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ARTICLE INFO ABSTRACT
Keywords: Surface electric fields within high gradient linear accelerators can exceed 200 MV/m and lead to field emitted (FE)
Linear accelerators electrons entering the structure. When the accelerating field conditions permit, these FE electrons can become
Dark current captured in the RF fields and be transported through the accelerating structure as a dark current. Understanding
High gradient the capture and transport of these FE currents in high frequency linear accelerators, and at accelerating gradients
)é::;l;jct linear collider well above the capture threshold, is important for the operation of CERN’s X-band test stands and other
Radiation high gradient linear accelerators. Such dark current leads to a background radiation, which dictates shielding
requirements and can damage adjacent instrumentation, as well as a background current within the structure,
which can affect beam diagnostics and in the most extreme cases can cause transverse kicks on bunches. The
capture of field emitted electrons is described analytically in a one dimensional approximation and is then
evaluated numerically for a test structure geometry. A particular focus for the analysis is how the interaction
varies with phase velocity. We demonstrate how the phase velocity varies with respect to the nominal driver
frequency and structure operational temperature. Measurements on the X-band test stands at CERN demonstrate
that the capture increases 12%-28% for a 1 MHz increase in the driver frequency. A three dimensional RF and
particle simulation found a similar order of magnitude result for a 1 MHz increase corrborating the measurements.
1. Introduction we investigate an observed dependency of the propagating current on
the operational phase velocity of the high frequency CLIC structures.
RF accelerating structures for the Compact Linear Collider (CLIC), Using conditions given in [8], we investigate the effects of how small
and other high gradient applications, will operate with surface fields variations in the nominal RF frequency and structure temperature affect
in excess of 200 MV/m [1-4]. At these surface field strengths, the phase velocity and therefore field emission capture. Measurements of
spontaneous emission of electrons, known as “field emission”, and the propagating current’s dependency on phase velocity were performed
subsequent capture in accelerating fields results in a propagating cur- on CERN’s X-band test stands and then corroborated through a series of

rent [5]. For high power testing and operation of accelerating structures,
this propagating current determines the background radiation dose
received by local instrumentation and influences the radiation shielding
requirements for experiments [6]. The current which propagates along
the structure also affects beam diagnostics and in extreme cases can lead
to transverse kicks on bunches [7]. Development of high gradient normal conducting accelerating struc-

Nominally, the loaded accelerating gradient and operating frequency tures is important for the feasibility of next generation linear collid-
of CLIC is 100 MV/m and 11.994 GHz for a 3 TeV version where this is ers [10]. In an effort to understand the operation and reproducibility
reduced to 75 MV/m for the 380 GeV first stage. For this frequency, the of high gradient accelerating structure, CERN has commissioned three
capture threshold for an electron at rest is 64 MV/m [8], and therefore individual X-band test stands which can test structure at high power.
well below the operational accelerating gradient. In the following paper, The three test stands, named Xbox 1, Xbox 2 and Xbox 3, generate high

simulations using the CST Microwave and Particle Studio packages [9].

2. X-band test stands at CERN
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Fig. 1. Operational points on the dispersion curve for the TD26CC middle cell.

power RF pulses using X-band modulators and klystrons which operate
up to 50 MW for Xboxes 1 and 2, and 6 MW which are combined to
12 MW for Xbox 3 [11-15]. After compression, using a SLED Type I RF
pulse compressor, the power systems deliver above 120 MW up to 50 Hz
for Xbox 1 and 2, and up to 50 MW up to 200 Hz per line for XBox 3 to
the structure [12]. This high power RF produces unloaded accelerating
gradients in excess of 100 MV/m, several times that seen in S-band linear
accelerators, commonly used in electron linacs. Resulting from the high
power RF are peak surface electric fields of approximately 200 MV/m
for CLIC structures for the nominal unloaded accelerating gradient [4].
These high surface fields lead to the field emission of electrons. The
emitted current density of these electrons, first described by Fowler and
Nordeim in [5], is given by

-05 f2E(1)?
jp = 154 1070104520703 LEO

9415
X exp(——6'53;;((t)) ¢ )[A m~?)

where ¢ is the work function of copper in eV, g is the field enhancement
factor, and E(r) is the electric field strength at the time of emission in
V/m [5,16].

With such high accelerating gradients, field emitted electrons can
be captured and begin to propagate along the structure known as a
dark current. The condition for capture of these electrons is well known
and the same as those for the electrons intended for acceleration. This
condition is that the gradient is great enough such that a stationary
electron can accelerate to stay synchronous with the oscillating RF field.
Given a phase velocity of ¢, this threshold in MV/m is given by
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Fig. 3. Variation in the radiation due to the change in structure temperature.

where 4 is the RF wavelength in metres [17]. This equation demon-
strates that the capture gradient increases inversely to the RF wave-
length and therefore is greater in higher frequency linear accelerators.

3. Phase velocity dependence of dark current

In Eq. (2) the threshold gradient for the capture of field emitted
electrons in a linear accelerator was described for the special case of
the RF phase velocity being equal to ¢. A more general equation for
capture can be written for the case of a varying phase velocity (v,) as

1
2
s

where m, is the mass of an electron, e is the electron charge magnitude,
and v, is the velocity of the electrons [8]. Such a relation demonstrates
that a reduction in the phase velocity reduces the required gradient for
capture of low energy electrons. To understand how the phase velocity
varies with the operational parameters we begin with the definitions of
phase velocity and group velocity as
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Fig. 2. Operating modes for three structure temperatures and three RF driver frequencies.
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Fig. 4. Experimental setup for the measurement of the dependence of dark current on the RF driver frequency and structure temperature using a radiation monitor.

respectively, where w is the RF driver frequency and k = 2x/A is the
wavenumber [17]. We see that the phase velocity can be varied through
a change in @ (See Fig. 1). Differentiating Eq. (4) against w gives the
variation in phase velocity with respect to RF driver frequency as
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Setting the synchronicity condition as ¢ we find

du,,:i(l—i)dw. ©

2r Vg

This gives the relation between the variation in the phase velocity
and driver frequency set value. From this relation we find that an
increase in the driver frequency results in a decrease in the phase
velocity, given typical group velocity (v,) values for CLIC structures are
well below ¢ and given the structures are a forward travelling wave
design, where the group velocity travels in the same direction as the
phase velocity. For a backward travelling wave structure, the group
velocity travels in the opposite direction of the phase velocity therefore
an increase in the driver frequency results in an increase in the phase
velocity, according to Eq. (9).

Equivalent to a variation in the RF driver frequency, a shift in
the resonant frequency (w,) can also vary the phase velocity. Such
a shift in w, can be achieved through a variation in the structure’s
operating temperature which causes thermal expansion/contraction of
the structure, and therefore changes the radius of the structure’s cells.
The variation in the resonant frequency for a given temperature change
is given as
do,
dT

where a is the thermal expansion coefficient which for copper is 17x10~°
K~ and w, = 2 f, is the resonant frequency (f, = 11.994 GHz) in rad/s.
For a 1 °C increase in the structure temperature, we see a 203 kHz
decrease in f,. In Eq. (10) we see that the change in temperature varies
the resonant frequency w, rather the driver frequency ». To demonstrate

= —aw,, 10$)
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Table 1
RF pulse parameters for three structures under test on the two test stands.
Test stand ~ Structure Power Gradient Pulse Length Rep. Rate
[MW] [MV/m] [ns] [Hz]
Xbox 2 TD26CCRO5 43 100 170 50
Xbox 3 TD24 RO5 SiC 17 64 50 50
Xbox 3 T24 PSI 33 94 200 50

how dw, is related to dw Fig. 2 displays the operating points for three
structure temperatures and three driver frequencies. It can seen that for
the phase velocity (v, « f/¢) an increase in the structure temperature,
which Eq. (10) explains is a decrease in the resonant frequency, is
equivalent to an increase in the driver frequency. From these diagrams
we find that an increase in w, is the equal to a reduction in ® such that

do = —do,. an

Substituting Egs. (10) and (11) into Eq. (9) we get the change in the
phase velocity with respect to structure temperature change as

A c
dup=ﬂ<l—v—>awrdT. (12)

g

We find that an increase in the structure temperature similarly
increases the phase velocity. In Fig. 2 we plot 5 points on a dispersion
curve to demonstrate Egs. (9) and (12). At the nominal driver frequency
and structure temperature (@) we see that the phase velocity is v, = ¢
as it lies on the green line, recalling v, « @/® where @ is the phase
advance per cell. For an increase in the structure temperature (@) or
an increase in the driver frequency (A) we find the operational point is
below the @ = ke line and therefore v, < c. Conversely, for a decrease
in the structure temperature (@) or a decrease in the driver frequency
(M) we find v, > c.

To understand the scales required for a noticeable variation in v,,
we plot the phase velocity normalised to the speed of light against the
structure temperature and driver frequency in Fig. 3 for a group velocity
of 0.008¢ and 0.016¢. These group velocity values are the maximum
and minimum values within the iris-tapered CLIC baseline structure
design [1]. The change in the phase velocity is 0.082%c/MHz and
0.164%c/MHz for a group velocity of 0.016¢ and 0.008¢, respectively.
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Fig. 5. Change in Radiation measured inside the bunker vs the change in the structure
temperature and driver frequency.

Recalling Eq. (3) we saw that a decrease in the phase velocity reduces
the required gradient for the capture of field emitted electrons. In
summary we can state that: The capture likelihood of field emitted electrons
will increase when there is an increase in driver frequency or an increase in

structure temperature due to a reduction in phase velocity, and vice versa.
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4. Measurements of dark current capture changes with phase
velocity

First observations of a notable variation in the dark current level
occurred by chance due to a malfunctioning structure temperature
regulating chiller, during the conditioning of a test structure made
from halves [18]. The incident led to a radiation safety threshold
being exceeded and tripping an interlock. During this time it found
that there was a strong correlation between the structure temperature
and radiation outside the bunker. Testing of the dark current capture
dependence on the phase velocity was performed on CERN’s X-band
test stands and came at a later date using three accelerating structures
that were under high power testing at the time.

The RF driver frequency and structure temperature were varied
for a constant peak power, pulse length and pulse repetition rate to
measure the variation of steady state dark current [6]. Table 1 depicts
the RF pulse parameters used for the testing on the three structures. The
experimental setup of the dark current measurements for the structures
installed on Xbox 2 and Xbox 3 are illustrated in Figs. 4a and 4b, respec-
tively. The dark current measurements were performed indirectly using
an ionisation chamber radiation monitor which tracked the radiation
dosage at the end of the structure, known to be caused by dark current
incident with the Faraday cup [6]. Between the measurements of each
structure, the radiation monitor was aligned to be directly downstream
of the structure under test and approximately 1 m from the end of the
beamline. The spectrometer set up on Xbox 2 had its collimator and
screen completely retracted during the measurement [19]. The choice
of using the radiation monitor to measure dark current was due a poorly
aligned Faraday cup in Xbox 2, after the spectrometer, consequently
leading to poor signal strength. We will refer to the change in structure
temperature as a shift in resonant frequency from here onwards, and
calculate the equivalent frequency shift using Eq. (10). This will allow an
easy comparison for the two operational parameter changes. Radiation
measurements were performed at structure resonant frequency shifts of
—3 MHz (-2 MHz for TD24 RO5 SiC), 0 MHz, and +1 MHz. Likewise,
radiation measurements were performed for a variation in the klystron
driver frequency. Such variations in the driver frequency were restricted
to +1 MHz due to the bandwidth limitation of the klystron. In Fig. 5 we
plot these radiation measurements for a given RF driver or resonant
frequency shift, and fit each with a linear regression. For an increase
in the RF driver and equal magnitude decrease in resonant frequency
(structure temperature increase), we see an increase in the radiation
level within the bunker. The vertical offset between the temperature
and frequency measurements resulted from RF breakdowns causing
new baseline dark current levels. When taking the driver frequency (w)
fit values we see that a 24.5%/MHz, 28.67%/MHz, and 12.64%/MHz
shift in the radiation levels for the TD26CC, TD24SiC, and T24PSI,
respectively. This increase in dark current for an increase in driver
frequency and decrease in resonant frequency (increase in structure
temperature) is what is expected from Egs. (9) and (12) supporting
the change in phase velocity as the mechanism for the dark current
variation.

5. A three-dimensional simulation of dark current capture changes
with phase velocity

To further study the effects of phase advance on field emitted current
capture simulation have been made using CST Microwave and Particle
Studio [9]. Calculating the entire structure geometry for RF fields and
particle simulations required too much computation power to make it
feasible. Instead, to obtain the electric and magnetic field distributions,
we began with the eigenmode solver and a single cell geometry. The
middle cell from the TD26CC RO5 structure, currently the CLIC baseline
structure, was used for the single cell geometry [4]. In this cell, the iris
radius is 2.75 mm resulting in a group velocity of around 0.012¢. For
the boundary conditions we started with @ = 2x/3 (120°) mode, as
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Fig. 6. Eigenmode Solution for the TD26CC RO5 cell.
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Fig. 7. Dispersion curve for the eigenmode solutions from the RF simulation overlaid on
the RF measurements.

used in the CLIC design, then solved the E and H fields for a single cell
(Fig. 6). Surface electric fields are seen to be greatest near the iris and
therefore are expected to be main source of field emitted electrons [5].
Running the eigenmode solver for various @ values allowed a change in
the frequency of the cell. In Fig. 7, the five points on the dispersion curve
are plotted for different @ values on the single cell geometry. The phase
and group velocity is found using Egs. (4) and (5), setting k = ®/L,,;
where L, is the cell length. These give the phase velocity and group
velocity as v, = ¢ and v, = 0.011998c, respectively, which agrees well
with the expected value. A non-perturbative bead-pull measurement
gave the electromagnetic field distributions along the structure which
demonstrated good agreement with the simulation [20,21].

For the particle model, a 48 cell model was assembled to understand
the upstream and downstream behaviour of a 24 cell structure [7]. From
Floquet’s Theorem, we find that for infinitely repeating coupled cells
electromagnetic fields in each cell differ by only a phase difference [8].
Based on this, the single cell electromagnetic fields were imported
into each of the adjacent cells with the appropriate phase advance
for the given RF driver frequency (119° for 11.9926 GHz, 120° for
11.9938 GHz, and 121° for 11.995 GHz). Using the single cell geometry
and its electromagnetic field solutions for each of the 48 cells allows the
structure to act as a constant gradient structure, although the structure
lacks the iris tapering seen in the structures under test. This simplified
geometry was used to reduce the computational time of the simulation.

Two dimensional monitors at each iris measured the properties of
particles emitted from the centre of the 48 cells. The idea of using this
symmetry for upstream and downstream behaviour of a full structure
model was exploited in [7]. As the source of the particle, we set the iris
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Fig. 9. Sample incoming (INC), reflected (REF), and transmitted (TRA) RF waveforms
along with the downstream Faraday cup signal (DC).

as the emission area where the fields are greatest (Fig. 8) and therefore
the field emitted current density is greatest. To find the density of field
emitted electrons, the emission area used the Fowler-Nordheim model
described in Eq. (1). By setting the total area of the iris as the emitter,
early simulations found that the downstream current is well beyond
that measured. Emitters in structures are known to be microscopic in
nature and therefore their area vastly smaller than the area of the
iris [16]. For the model we add an emitter density factor to determine
the effective area of the emitter(s). Measurements in X-band test stands
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at CERN demonstrate downstream currents in the hundreds of microamp
to milliamp regime (Fig. 9). Fig. 10 plots the downstream current against
the effective area of the emitter and shows that the effective area size
is from 0.01 to 1 pm2. We take the upper limit of the emitter size and
spread the effective emitter area homogeneously across the entire iris as
it is yet known how the emitter’s position on the iris affects the capture

51

Nuclear Inst. and Methods in Physics Research, A 914 (2019) 46-52

of dark current. The scaled emission current density ( j;) used for the
final simulation is given by multiplying the current density () by the
ratio of the effective emitter area to the iris area such that

A

emitter .

.
= JF>

Ir=— 13)

iris

where A, 1S the effective area of the emitter and A,,;, is the area of
the iris. In the emission model we chose a field enhancement factor f of
30, a typical value measured in experiments, and the work function for

copper to be 4.5 eV [22].
6. Simulation results

To investigate the changes in captured dark current, Fig. 11 dis-
plays the capture efficiency from each cell. Plotting the capture as a
percentage for each cell (Fig. 11a), as well as an accumulation along
the structure towards each respective output (Fig. 11b), the capture
efficiency is seen to increase for a greater frequency RF driver as seen in
measurements. Simulations demonstrated that particles emitted later in
the RF oscillation are captured for higher driver frequencies whereas
they slip from the bucket at lower driver frequencies. This effect is
therefore seen for the field emitted particles which have undergone
capture, which is important for our analysis of the simulations. In Figs. 6
and 8 of [7] it was shown that the low energy particles in the cells far
downstream predominantly were not measured in the Faraday cups as
these particles were not captured well enough for transmission through
the beam pipe, housing the vacuum system, and on to the Faraday
cup. These low energy particles are seen as the jump in transmission
downstream in cells 21 to 24 of Fig. 11a. Taking this into account, our
analysis looked at the particles arriving downstream of the structure
which are known to have been captured (cells 1 to 20), and therefore
likely to arrive at the Faraday cup due to their lower emittance and
greater longitudinal momentum. From cells 1 to 20, the cumulative
capture for the nominal driver frequency is 0.0243 compared to 0.0259
for +1 MHz and 0.0223 for —1 MHz. This accounts for an average of
8.05%/MHz change in the capture of the dark currents with respect to
the driver frequency change for 20 cells. In Fig. 12 we compare these
simulation results to the measurement results from Fig. 5 where we use
the change in driver frequency. We find a similar magnitude change in
the dark current between the simulation and measured results for the
T24 PSI structure. The large difference between the T24 PSI structure
and the other two structures is yet to be understood and will be studied
in future investigations. It is expected by the authors that the difference
may be caused by the location of the emitter on the iris.

7. Conclusion

X-band test stands operating at CERN operate with surface fields
in excess of 200 MV/m leading to the emission and capture of field
emitted electrons. A simplified one dimensional model demonstrated
that the capture of these field emitted electrons was dependent on the
driver frequency as well as the structure temperature, which shifted the
structure’s resonant frequency. This dependence was explained to be
the result of a shift in the phase velocity of the RF fields. Measurements
of the dependency on the X-band test stands at CERN demonstrated a
strong variation in the measured dark current for a small variation in
the driver frequency. Simulations of the capture of dark current also
found this dependency and obtained similar variations in the capture
likelihood as the measurements performed.
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