a)
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3.2 Averaging normal pulses

From figure 5, significant level of noise has been observed at frequencies more than ±0.05
GHz away from the central frequency 11.994 GHz. The reason for this is the low signal
to noise (V to N in (2)) ratio (see figure 4b), which means that the S-parameters would
have poor accuracies in these frequencies. It would be beneficial to calculate an average of
pulses to obtain a smoother graph for analysis as it helps cancelling the randomly noise.
The expression of the averaged S-parameters of M pulses is given by

S̄ij(!) =
1

M

MX

k=1

Sk
ij(!) =

1

M

MX

k=1

 
V +
i (!) +Ni(!)

V �
j (!) +Nj(!)

!

k

(2)

, where V + and V � refer to input to and output respectively, and N refers to the noise.
Both averaged S11 and S21 values have been plotted in figure 6, together with the values
of a single pulse and the simulated data from HFSS. It is seen that the averaging of pulses
allows us to fit the direct measurement down to 11.88 GHz.

(a) S11 parameter (b) S21 parameter

Figure 6: S-parameters derived from a single pulse (black), an averaged of multiple pulses
(blue) and simulation (red)

3.3 Applying the group delay method to averaged normal pulse

By taking derivatives of the phases arg(S21) with respect to frequency, it is possible to find
the group delay with the following expression:

Group Delay ⌧g (ns) = �@arg(S21)

@!
(3)
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[13]. Theoretically, the equation would produce the time taken for the pulses to travel
through the structure when there are no breakdowns.

3.3.1 Unwrapping arg(Sij) and find slope

From figure 7 it could be seen that arg(S11) is rather noisy. Taking the derivative of
arg(Sij) produces a spike every time the phase jumps between ⇡ and �⇡. Unwrapping
arg(Sij) removes discontinuities so that derivative is taken on a much smoother curve. The
expression of this method is given by

⌧g =
1

�!
(arg(S21(! +�!))� arg(S21(!))), (4)

where �! is the frequency resolution. The method is first applied onto the normal pulses
to check if it gives us the expect value of around 65ns, which is the expected design value
of group delay of the structure. By taking the slope of the arg(S21) within the region of
11.95 GHz to 12.01 GHz (see figure 8a), a distribution of group delays around 65.4ns ±
0.1ns was found and this is shown in figure 8b. This is consistent with the structure’s
design parameters and it shows a convincing potential towards the search of breakdown
locations.

3.3.2 Alternative approach

Figure 7: Wrapped arg(S11) plot. It is hard
to find the slope of this plot.

Another method to find the derivative is to
find the angle of the division between two
adjacent S11(!) values. The expression is
given by:

⌧g =
1

�!
arg

✓
S21(! +�!)

S21(!)

◆
. (5)

It is found that this has equivalent perfor-
mance to the first method with unwrap-
ping, this is because that both considered
the angular di↵erence between two adja-
cent S11(!) values. Yet it is possible that
this gives di↵erent values when the unwrap
function misidentify jumps due to fluctua-
tions.
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(a) arg(S21) unwrapped (b) Breakdown Locations

Figure 8: Results of the method on normal pulses

4 Analysis of Breakdown pulses

The same methods have been applied to breakdown pulses with the aim to find the break-
down location. When breakdown occurs, conductive plasma that reflects all the pulses is
formed [9], hence to find the breakdown location one has to consider S11 instead. The
main amendments made is to trim the PSR, PSI and PEI pulses, so that only the time
window after the breakdown occurred is fourier tranformed. This is due to the Linear Time
Invariant assumption which is necessary for the s-parameter formalism to work. A further
factor of 1

2 accounts for the fact that the pulses travelled twice the distance to return to
origin. The expression is now given by:

Breakdown position from input (time unit) = �1

2

@arg(S11)

@!
. (6)

4.1 Results using previous methods

With this method, data from October 2017 to March 2018 of the testing of T24PSI 1
structure in Xbox-2 has been used to calculate the group delay. A histogram summarising
the results has been plotted in figure 9a. The shape of distribution of the breakdown
locations is in fact very similar to that in [14]. The width of distribution is around 70ns,
matching the length of the structure. However the plot spans from -40 ns to 30 ns, and
negative propagation delay is unphysical.

Following the findings, extra e↵ort has been put in to compare the results from the
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(a) Histogram of breakdown locations of all data (b) Scattered plot using November 1-20 data

Figure 9: Results of the method on breakdown pulses

edge method and the group delay method. The scatter plot in figure 9b shows that there
is in fact no correlation between locations found by two methods, meaning that the results
above, with similar distribution to that of the edge method, is likely to be a coincidence.

4.2 Further attempts and result

4.2.1 Removing spikes and smoothing

Figure 10: Raw data (Blue), Unwrapped (Or-
ange), Unwrapped and smoothed (Green)

From figure 9b, we can see that the break-
down locations are in fact grouped into
multiple clusters, and this is because of
the strong spikes created when taking the
derivative of arg(S11) (see figure 10). An
attempt to solve this problem is to take the
derivative of a wrapped angle of S11 then
remove the spikes and fit histogram on the
remaining data. Another improvement is to
smooth the curve before taking derivative
has been carried out. From figure 10, it is
shown that after unwarpping and smooth-
ing (green line), the slope is now much more
steady.
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4.2.2 di↵(wrapped arg(S11(!))), remove spikes and calculate mean

The fluctuations that caused jumps in the plot of S11 (see figure 10) has led to spikes in
finding the slope of the curve. Since the mean of the slopes within a specific range of
frequencies is taken, it explains why the results are grouped into clusters. One way to
solve the problem is to remove the spikes that greatly skewed the mean. With this method
applied, only a broad distribution around -40ns is found (see figure 11a). This confirms
that the disappearance of the other two peaks is due to the removal of strong spikes that
decreases the mean. However, there remains no correlation between the locations calculated
by two distinct methods (see figure 11b).

(a) Edge vs group method location.
Orange refers to edge method, whose peak
around 0 ns reaches 3000 (beyond the figure).

(b) Scatted plot showing no correlation between
results from two methods after spikes removal of
all data.

Figure 11
4.3 Conclusion

It is clear that the breakdown process is very complicated and rather unpredictable. It
appears that, in the analysis of breakdown pulses, arguments of S11(!) of most pulses
share the same positive slope around 12 GHz (see figure 12a) which implies a negative
breakdown location around -35 ns. This contradicts the results from edge method location
as there should be some slopes at least 40 times steeper than the others (for breakdowns
around 40 ns and 1 ns respectively), and all slopes should be negative. Further investi-
gation should be carried out on this matter. In fact, Dr. Robin Rajamäki have shown
convincing results by applying a correlation method on the same information [15], which
hold promise to the success of the group delay method. Therefore, I believe with more
rigorous treatment, our method would be capable of determining the breakdown locations
at appropriate accuracies.
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(a) Unwrapped arg(S11) of BDs on 2018-03-02 (b) Scatter plot if breakdown stays in 1st cell

Figure 12

(a) Ideal scatter plot with stationary breakdown (b) If breakdown moves upstream

Figure 13: Scatter plot of hypothetical situations

5 Potential research direction

5.1 Moving plasma

In some part of this study, it was found that the stable slope around 12GHz has been
shifted by 0.05GHz. This raises the question of whether the conductive plasma was moving
or expanding, leading to the doppler shift of the reflected pulse.
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5.2 Inverse Fourier transform of S11(!) and S21(!)

Figure 14: Inverse fast fourier transform of
S21 of normal pulse

In the above method, S11(!) and S21(!)
have been calculated using the fourier
transformed data of PEI,PSI and PSR. By
the end of the project there was the idea
to perform an inverse Fourier Transform
of S11(!) and S21(!) in order to find the
breakdown locations. With this method
applied, a strong peak of transmitted pulse
S21(t) around 60 ns was observed (see fig-
ure 11). In addition to that, other peaks are
detected, this is possibly due to the multi-
ple reflections between various impedance
boundaries such as the structure input and
output, pulse compressor and klystron out-
put. These boundaries lead to many possi-
ble paths and hence multiple peaks on the
impulse response plot.
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