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Supervisor’s Foreword

The tf breakdown phenomenon is one of the main limitations to achieve high
gradient accelerating structure, a key component for various applications. Although
it has been studied over decades, the nature of rf breakdown has not been well
understood, which is mainly caused by the uncertainty of its occurrence in terms of
location and moment. In this thesis, Dr. Jiahang Shao has introduced novel methods
to controllably study rf breakdown and its precursor, field emission, with
high-intensity laser, pin-shaped cathodes, and a high-resolution in-situ imaging
system. The experimental research leads to exciting discoveries of rf breakdown
and field emission in high gradient accelerating structures, such as the evolution of
power flow between cavities after breakdown, the dependence of field emission on
stored energy, the discrete distribution of field emitters on surface, the overlapping
of most strong emission areas and rf breakdown spots. The work greatly expands
the understanding of rf breakdown and field emission, which will in turn benefit
research into particle accelerators, electron sources, and high gradient rf devices in
general.

Beijing, China Prof. Huaibi Chen
April 2017
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Preface

Recently, there is a pressing need for high gradient accelerating structures in
compact electron-positron colliders, X-ray-free electron lasers, and compact
medical/industrial accelerators. Radio-frequency (1f) breakdown phenomenon is
one of the main limitations to achieve high gradient structures, which often leads to
problems including surface damage, cavity detuning, incorrect phase shift, low
energy gain, and beam loss, etc.

The rf breakdown is an extremely complicated physical phenomenon. It is
usually believed to be triggered by field emission, followed by plasma formation,
explosive emission, surface melting, and eventually avalanche. The rf breakdown
rate is determined by various physical parameters including electric field, magnetic
field, pulse length, and modified Poynting vector, etc. As both the location and the
moment of rf breakdown occurrence are random, the conventional method to study
1f breakdown is to test an accelerating structure for a long period in order to perform
statistical research. However, thorough understanding of rf breakdown is limited by
the extremely long experiment period and difficulties to separate the physical
parameters. To more controllably investigate the rf breakdown phenomenon in high
gradient accelerating structures, the thesis has proposed and applied several novel
methods, including controlling the location with high-intensity laser and pin-shaped
cathode, and locating field emitters with in-situ high-resolution imaging.

High-intensity laser has been adopted to trigger rf breakdown in an S-band
1.6-cell photocathode rf gun, which occurs at controllable location and moment
with high rf breakdown rate. The time evolution of electron emission at the
nanosecond scale after the onset of breakdown has been observed and analyzed.
Two types of rf breakdown, named single-breakdown and multiple-breakdown,
have been observed experimentally. In-depth analysis with an equivalent circuit
model reveals that multiple-breakdown can be triggered by the power flow between
cells after the initial explosive electron emission, which implies standing-wave
structures with separated cells may be more favorable for high gradient accelerators.

Pin cathodes have been applied for the field emission and rf breakdown study in
an L-band high gradient single-cell photocathode rf gun. Pin-shaped cathodes could
significantly increase the electric field on the tip so as to control the field emission

ix



X Preface

and rf breakdown location. During rf conditioning, the macroscopic electric field on
the cathode has achieved 700 MV/m. The evolution of emission parameters has
been monitored, which suggests that there is a threshold of electric field on the
copper cathode before rf breakdown. By adjusting the longitudinal cathode posi-
tion, the stored energy in the gun can be varied while maintaining the same electric
field on the tip. A strong correlation between field emission current and stored
energy has been observed in the high power test. Mechanisms such as capture ratio
dependence, background emission, secondary electron yield, beam loading effect,
space charge effect have been ruled out. The experiment results support the
hypothesis of HOMs excitation by emission current and imply that under certain
circumstances, a localized field emission may be significantly altered by the global
parameters in a system.

In addition, the in-situ high-resolution field emission imaging has been devel-
oped in the same L-band photocathode rf gun. A novel method to achieve
high-resolution imaging has been proposed by using solenoids and collimator to
select electrons emitted from certain phases. Approximately 100 um has been
successfully obtained in the experiment, and separated strong field emission areas
have been observed. The field enhancement factor of each individual emission area
has been measured, and the variation among the surface is remarkably trivial
comparing to field emission current. The results have been analyzed with a new
model of emitter distribution which indicates strong field emission observed in the
experiment is a result of large emission area rather than high field enhancement
factor. By comparing the field emission map and the rf breakdown locations,
~715% of the strong field emission areas are revealed to overlap with rf breakdown
spots.

These works greatly expand the existing understanding of rf breakdown and field
emission, which would in turn benefit research into electron sources, particle
accelerators, and high gradient rf devices in general.

Lemont, USA Dr. Jiahang Shao
May 2017 Argonne National Laboratory
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Chapter 1
Introduction

Abstract Particle accelerator, in which charged particles are propelled by electro-
magnetic field, is a powerful tool for fundamental and applied researches in various
subjects. Since its birth nearly one century ago, multiple types of accelerators with
different principles have been successfully developed and over 30,000 units are now
in operation worldwide. For electron accelerators, the most common type applies
the radio-frequency linear accelerating structure. The accelerating gradient, defined
as the energy gain of particles traveling per unit length, is an essential parameter to
determine the performance of an rf linear accelerating structure. Driven by the recent
requirement of next generation electron-positron collider with a collision energy of
TeV scale, extensive researches are being conducted to push the accelerating gradient
over 100 MV/m, nearly threefold higher than that obtained with state-of-art technol-
ogy. Such high accelerating gradient will also benefit other applications including
free electron lasers (FEL), photocathode rf guns, and industrial/medical accelerators.
However, its realization is mainly limited by rf breakdown, an extremely complicated
phenomenon which includes various coupled physical procedures. rf breakdown is
generally considered to be triggered by field emission from surface exposed to high
electric field. This chapter introduces the application of high gradient rf linear accel-
erating structure, the rf breakdown phenomenon, and field emission.

1.1 Application of High Gradient Accelerating Structures

Increasing the accelerating gradient can effectively reduce the length of accelerator
structures and increase beam energy in limited space. Thus, high gradient acceler-
ating structures are highly desired in board applications from high energy machines
such as TeV electron-positron collider and compact X-ray FEL, to medium energy
facilities for scientific R&D, and to low energy accelerators for industrial and medical
purposes.

© Springer Nature Singapore Pte Ltd. 2018 1
J. Shao, Investigations on rf Breakdown Phenomenon in High Gradient Accelerating
Structures, Springer Theses, https://doi.org/10.1007/978-981-10-7926-9_1



2 1 Introduction

1.1.1 Compact Electron-Positron Collider

Research on particle interactions at the TeV scale is considered to hold the answers to
many of the key open questions in particle physics, which include the mechanism of
electroweak symmetry breaking, the verification of new symmetries, the understand-
ing of Dark Matter, the searches for a wealth of other possible phenomena beyond the
Standard Model [1, 2]. As a necessary complement of the current circular collider,
the Large Hadron Collider (LHC), the next generation collider is proposed to be a
linear type with electron-position collision to improve the accuracy [3]. There are
two candidates under study worldwide, the International Linear Collider (ILC) [2]
and the Compact Linear Collider (CLIC) [1].

The two projects differ from each other significantly in many aspects. For the
ILC project, the main accelerator section will apply L-band 1.3 GHz superconduct-
ing technology with an average accelerating gradient of 32 MV/m [2]. Meanwhile,
X-band 11.994 GHz normal conducting technology is the key for the main accelera-
tion section of the CLIC project [1]. The nominal accelerating gradient is 100 MV/m
so that particles can obtain a 3 TeV collision energy within 48 km acceleration. The
CLIC project adopts the Two-Beam Acceleration (TBA) scheme, as illustrated in
Fig.1.1. The high current drive beam will be accelerated to 2.38 GeV by L-band
accelerators. Then, the beam power will be extracted by X-band decelerator and
transfer to X-band accelerator section to accelerate the main beam.

Figure 1.2 shows the baseline design of the X-band high gradient accelerating
structure for the CLIC project. The traveling-wave structure operates in TMy;o 277/3
mode. Each unit is about 250 mm long, with 26 regular cells and two compact cou-
plers [4]. Higher order modes excited by the beam are damped by absorber installed
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Fig. 1.1 Schematic of the CLIC project at the European Organization for Nuclear Research
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() \ @ )olen RF Flange

Disc stack

Fig. 1.2 CLIC-G waveguide damping structure [11]. a Disc-loaded accelerating cell with damping
waveguides; b Cell stack for bonding; ¢ Fully assembly

inside the four waveguides around the cell to minimize their interaction with follow-
ing bunchlets [5]. Other alternative designs, including chock-mode damping [6, 7],
detuned damping [8], iris slot structure [9], and two-halves structure [10], are also
being studied.

1.1.2 Compact Light Source

Accelerator-based light sources are powerful tools in scientific research for various
subjects, including life and biology science, material science, information science,
environment science, etc. [12]. The latest generation of light source is the Free
Electron Laser (FEL), which can provide light with high coherence, high brightness
and continuously variable wavelength [13]. Recently, there is an increasing demand
of X-ray FELs which can generate light with 0.01-10 nm wavelength and detect
matter interaction at femtosecond scale. The main parameters of X-ray FEL facilities
using normal conducting accelerating technology are listed in Table 1.1.

The first X-ray FEL ever built is the Linac Coherent Light Source (LCLS) at
SLAC National Accelerator Laboratory. It is based on the existing SLAC 3km
S-band accelerator. The gradient is only 15 MV/m and the main acceleration section
is 2km long [14]. To achieve compact structure and low cost, later newly-built
X-ray FELs broadly adopt S-band or C-band technology with accelerating gradient of
25-45 MV/m [13, 15-21]. For example, the SPring-8 Angstrom Compact free elec-
tron LAser (SACLA) project in Japan uses C-band accelerators with 30 MV/m gradi-
ent to limit the main acceleration section to 300 m. Together with in-vacuum compact
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Table 1.1 Parameters of X-ray FELs with normal conducting acceleration technology

Name Country Energy | Wavelength |Band® |Gradient| Status®
(GeV) (nm) (MV/m)

LCLS [14] America 15 0.12 S 15 (0]
FERMI@ELETTRA | Italy 1.2 10 S 25 (0]
[13, 15]

SACLA [16, 17] Japan 8.5 0.06 C 35 (0]
SwissFEL [18] Switzerland | 5.8 0.1 C 26 C
SXFEL [19, 20] China 0.84 8.8 C 40 C
PAL-FEL [21] Korea 10 0.1 S 27 C
CLIC-FEL [22] Switzerland | 6 0.1 X 65 D
Xband-FEL [23, 24] | America 6-7 0.15 X 70 D
ZFEL [25] Netherlands | 2.1 0.8 X 100 D

4S-band: 2856 MHz, 2998 MHz; C-band: 5712 MHz; X-band: 11,424 MHz, 11,992 MHz
0On operation; C Under construction; D Under design

undulators, 0.06 nm laser wavelength has been successfully generated with 8.5 GeV
electron energy. The total length of the whole facility is only 700 m [16, 17].

Thanks to the advanced X-band technology developed by the CLIC project and
early Next Linear Collider (NLC) project [26], several X-ray FELs under design
propose to apply X-band accelerating structures with gradient of 60—100 MV/m. The
main acceleration section will be suppressed to only 100 m, one order of magnitude
shorter than LCLS [22, 23, 25].

In addition to big machines like X-ray FELs, several small-scale light sources also
show great interest in high gradient technology due to their limited space [27, 28].
For instance, in the undergoing upgrade of the Tsinghua Thomson scattering X-ray
source (TTX), the original S-band accelerating structure (3 m, 15 MV/m) will be
replaced by two high gradient structures (one S-band, 1.5 m, 30 MV/m; one X-band,
1.2 m, 75 MV/m) to obtain higher beam energy and lower X-ray wavelength [28].

1.1.3 Photocathode rf Gun

The electron beam quality in FEL facility is mainly determined by initial accel-
eration in injector section, especially in photocathode rf gun where electrons are
emitted by photoemission effect. Space charge effect from the high charge density
near the cathode will decrease the following photoemission current and degrade the
transverse emittance, both leading to reduction of the FEL brightness. To suppress
space charge effect by relativistic effect, electrons need to be accelerated rapidly
after photoemission which requires high gradient [29, 30].

Driven by the next generation FELs that can fit into current laboratories and
compact gamma-ray Compton sources, high gradient X-band photocathode rf guns
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(a)

(b)

X-band gun

S-band cathode

Fig. 1.3 Mark-1 type 5.6-cell X-band photocathode rf gun developed by SLAC/LLNL [30]. a The
X-band gun, an S-band gun cathode is also displayed for dimension comparison; b CAD model of
the gun

are under development with a peak cathode field of 200 MV/m, nearly twice of the
widely-applied S-band 1.6-cell ones, as shown in Fig. 1.3. By using high gradient
X-band instead of S-band photocathode rf guns, tenfold improvement of brightness
is demonstrated in simulation by reducing both the bunch length by a factor of three
to four and the transverse emittance by a factor of about two [30, 31].

1.1.4 Industry/Medical Accelerator

In addition to scientific researches, rf linear accelerators are broadly adopted in
industrial and medical applications, such as isotopes production, irradiation, non-
destructive inspections, sterilization, radiotherapy, etc. With more compact dimen-
sions, the potential application of high gradient accelerating structures in these areas
can be foreseen.

For instance, hadron radiotherapy is more effective than electron radiotherapy
for specific cancers and over 70 facilities worldwide are now practicing the for-
mer technology [32]. Currently, most machines apply cyclotron or synchrotron to
accelerate proton or carbon ions into several treatment areas. As the areas required
by the machines are large (over 3000 m?), a new hospital usually has to be built
with high cost (130 to 150 million euro) which hampers the development of hadron
radiotherapy [33]. To reduce the cost and footprint, a machine with single treatment
area which can fit into existing hospitals has been studied by the TUrning LInac for
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(b ) CCL-HG

BTW150

Fig. 1.4 The TULIP project [32]. a The layout; b Two candidates of the S-band high gradient
accelerating structure

Proton therapy (TULIP) project in Italy [32]. This proposed machine adopts S-band
accelerating structure in the main acceleration section to boost the proton energy
from 70 to 230 MeV. The target gradient as high as 40 MV/m and compact design
significantly reduce the footprint of the machine to only 22 m x 9 m, as shown in
Fig.1.4.

1.2 rf Breakdown

Although high gradient accelerating structures are demanded in various applications,
they may not be easily achieved by simply feeding arbitrarily high rf power. The state-
of-art gradient of X-band multi-cell and single-cell structures under development for
the CLIC project is 120 MV/m (252 ns rf pulse length) [34] and 160 MV/m (160 ns rf
pulse length) [35], respectively. These values are obtained in several prototypes with
extensive effort. It’s still under study whether the gradient of 100 MV/m is repeatable
or not for over one hundred thousand accelerating structures requested in the CLIC
project.

One of the main limitation to achieve high gradient accelerating structures is
the rf breakdown phenomenon which influence both the accelerating structure and
the accelerated beam. According to experimental and theoretical research, the rf
breakdown rate (BDR) increases exponentially with the accelerating gradient. There-
fore, reducing BDR while maintaining high gradient is a critical problem yet to be
solved for the normal-conducting rf linear accelerator community. This section briefly
introduces the phenomenon, the damage, and the research status of rf breakdown
phenomenon.
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1.2.1 Phenomenon

rf breakdown is an extremely complicated phenomenon whose mechanisms have
not been fully understood over decades of research. It is generally believed that rf
breakdown is triggered by strong localized field emission on the surface exposed to
very high electric field [36-38]. Under certain circumstances, the local electric field
at the field emitter reaches the level of 10 GV/m which leads to an emission current
density of 10" A/m?. The resulted Joule heating could melt or even vaporize the
emitter in several to tens of nanoseconds. Then the metal gas could be ionized by the
emission current. The generated ions would form a sheath near the surface or hit back
onto the surface which would in turn enhance the field emission and finally lead to
explosive electron emission (EEE). The explosive electron emission would further
modify the surface condition by melting and creating droplets as well as craters,
leading to a continuous increase in emission current and eventually an avalanche.
In this process, the stored energy inside the rf structure would be absorbed by the
emission current until it can no longer sustain the avalanche [36]. The whole process
of rf breakdown from field emission to avalanche is shown in Fig. 1.5.

When rf breakdown occurs, many abnormal phenomena could be observed exper-
imentally, such as strong emission current from the structure, blocked transmitted rf
power, high reflection, etc., as illustrated in Fig. 1.6 [36, 39]. Taking the X-band high
gradient structure studied in the CLIC project for example, the breakdown current
is derived to be higher than 1 kA [40]. Besides, rf breakdown is often accompanied
by deterioration of vacuum, generation of light, sound, and X-ray, etc. [36, 39-42].
Such phenomena are viewed as criteria of rf breakdown to be used in the interlock
system for structure protection experimentally [36, 40, 42].

Explosive Emission
(b) \ ’ / Electrons
(a) \ . - opnd A /
\:\ Primary Emission Plasma Pressure On
Site Melting Pool

\ N
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(c) o TANRO )
1 New
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~
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Fig. 1.5 The rf breakdown process [36]. a Localized field emission; b Field emission melts or
vaporizes the emitter which forms plasma that leads to explosive electron emission; ¢ Explosive
electron emission results droplets and craters on the surface; d Avalanche in which more emitters
are formed
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Fig. 1.6 Reflected and (a)
transmitted rf power of a 601
traveling-wave 40 AV 1
structure [39]. The green !
dashed line and the blue
solid line denotes the pulses
without and with rf
breakdown, respectively. a f |
reflected power; b e / \:\'-. ; |
transmitted power 50 f 1

— e = 1
0 100 200 300
Time (ns)

]
200
150 s -

Power (MW)
|
|
i
(
{

1.2.2 Impact

In newly-built accelerating structures, the designed gradient could not be achieved
by increasing the input rf power rapidly [36, 43]. Instead, it has to go through a slow
procedure called rf conditioning in which the input power and the pulse length are
gradually raised. Although rf breakdown might help to remove contaminations or
defects on the surface during this period, the BDR in a fully conditioned structure
during normal operation must be minimized because rf breakdown is harmful to both
the accelerated beam and the accelerating structure [43].

1.2.2.1 Accelerated Beam

When rf breakdown occurs, transmitted power is absorbed by the rf breakdown
current which reduces the energy gain of the accelerated beam. Besides, rf breakdown
current could also excite HOMs of the structure which will introduce transverse kick
to the beam, resulting in deterioration of beam quality or even loss of the beam
[44-46].

Recently, statistical study of the influence of rf breakdown on beam has been
carried out at the CTF3 test facility of the CLIC project, as illustrated in Fig. 1.7 [46].
Caused by rf breakdown, the average loss in energy gain and the average transverse
kick are measured to be ~1 J and 0.16 mrad, respectively. If an rf breakdown occurred
at the front end of the CLIC main acceleration section, the transverse kick at the
interaction point would be 4 prad which is one order of magnitude higher than the
nominal value. This could severely effect the brightness of the collider [46].

1.2.2.2 Accelerating Structure
rf breakdown can lead to damage on the surface, as illustrated in Fig. 1.8 [39]. Such

damage could detune the structure resonant frequency and change the phase advance
between cells which is critical to synchronize with the beam. Figure 1.9 shows the
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Fig. 1.7 Statistical study of the influence of rf breakdown on beam at the CTF3 test facility [46].
a Loss of energy gain; b Transverse kick

Fig. 1.8 Cross-section of
the iris of an 30 GHz
traveling-wave structure after
several rf breakdowns [39].
The white dashed line
denotes its original profile

Fig. 1.9 The phase advance
between cells in an X-band
structure before (red) and
after (blue) high power

test [39]
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phase advance between cells in an X-band structure before and after a 1000-h high
power test period. Massive rf breakdowns occurring in the first cell have changed the
phase advance by ~20° [39, 47]. These problems result in higher reflected rf power,
lower accelerating efficiency, and shorter lifetime of the structure.
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1.2.3 Research Status

Because of the influence of rf breakdown on both the accelerated beam and the
accelerating structure, there are strict requirement of the rf breakdown rate in facilities
with high gradient accelerating structures. In the CLIC project, the BDR in the 30km
main acceleration section is limited to 3 x 10~ /pulse/m which corresponds to
1 % brightness loss [1]. In the SACLA FEL, the BDR is required to be lower than
2 x 1077 /pulse/m, or one in 20 min with machine repetition of 30 Hz, to ensure the
user time loss is less than 5 % [17].

Reducing the rf breakdown rate while increasing the gradient requires a thorough
understanding of the rf breakdown phenomenon. Over the last few decades, both
theoretical and experimental study have been intensively carried out by different
research groups around the world. The researches mainly focus on the dependence of
rf breakdown/BDR on physical parameters, the occurrence location of rf breakdown,
and the structure behavior during rf conditioning.

1.2.3.1 rf Breakdown Dependence

A better understanding of the dependence of BDR on physical parameters could guide
the optimization of high gradient structure [3, 42, 48-52]. The physical parameters
which have been statistically studied include frequency, electric field, pulse heating,
rf power, modified Poynting vector, etc. As rf breakdown occurs randomly both
spatially within the structure and temporally within the rf pulse, long high power test
period up to thousands of hours is usually required in order to accumulate sufficient
data for the statistic analysis.

Operating frequency

In early studies, structures with higher frequency were believed to have higher
rf breakdown threshold or lower BDR [36, 53]. However, in a recent study with
exactly scaled structures operating from 21 to 39 GHz, correlation between the max-
imum achievable gradient and the operating frequency was not observed experimen-
tally [54]. To date, most statistic researches focus on X-band structures operating at
11~12 GHz.

Electric field

A lot of experiments have demonstrated the extreme sensitivity of rf breakdown rate
on the accelerating gradient and the surface electric field. An empirical formula has
been summarized as [55-58]

BDR x E*® (1.1)
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Fig. 1.10 The rf breakdown rate as a function of the accelerating gradient for various structures.
The points and lines denote experimental results and the fitting based on the defect model, respec-

tively [60]

The mechanism of such sensitive dependence is still under study and there are
various hypotheses. One hypothesis attributes the phenomenon to highly unstable sur-
face condition under extremely high electric field. Practical surface in accelerating
structures has many imperfect features including defects, contaminations, particles,
protrusions, grain boundaries, etc. which could significantly enhance the local elec-
tric field by a factor of 100 to 10 GV/m [36]. Such high electric field force exceeds
the tensile strength of copper [39]. Besides, strong field emission under high electric
field would also contribute to the instability of the surface [59]. Under this circum-
stance, any tiny changes in the surface field would dramatically influence the surface
condition and the rf breakdown rate. Recently, a research group in the University of
Helsinki has applied molecular dynamics technology into simulating the evolution of
surface defects under strong electric field. Their results show reasonable agreement
with the experimental observation, as illustrated in Fig. 1.10 [60].

Pulse length

In the statistic study, an empirical formula describing the dependence of BDR on
pulse length has been summarized as [57, 58]

BDR x 1° (1.2)

Besides, high power test results also show massive rf breakdowns occurring on the
surface of the input coupler where the magnetic field was strong [61]. Currently, it is
generally accepted that the effect of pulse length and magnetic field on BDR is in the
form of pulse heating, which could lead to metal fatigue and changes in local grain
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Fig. 1.11 Experiment results using pre-pulse to heat the accelerating structure [63]. a BDR as a
function of the accelerating gradient with the same pulse heating; b BDR as a function of pulse
heating

boundary [61, 62]. Pulse heating is defined as the localized surface temperature rise
by Joule heating from the surface current within one rf pulse and can be calculated

as [3, 62]
1
AT =—H2 " (1.3)
od wee pk

where, o is the conductivity, § is the skin depth, H; is the surface magnetic field, c,
is the specific heat capacity, p is the density, k is the thermal conductivity.

Recently, researchers at SLAC used an rf compressor to generate a small pre-pulse
prior to the main pulse to separately study the effect of pulse heating and electric field
on the rf breakdown rate [63]. Results in Fig. 1.11a show that with the same pulse
heating, there was only a fourfold difference in BDR when the gradient increased
from 119 to 139 MV/m, which was remarkably lower than the factor of 105 predicted
by Eq. 1.1. Results in Fig. 1.11b show that with the same pulse heating, similar BDR
could be obtained even with different pulse lengths which was contrary to Eq. 1.3.
This experiment strongly supports the conclusion of BDR dependence on the pulse
heating.

Power and modified Poynting vector

Besides electric field and pulse heating, earlier statistic studies also showed depen-
dence of BDR on the 1f power. For example, researchers at SLAC have observed
that the entrance of an accelerating structure, where the rf power was the highest,
experienced more rf breakdowns than other cells [61]. Researchers at CERN have
also proposed a hypothesis of BDR dependence on the rf power density normalized
by the iris radius [64].

In a recent study, researchers at CERN have developed a new factor named the
modified Poynting vector S, based on a model in which rf power supports local
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field emission and Joule heating to melt an emitter and to trigger rf breakdown. The
modified Poynting vector can be expressed as

S. = Re(S) + élm@) (1.4)

where S = E x H is the Poynting vector, its real and imaginary part denote the
active and reactive power flow inside an rf structure, respectively. The coefficient 1/6
is adjusted to best match the experimental results obtained in massive structures.

Figure 1.12 shows the achievable physical parameters for various fully rf condi-
tioned structures. An ideal parameter to describe the rf breakdown limitation will
present a horizontal line. Compared with accelerating gradient, surface electric field,
and rf power or its density among structures, the variation of the modified Poynting
vector is smaller which validates the model [58].
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Fig. 1.12 The maximum achievable parameters in different structures [58]. The black squares, the
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Future study

Although intensive researches have been performed to study the dependence of
rf breakdown limitation and BDR for decades, there is not a single theory well-
established to match all dependence observed in experiment and precisely predict
the structure limitation [65]. The difficulty lies in the extreme complexity of rf break-
down, and the fact that many physical parameters, such as the electric field, the pulse
heating, and the modified Poynting vector, are usually coupled with each other in
conventional rf structures. Several novel rf structures, such as the multi-mode cav-
ity [66, 67] and the multi-frequency cavity [68, 69], have been proposed for future
test to study these parameters separately.

1.2.3.2 rf Breakdown Location

Apart from the rf breakdown dependence, several researches also focus on the loca-
tion of rf breakdown, leading to the development of several in-situ methods [70-75].
In these researches, the rf breakdown location is defined as the location of the initial
explosive electron emission.

Observing rf breakdown location is important for the high gradient accelerating
structure study in two aspects. First, physical parameters including the electric field,
the pulse heating, and the modified Poynting vector usually vary along the structure.
Therefore, more precise dependence of rf breakdown or BDR on these parameters
which could better guide the structure optimization can be estimated by determination
of rf breakdown location. Second, the rf breakdown phenomenon is also related
to localized surface condition and may be triggered by strong field emission from
defects. By comparing the rf breakdown location and the ex-situ surface condition,
more clear relationship between them could be established which could lead to more
explicit fabrication and cleaning procedures.

Longitudinal location

In traveling-wave structures, the time delay between the rising edge of incident
power and that of reflected power or falling edge of transmitted power is roughly
proportional to the distance traveled by the rf pulse from the start of the structure to
the location where the rf breakdown occurred, as illustrated in Fig. 1.13. Therefore,
this delay can be used to locate the rf breakdown location with a resolution of one
to two cells [70, 71].

In standing-wave structures, rf breakdown occurring on the iris generates plasma
which would block the coupling between cells. Therefore, several longitudinal space
harmonics could be excited, represented by beating pattern in the rf pickup signal.
rf breakdown location with a resolution of one cell can be derived from the beating
pattern, as illustrated in Fig. 1.14 [72].
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Fig. 1.13 Determination of the longitudinal rf breakdown location in traveling-wave structures by
time delay between the rising edge of incident power and that of reflected power or falling edge of
transmitted power [71]. a The model of power transmission and reflection; b Typical waveforms
of incident power (blue), reflected power (red), and transmitted power (green) for normal operation
(dashed) and rf breakdown event (solid)
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Fig. 1.14 Determination of the longitudinal rf breakdown location in standing-wave structures by
beating pattern [72]. a The model of the structure under study; b Predicted spectrum of rf pickup
signal with different rf breakdown location

Apart from rf signals, rf breakdown location can also be determined by acoustic
sensors detecting mechanical vibration along the structure caused by rf break-
down [73, 74].

Transverse location

Compared with the longitudinal location of rf breakdown, the transverse one is more
difficult to be observed. Recently in the High Energy Accelerator Research Orga-
nization of Japan (KEK), researchers have determined the transverse location by
observing flash accompanying the rf breakdown, as shown in Fig. 1.15 [75]. The
location resolution from the images is derived to be at the order of millimeter to
centimeter.
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(a) 1 frame (1/30 s) before this cavity (b) At the moment of this cavity (¢) 1 frame (1/30 s) after this cavity

breakdown. breakdown. breakdown.

Fig. 1.15 Determination the rf breakdown transverse location by observing the accompanying
flash [75]

Limitation

Currently, the resolution in rf breakdown location study is lower than millimeter.
However, field emission and explosive electron emission are localized phenomena
with dimensions smaller than micrometer, as is revealed by ex-situ surface examina-
tion with advanced tools such as Scanning Electron Microscopy (SEM) and White
Light Interferometer (WLI) [36, 76]. Thus, higher resolution with novel method is
to be obtained in future studies.

1.2.3.3 rf Conditioning Behavior

rf conditioning is important for accelerating structures to achieve high gradient and
several most recent researches have analyzed rf breakdown behavior within this
period [43, 71, 77].

Researchers from CERN have compared the conditioning history of several
X-band accelerating structures for the CLIC projects and samples with dc test stand.
The results show that the conditioning progresses with the number of rf pulses but
not with the number of breakdowns [43]. By examining the distribution of number of
pulses between breakdowns during the rf conditioning period, they have also distin-
guished two types of 1f breakdown events, named primary breakdown and follow-up
breakdown, as illustrated in Fig. 1.16. The former one may occur randomly and inde-
pendently at some point on the high-field surface, and the latter one may occur as
a direct result of a previous breakdown [71]. Researchers from Tsinghua Univer-
sity have confirmed the two types with more detailed analysis of the distribution
of rf breakdown location and moment [77]. These works expand the understanding
of the physical mechanism behind conditioning which may lead to a decrease in
conditioning time [43].
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Fig. 1.16 Distribution of
number of pulses between
breakdowns and
two-exponential fit. The fit
with smaller slope on the
right and the one with higher
slope on the left indicate the
primary breakdown and the
follow-up breakdown,
respectively [71]

=
L

Probability density
>
o

Nr of pulses between BDs . 1p?

1.3 Field Emission

In researches of rf breakdown in high gradient accelerating structures, field emis-
sion is generally viewed as the trigger of rf breakdown and has been studied inten-
sively [36-38]. Recently, field emission has also attracted research interest among
the cathode community due to its low thermal emittance, high current density, and
simplicity [78-82]. This section introduces the basis of field emission and focuses
on its research progress in high gradient accelerating structures.

1.3.1 Phenomenon

In metal, electrons can tunnel through the surface barrier when an external electric
field is applied [36, 83-86]. In one-dimensional model of a prefect surface with no
protrusions or defects, the surface barrier is modified by the external electric field
as [36]

W, , z<0

V@) = —eEyz — 62/47'[80Z , z>0

(1.5)

where — W, is the potential energy of the electron inside the metal, —e? /47 &z is the
contribution of the image charge, e is the charge of an electron, and & is the vacuum
permittivity, as illustrated in Fig. 1.17.

The dependence of field emission current on the applied external field at low
temperature (T< 300 K) can be described by the Fowler-Nordheim (F-N) equation.
By solving the one-dimensional Schrodinger equation with the barrier in Eq. 1.5, the
F-N equation can be derived as [36]

1.54 x 1079 E? 6.83 x 10°¢!Sv(s)
- exp[_
P12 (s) Ey

| (1.6)

F = Ae
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Fig. 1.17 Modified surface w
barrier with external electric
field [36]

where I is the field emission current in A; E is the electric field amplitude in V/m;
A, is the effective emission area in m2; ¢ is the work function in eV; ¢ (s) is tabulated
dimensionless elliptic function, s and v(s) can be expressed as [36, 84]

s =379 x 107°EJ /¢ (1.7)
v(s) = 0.956 — 1.062s> (1.8)

Taking Eqs. 1.7 and 1.8 into Eq. 1.6, and with #(s) & 1, the F-N equation can be
simplified as [36]

1.54 x 1076 x 1052 g2 6.53 x 10%'
A expl[—

F=Ac 3 E ] (1.9)

On practical surface, features like defects, contaminations, particles, protrusions,
grain boundaries, etc. will enhance the local electric field. The field enhancement
factor B is defined as

_ Froca

g = o (1.10)

After taking local field enhancement into consideration, Eq. 1.9 is expressed
as [36]

1.54 x 1076 x 10+32¢™" (BE,)? 6.53 x 10!
exp(————————

1.11
" BE, ) (1.11)

F = Ae
Equations 1.6, 1.9 and 1.11 are derived for surface exposed to dc field. In rf case,
the surface field varies with time as E(t) = Egsin(wt) where w is the rf frequency.

By integrating Eq. 1.11, the average field emission current over one rf period Iz can
be express as [36]

— 5.7 x 10712 x 10+32¢™"° (BE()*3 6.53 x 10°¢"5
A exp(—————

Ir = A o7 s, ) (L1
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Equation 1.12 is the common format of the F-N equation applied in the study
of high gradient accelerating structures. In high power test, the average emission
current Ir is monitored while the macroscopic electric field Ej is being adjusted by
the input rf power. By linear fitting the data in the F-N coordinate (x-axis of 1/E
and y-axis of Ig(Ir/ ES'S)), B can be derived from the slope as [36]

d(g(Ir/E5®) _ 2.84 x10%¢'3
d(1/Ep) B

(1.13)

And A, can be derived from the intercept of the y-axis afterwards. Figure 1.18
shows a typical measurement and fitting results.

1.3.2 Research Status

The researches of field emission in the high gradient accelerating structure commu-
nity mainly focus on the emission parameters (8 and A.) measurement and their
relationship with the practical surface condition. Several works also aim to locate
field emitters on the surface.

1.3.2.1 Emission Parameters

‘When the work function ¢ is treated as a constant, the emission current under certain
macroscopic electric field Ej is determined by emission parameters 8 and A, which
are therefore considered to reflect the surface condition of accelerating structures.
However, a large discrepancy exists between properties of the emission area obtained
through direct observation using advanced surface analysis tools and those indirectly
obtained from fitting the experimental data to the F-N equation [36, 87].
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Field enhancement factor is generally believed to be caused by features like
defects, contaminations, particles, protrusions, grain boundaries, etc. For a cylin-
der type emitter, the field enhancement factor can be approximately calculated as the
ratio of its height and radius [36]. In high power test, the field enhancement factor is
usually measured to be a high value from tens to hundreds [58, 87, 89, 90]. Accord-
ing to the enhancement model [36], such high f is likely to result from features with
very high aspect ratio. However, these features are not likely to exist on surfaces fab-
ricated by advanced machining with precision of micrometer and surface roughness
of nanometer. In a research performed on an S-band photocathode rf gun at Tsinghua
University, 8 over 30 has been measured on the cathode in the high power test even
though the ex-situ surface analysis with WLI showed 8 of only 1.2 + 0.2 [87].

Besides, the effective emission area is usually fitted to be a low value at the order
of square nanometer which is unphysical since Joule heating by the high current
density would immediately melt the emitter which means stable emission should not
have been observed [87].

There are various hypothetical explanations for the contradictions. Researchers
from Tsinghua University have proposed that field emission might be dominated by
areas with abnormally low work function. After varying the work function, fitting the
experiment data with the F-N fitting could result in more reasonable emission para-
meters, as illustrated in Fig. 1.19 [87]. A research group from University of Helsinki
has performed molecular dynamics with a void under surface. Their results sug-
gest dynamic evolution of surface condition under high electric field would increase
the field enhancement factor in high power tests [60, 88]. Researchers from SLAC
have performed theoretical and simulation study of HOMs excited by the emission
current. Under some circumstances, HOMs should be considered together with the
fundamental mode when calculating the applied electric field [91].

Besides, there are also studies focusing on the F-N equation itself. Researchers
from U.S. Naval Research Laboratory (NRL) have studied the Joule heating
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Fig. 1.19 F-N equation fitting results as a function of work function [87]. a Field enhancement
factor §; b Effective emission area A,
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and Nottingham effect by the strong emission current and pointed out the con-
ventional F-N equation should be modified correspondingly [92]. Several other
groups have extended the studied of field emission from one-dimensional model to
three-dimensional ones and also proposed modifications of the current F-N equation
[93-96].

1.3.2.2 Emission Location

To solve the discrepancy issue as well as to answer other questions surrounding field
emission, it’s necessary to observe the field emitter in-situ with high resolution.

In dc studies, the common method to obtain field emitter mapping is to scan
a pin-shaped anode along the cathode with a resolution better than micrometer,
as illustrated in Fig.1.20 [97-99]. Together with advanced surface analysis tools,
these studies have revealed strong field emission from features like contaminations,
scratches, grain boundaries, etc. on the surface [99].

However, field emission imaging with high resolution in rf case is more difficult
due to the complicated dynamics of emission electrons. In high gradient accelerating
structure studies, field emission is also known as the dark current referring to its
unknown emitter location. So far, several groups have tried to locate field emitter
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Fig. 1.20 Scheme of the field emission scanning microscope (a) and several field emission images
of carbon nanotubes (b)
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Fig. 1.21 Field emission pattern of an S-band photocathode rf gun at SLAC [101]. a In-situ obser-
vation; b Dynamics simulation of five emitters on the cathode

on the surface by comparing the field emission pattern captured downstream of the
structures with dynamics simulation [100-102]. Figure 1.21 shows an example of
the field emission pattern of an S-band photocathode rf gun in experiment and with
simulation. It’s difficult to evaluate the resolution of these methods as the images of
different emitters may overlap with each other.

1.4 Main Content and Innovation

Recently, the Accelerator Laboratory of Tsinghua University has intensively partici-
pated in the high gradient accelerating structure R&D with collaborators around the
world, including the development of S-band high gradient photocathode rf gun [29],
the development of X-band Chock-mode damping accelerating structure [3, 6, 7],
the research of the CLIC T24 prototype structure [28, 77], the study of W-band two-
halves PETS/accelerating structure [103], the design of X-band pulse compressor
for klystron-based CLIC [104], etc. Supported by the project 'Physics and key tech-
nology research in X-band high gradient accelerating structures’ funded by National
Natural Science Foundation of China, this thesis has conducted in-depth research on
field emission and rf breakdown in collaboration with Dr. Faya Wang from SLAC,
the Argonne Wakefield Accelerator facility (AWA) at Argonne National Laboratory
(ANL), and the Euclid Techlabs LLC.

This research is driven by the difficulties to locate rf breakdown sites and field
emitters in rf structures. To solve these problems, this research has proposed and
applied several novel methods, including controlling the location with high intensity
laser and pin-shaped cathode, and locating field emitters with in-situ high resolution
imaging. The structure of this thesis is shown in Fig. 1.22.
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Fig. 1.22 The structure of the thesis

Chapter 2 introduces the rf breakdown study with high intensity laser in an
S-band 1.6 cell photocathode rf gun at the Accelerator Laboratory of Tsinghua Uni-
versity. The location and moment of rf breakdown have been precisely controlled
by the incident high intensity laser on the cathode. Two types of rf breakdown,
named single-breakdown and multiple-breakdown, have been observed experimen-
tally. The multiple-breakdown events, in which more than two explosive emission
current pulses could be detected within one rf pulse, was dominant in spontaneous rf
breakdowns without laser trigger. Meanwhile, single-breakdown dominated when the
high intensity laser was introduced. An equivalent circuit model has been developed
to study the evolution of power flow between the two cells after rf breakdown. The
physical mechanism of multiple-breakdown has been revealed with detailed analysis
using the circuit model. A new accelerating structure to limit multiple-breakdown
has been proposed accordingly.

Chapter 3 presents the field emission and rf breakdown study with pin cathode in
an L-band high gradient single cell photocathode rf gun at AWA. Pin cathodes from
SLAC could significantly increase the electric field on the tip so as to control the field
emission and rf breakdown location. During rf conditioning, the macroscopic electric
field on the cathode has achieved 700 MV/m. The evolution of emission parameters
has been monitored, which suggests that there is a threshold of electric field on the
copper cathode before rf breakdown. By adjusting the longitudinal cathode position,
the stored energy in the gun can be varied while maintaining the same electric field
on the tip. A strong correlation between field emission current and stored energy has
been observed in the high power test. Mechanisms such as capture ratio dependence,
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background emission, secondary electron yield, beam loading effect, space charge
effect have been ruled out. The experiment results support the hypothesis of HOMs
excitation by emission current and implies that under certain circumstances, a local-
ized field emission may be significantly altered by the global parameters in a system.

Chapter 4 introduces the in-situ high resolution field emission imaging in the same
L-band photocathode rf gun. A novel method to achieve high resolution imaging
has been proposed by using solenoids and collimator to select electrons emitted
from certain phases. ~100 pm has been successfully obtained in the experiment and
separated strong field emission areas have been observed. The field enhancement
factor of each individual emission area has been measured and the variation among the
surface is remarkably trivial comparing to field emission current. A new field emitter
model has been established accordingly to study the mechanism. rf breakdown spots
have been found on the surface in the ex-situ SEM observation. By comparing the
field emission map and the SEM images, ~75 % of the strong field emission areas are
revealed to overlap with rf breakdown spots. This work greatly expands the existing
understanding of field emission, which would in turn benefit research into electron
sources, particle accelerators, and high gradient rf devices in general.

At last, Chap. 5 summarizes the researches presented in the thesis and proposes a
list of work to be conducted in future study.

The innovation of the thesis includes:

1. Control the rf breakdown location and moment by high intensity laser. Repro-
duce and analyze the power flow after rf breakdown by an equivalent circuit model
with rf breakdown current. Reveal the physical mechanism of multiple-breakdown
within one rf pulse.

2. Control the field emission and rf breakdown location by pin-shaped cathode.
Observe the field emission parameters evolution during rf conditioning with macro-
scopic electric field up to 700 MV/m. Discover the dependence of field emission
current on stored energy with the same electric field.

3. Propose and preform the in-situ field emission imaging with a resolution of
~100 pm. Measure field enhancement factor of individual emitters and develop a
new model of field emitter distribution. Observe the overlapping of most strong field
emission areas and rf breakdown spots.
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Chapter 2
Experimental Research of Laser-Triggered
rf Breakdown

Abstract The nature of rf breakdown appears to be largely unpredictable, leading
to difficulties in conducting a systematic and conclusive investigation. This chapter
introduces a novel method to trigger rf breakdown with high intensity laser so that
its occurrence location and moment can be well controlled. The experiment has been
performed on an S-band 1.6-cell photocathode rf gun at the Accelerator Laboratory
of Tsinghua University. Multiple breakdowns have been observed within one rf pulse
due to power flow between cells after the initial explosive electron emission. Simi-
larities of the laser-triggered rf breakdowns to those occurring in the course of cavity
conditioning and normal operation have been unraveled by comparing the post break-
down signals. Through measurement and detailed analysis of the time dependence
of the collected current at the gun exit and the stored rf energy inside the cavity, the
time evolution of the rf breakdown process has been revealed which will no doubt
benefit the research of high gradient accelerating structures.

2.1 Physical Background

Itis generally believed that strong field emission from surface exposed to high electric
field is the trigger of rf breakdown [1-3]. The strong emission current can melt and
vaporize the surface, leading to plasma generation and explosive electron emission
which will further cause cavity detuning, rf field collapse, and rf power reflection
etc. [3, 4]. To understand the rf breakdown phenomenon, it is necessary to trace the
whole procedure from the trigger in microscopic scale (size of field emitter: nanome-
ter to micrometer; duration of EEE: tens of nanosecond) to the structure response
in macroscopic scale (size of cavity: tens of centimeter; duration of field variation:
microsecond) [3]. However, the occurrence location and moment of rf breakdown are
both highly unpredictable [3]. Moreover, it’s usually difficult to trace the occurrence
of breakdown reversely from the structure response with high accuracy. As a result,
thorough and conclusive nature of the entire rf breakdown procedure is yet to be
discovered despite previous extensive experimental and theoretical efforts.

Short pulse laser is broadly applied in scientific research as well as industrial
manufacturing. Photocathode rf guns employ low intensity laser to generate high
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quality electron beam by photoemission [5]. Meanwhile, laser ablation, an advanced
machining technology, employs high intensity laser to effectively remove material
from surface with high precision [6-9].

In laser ablation, short pulse (femtosecond to picosecond) high intensity laser
can directly vaporize the surface. Thus, it’s natural to consider using well-controlled
laser to trigger EEE and rf breakdown rather than depending on unpredictable field
emission. In a previous study, researchers from Brookhaven National Laboratory
(BNL) have successfully triggered EEE in a photocathode rf gun by picosecond-
laser with intensity higher than 10° W/cm?. The laser-triggered EEE was mainly
viewed as an electron source in their study and its properties were compared with
those of photoelectron emission and field emission [10].

In the experimental research introduced in this chapter, high intensity laser has
been applied to trigger EEE and rf breakdown in order to study the following temporal
evolution in rf structures. It is shown that an intense laser can offer a more controllable
and flexible method for rf breakdown studies.

2.2 Experimental Setup

The laser-triggered rf breakdown experiment was conducted at one of the S-band
photocathode rf gun beam lines at the Accelerator Laboratory of Tsinghua Univer-
sity [11]. This section will introduce the photocathode rf gun and the diagnostics of
the beam line.

2.2.1 S-Band Photocathode rf Gun

The 1.6-cell gun, as illustrated in Fig.2.1, operates at 2856 MHz with an rf pulse
length of 6 ws, rise time of 2 s, and fall time of 2 ws [11]. The cathode surface
of the gun is a solid copper plate. With 4.8 MW input power, the maximum electric
field on the central area of the cathode surface is 58 MV/m. The gun works at TMy;q
7 mode, in which the phase advance between the half cell and the full cell is 180°. A
racetrack slot is opened at the full cell to couple the input power. Another slot with
similar dimensions is placed oppositely for pumping and suppressing the dipole-
field. The cold test results of the gun is listed in Table. 2.1, which will also be used
in the equivalent circuit model in following sections.

In normal operation a UV laser (wavelength 266 nm, pulse width 1.2 ps full width
at half maximum, 1 mm? spot size on the cathode, and 2 mJ maximum energy) is
directed onto the central diamond polished area of the cathode to generate photo-
electron emission. During the laser-triggered breakdown experiment, the laser was
directed at the cathode ~0.5 s before the end of the flat top after the cavity had
been fully filled. The mirror inside the vacuum chamber at the gun exit was remotely
controlled so that the breakdown location triggered by the laser can be changed. In
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Fig. 2.1 The three-
dimensional model the
S-band 1.6-cell photocathode
rf gun (only shows the
in-vacuum part) [11]

cathode

full cell

half cell

Table 2.1 Cold test results of the S-band 1.6-cell photocathode rf gun

T mode Half cell Full cell
Frequency (MHz) 2855.700 2853.575 2854.550
Qo 6526 3835 12,000
Q. 10,442 / /
Field balance 1 / /

4Indirect calculation

the experiment, an offset up to 1.5 mm was achieved and the surface electric field
varied less than 0.2%.

2.2.2 Diagnostics

A schematic layout of the experiment is shown in Fig.2.2. Diagnostics involved in
the experiment were a bidirectional coupler to monitor the input and reflected rf
signals, a loop antenna (pickup) in the full cell to monitor the rf signal inside the
cavity, a Faraday cup outside the gun to measure the beam current during breakdown
events, and a CCD camera to monitor and index the breakdown location through the
viewport at the half cell. All signals were recorded using a 50 Gs/s sampling rate,
12 GHz bandwidth digital scope (Tektronix MSO/DPO70000 series) synchronized
to the incoming laser signal or to the input rf signal when the laser pulse was absent.
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Fig. 2.2 Setup of the input power
laser-triggered rf breakdown o
experiment at Tsinghua directional
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2.3 Experiment Observation

2.3.1 Surface Damage Test

To study the potential cathode damage from the high intensity laser, a copper sample
with similar surface condition as the cathode was tested with various laser intensity
prior to the laser-triggered rf breakdown experiment. The sample was then analyzed
by WLI and SEM.

The energy intensity of picosecond-laser ablation threshold on copper surface
has been reported to be 170mJ/cm? [12]. However, ablation spots were found on
the sample within the laser induced melting area even with an average laser energy
intensity as low as 10 mJ/cm? (power intensity of 8 GW/cm?), as shown in Fig.2.3.
With 30 pulses accumulated, the maximum damage depth was found to be 6 jum and
the total removal volume was larger than 3 x 10* wm?. The average ablation depth of
each single laser pulse was 200 nm, which fell into the typical range of picosecond-
laser ablation on copper [12]. The remarkably lower ablation threshold observed
were probably caused by the non-uniform intensity distribution within the laser spot.
This laser power intensity also agrees with the previous experiment conducted in
BNL [10].

Features such as melting, droplets, and recrystallization within the laser spots
have been found by the SEM, as shown in Fig. 2.4a, b. The features are similar with
those discovered in rf breakdown spots in high gradient accelerating structures, as
illustrated in Fig.2.4c [13].

The test results confirm the copper surface damage caused by high intensity laser.
Due to the similarity between the laser ablation spots and the rf breakdown spots
where EEE occurs, the high intensity laser was expected to trigger EEE and rf break-
down in high power test with the photocathode rf gun.
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Fig. 2.4 Surface examination by SEM. a-b Treated by high intensity laser; ¢ After rf break-
down [13]



34 2 Experimental Research of Laser-Triggered rf Breakdown

2.3.2 High Power Test

2.3.2.1 Normal Condition

In normal operation of the S-band photocathode rf gun, a laser pulse with energy
less than 5 pJ is used to generate a ~100pC photoelectron bunch when the gun
is fully filled. The BDR is usually lower than ~10~*/pulse. Figure2.5 shows the
typical recorded signals without rf breakdown, including the waveforms of input and
reflected rf pulses in Fig.2.5a, the rf pickup signal in Fig.2.5b, and the Faraday cup
signal excited by the emitted photoelectrons in Fig. 2.5¢c. The origin of the time axis
(t=0) has been set to the moment when the incident laser hits the cathode.

The duration of the photoelectron current is several picoseconds and the Faraday
cup signal appears to be a damped oscillation lasting tens of nanoseconds due to
ringing in the data acquisition system. Such oscillation contains the system transfer
function of the Faraday cup circuit which can be extracted later to rebuild the time
structure of rf breakdown currents. More details will be discussed in the following
sections.

Fast Fourier transform (FFT) has been applied onto the rf field signal to study
the spectrum. Only the 2856 MHz fundamental mode of the rf gun could be seen, as
illustrated in Fig.2.5d.
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Fig. 2.5 Typical waveforms of normal condition without rf breakdown. a Normalized input (blue)
and reflected (red) wave; b Normalized rf field inside the full cell; ¢ Photoelectron current;
d Normalized spectrum of the rf field
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2.3.2.2 Spontaneous rf Breakdown

Like in other high power rf devices, rf breakdown may occasionally occur when
the photocathode gun is pushed to its maximum operational gradient, even without
the laser. During the experiment, at the gradient of 58 MV/m, tens of rf breakdown
events were recorded over hundreds of thousands of rf pulses.

When an rf breakdown took place, spikes and sequential oscillation could be
observed in the envelope of the pickup signal. Similar spikes were also found in
the refection signal. Significant charge was captured by the Faraday cup. Typical
waveforms of spontaneous rf breakdown are illustrated in Fig.2.6a—c.

Apart from the fundamental mode, the third harmonic 8568 MHz could also be
detected in the spectrum in rf breakdown events, as illustrated in Fig.2.6d.

In the high power test, 29 spontaneous rf breakdown events were recorded. The
occurrence moment were randomly distributed within the rf pulse, as illustrated in
Fig.2.7.

2.3.2.3 Laser-Triggered rf Breakdown

During the high power test with high intensity laser, the gradient on the cathode was
limited to 48 MV/m. Under such condition, normal photoemission process occurred
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Fig. 2.6 Typical waveforms of spontaneous rf breakdown. a Normalized input (blue) and reflected
(red) wave; b Normalized rf field inside the full cell; ¢ rf breakdown current; d Normalized spectrum
of the rf field
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Fig. 2.7 The delay between the occurrence of rf breakdown and the rising edge of rf pulse in
spontaneous rf breakdown events

without breakdown when the laser intensity was very low (< 5uJ). As the laser
energy was increased, the rf breakdown rate also increased. At laser energies greater
than 100 pJ, breakdowns occurred at every rf pulse. The corresponding average laser
energy intensity was 10 mJ/cm?, which agreed well with the laser ablation threshold
detected on the sample.

Similar to the spontaneous rf breakdown events, spikes could be observed in both
the pickup and the refection signal. Even higher rf breakdown current up to the order
of 100mA could be detected by the Faraday cup. Given the duration of ~100ns, the
emitted charge was more than 10nC, two orders of magnitude higher than that of the
normal photoelectron (~100 pC). Typical waveforms of laser-triggered rf breakdown
are illustrated in Fig. 2.8a—c). The third harmonic 8586 MHz could also been detected
in the spectrum as in the spontaneous rf breakdown events, as illustrated in Fig. 2.8d.

In the experiment, ~1000 laser trigger rf breakdown events were recorded. The
occurrence moment was solely determined by the laser incident moment.

Besides, the occurrence location was also well controlled by the laser. When an rf
breakdown was triggered by the high intensity laser, a bright spot could be observed
by the CCD camera through the viewport at the half cell, as shown in Fig.2.9a.
This bright spot was not observed when only photoelectrons were emitted without
rf breakdown. Its position followed the tilting of the UV laser mirror at the gun exit.
Figure 2.9b shows the image taken when the light was on; the dark mark at the same
place also confirmed the rf breakdown location. This bright spot together with the
high charge indicate the presence of a local plasma during the EEE process near the
rf breakdown spot.

Formation of the laser induced pre-breakdown conditions including melting and
ablation of copper occur on a scale of tens of picoseconds [14, 15]. Meanwhile, the
physical evolution of EEE is around a hundred nanoseconds [16]. Therefore, the
average gradient inside the cavity should play a more important role than the instant
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Fig. 2.8 Waveforms of laser trigger rf breakdown. The blue and red lines in (a—c) denote the rf
breakdown event and the normal event, respectively. a Normalized reflected wave; b Normalized
rf field inside the full cell; ¢ Current detected by the Faraday cup; d Normalized spectrum of the rf
field
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Black spot

Fig. 2.9 Cathode images. a During rf breakdown when light was off; b After breakdown when
light was on

electric field when laser hits the cathode in the breakdown strength (represented by
the charge collected at the exit of the cavity).

This has been confirmed in the high power test by adjusting the laser incident
moment within one rf period and the amplitude of electric field on the cathode.
At fixed laser intensity and field amplitude, the detected charge has been found
to be irrelevant to the laser incident moment, as illustrated in Fig.2.10. However,
strong dependence has been observed when adjusting the laser intensity and the field
amplitude, as illustrated in Fig.2.11.
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2.4 Basic Analysis

To understand the phenomena observed in the high power test, multiple methods have
been applied to analyze rf breakdown events in the S-band 1.6 cell photocathode rf
gun.

2.4.1 Modes Evolution

In rf breakdown events, the spikes observed in the pickup and the reflection signal are
caused by the excitation of higher order modes of the gun. The breakdown current
serves as another source apart from the original input rf power from klystron. The
current lasts for tens of nanoseconds and contains a bunch train of captured electrons
separated by one rf cycle of the fundamental mode. Each bunchlet of electrons
comes into phase with the rf wave after the initial acceleration in the half cell and
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the duration is tens of picosecond (from simulation using the PARMELA code [17]).
Thus HOMs of the cavity can be excited by the short bunchlets. In particular, HOMs
whose frequency is close to a harmonic of the fundamental mode can be coherently
reinforced by the bunch train [18].

The frequency of the TM4;9 mode of the photocathode 1f gun is found to be close
to the third harmonic by CST microwave studio simulation [19]. Its field pattern
is shown in Fig.2.12 (a simplified model without the waveguide coupling slot, the
pumping slot, or observation hole, etc.).

In order to study the evolution of the fundamental mode and HOMs during rf
breakdown events, a short time FFT has been applied along the recorded pickup signal
with a 10ns window moving at 0.5 ns per step. With an oscilloscope sampling rate of
50GS/s, each window contains 500 data points. Therefore, the frequency resolution
of the method is 100 MHz which is sufficient to distinguish the fundamental mode
and HOMs.
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Fig. 2.12 Field pattern of the TM4;¢ mode of the rf gun. a Simplified model and three-dimensional
electric field distribution; b Two-dimensional electric field distribution; ¢ Two-dimensional mag-
netic field distribution
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24.1.1 Spontaneous rf Breakdown

Applying this method to spontaneous rf breakdown events, results in Fig.2.13c, d
clearly show the excitation of the TMy4;9 mode associated with the collapse of the
fundamental mode. Multiple azimuthal variations of the EM pattern of the HOM are
caused by the large divergence of emitted electrons. The onset of an rf breakdown
can then be defined at the moment of excitation of the TM,;p mode. In the following
analysis and discussion, the origin of the time axis of each signal is set to this
moment. Besides, remarkable increase of the fundamental mode reflection can also
be observed, as illustrated in Fig.2.13a, b.

All the recorded breakdowns without laser triggers can be classified into two types,
according to the breakdown current profile captured by the Faraday cup. In the single-
breakdown type, there was only one current pulse; while in the multiple-breakdown
type, two or more pulses could be detected within an interval of ~200ns. In the
29 spontaneous 1f breakdown events recorded, only four of them are categorized as
single-breakdown type.

The rf field signals shown in Fig.2.13 have been zoomed in around the onset of rf
breakdown and compared with the current signal detected by the Faraday cup at the
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Fig. 2.13 Evolution of the fundamental mode and the HOM in spontaneous rf breakdown events.
a, ¢ Single-breakdown type; b, d Multiple-breakdown type. a, b Normalized FFT amplitude of the
reflection signal, including the fundamental mode without (black) and with (blue) rf breakdown.
¢, d Normalized FFT amplitude of the pickup signal, including the fundamental mode without rf
breakdown (black), the fundamental mode with rf breakdown (blue), and the TMy4;¢p mode with rf
breakdown (red)
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Fig. 2.14 Zoom-in view of the normalized FFT amplitude of the pickup signal (a, b) illustrated in
Fig.2.13 and the rf breakdown current (¢, d). a, ¢ Single-breakdown type; b, d Multiple-breakdown
type

gun exit. The appearance and duration of the HOM match the rf breakdown current,
as illustrated in Fig.2.14. There is a 40~140ns time delay between the start of the
collapse of the fundamental mode and the excitation of the HOM. What’s more,
for multiple-breakdown events, the excitation of the HOM caused by the second
breakdown is always close to the end of the fundamental mode collapse. The physics
behind these observation will be further studied with an equivalent circuit model of
the S-band 1.6-cell photocathode rf gun in the next section.

2.4.1.2 Laser Trigger rf Breakdown

The same FFT method has also been applied to analyze the pickup signal of laser-
triggered rf breakdown events and the result also indicates the excitation of the
TMy419 mode, as illustrated in Fig.2.15. Similar to those rf breakdowns occurring
without a laser trigger, laser-triggered rf breakdown can also be classified into two
types according to the breakdown current pulses detected at the gun exit. However,
multiple-breakdown events were quite rare and less than 10 of them were recorded
out of a total of 1000 rf breakdown events.

The rf field signals shown in Fig.2.15 have also been zoomed in around the onset
of rf breakdown and compared with the current signal detected by the Faraday cup
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Fig. 2.15 Evolution of the fundamental mode and the HOM in laser-triggered rf breakdown events.
a, ¢ Single-breakdown type; b, d Multiple-breakdown type. a, b Normalized FFT amplitude of the
reflection signal, including the fundamental mode without (black) and with (blue) rf breakdown.
¢, d Normalized FFT amplitude of the pickup signal, including the fundamental mode without rf
breakdown (black), the fundamental mode with rf breakdown (blue), and the TMy4;¢p mode with rf
breakdown (red)

at the gun exit, as illustrated in Fig.2.16. The collapse time of the fundamental mode
was ~80ns, in agreement with the duration of the Faraday cup signal. The onset of
the fundamental mode collapse, the appearance of the HOM, and the starting time of
the captured breakdown current all agree well with each other. Detailed discussion
will also be presented with the equivalent circuit model analysis.

At a gradient of 48 MV/m, the stored energy in the full cell is 0.9 J and the average
energy gain of a captured electron in the full cell is simulated to be ~1MeV using
PARMELA code. In Fig.2.16a, the pickup signal fell to 0.4 times its original level
after the EEE occurred. Thus, ~0.76J energy was lost during the emission period.
Assuming all the lost energy was absorbed by the captured electrons, the upper limit
of the emitted charge is estimated to be 760 nC. This estimation has ignored the loss
of energy gain due to the collapse of the field of the fundamental mode, otherwise
the upper limit would be even higher. This upper limit is two orders of magnitude
higher than the captured charge by the Faraday cup which may be caused by the
large divergence of emitted electrons.
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Fig. 2.16 Zoom-in view of the normalized FFT amplitude of the pickup signal (a, b) illustrated
in Fig.2.15 and the rf breakdown current (¢, d). a, ¢ Single-breakdown type; b, d Multiple-
breakdown type. The blue dashed line in (b) indicates the evolution of the fundamental mode
in single-breakdown events

2.4.2 Frequency Detuning

Apart from the 10ns window FFT method to study the evolution of fundamental
mode and HOMs, another FFT method with longer window (1000ns) and higher
frequency domain resolution (1 MHz) has also been applied to study the frequency
shift of the gun after the onset of rf breakdown. Results show a ~2 MHz frequency
downshift in signle-breakdown events and no frequency shift in multi-breakdown
events. The former case could be explained as plasma propagating along the axis
(high E-field region) will detune two cells to a lower frequency. However, the latter
case is yet to be clarified. It seems that the second breakdown detunes the cells to a
higher frequency, hence cancels the frequency downshift by the first breakdown.

2.4.3 Time Structure of rf Breakdown Current

Because the occurrence location of the spontaneous rf breakdown is highly random,
the emission current might not be captured by the Faraday cup which leads to diffi-
culties in analyzing its time structure. However, the EEE location in laser-triggered
events was well controlled to be near the cathode center so that the capture ratio of
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Fig. 2.17 Detected signal by Faraday cup as convolution of the real emission current signal and
the transfer function
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Fig. 2.18 Detection of an impulse function by the Faraday cup circuit

the Faraday cup could be higher. In the high power test, the current in laser-triggered
rf breakdown events was two orders of magnitude higher than that in spontaneous
ones, which also improves the signal-to-noise ratio in the following analysis.

Because of the ringing of the Faraday cup circuit, the observed signal y(¢) is a
mixture of a real emission current signal x(¢#) and the oscillations from its transfer
function A(t), as shown in Fig.2.17. The three signals follow

“+o00

y(t) = /x(r)h(t—r)dt @2.1)

—00

As the length of the photoelectron current was only several picoseconds and even
shorter than the 20 ps sampling interval of the oscilloscope, the detected photoelectron
current shown in Fig.2.5¢ can be viewed as the transfer function of the Faraday cup
circuit, as illustrated in Fig.2.18.

Therefore, the original rf breakdown current can be resolved by a deconvolution
method [20]. Figure 2.19 shows the Faraday cup signals before and after deconvolu-
tion for both single-breakdown and multiple-breakdown events with laser trigger.

The deconvoluted time structures are slightly different in both events. The for-
mation of a plasma during the EEE process depends on several parameters, such as
surface condition, laser intensity, rf field, etc. These conditions fluctuated between
every rf pulse. Thus this difference in time structure originates from the variation of
different pulses rather than from different rf breakdown types. The resolved current
pulses share a few common features. A significant impulse function (the deconvo-
luted photoelectron current) can be found at the start of the breakdown current. The
deconvoluted signals also indicate that there are three stages after the onset of rf
breakdown: the increasing electron emission (20~50 ns); the steady state emission
(20~40ns); and the decreasing emission (20~30ns).
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Fig. 2.19 The Faraday cup signal of a single-breakdown event (left) and a multiple-breakdown
event (right). a—b Before deconvolution. c—d After deconvolution

2.5 Advanced Analysis with an Equivalent Circuit Model

An equivalent circuit model has been developed to further study the phenomena
observed in the high power test and revealed in the previous analysis. With this model,
most of the observations have been well explained. Multiple-breakdown is discovered
to be caused by power flow between cells which is a result of the imbalanced stored
energy after the first explosive electron emission.

The subscripts ‘g’, ‘1’, and ‘2’ in this section denote the power source, the full
cell, and the half cell, respectively.

2.5.1 Egquivalent Circuit Model

Accelerating structures can be modeled by RLC circuit to simulate their charac-
ters [21, 22]. A two-cell RLC circuit model has been established for the S-band
1.6-cell photocathode rf gun applied in the high power test. The parallel circuit is
coupled to the power source (represented by a current source and a resistor) from the
full cell, as shown in Fig.2.20.

During an rf breakdown event, EEE occurring on the cathode generated strong
emission current. To simulate this behavior, two current sources /; and I, are intro-
duced to the circuit, as shown in Fig. 2.21. The time structures of these currents are the
same as the deconvoluted result while their phases are opposite to the corresponding
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Fig. 2.20 Equivalent circuit model of the S-band 1.6-cell photocathode rf gun

power source full cell K half cell

Fig. 2.21 Equivalent circuit model of the S-band 1.6-cell photocathode rf gun with rf breakdown
current sources

cell voltages to absorb the stored energy. Because of the unknown current loss on
the iris between cells, the amplitude of these two current sources is not necessarily
the same.

Besides, frequency detuning of the two cells is also introduced to the model based
on the FFT results with 1000 ns window. The detuning of each individual cell needs
to be adjusted separately to meet the 7 mode detuning revealed from previous data.

In summary, there are four adjustable parameters in the circuit shown in Fig.2.21,
including the amplitude of the rf breakdown current and the frequency detuning of
the two cells. The recorded waveforms in the high power test can be well reproduced
by adjusting these parameters.

2.5.2 Basic Equations

A detailed derivation of basic equations to solve the equivalent circuit model of the
S-band 1.6-cell photocathode rf gun with rf breakdown current sources is presented
as following.

The coupling between two cells can be expressed as

diy g, di
V, = 2L, 1,L M 2Ll
dt dt 2.2)
di diy g, .
V, = 2L, Ll +M L

dt
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where V| and V, denote the voltage of the cells; i| ;. denotes the current through the
right inductor of the full cell; i ;; denotes the current through the left inductor of the
half cell; M denotes the mutual inductance which can be expressed by the coupling
factor k as M = k+/4L L,

Derived from Eq. 2.2,

dirtr _ Ly ] Ky, (2.3)
dt 2L1(1 — k?) 2JL\L, 1 — k2
j 1 1
d;z,[u _ TN V, — LT —kk2 Vi 2.4)
In the half cell, the current follows Kirchhoff’s circuit laws as
L +iygr+ise +ivn +iz =0 (2.5)

where i g, i2,c, and iy 1, denote the current through the resistor, the capacitor, and
the right inductor, which can be expressed as

. \%3
i = —
2R R
dv,
i =C,—= 2.6
c 2 di (2.6)
diz,, V2
dt o 2L,

For each cell (m = 1, 2), the frequency w,,, the quality factor Q,,, the stored
energy U,,, and the average wall dissipation during one rf period P,, follow

1
~LyCh
wn Uy,
Qm = P—
L om 2.7)
U, = =C,V?
2

m

Wy =

Thus, the inductance of each cell can be derived as

Lo L _®0,

w2 Cpy W

(2.8)

Taking Eqs. 2.4, 2.6, and 2.8 into Eq. 2.5, it can be derived that
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a2V, 1 av, 1 1 1 ol (R/Q): &
f (14— = — Vi
a)%dl2+(1)2Q2 dt +2( + ]_k2) 2 2\ w; (R/Q)l 1 —k2 (2.9)
(R/Q) dIy
w) dt

Similarly, the current follows Kirchhoft’s circuit laws in the full cell as
I+ 1) +ig, +iLg +irc +itu +in, =0 (2.10)

where i Re» [1.Rs 11,05 and i, ;; denote the current through the source resistor, the
resistor, the capacitor, and the left inductor, respectively. These current follow

) Vi
le = —_—
Ry
Vi
bR = o
’ Ry 2.11
c dv, 2.11)
; —c, 2t
e =G
diy 1 Vi
dt 2L,

Taking Eqgs. 2.3, 2.8, and 2.11 into Eq. 2.10, it can be derived that

d*v, 1 dv 1 @ (R/Q)1  k
2dr w0 di T2 S0 eV = 2\/ o (RJOnT—R 2
(R/Q)l_(l Lo v

w1 Rg
(2.12)

In photocathode rf guns, the coupling factor k < 1. Thus, Eq. 2.9 and Eq. 2.12
can be simplified as

d*v 1 4V, k R
- 12 + avi TV, = 602 (R/Onh 2y,
Wl Q) di 2\ w1 (R/Q):

LR/ d U~ — ﬂ) (2.13)
Rg

w1
d*V. 1 dv. k |oi (R R dI
i 22+ Vo iy o ( /Q)zV (R/Q)2dly
wydt w20y dt 2\ (R/O) wy dt
To solve Eq. 2.13 numerically, the cell voltage is further expressed in the complex

formatas V,, = (V,,, +J Vm,,-)ef ®m = 1, 2, where w is the operation frequency
of the 1f gun. Then, the time derivatives of the voltages follow
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Vin = [Vinr = @Vind) + j (Vi + 0V, )17 (2.14)
Vm = [(Vm,r - 26‘)Vm,i - w2Vm,r) + ](Vm,t + 2me,r - C()zvm,i)]ejwt (215)

Only considering slow variation in the envelope and ignoring any higher order
terms, Eq. 2.15 can be simplified as

Vm ~ [(_20)Vm,i - w2 Vm,r) + j(2a)Vn1,r - w2 Vm,i)]ejan (216)
Similarly, current items can be expressed in the complex form as

Iy = (Ig, + jlg e’
I =L, + jll,i)e{wt (2.17)
= (L, + jhi)e’

And their time derivatives are

1' —[<' —oly) + jUgi +olg,)]e
[(Ilr_wllz)+](llt+a)ll r)]ejwt (218)
[(12,r wIZ,l) + J (12,1 + wIZ.r)]ejwt

Taking Eqgs. 2.14-2.18 into Eq. 2.13, the differential equation set to be solved for
the photocathode rf gun is

2 2
. _ 0 (R/O) 1w o .
Vl,r - 260[ ((l)lQl + (,z)le )Vl,r + (0)% ])Vl,t
k- fwy (R/Q)l 1 (R/O)1,
P = - = V i
+2 wy (R/Q)z (lel * w1 Ry W
+(R£)Q)1 (Ig,i + wlg,r - jl,i - a)Il,r)]
! w?
Vii= —&[(— - DV, +( Y 4 (R/Q)lw)vl,i
a) 1Q1 w1 R,
k @ (R/Q)1 I (R/Q)l)"/
2o (RO wIQ, w Ry (2.19)
(R/O)
+ w1 (Ig,r - a)Ig,i - Il,r + U)Il,i)]

: w3 k |1 (R/Q)> w w?
Vo, = —= Vii— ——Va, +(— — DV,
> 260[2 w2 (R/O) 00, +(a)§ V2

1 . R
Vo, — BRIkt )
0,0, )
2 2
. w3 k Jor (R/Q) o w A
Vo = 20)[2 o (R/O); Vir +(a)% 1)V2,r+w2Q2V2,l
1 . R
Vo, — (R/D) (L, — wh,)]
w2Q2 )
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2.5.3 Parameters

To solve the differential equation set Eq. 2.19, parameters including w,,, O,
(R/Q)m>k, Ry, I4,and I, are derived from the cold test as well as the CST microwave
studio simulation.

2.5.3.1 Frequency and Quality Factor

w1, @y, Q1, and the quality of the 7 mode Q, can be directly obtained in the cold
test of the rf gun, which follow

oUp U

0 = PR
wr Uy w, Uy
0> P P, (2.20)
Q _ wnUn _ Cl)]-[(Ul + UZ)
T P, P+P
Thus, Q, can be derived as
1+« 1
0> =a/( - — (2.21)
Qn Ql

where « is defined as the ratio of stored energy in the half cell to the full cell in

U l
mode as @ = 72 ~ 1—2 (I, denotes the cell length).
1 1

2.5.3.2 Shunt Impedance

In CST microwave studio simulation, the quality factor and shunt impedance of each
single cell can be obtained and their values are listed in Table. 2.2

Since (R/ Q) and (R/ Q), are only determined by the shape of cells and irrelevant
to the material and surface finishing, the practice shunt impedance can be derived
from these values together with the measured quality factors in the cold test.

Table 2.2 CST microwave studio simulation results of the S-band 1.6-cell photocathode rf gun
O1,csT 02,c8T Ri,cs7 (2) Ra,cs7 (£2)
14,343 9736 4.33 x 10° 2.17 x 10°
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2.5.3.3 Coupling Factor
Considering the eigenmode of the photocathode rf gun without drive currents and

defining Vi (t) = Vi g cos(wzt +61) and Va2 (t) = Vg cos(wyt + 6,) for the 7 mode,
Eq. 2.13 can be expressed as

a)?T . Wy k |wy (R/O)
1— =z Vig= - |== V.
( w? JranQ]) T e (R/Q):
1) . Wy k o (R/Q)2
Vog=—-— | — Vi
w5 szQz) 20 2\ w2 (R/ON b0

Thus, the coupling factor between the half cell and the full cell can be derived as

(2.22)

w? [ w? w
k=2]11—2+j - = 4+ j——] (2.23)
\/ 0! w0, 2 w0,

2.5.3.4 Power Source
The coupling between the rf gun and the waveguide can be expressed as

. P VZ,/R
_9x P 10/ Rg (2.24)

ﬂ = = =
Qe Pn V12,0/R1 + Vz%o/R2

From Eq. 2.22, the voltage ratio of the half cell to the full cell can be defined as

[Va.0l w? . Wy k w2 (R/O)
= AR | I — = 2.25
"=l T T 2 00 G e k0) @)

Thus, R, follows

1 1

K= B UR + /R (220

According to the transmission line theory, the voltage and current of the cavity
Veav and I, follow

Veaw =Vi=V, +V_

Vcav V+ V_
Leay = Iy — =, -1 ===
R, R, R, (2.27)
AL

Pg =P+

T2 R,
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where V., V_, I, I, P, P, denote the forward and backward voltage, the forward
and backward current, the forward power, and the klystron power, respectively. Thus,
the klystron current can be derived as

8P,
L= =% (2.28)
Rg

Therefore, the parameters of the equivalent circuit model can be summarized in
Table. 2.3.

2.5.4 Analysis

2.5.4.1 Normal Condition

The results of the equivalent circuit model and the experiment have been compared
in normal event without rf breakdown to validate the model and its parameters. In this
case, the frequency detuning and rf breakdown current are all set to zero. Simulation
results agree well with the experimental observation, as illustrated in Fig. 2.22.

2.54.2 Laser-Triggered rf Breakdown

In rf breakdown events, the actual plasma proportion and corresponding influence
on frequency are complex. In the equivalent circuit model, the onset of frequency
detuning is chosen based on the speed of plasma movement and best match the
observed rf signal during the rf breakdown event. As the breakdown occurred on
the cathode, the half cell is set to be detuned by a certain value immediately after

Table 2.3 Parameters of the equivalent circuit model

Parameter Value

f 2854.550 MHz
f 2853.575 MHz
o 12000

0> 3835

R; 1.81 x 100 Q
R> 428 x 10° Q
k 221 %

R, 1.08 x 10° Q
I, 5.96 A?

4With 4.8 MW input power
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Fig. 2.22 Comparison of simulation (red) and experimental results (blue) without breakdown. a
Normalized pickup signal. b Normalized reflection signal

the EEE. In a previous experiment, the highest ion speed v in the cold explosions
has been reported to be 2 x 10*m/s [23]. Previous theoretical work has analyzed
the arrival time spectra of ions and shown that ions can reach even higher speeds
when the thermal energy is increased [24]. So the full cell is set to start detuning
200ns after the onset of the breakdown and linearly shifted to a certain value. When
the magnitude of the two currents is 18 A and the frequency shifts are 3.2 MHz and
0.9 MHz for the half cell and full cell respectively, the simulation agrees well with
the single-breakdown experiment result, as shown in Fig.2.23a, c. The frequency of
the w-mode is therefore downshifted by 1.7 MHz, also agrees with the FFT result.
The stored energy in the full cell and half cell before the onset of breakdown is 0.91
and 0.40J respectively. The calculated energy absorbed by the explosive emission
current is 0.78J in the full cell and 0.39] in the half cell. The simulation of multiple-
breakdown events is more complex and a second detuning to the half cell after the
onset of the second EEE is introduced as discussed before. The upper shift is set to
1.3MHz and the simulation shows satisfying agreement with experiment, as shown
in Fig.2.23b, d.

2.5.4.3 Spontaneous rf Breakdown

Although the occurrence location of spontaneous rf breakdown is uncontrollable, it’s
still likely to be on the cathode where the electric field is the highest in the S-band
1.6-cell photocathode rf gun. In simulation of spontaneous rf breakdown event, the
time structure of the rf breakdown current and the evolution of frequency detuning
are assumed to be same as in the laser-triggered ones for simplicity.

When the rf breakdown current magnitudes are 13 and 0 A, and the frequency
shifts are 4.5 and 0.4 MHz for the half cell and full cell respectively, the simulation
agrees well with the single-breakdown experiment result, as shown in Fig.2.24a, b.
Besides, a delay of ~100ns between the onset of rf breakdown and the collapse of
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Fig. 2.23 Comparison of simulation (red) and experimental results (blue) of single-breakdown
event (left) and multiple-breakdown event (right) with laser trigger. a—b Normalized pickup signal.
c—d Normalized reflection signal

the fundamental mode can be clearly observed in simulation which is in accordance
with the experiment results, as illustrated in Fig.2.24c.

Due to its complexity, multiple-breakdown without laser trigger has not been
simulated with the equivalent circuit model.

2.5.5 Discussion

Similarities in many aspects have been found between rf breakdowns with and with-
out laser trigger, such as excitation of HOMs, frequency shift of the gun cavity after
the onset of breakdown events, two types of breakdown events according to the
detected charge pulses, etc.

Meanwhile, some noticeable differences exist between rf breakdowns with and
without the laser trigger. For rf breakdowns without the laser trigger, the shape of the
current is spiky and the captured charge is two orders of magnitude lower than that
with the laser trigger. Besides, multiple-breakdown type dominates the spontaneous
rf breakdown events while it’s rare in laser-triggered ones. What’s more, a delay
of ~100ns between the onset of rf breakdown and the collapse of the fundamental
mode can only be observed in spontaneous rf breakdown events.
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Fig. 2.24 Comparison of simulation (red) and experimental results (blue) of single-breakdown
event without laser trigger. a Normalized pickup signal. b Normalized reflection signal. ¢ Zoom-in
view around the onset of rf breakdown in (a)

With the equivalent circuit model, most observations in both spontaneous and
laser-triggered rf breakdowns can be reproduced. The most remarkable difference
in circuit parameters between these two events is the rf breakdown current in two
cells. In spontaneous rf breakdown events, the rf breakdown current in the half cell
is significantly higher than that in the full cell. However, the 1f breakdown currents
in both cells are identical in the laser-triggered cases.

The physics of the current setting is believed to be ascribed to the EEE location
on the cathode center. In laser-triggered rf breakdown events, it was near the cathode
center as controlled by the high intensity laser. Therefore, the emission electrons
could easily pass through the iris and absorb the stored energy in both cells with
negligible delay, as illustrated in Fig.2.25a.

On the other hand, in spontaneous rf breakdown events, the EEE location might
be away from the cathode, causing emission electrons blocked by the iris. As a result,
the emission electrons could only absorb the stored energy in the half cell. The severe
imbalance of stored energy could lead to power flow from the full cell to the half one
and following oscillation, as illustrated in Fig.2.25b. The power flow moves at the
group velocity of the gun, which matches the ~100ns delay between the collapse of
the rf field in the full cell and the onset of the rf breakdown. Due to the power flow
from the full cell, the stored energy in the half cell would recover to ~75 % of its
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Fig. 2.25 Evolution of the rf field in the full cell (blue) and the half cell (red) after the onset of rf
breakdown. a Laser-triggered rf breakdown; b Spontaneous rf breakdown

initial valve before the onset of rf breakdown in ~200ns. Since there is still plasma
in the half cell, the recovered energy is likely to trigger a second rf breakdown.

Generally speaking, when an rf breakdown occurs in a traveling-wave structure,
a significant portion of the power flow will be absorbed inside the structure, which
will in turn cause severe damage. However, in standing-wave structures, most of the
input power will be reflected, leading to less consequential damage. Among various
X-band high-gradient structures tested by CERN, SLAC, and KEK, the standing-
wave single-cell structures are proved to have lower BDR, compared with traveling-
wave multi-cell structures [25]. In the experiment, multiple-breakdowns within one
rf pulse are studied both in experiment and with the equivalent circuit model. The
results suggest the second rf breakdown is caused by the power flow from another
cell into the cell where the first breakdown occurred. This observation implies that
in multi-cell standing-wave structures, subsequent breakdowns within one rf pulse
can be triggered after the first one takes place even when the input power is fully
reflected. To avoid this phenomenon as well as its damage, accelerating cells need to
be separated from each other. Based on individually rf feeding structures shown in
Fig.2.26 [25, 26], it is possible to design such a standing-wave structure with zero
coupling between cells by reducing iris size or increasing iris thickness.

Apart from providing a new understanding on the influence of power flow in rf
breakdown, the experiment also confirms that intense laser assists the plasma forma-
tion on the cathode surface at a time and location corresponding to the presence of a
large electric field, which eventually caused rf breakdown. It suggests that rf break-
down which limits the high gradient operation of this photocathode rf gun may occur
predominately in high electric field region at the surface. In future experiments, the
laser could also be directed to a high magnetic field or high power flow region in other
photoinjectors to study additional rf breakdown phenomena in a more controllable
way.

Laser triggering is also a more flexible method as the breakdown rate can be very
high with intense laser. As a result, much time can be saved when obtaining a large
amount of breakdown data and the path of experiments may be expedited.
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~10cm

~3cm

Fig. 2.26 Single-feed standing-wave multi-cell structure

2.6 Summary

In summary, it is demonstrated that rf breakdown in the photocathode rf gun can
be triggered by an intense laser pulse at predictable locations and moments. The
time evolution of electron emission at the nanosecond scale after the onset of break-
down has been observed and analyzed. Comparison between rf breakdowns with and
without laser triggering shows that the laser trigger can serve as a more controllable
and flexible method for breakdown study. The experiment reveals that multiple-
breakdown can be triggered by the power flow between cells after the initial EEE,
which implies standing-wave structures with separated cells may be more favorable
for high gradient accelerators.

The laser-triggered rf breakdown experiment and its analysis has been published
in Phys. Rev. ST Accel. Beams 17, 072002 (2014) [27].
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Chapter 3
Experimental Research of Pin Cathode

Abstract Field emission from a solid metal surface, the precursor of rf breakdown,
has been continuously studied for a century from macroscopic to atomic scales.
However, many fundamental questions are yet to be answered, especially in rf case.
Uncontrollable field emission position is one of the main barriers on the path to
explore its nature. This chapter introduces a novel method to control the location
of field emission and that of rf breakdown with a pin cathode. The study has been
conducted on an L-band single-cell photocathode rf gun at the Argonne Wakefield
Accelerator facility. The first part is to study the evolution of field emission during
the rf conditioning period. The experimental results suggest there is an rf breakdown
threshold of the maximum electric field on copper surface. The second part is to
examine the localized field emission dependence on global parameters. The stored
energy of the rf gun was changed by adjusting the longitudinal position (distance
between the cathode base and the gun back surface) of the cathode while the applied
electric field on the cathode tip was kept constant. A strong dependence of field
emission on the stored energy has been observed which implies that under certain
circumstances, a localized field emission may be significantly altered by the global
parameters in a system.

3.1 L-Band Photocathode rf Gun Test Stand

The L-band high gradient photocathode rf gun test stand at AWA is shown in Fig. 3.1.

3.1.1 L-Band Photocathode rf Gun

3.1.1.1 Design and Cold Test

The L-band high gradient single-cell photocathode rf gun operates at 1.3 GHz, as
illustrated in Fig.3.2 [1]. The unique feature of the rf gun is its detachable cathode
design which is ideal for testing cathodes with different shapes and materials in-situ

© Springer Nature Singapore Pte Ltd. 2018 59
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Fig.3.2 L-band single-cell photocathode rf gun. a Components in fabrication; b Three-dimensional
model

as well as examining the cathode condition with advanced surface analysis tools
ex-situ.

The gun adopts nose design on both apertures for beam pipe and cathode insertion
to achieve high electric field on the cathode with moderate input power. However,
such design also causes a problem: the electric field on the cathode hole edge and
the beam pipe edge is even higher than the cathode when a conventional flat cathode
is installed. Therefore, field emission and rf breakdowns are most likely to occur on
these surfaces instead of on the cathode itself with uncontrollable location. This will
not only lead to severe damage of the rf gun but also cause difficulties when studying
the cathode behavior both in-situ and ex-situ.
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To confine field emission and rf breakdown to the cathode, it’s necessary to
enhance its electric field. Therefore, pin cathodes designed by SLAC, as shown
in Fig. 3.3, have been applied in the study.

The pin cathode is made of oxygen-free copper. It consists of a @20 mm base
and a 20mm long detachable cone-shaped pin which are assembled by thread. The
bottom diameter of the pin is 1.5 mm and the top is rounded as a @ 1 mm hemisphere.
The pins were machined and electropolished by SLAC. The base was fabricated by
the Accelerator Laboratory at Tsinghua University.

Electrical contact between the cathode and the cavity is ensured by a spring
located ~5.5 mm behind the cathode base. The low field at the ~0.03 mm gap leads
to negligible field emission from this area.

The cathode recess, as shown in Fig. 3.4, is adjusted by a micrometer. The longi-
tudinal position of the cathode inside the cavity is measured by the micrometer and
confirmed by direct measurement with a long stick inserted at the gun exit. The max-
imum error of the cathode position measurement is ~0.1 mm which is acceptable in
the study.

The cathode displacement introduces frequency detuning to the rf gun. As energy
density of electric field is higher than the magnetic field near the cavity axis, the
frequency is downshifted when the pin cathode is pushed forward into the cavity. In
the cold test prior to the experiment, the frequency detuning with different cathode
longitudinal positions is illustrated in Fig. 3.5.

Fig. 3.3 Pin cathodes from
SLAC

Fig. 3.4 Longitudinal
position of the pin cathode in
the gun. d < 0 indicates the
cathode is behind its flush
position with the cathode
hole edge
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Fig. 3.5 The frequency 0
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The detuning of the gun by the cathode displacement can be compensated by a
@ 15.6 mm tuner at the side of the gun. Its position is controlled by another 25.4 mm
travel micrometer. In the cold test, the frequency detuning of gun at different tuning
shaft positions is illustrated in Fig.3.6. The range of frequency tuning is ~6 MHz
which limited the cathode position to be from —19 to —13 mm.

Within such range, the gun has been tuned at six cathode positions for the high
power test, as listed in Table. 3.1.

The rf gun is cooled by water with 1° precision. The resulted fluctuation in fre-
quency is ~20kHz which is acceptable in the study.
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Table 3.1 Cold test results of the L-band photocathode rf gun with different cathode positions

No. Cathode position (mm) | Tuner position (mm) Qo Bext®
1 -18.87 -0.71 13730 1.47
2 -18.42 0.82 13765 1.46
3 -17.88 2.53 13615 145
4 -16.98 5.53 13518 1.43

5 -15.37 11.88 13271 1.41

6 -13.69 21.03 12847 1.36

4Coupling between the rf gun and the waveguide

3.1.1.2 Cavity Simulation

The electromagnetic simulation of the cavity has been done in two-dimension with
the Superfish code [2] and in three-dimension with the Omega3P code [3]. The
results of the two simulations are consistent with each other. The two-dimensional
model used in Superfish is shown in Fig. 3.7.

When the cathode is at position No.l in Table. 3.1, the electromagnetic field
distribution along the contour is illustrated in Fig. 3.8. The three peaks in the electric
field distribution correspond to the pin cathode tip (Eyp), the cathode hole edge
(Eedge) and the beam pipe edge (Epip.), respectively. The low magnetic field on the
tip leads to negligible pulse heating in the experiment.

The ratios of Ep t0 Eegge and Eyp to Epipe at different cathode positions are illus-
trated in Fig. 3.9. In the adjustable range of the pin cathode longitudinal position, the
electric field on the tip is significantly higher than that of the other two. Consequently,
both field emission and rf breakdown are expected to be dominated by the tip in the
high power test.

Fig. 3.7 Two-dimensional model of the L-band single-cell rf gun with the pin cathode. Local mesh
density around the pin has been increased to improve accuracy. The magenta lines indicate the
electric field
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When the cathode is pushed further into the rf gun, the electric field on the cathode
tip is enhanced so lower stored energy and input power are needed to maintain a
constant Ey, as illustrated in Fig. 3.10.

3.1.2 Test Stand

The layout of the L-band high gradient photocathode rf gun test stand at AWA is
shown in Fig.3.11. The test stand is powered by a 25 MW klystron. Two solenoids
with opposite current (the green ones in Fig.3.11) installed around the gun are used
to cancel the magnetic field on the cathode and to focus the beam.
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Fig. 3.11 Layout of the Directional coupler
L-band photocathode rf gun
test stand at AWA

YAG Faraday cup
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Imaging solenoid rf pickup

Diagnostics involved in the experiment are a bidirectional coupler to monitor the
input and reflected rf signals, an antenna (pickup) to monitor the rf signal inside
the cavity, a Faraday cup located at the gun exit to measure the field emission and
rf breakdown current, and a yttrium-aluminum-garnet (YAG) screen to locate field
emitters on the cathode with low resolution.

The aluminum Faraday cup is placed 45° to the beam with a silicon mirror, as
shown in Fig.3.12. The mirror is used to guide cathode installation as well as to
detect rf breakdown location in-situ with the accompanying flash [4].

Due to the low amplitude of field emission current, an integral circuit is attached
to the Faraday to improve its sensitivity, as illustrated in Fig.3.13. In the circuit, L,
and C. denote the distributed inductance and capacitance of the cable connecting the
Faraday cup and the oscilloscope, R denotes the impedance of the oscilloscope. With
Ry = IMS used in the high power test, the time constant of the circuit is 4.75 ms.
Assuming the duration of field emission current is 5 s, the minimal detectable charge
and current by the Faraday cup is 100 pC and 20nA, respectively.
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Fig. 3.13 Integral circuit of the Faraday cup

The test stand is interlocked by vacuum gauges and X-ray detectors to prevent
continuous rf breakdowns in the high power test [4].

3.2 Evolution of Field Emission During rf Conditioning

In newly-built accelerating structures, the designed gradient could not be achieved
by increasing the input rf power rapidly [4, 5]. Instead, it needs to go through a slow
procedure called rf conditioning in which the input power and the pulse length are
gradually raised. The number of rf pulses required in this period can be hundreds
of thousands, depending on the target gradient and conditioning strategy. The latest
research by CERN shows that the maximum achievable gradient is determined by the
number of total rf pulses rather than rf breakdown events during the rf conditioning
period [5]. The research result indicates the surface condition is being continuously
modified by every pulse in rf conditioning to sustain increasing gradient.

Because field emission current can be an indicator of surface condition, it’s help-
ful to study emission parameters, including field enhancement factor 8 and effective
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emission area A., to understand the effect of rf conditioning on accelerating struc-
tures [6-8].

For conventional accelerating structures, the location of field emitters are uncon-
trollable thus emission current may not be effectively detected. This might lead to
incorrect results when measuring field emission parameters. By using pin cathodes
to precisely control the field emission and rf breakdown location, it is possible to
systematically study the evolution of field emission during rf conditioning.

3.2.1 rf Conditioning of Pin Cathodes

Four identical pin cathodes, numbered 1, §2, §7, and {15, have been conditioned at
the position No.1 listed in Table. 3.1. During the rf conditioning period, the focus-
ing solenoid strength was set to zero. The rf breakdown rate was controlled to be
10~#~1073/pulse.

Figure 3.14(a—c) shows the typical recorded waveforms without rf breakdown.
Only the fundamental mode 1.3 GHz could be detected in the spectrum, as illustrated
in Fig. 3.14(d).

(a) (b)
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Time (us) Time (us)
(d)
1
0.75
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0.25
0 i
0 5 10 15 0 5 10
Time (ps) Freq (GHz)

Fig.3.14 Typical waveforms of normal operation without rf breakdown. a Normalized input wave;
b Normalized reflected wave; ¢ Normalized rf field inside the cavity; d Normalized spectrum of the
rf field
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Figure 3.15 shows the typical waveforms of rf breakdown event in which full
reflection and rf field collapse can be clearly observed. No HOM has been detected
in the spectrum which might result from the weak coupling of the rf pickup probe.

By monitoring the flash accompanying rf breakdown with the silicon mirror, most
rf breakdown/EEE events were observed occurred at the tip where the electric field
was the highest in the rf gun. A few rf breakdown/EEE events also occurred at the
cathode hole edge, as illustrated in Fig.3.16.

Automatic interlock system has only been applied when rf conditioning the #1
and the #2 pin cathode to pause the input power after detection of an rf breakdown
event. For the §7 and the #15 pin cathode, the whole system was manually paused
after several continuous rf breakdowns. After the pause, input power was lowered
to certain level and gradually increased back if no more rf breakdown occurred in
~1000 pulses.

(a) (b)

0 5 10 15 0 5 10 15
Time (us) Time (us)

Fig. 3.15 Typical waveforms of rf breakdown event. a Normalized reflected wave; b Normalized
rf field inside the cavity

Fig. 3.16 Cathode images obtained by the silicon mirror. The outer and inner white dashed circuit
denote the cathode hole edge and the tip, respectively. The arrows point to the rf breakdown/EEE
location. a Room light on, the brightness was from light reflection on the mirror-like finishing
cathode base; b, ¢ Room light off, the brightness was from the flash accompanying rf breakdown.
b rf breakdown/EEE occurred at the tip; ¢ rf breakdown/EEE occurred at the cathode hole edge
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Table 3.2 rf condition results of the pin cathodes

69

#1 g2 17 g15
Pulse length (ps) 8.0 8.0 8.0 5.5
Repetition (Hz) 10 10 10 2
Vacuum level (Torr) ~4 %1077 ~9x 107° ~5x107° ~2x107°
Automatic interlock Yes Yes No No
Total pulses ~450000 ~320000 ~190000 ~50000
Maximum input power (kW) | 900 420 1310 1310
Maximum Eyp (MV/m) 580 395 700 700
Maximum Eegge (MV/m) 154 105 186 186
Maximum Epipe (MV/m) 109 74 132 132

The rf condition results of the pin cathodes are listed in Table. 3.2. The maximum
electric field on the tip is determined by an equivalent circuit model as introduced in

Appendix.

3.2.2 Field Emission Measurement

In rf conditioning, the typical waveform of detected current by the Faraday cup
with integral circuit is illustrated in Fig. 3.17. The rapid falling edge, at the order of
microsecond, is determined by the field emission current during the rf pulse. The
slow rising edge, at the order of millisecond, is governed by the time constant Tgyraday
of the integral circuit and follows

V() = Viin exp(_t/TFaraday)

S 04

5 10
Time (ms)

3.

1y

50 100
Time (us)

Fig. 3.17 Typical Faraday cup signal. b is the zoom-in view of a near Vi,

150
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where Vi, is the minimum of the Faraday cup signal.

Since the Faraday cup signal is several orders of magnitude longer than the input
power signal, only part of the former one (around Vp,;,) could be recorded by the
oscilloscope when taking the two signals together. The total charge of the detected
current can be derived as
Vmin TFaraday

Ry

C=- 3.2)

where Ry is the impedance of the oscilloscope.

During the rf conditioning period, rf breakdown occasionally occurred and the
BDR was controlled to be 10~ to 10~3/pulse. The field emission parameters, includ-
ing field enhancement factor 8 and effective emission area A., have been measured
during the peace period between rf breakdown events. To measure the field emission
parameters, the input power was gradually lowered from the maximum conditioned
value and the corresponding field emission current at each power level was recorded
synchronously, as illustrated in Fig.3.18(a). Then, the data was plotted in the F-
N coordinate and linearly fitted, as illustrated in Fig.3.18(b). From the fitting, the
field emission parameters could be derived according to Eq. 1.13. Generally, each
measurement took ~300 rf pulses.

As the input power was gradually increased and more rf pulses were accumulated
during the rf conditioning period, the field emission current at a fixed Ey, has been
observed to decrease which suggests a continuous surface condition evolution. For
example, Fig. 3.19 shows the field emission current measurement results when Ejp
was conditioned to 360, 500, 610, and 700 MV/m.

Figure 3.20 shows the evolution of the emission parameters of the {17 pin cathode
during the rf conditioning period. Despite small fluctuation, the trends are clear.
When Ey;, was conditioned from 200 to 700MV/m, 8 decreased from ~60 to ~20,
A, increased from 102 to 103-10* nm?, and the maximum local electric field on the
tip B - Eyp maintained around 11.4GV/m.

a (b
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2> 24.4
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Fig. 3.18 Field emission current as a function of Eyjp. a Normal coordinate; b F-N coordinate, the
blue dots and the red line denote the original data points and the linear fitting, respectively
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Fig. 3.19 Field emission current as a function of Ey, at different rf conditioning stages
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Fig. 3.20 The evolution of field emission parameters during rf conditioning period. a g; b Ae;
cp- Etip
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3.2.3 Surface Examination

The surface condition has been examined by SEM before and after the high power
test.

Figure 3.21 shows the SEM images of the 7 pin prior to the high power test. No
leftover features from turning could be detected after the electropolishing procedure.
The different colors on the surface, as shown in Fig.3.21(b, c), might be caused
by chemical residue during the cleaning process. Several scratches, as shown in
Fig.3.21(d), were found on the surface which might be caused by handling. The
overall surface condition was very smooth and no feature with high aspect ratio
which would cause high field enhancement factor was found.

Figure 3.22 shows the SEM images of the £i7 pin after the high power test, which
are remarkably different from the ones in Fig. 3.21. Hundreds of rf breakdown spots
which contain craters from melting and recrystallization can be found on the surface

Fig. 3.21 SEM images of the 7 pin prior to the high power test. a The whole tip; b, ¢ Possible
chemical residue; d Scratches
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Fig. 3.22 SEM images of the 17 pin after the high power test. a The whole tip; b, ¢ rf breakdown
spots; d Scratches

either separately or in clusters, as shown in Fig.3.22(b, c). The typical spot size is
at the order of square micrometer, which is significantly larger than the fitted value
by the F-N equation. Therefore, field emission electrons might be dominated by
tiny features with high aspect ratio within the breakdown spots, rather than emit
uniformly from them. The scratches shown in Fig.3.22(d) were caused during the
cathode disassembling process after the high power test.

3.2.4 Discussion

The macroscopic electric field on the pin cathodes is remarkably higher than previous
f or dc studies [8—11]. In various X-band accelerating structures high power tests,
the maximum macroscopic surface field obtained is around 300 MV/m with a pulse
length of 160ns and BDR of 10~%/pulse [11]. In the high power test of pin cathodes,
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700 MV/m macroscopic electric field has been achieved with a pulse length of several
s and BDR lower than 10~3/pulse. The significant improvement might be a result
of the low surface pulse heating at the tip (2 K comparing with 20-50 K in X-band
structures [12]).

The maximum electric field on the tip 8 - Eyj, maintained to be around 11.4 GV/m
with small fluctuation during the entire rf conditioning period despite the rise of Eyj,
by a factor of 3.5. When the localized electric field exceeds the order of 10 GV/m, pre-
vious theoretical study with Particle-In-Cell (PIC) simulation predicts surface failure
which would lead to breakdown [13]. Several dc tests with macroscopic electric field
limited to 200MV/m also show a breakdown threshold around 10 GV/m on copper
surface [8, 10]. The results with pin cathode presented here support this hypothesis of
surface failure/breakdown threshold, but in a wider range with macroscopic electric
field up to 700MV/m.

From the evolution of field emission parameters during the rf conditioning period,
a strong correlation between A, and 8 could be observed, as illustrated in Fig. 3.23. It
indicates the surface condition was continuously modified under high electric field.
Due to the surface failure or breakdown threshold of the surface, emitters with high
field enhancement factors would be destroyed by rf breakdown when the electric field
was being gradually increased. The increasing effective emission area may suggest
an initially sharp emitter would develop into smoother ones with larger surface area
during rf conditioning.

In addition to the field emission parameters evolution from F-N measurement, the
surface condition can also be vividly compared before and after the high power test
by SEM images. From the measurement results in Fig.3.23, it’s surprising that the
smooth surface prior to high power test has a much higher field enhancement factor
than the damaged surface with hundreds of rf breakdown spots afterwards. This may
suggest the field enhancement factor might not be solely determined by geometry,
but also by other factors like low work function area. It may also indicate there were

Fig. 3.23 The correlation
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tiny emitters beyond the resolution of SEM (~nanometer) on the initial surface.
Investigation with higher resolution instruments, such as atomic force microscopy,
will be applied in future study.

3.3 Field Emission Dependence on Stored Energy

Usually, when applying the F-N equation (Eq. 1.12) in high gradient accelerating
structure research, only the fundamental mode is considered in the electric field term.
Recently with theoretical and PIC simulation study, researches from SLAC have pro-
posed a hypothesis that HOMs excited from the emission current would change the
total surface electric field as well as the following emission current [14]. In their
research, the amplitude of the excited HOMs depends not only on localized field
emission current, but also on global parameters such as frequency, group velocity,
etc. Therefore, the localized field emission may be coupled to global parameters.
If it’s true, this hypothesis would deepen the current understanding of field emis-
sion phenomenon in high gradient rf accelerating structures, which might help to
explain various contradictions between the F-N fitting results and surface condition
observation, including extremely high field enhancement factor and unphysically
low emission area. Pin cathodes have been applied in the following study to test the
hypothesis with the high gradient L-band photocathode rf gun at AWA.

3.3.1 Field Emission Current Measurement

The input power and the stored energy to maintain the same Eyp, if only considering
the fundamental mode, decrease when the pin is being pushing into the gun, as
illustrated in Fig. 3.10. The frequency of the gun can be compensated by the turner.
This feature will decouple the localized parameter ( Eyp) and global ones (input power
or stored energy) which is ideal to test the hypothesis.

The #7 and the 15 pin cathodes have been applied to measure the field emission
current at different longitudinal positions, as listed in Table. 3.1. The {7 pin cathode
has been tested at all six positions while the §15 pin cathode has been tested at four
positions with high stored energy to confirm the measurement.

At each cathode position, the focusing solenoid strength By has been scanned
in the experiment to ensure the emission current capture by the Faraday cup. The
scanning has been performed from 0 to a maximum value of 1500 Gauss with a step
of 125 Gauss. The input power has also been scanned in a procedure similar to that
of the field emission parameters measurement in the rf condition period. Certain Ejp
and corresponding emission current could then be derived from interpolation with
high accuracy.

The field emission current largely depends on the surface condition. To avoid
condition variation caused by rf breakdown, the Ey, was controlled to be lower
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than 660 MV/m in this study after being conditioned to 700 MV/m. At each cathode
position, the measurement typically lasted for 7000 rf pulses when both Bf and the
input power were scanned. At the end of measurement of each cathode position, field
emssion with several selected settings of By and input power has been remeasured
to ensure the surface condition has not changed due to accumulated rf pulses, as
illustrated in Fig.3.24.

When By was high, additional falling edge after the rf pulse could be observed in
the Faraday cup signal, as illustrated in Fig.3.25.

The amplitude of the additional falling edge almost remained constant when the
input power varied, as illustrated in Fig. 3.26(a). It’s likely to be caused by the mul-
tipacting effect described as following [15—-18]. In rf structures, field emission from
a surface (A) could hit back or arrive at another surface (B). A number of secondary

Fig. 3.24 Field emission 7
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Fig. 3.25 The Faraday cup
signal (blue) with high By.
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Fig. 3.26 The behavior of the additional falling edge as a function of E,. a Amplitude; b frear,
the blue dots and the red line denote the original date and the fitting by Eq. 3.3, respectively

electrons would yield, depending on the energy and angle of the incident electron.
In certain circumstances, the generated electrons could travel back to surface A in
half an rf period and generate even more secondary electrons. Therefore, resonance
could be formed between surface A and B, resulting in a strong emission current.
Multipacting phenomenon often occurs when the surface electric field is low and
the secondary electron yield is high, such as during the rising and the falling time
of an rf pulse. A previous study with rf guns has shown that multipacting effect is
more likely to occur during the falling time when the resonance condition is easies to
be satisfied [18]. Additionally, multipacting during both the rising and falling edge
has also been observed when the input power is very low [18]. The study has also
presented the delay between the occurrence of multipacting and the end of input
power, which follows [18]

Enp = Emax €Xp(—trear/T) (3.3)

where Ey.x and Eyp denote the maximum electric field during the whole rf period
and that when the maltipacting occurs, T denotes the filling time of the standing-wave
structure.

In the high power test, #,.,- has been measured at different input power as illustrated
in Fig.3.26(b). According to Eq. 3.3, t can be fitted as 1.48 ps. While from the cold
test results listed in Table. 3.1, T can be calculated as T = 2Q/[(1 + Bext) @] = 1.36
ps. The reasonable agreement confirms that the additional falling edge is caused by
multipacting effect in the 1f gun.

As the second falling edge caused by multipacting is quite distinguishable in the
Faraday cup signal, it can be easily excluded in the following analysis. With certain
By, the field emission current with different input power and cathode positions is
illustrated in Fig.3.27. In the F-N coordinate, the curves should be linear. However,
when the cathode was at position 5 and 6, non-linearity could be observed at the
low-end of the electric field. This might be caused by multipacting at the beginning
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Fig. 3.27 With certain B, the detected current as a function of Eyjp and the cathode position in the
F-N coordinate. The red dashed line denotes Eyjp = 625 MV/m
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Fig. 3.28 The detected current by the Faraday cup as a function of By and cathode position. a The
17 pin cathode; b The £15 pin cathode

of the 1f pulse when the input power was extremely low. The response of the Faraday
cup is not fast enough to distinguish this current from the main field emission current.
In order to eliminate this effect, the field emission current at high electric field of
625 MV/m is interpolated and compared in the following analysis.

When Ejj, is fixed at 625 MV/m, the interpolation results with different focusing
solenoid strength By and cathode positions are illustrated in Fig. 3.28. The captured

current depends not only on the stored energy, but also on By due to the dynamics of
field emission electrons in the rf gun.
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3.3.2 Dynamics of Field Emission Current

The current detected by the Faraday cup Ipagaray 1s determined by the field emission
current i and the capture ratio 1 as

IFadaray = Nlemit 34

To eliminate the influence of capture ratio on the detected current at different
cathode positions, three-dimensional particle tracking code ASTRA [19] has been
applied to study the dynamics of field emission electrons in the rf gun. Space charge
effect has been ignored in the study [20, 21].

3.3.2.1 Parameters

Parameters such as the field distribution of the rf gun with different cathode positions,
the geometry boundary of the beam line, and properties of the emitted electrons are
required in the ASTRA simulation.

Field distribution

The field distribution of the rf gun with different cathode positions has been calculated
by Superfish [2]. Local mesh density around the tip has been increased to improve
accuracy, as shown in Fig.3.7. A self-developed code has been applied to convert
the field distribution into a three-dimensional one with denser step around the tip for
ASTRA.

Geometry boundary

The geometry boundary condition is modified from the rf gun design, as shown
in Fig.3.29. The precise details of the pin cathode are maintained for dynamics
simulation while the other surfaces of the gun are simplified.

Fig. 3.29 Geometry boundary applied in dynamics simulation. The blue and the red line denote
the original rf gun design and the simplified one used in ASTRA, respectively. The black dashed
line denotes the z-axis of the beam line in simulation
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Electron properties
The time structure of field emission current is determined by localized surface electric
field during an rf period as

E(t) = Enax sin(@t) = Emay sin(®) (3.5)

where Enax = Eyjp X B is the maximum electric field after involving the field enhance-
ment factor 8, ¥ = wt is the emission phase. The amplitude of emission current
depends on the emission phase based on the F-N equation, as illustrated in Fig. 3.30.
For simplicity, the dependence can be approximated as a Gaussian distribution [22].
With given work function and frequency, the standard deviation of the Gaussian
distribution is determined by Ep.x. Its value nearly remains constant with an Ep.x
range of 8—15 GV/m obtained in the study with pin cathodes. Therefore, the Gaussian
distribution with a standard deviation of 20° is adopted in ASTRA simulation.

Because of the tunneling effect, the initial kinetic energy of field emission elec-
trons is lower than that of photoemission or thermal emission ones. In ASTRA
simulation, it has been set to 100 meV as reported in a previous study [23].

To determine the emission angle from the tip, a local coordinate has been set at
the emitter, as shown in Fig.3.31. The axis z. is perpendicular to the surface while
X and y, are in its tangent plane with x. pointing to the z-axis of the rf gun.

In the local coordinate, the emission angle is defined by 6 and ¢ as shown in
Fig.3.31. 6 denotes the angle between the emission electron momentum and the
Z. axis, ranging from —90° to 90° (positive value indicates the projection of the
momentum on X, axis is positive and vice versa). ¢ denotes the angle between the
velocity projection on the tangent plane and the X, axis, ranging from 0° to 360°.

Figure 3.32 illustrates the capture ratio of electrons by the Faraday cup from a
fixed emitter with different emission angles. The maximum variable range is deter-
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Fig. 3.31 Three-dimensional model of an emitter at the tip and the local coordinate
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Fig. 3.32 The capture ratio of the Faraday cup as a function of emission angle. a Emission along
the tangent plane; b Emission along the x.-z. plane

Fig. 3.33 Two-dimensional
model of emitter at the tip
and the local coordinate

R

mined when electron is emitted along the tangent or x.-z. plane. Therefore, the
three-dimensional model can be simplified to a two-dimensional one in z-r plane,
as illustrated in Fig. 3.33. The emission position is defined by « (ranging from 0° to
90°) and the angle is defined by 6.
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3.3.2.2 Results

Figure 3.34 illustrates a typical capture ratio dependence on emission position with
fixed cathode position and focusing solenoid strength. The error bar results from
different emission angles. Electrons close to the tip edge with large o could not be
detected by the Faraday cup due to the lost on the geometry boundary of the rf gun
and its following beam pipe.

Figure 3.35 illustrates the capture ratio dependence on cathode position and
focusing solenoid strength. To obtain a simpler and clearer view, dependence of
only cathode position No.1 and No.6 as listed in Table3.1 is compared. From the
simulation results, at By of 625 Gauss, the capture ratio dependence on emission
position is nearly the same for both cathode positions No.1 and No.6, as illustrated
in Fig.3.35(d). With this solenoid strength, the difference of detected current, as
illustrated in Fig.3.28, is only determined by the emission current from the tip.
Besides, the capture ratio at cathode position No.1 at By = 500 Gauss is higher
while at By = 750 Gauss is lower than that at position No.6, respectively. Thus, the
difference of detected current at these solenoid settings can be used as an error bar
when comparing the emission current.

Similar results of the same capture ratio dependence on the emission position
have also been found for other cathode positions, as listed in Table. 3.3.

3.3.2.3 Comparison of Field Emission Current

After excluding the influence of capture ratio on the measurement results by compar-
ing the detected current at selected By values according to Table. 3.3, the dependence
of field emission current on stored energy (cathode position) with the same Eyp, is
illustrate in Fig.3.36. An enhancement of the field emission current by a factor of
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Fig. 3.35 The capture ratio of the Faraday as a function of electron emission position with different
cathode positions and focusing solenoid strength. The blue and the red line denote the cathode No.1
and No.6 as listed in Table 3.1, respectively. a By = 0 Gauss; b By = 250 Gauss; ¢ By = 500 Gauss;
d Bf = 625 Gauss; e By = 750 Gauss; f Bf = 1000 Gauss; g By = 1250 Gauss; h Bf = 1500
Gauss
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Table 3.3 Selected By values for different cathode positions to be compared with capture ratio
dependence on emission position at cathode position No.1

Cathode position No.2 No.3 No.4 No.5 No.6
Bf equal® (Gauss) 750 750 750 625 625
Bt errorbar? (Gauss) 625, 875 625, 875 625, 875 500, 750 500, 750

2Focusing solenoid strength for the same capture ratio dependence
bFocusing solenoid strength for the error bar

Fig. 3.36 Field emission [ j j j j j j
current as a function of
stored energy with the same
Eyip of 625MV/m. The
current is normalized to that
at cathode position No.6. The
blue and the red line denote 0.6+ 4
result of the 7 and the #15
pin cathode, respectively

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
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5 is obtained when the stored energy was increased by threefold. The experimental
results of the £i7 and the 15 pin cathodes agree very well with each other.

3.3.3 Possible Mechanisms

The strong dependence of field emission on stored energy with the same Eyp, is in
contradiction to the conventional understanding of the F-N equation. This subsection
presents research on mechanisms that may influence the observed strong dependence.

3.3.3.1 Field Emission from Other Surfaces

Although E, was kept constant by changing the cathode position, electric field
on other surfaces (defined as background emission in this subsection), such as on
the cathode hole edge and the iris, varied with change of the input power and stored
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energy. The difference between emission current from these surfaces might influence
the experiment results.

To examine the background emission current from these surfaces, a flat copper
cathode has been applied in the study, as shown in Fig. 3.37(a). The flat cathode was
placed ~3 mm behind the flush position, as illustrated in Fig.3.37(b).

Atthis position, the cathode would not influence the electric field on other surfaces,
as illustrated in Fig. 3.38. Besides, the electric field on the flat cathode is significantly
lower than that on the cathode hole edge or the iris, so field emission current from the
cathode itself would be negligible. To further reduce any possible emission current
from the flat cathode, it has been carefully polished down to a surface roughness of
10-20nm prior to the high power test. Therefore, the detected current with the flat
cathode should be equal to the background emission with a pin cathode.

rf gun

cathode

Fig. 3.37 The flat cathode to measure the background field emission current of the L-band high
gradient photocathode rf gun. a The flat cathode after polishing; b The cathode position inside the
rf gun
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From the YAG screen on the beam line, the rough emission position could be
vividly determined, as shown in Fig. 3.39. As expected, when applying the flat cath-
ode, field emission was dominated by the symmetrical cathode hole edge, as shown
in Fig.3.39(a). Contrarily, with a pin cathode, field emission was mainly from the
tip, as shown in Fig. 3.39(b).

With the same six stored energies as in the pin cathode case, the detected current
from the rf gun with the flat cathode is illustrated in Fig. 3.40.

By comparing Figs. 3.28 and 3.40, the background emission current is lower than
1/5 of the total detected current with a pin cathode. After subtracting the background
emission current, there is only ~5% change in the ratio of the field emission depen-
dence on stored energy, as illustrated in Fig.3.36. Conclusively, the influence of
background current is negligible (Fig.3.41).

Fig. 3.39 Low resolution field emission images on the last YAG screen of the beam line. The
symmetrical ring in both figures indicates the cathode hole edge. a The flat cathode; b The pin
cathode

Fig. 3.40 With the flat 15 :
cathode, the detected current —*+—1.67]J
as a function of By and —*—1.47]
stored energy. The scale of —+—1.28]
the y-axis is adjusted to be ——1.027J
the same as Fig. 3.28 for 101 0717 |]
better comparison —— 0527

Current (mA)

W

0 wé/ﬁg:_
0 500 1000 1500
B ¢ (Gauss)
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Fig. 3.41 Field emission
current as a function of the
stored energy with the same
Etip = 625 MV /m before 08 |
(blue) and after (red)
subtracting background

emission from other surfaces 0.6 [ 1
of the rf gun
0.4 [ 1
021 1
0 : : : : : :
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

U, (@)

3.3.3.2 Secondary Electron Emission from the Faraday Cup

When field emission current arrived at the Faraday cup, secondary electrons could
yield from the silicon mirror surface which would the reduce the detected emission
current [24-26]. In this case, the detected current I, and the incident current [;,
would follow

Towe = Iin(1 = &) (3.6)

where & denotes the secondary electron yield.
For certain material, the secondary electron yield depends on the energy and angle
of the incident electron as [27]

85, max Vi
85 = == o gn(Zm )
&n(Zm) Vinax,6,
1— exp(—z”“)

n(2) (3.7)

"
Vmax,es = Vmax,O(1 + kgef/n)
85,max,9; == 85,max,0(1 + k593/27'[)

where g,(z) is maximized at Zm; ds.max,0 and Js max,, denote the maximum yield
when the incident electron hits the surface perpendicularly or with an angle of 6;;
Vimax,0 and Vinax ¢, denote the corresponding incident energy; n and ks are constants
which are assigned to be 0.35 and 1.5, respectively. For silicon, 8 max.0 and Viax.0
are previously reported to be 2.5 and 500V, respectively [28].

For the six cathode positions used in the high power test, the angle and energy
of the incident electrons onto the Faraday cup can be simulated by ASTRA code.
Accordingly, the secondary electron yield from the surface can be calculated based
on Eq. 3.7, as illustrated in Fig.3.42. When the cathode was at position No.l and
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Fig. 3.42 Secondary electron yield of the Faraday cup surface as a function of cathode position
with Egjp = 625MV/m. a 8s; b Iin / Iou

Fig. 3.43 The increasing of 1.15
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voltage. The blue and the red *
dots denote the results at
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No.6, the ratio of the incident current to the detected one is calculated to be 1.32 and
1.42 with only 7% difference.

To confirm the calculation, a dc bias voltage up to 500V has been applied to
the Faraday cup to capture the secondary emission electrons. Figure 3.43 shows the
experimental results of the detected current dependence on the bias voltage tested
with the #15 pin cathode. The detected current saturated when the bias voltage was
higher than 100 V, indicating a complete capture of the secondary emission electrons.
A maximum current increase by a factor of ~1.1 has been obtained, which is lower
than the calculation value of 1.3—1.4. This might be caused by the inaccurate §s max.0
and Vix 0 applied in calculation. Despite the disagreement of the absolute value
of secondary emission yield, the difference of the increasing factor at saturation
between cathode position No.1 and No.4 was measured to be only 3%, displaying
reasonable agreement with calculation.
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Therefore, it can be summarized from both theoretical calculation and high power
test findings that the influence of the secondary electron yield on the experiment
results illustrated in Fig.3.36 is negligible.

3.3.3.3 Beam Loading Effect

When a standing-wave structure is fully filled, the input rf power equals to the sum
of power dissipated on the wall and absorbed by the beam [29]. The former one
determines the surface field, which would be reduced by heavy beam loading. As a
result, the field emission current would also be influenced.

The power absorbed by the beam can be expressed as

Pbeam = Wbeam X Ibeam (38)

where Wyeam and Ihe,m are the average kinetic energy and current of the beam,
respectively.

When the cathode is at position No.6 with Eg, of 625MV/m, the maximum
emission current is lower than 1 mA, as illustrated in Fig.3.28(a). The maximum
beam energy is simulated to be 0.9 MeV, resulting in a beam power lower than 0.9 kW.
This value is significantly less than the 350kW input power. Thus, the influence of
beam loading effect on the experiment results of field emission dependence on stored
energy is also negligible.

3.3.3.4 Space Charge Effect

When the emission current is high enough, the space charge effect near the cathode
can reduce the following emission current. In the F-N coordinate, such effect would
lead to bending of the linear curve at the high field end [30-32]. Such phenomenon
has not been observed in the experiment with pin cathodes, which confirms the result
of field emission dependence on stored energy is not caused by space charge effect.

3.3.4 Discussion

So far, all known factors have been excluded by the analysis in the previous sub-
section. The experimental results are proved to be reliable and the effect of global
parameters on localized field emission is fundamental.

This discovery indicates the application of the F-N equation in many rf struc-
ture studies, including high gradient accelerators, might be incorrect. Under certain
circumstances, when calculating the local surface electric field, higher order modes
induced by the emission current should be considered together with the fundamental
mode. This modification of the F-N equation application might help to solve the



90 3 Experimental Research of Pin Cathode

long-existing discrepancy between surface properties of the emission area obtained
through direct observation using advanced surface analysis tools and those indirectly
obtained from fitting the experimental data to the F-N equation as well as other ques-
tions surrounding field emission in rf case. Additionally, the findings may also lead
to new optimization direction of high gradient rf structures, which is conventionally
guided by reducing the electric field, the pulse heating, the modified Poynting vector,
etc.

3.4 Summary

This section introduces the study with pin cathode which remarkably enhances the
electric field on the tip to control rf breakdown and field emission location.

During rf conditioning, the maximum electric field on the tip has reached
700 MV/m, which is a new record in normal-conducting structures with microsec-
ond pulse length. Field emission parameters, including field enhancement factor
B and effective emission area A,, have been measured during the rf conditioning
process. Their evolution confirms continuous changing of the surface during the rf
conditioning period. The nearly constant maximum surface field 8 - Ep, supports the
hypothesis of breakdown threshold on copper surface. A comparison of the emission
area between SEM observation and the F-N equation fitting also suggests that field
emission current is not uniformly emitted from potential spots with high aspect ratio.

A strong correlation between the field emission current and the stored energy
has been discovered on pin cathodes. This study has excluded mechanisms that may
affect the conclusion, such as multipacting in the cavity, background emission from
other surfaces, secondary electron emission from the Faraday cup, the beam loading
effect, and the space charge limited emission effect. The observation is fundamental
but inconsistent with the Fowler-Nordheim equation, which indicates that global
parameters like stored energy affects the localized field emission phenomenon. These
findings point out a new territory yet to be explored while developing field emission
electron sources and high gradient rf structures.

The study of the pin cathode conditioning and field emission parameters evolution
has been published in the proceedings of the 16th Advanced Accelerator Concepts
Workshop (AAC2014) [33]. The study of field emission dependence on stored energy
has been published in Phys. Rev. Lett. 115, 264802 (2015) [34].
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Chapter 4
In-situ High Resolution Field Emission
Imaging

Abstract The previous two chapters introduce the study to control the location of
rf breakdown and field emission by means of high intensity laser and pin cathode.
To locate uncontrolled field emitters, a novel method called in-situ high resolution
field emission imaging has been proposed and successfully demonstrated in this
Chapter. With this method, scattered strong emission area with high current have
been observed on the cathode with high resolution (~100 wm). The field enhance-
ment factor S of selected regions on the cathode has been measured. Ex-situ SEM
and WLI surface examinations reveal that ~75% strong emission areas overlap with
rf breakdown spots. The theory, simulation, and experiment of the in-situ high reso-
lution field emission imaging will be presented in detail in this chapter.

4.1 Imaging Method

4.1.1 Difficulties

In earlier field emission studies under a dc field, emission mapping with better than
1 wm resolution has been achieved by scanning an anode along the cathode [1-3].
However, to image the emission areas with high resolution while they are emitting
under an rf field is extremely challenging due to the complicated dynamics of emis-
sion electrons in both the rf structure and the following beam transport system [4—6].

For field emission electron whose space charge effect is negligible and initial
kinetic energy is low, its dynamics in an rf structure is mainly determined by the
emitting phase. Figure 4.1 shows an ASTRA simulation example of electrons emitted
from a zero-size emitter on the flat cathode of the L-band high gradient single-cell
photocathode rf gun at AWA. As introduced in Chap. 3, field emission electrons emit
from 0° to 180° rf phase with a standard deviation of ~20° with maximum surface
electric field of 8—15 GV/m. Electrons from this wide emission range occupy a finite
area in the transverse space which limits the observation resolution.

The electrons are usually transported to diagnostics downstream of a beam line
with focusing components such as solenoid and quadrupole whose focusing strength

© Springer Nature Singapore Pte Ltd. 2018 93
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Fig. 4.1 Transverse position 5 : . :
in x or y direction at the gun
exit of field emission
electron as a function of
emitting phase. The initial
off-axis of the emitter on the
cathode is 1 mm in both x
and y direction. The
macroscopic electric field on
the cathode is 100MV/m
with 2 MW input power

Pos (mm)

0 20 40 60 80 100 120 140
Emitting phase (°)

Fig. 4.2 The electron
energy at the gun exit as a
function of emitting phase in
the L-band high gradient
single-cell photocathode rf
gun

Kinetic energy (MeV)

0 20 40 60 80 100 120 140
Emitting phase (°)

depends on the beam energy. For instance, the focusing length of a solenoid with
thin-lens approximation can be expressed as [7]

1 e 20
o (2mOCﬁch) Bt @D
where e and m( denote the charge and rest mass of electron, ¢ denotes the speed of
light, B. denotes the speed of electron, y. denotes the Lorenz factor, By and [ denote
the effective magnetic field and length of the solenoid. In rf structures, the energy of
field emission electron at the exit also depends on the emitting phase, as illustrated
in Fig.4.2. Thus, focusing components in the beam transport system may further
deteriorate the resolution of field emitter observation.
To vividly address the difficulty of high resolution field emitter mapping in rf
structures, 12 zero-size emitters have been placed azimuthally on the cathode of the
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Fig. 4.3 Typical field emission image at downstream of the L-band photocathode rf gun. a Exper-
imental results; b Simulation results

L-band photocathode rf gun in ASTRA simulation. Figure. 4.3b shows the distri-
bution of electron transverse location at the gun exit with low resolution in which
the initial emitters can not be clearly distinguished. The results agree well with the
typical blurred field emission image captured in experiment, as shown in Fig.4.3a.

4.1.2 Solution

In order to obtain high resolution field emitter mapping in rf structures, electrons from
certain emitting phases with certain energies need to be discriminated and selected.
A novel method using solenoid and collimator has been proposed in this study. As
the focusing strength of solenoid depends on the beam energy which is determined
by the emitting phase, a collimator with a small aperture is placed after the solenoid
so that only electrons with proper energy/emitting phase can pass through it while
others are totally blocked.

The method can be interpreted as an optical system in which the cathode and the
solenoid denote the object and the lens, respectively. Before the collimator, the setup
is equivalent to a lens imaging system. After the collimator, it becomes a pinhole
camera, as illustrated in Fig.4.4.

Figure 4.5 shows an ASTRA simulation example of the high resolution field emis-
sion imaging process. Four emitters are located on the flat cathode of the L-band
single-cell high gradient photocathode rf gun (Fig. 4.5a). Due to the transverse posi-
tion dependence on the emitting phase, long tail could be observed in the field emis-
sion pattern at the gun exit (Fig.4.5b). After focusing by the solenoid, the patterns
from the four emitters overlap with each other (Fig.4.5c). On the YAG screen at the
imaging position, a blurred image with low resolution in which the four emitters
could hardly be distinguished is formed when no collimator is applied (Fig. 4.5d).
After applying a collimator with a small aperture, the four emitters could be well
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Fig. 4.4 A comparison between the high resolution field emission imaging setup (a) and an optical
system (b)
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Fig. 4.5 Field emission pattern at different positions. a The cathode, the white cross denotes the
cathode center; b The gun exit; ¢ The collimator; d—f The imaging plane. d Without collimator; e
With @1 mm collimator; f With @0.2 mm collimator
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reproduced (Fig.4.5¢e) and the resolution improves when as the aperture size reduces
(Fig.4.5%).

4.2 Dynamics Simulation

To study the imaging properties, systematic dynamics simulation with the flat
cathode has been preformed using ASTRA code. Space charge has been ignored
in the dynamics simulation.

4.2.1 Imaging Properties

The imaging properties studied in simulation include brightness (capture ratio of the
system), magnification, rotation, resolution, and viewable cathode range.

To study the imaging properties, a coordinate has been established on the cathode
and its origin is set at the cathode center, as shown in Fig. 4.6. For an emitter located
at (xo, yo) in the Cartesian coordinate or (pg, o) in the polar coordinate, the electron
emitting angle is defined in the local coordinate (xr, yp, zr.) where x, is along the
o direction and zp. is parallel to z. The emitting momentum p = (px, , Py, » Pz ) can
be expressed as

DPx, = pcosfcos ¢
Py, = P cosfsin¢ 4.2)
Py = psin®

where p denotes the amplitude, 6 € [0, 90°] and ¢ € [—180°, 180°] denote the angle
with respect to the axises, as shown in Fig.4.6

Fig. 4.6 The coordinate of z
emitter location and emitting
angle
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Similarly, a polar coordinate has also been established on the YAG at the imaging
position as pyag — @yac. The origin is set at the YAG center.

Brightness

The brightness of the image is proportional to the number of electrons arriving at the
YAG screen Nyag. For a fixed emitting current from an emitter on the cathode, the
brightness is equivalent to the capture ratio of the imaging system which is defined

as
Nyag

T Y0 N0 9)

n 4.3)

Magnification

Because of the finite size of the aperture, multiple electrons from the same emit-
ter can arrive at the YAG screen with different transverse positions (pyag (¥, 9, @),
oyac (D, 6, ¢)). Therefore, the magnification of the imaging system is defined in an
average manner as

___ pyac(,0,9)
mag = ———— 1~
Lo

(4.4)

Rotation

Similarly, the average rotation angle of the imaging system can be defined as

rot = pyac (9,0, ¢) — o (4.5)

Resolution

All components in the imaging system are axis-symmetric, including the photocath-
ode rf gun, the cathode, the solenoids, and the collimator with aperture. Therefore,
the resolution of the imaging system is defined both radially and angularly. The
former one determines the capability to distinguish emitters with different py. While
the latter one determines the capability to distinguish emitters with the same p
but different ¢y. In the dynamics simulation, the electron transverse position on the
YAG screen is assumed to follow Gaussian distribution with standard deviation of
8, and §,,. For emitters with different positions on the cathode, when mag and §, are
constant, the radial and angular resolution can be defined as

(Sﬂ
R, =235 x — (4.6)
mag

R, =235 x 8,p0 4.7
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It’s notable that these four imaging properties are related to the initial emitter
position py due to the spherical aberration of components in the setup.

Range

The range of the imaging system is defined as the maximum off-axis of an emitter
on the cathode that can be detected by the imaging system. The range is limited by
the size of the beam pipe as well as the spherical aberration.

4.2.2 Electron Distribution

For an field emission electron, there are four adjustable parameters in the dynam-
ics simulation, including emission position xg and yy, emission momentum p, and
current /.

The dependence of the emission current on the emitting phase can be determined
by the F-N equation and has been approximated by a Gaussian distribution, as intro-
duced in Sect.3.3.2.1.

Two different distributions of the emission momentum have been applied in sim-
ulation with fixed emission energy E; of 100meV [8]. The first distribution, also
the default one in the chapter, is used to study the dependence of imaging properties
on selection phase and on beam line parameters such as solenoid strength and rf
gun gradient. In this momentum distribution, the initial emittance is set to zero so
that all electrons emit perpendicularly to the cathode. The second one is applied to
study the influence of initial emittance on imaging properties in which the emission
angles 6 and ¢ are assumed to distribute uniformly within their maximum ranges.
The dimensionless rms transverse moment §,, , can be calculated as

5 Vi) _ 438
Pry = m,c? 2mc2 (4.8)

The result is larger than the value of \/E;/(3m.c?) in the emittance theory [9]
due to the simplified 6 distribution.

4.2.3 Emission Phase Selection

This subsection introduces the basis of emitting phase selection which is pivotal in
the high resolution field emission imaging system.

Figure4.7 shows the layout of the beam line in the dynamics simulation. The
bucking and focusing solenoid is placed 0.12 m from the rf gun symmetrically with
opposite current to cancel the magnetic field at the cathode. The imaging solenoid,
the collimator, and the YAG screen are located at 0.84, 1.40, and 1.85m away from
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Fig. 4.7 The layout of the high resolution field emission imaging system in ASTRA simulation

Fig. 4.8 The electron offset 10
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the cathode, respectively. The current direction of the imaging solenoid is opposite
to that of the focusing solenoid to obtain higher angular resolution.

For given beam line parameters, the trajectory of emission electron is mainly
determined by the emission phase. At the collimator location, the off-axis position
of electrons from a fixed zero-size emitter on the cathode as a function of the emission
phase is illustrated in Fig. 4.8. Electrons with off-axis smaller than the radius of the
aperture can pass through the collimator while others are blocked.

Typically, electrons from three groups of emitting phase can pass through the
aperture and arrive at the AG screen, as illustrated in Fig. 4.8. The energy levels in the
first two groups of electrons with lower phases are similar, but are remarkably higher
than those of the last group, as illustrated in Fig.4.9. As the focusing strength of the
imaging solenoid depends on the beam energy, electrons in the first two groups have
similar dynamics after the rf gun, which can also be confirmed by their trajectories
along the beam line, as illustrated in Fig.4.10. On the other hand, electrons with
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Fig. 4.9 The electron kinetic 2
energy at the photocathode rf
gun exit as a function of
emission phase. The three
red parts denote the electrons
through the collimator

Kinetic energy (MeV)
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Fig. 4.10 Field emission 20
electron trajectory along the
beam line. The blue, the red,
and the black line denote
exemplary electrons from the 151
three groups respectively T
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lower energy in the third group has been over-focused by the focusing solenoid
before entering the imaging solenoid.

After considering the field emission current distribution within one rf period as
illustrated in Fig.3.30, the number of electrons in the second group is two orders
of magnitude more than the other two groups. Therefore, only the second group is
taken into consideration in the following analysis for simplicity.

4.2.4 Beam Line Optimization

This subsection introduces the beam line optimization for the imaging properties,
aiming to obtain high capture ratio, high magnification, high resolutions, and large
imaging range. Four beam line parameters have been adjusted and optimized in the
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simulation, including the radius of the collimator aperture r,,, the maximum on-axis
magnetic field of the focusing and imaging solenoid B and B;, and the macroscopic
electric field on the cathode E. without field enhancement factor. The effect of initial
emittance on imaging properties has also been studied in this subsection.

4.24.1 Aperture Size

Figure 4.11 illustrates an example of the dependence of imaging properties on the
collimator aperture size. In the simulation, electrons emit from a zero-size emitter
placed at position (xo = 1 mm, yo = Omm) on the cathode. E. and By are set
to be 100MV/m and 1500 Gauss, respectively. B; is adjusted to select electrons
with the highest energy (emitting phase near ~62°). With larger aperture size,
electrons from a wider emission phase range can pass through the collimator, leading

(a) 80 (b) 30
/ - 20
< 60 s
= =
\ 10
40 0
0 250 500 750 1000 0 250 500 750 1000
I (M) I, (im)
(c) 6 (d) 279
= S
S 55 ~§ 278
5 277
0 250 500 750 1000 0 250 500 750 1000
Iy (L) I, (Lm)
(e) 300 (f) o0
’g 200 /g 40
3 =
< 100 = 20
0 0
0 250 500 750 1000 0 250 500 750 1000
Iy (M) I, (im)

Fig.4.11 Imaging parameters as a function of the aperture size. a Phase selection range; b Capture
ratio; ¢ Average magnification; d Average rotation; e Radial resolution; f Angular resolution
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to higher capture ratio but worse resolutions. Meanwhile, the average magnification
and rotation remain nearly constant when the aperture size varies.

In experiment, the aperture size needs to be chosen to compromise between the
capture ratio and the resolutions.

4.2.4.2 Imaging Solenoid Strength

Because of the focusing strength dependence on beam energy, the average emission
phase of collimator selected electrons can be adjusted by the the imaging solenoid,
as illustrated in Fig.4.12. The average selection phase becomes closer to 62° (corre-
sponding to the maximum energy at the gun exit) when the imaging solenoid strength
increases.

Apart from the strength, the current direction of the imaging solenoid is also a key
factor in the high resolution field emission imaging system. By setting the direction
opposite to that of the focusing solenoid, it has been found that the angular resolution
is significantly improved, as illustrated in Fig.4.13. Except the average rotation, other
imaging properties are not influenced by the solenoid current direction. Therefore,
the direction opposite to that of the focusing solenoid has been applied to the imaging
solenoid in following dynamics simulation as well as the high power test.

Figure 4.14 illustrates an example of the dependence of imaging properties on the
imaging solenoid strength/average selection phase. In the simulation, electrons emit
from a zero-size emitter placed at position (xo = 1 mm, yp = 0 mm) on the cathode.
E., By, and ry, are set to be 100MV/m, 1500 Gauss, and 100 pm, respectively. With
lower imaging solenoid strength or higher average selection phase, capture ratio and
average magnification decrease while imaging resolutions improve.

With the same setting of E., Br, B;, and r,p, Fig.4.15 illustrates the imaging
properties of different emitters on the cathode when the average selection phase is
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Fig. 4.13 Imaging properties with the same (blue) and opposite (red) current direction of the
focusing and the imaging solenoids. a Average rotation; b Angular resolution
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Fig. 4.15 Imaging properties as a function of emitter position on the cathode. The blue and the
red line denote the average selection phase of 62° and 80°, respectively. a Average selection phase;
b Capture ratio; ¢ Average magnification; d Average rotation; e Radial resolution; f Angular reso-
lution

62° or 80°. Along the imaging solenoid, electrons emit from outer emitter on
the cathode experience stronger magnetic field due to the spherical aberration.
As Bj is set to select electron with highest energy from an emitter located at
(xo = 1 mm, yo = 0 mm), electrons from an outer emitter are over-focused before
reaching the collimator and therefore blocked. As a result, the imaging range is more
limited than the case when the imaging solenoid strength is low and average selection
phase is high. Additionally, the variation of the radial resolution is more significant
when the imaging solenoid strength is set to select electrons with the highest energy
from inner emitters, which violates the radial resolution definition. Thus, high aver-
age selection phases are desired in the imaging system even with low capture ratio
and magnification.
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4.2.4.3 Focusing Solenoid Strength

Figure 4.16 illustrates an example of the dependence of imaging properties on the
focusing solenoid strength. In the simulation, electrons emit from a zero-size emitter
placed at position (xo = 1 mm, yo = O mm) on the cathode. E. and r,, are set to be
100 MV/m and 100 wm, respectively. B; is adjusted for average selection phase of 70°,
80°, and 90°. The results show higher capture ratio but lower average magnification
and radial resolution when By increases.

Figure4.17 illustrates the imaging range with the same setting of E., B, B;j, and
7ap. Larger imaging range can be obtained by increasing Br. Therefore, there is no
single setting of By can reach the best result and compromise between capture ratio,
magnification, resolutions, and imaging range is necessary.

a b
( )1000 ( ) 6
2 800 _ 4
= =
=" ZJ
400 0
0 500 1000 1500 0 500 1000 1500
By (Gauss) B¢ (Gauss)
30 (d) 250
()
20 ~ 200
: H
10 =150
0 100
0 500 1000 1500 0 500 1000 1500
B¢ (Gauss) By (Gauss)
(e) 60 ®» 2
T B
2 21
& 20 o
0 0
0 500 1000 1500 0 500 1000 1500
B (Gauss) B (Gauss)

Fig.4.16 Imaging properties as a function of the focusing solenoid strength. The blue, the red, and
the black line denote the average selection phase of 70°, 80°, and 90°, respectively. a B;; b Capture
ratio; ¢ Average magnification; d Average rotation; e Radial resolution; f Angular resolution
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Fig. 4.17 The imaging 3
range as a function of the
focusing solenoid strength.
The blue, the red, and the
black line denote the average
selection phase of 70°, 80°,
and 90°, respectively

Radius of the imaging range (mm)

0 500 1000 1500
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4.2.4.4 Macroscopic Electric Field

Figure 4.18 illustrates an example of the dependence of imaging properties on the
macroscopic electric field. In the simulation, electrons emit from a zero-size emitter
placed at position (xo = 1 mm, yo = Omm) on the cathode. By and r,, are set to
be 1500 Gauss and 100 wm, respectively. B; is adjusted for average selection phase
of 70° and 90°. The results indicate high E. is desired for the imaging system in
terms of high magnification and high resolutions. Additionally, the brightness of
field emission images increases exponentially with E. up regulation according to the
F-N equation.

4.2.4.5 Initial Emittance

In previous simulation, the initial emittance has been set to zero with all electrons emit
perpendicularly to the cathode for simplicity. When the emitting angles are uniformly
distributed within their maximum range, the initial emittance will be v/ E; /(2m.c?).
Figure4.19 illustrates an example of the influence of the initial emittance on the
resolutions. In the simulation, electrons emit from a zero-size emitter placed at posi-
tion (xg = 1 mm, yp = Omm) on the cathode. E. and B; are set to be 100MV/m
and 1500 Gauss, respectively. B; is adjusted for average selection phase of 80°. The
capture ratio, the average magnification, and the average rotation are not effected by
the initial emittance.

4.2.4.6 Chosen Parameters

As asummary of the simulation results, the beam line parameters need to compromise
with different imaging properties. For the first demonstration experiment performed
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Fig. 4.18 Imaging properties as a function of the macroscopic electric field. The blue and the red
line denote the average selection phase of 70° and 80°, respectively. a B;; b Capture ratio; ¢ Average
magnification; d Average rotation; e Radial resolution; f Angular resolution

(a) 200

150 ¢

= 100+

L

&~

501

\

200 300 400

Tap (pom)

100

500

(b) 10

B
Z 5
S
Aet

%

100 200 300 400 50

0
Tap (pm)

Fig. 4.19 Imaging resolutions as a function of the aperture size with emittance of zero (blue) and

VEr/(2m,c?) (red). a Radial resolution; b Angular resolution



4.2 Dynamics Simulation 109

at AWA, the minimal aperture radius was 100 wm, By was fixed at 1500 Gauss, and
high average selection phase near 80° was chosen. With these parameters, the average
magnification, the radial resolution, the angular resolution, and the imaging range
would be ~5, <50 wm, <5 pm, ~3 mm, respectively.

4.3 Experiment Preparation

4.3.1 New Cathode

From the dynamics simulation, high surface electric field benefits the high resolution
field emission imaging system in terms of brightness, average magnification, and
resolutions. A new shaped cathode with a small flat top and large rounding has
been designed for the high power test, as shown in Fig.4.20. Compared with the
conventional flat cathode, the electric field at the cathode center is 10% higher, as
illustrated in Fig.4.21. Besides, the electric field of the cathode pipe edge is reduced
by 5% which could help to reduce rf breakdown rate of the photocathode rf gun.

The new shaped cathode is made of oxygen-free copper with high precision
single diamond tuning at the Accelerator Laboratory of Tsinghua University. During
machining, off-axis tuning has been applied to remove the small protrusion at the
cathode center [10]. The surface roughness has been measured to be ~10nm.

By using covering masks, 100nm thick magnesium and gold layers have been
sputtered onto the cathode prior to the high power test, as shown in Fig.4.22. The
four RO.3 mm magnesium spots are located at the x and y axis of the cathode. Their
distance to the cathode center is 0.5, 1, 1.5, and 1.5 mm, respectively.
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Fig. 4.20 New shaped flat cathode. a Three-dimensional model; b Two-dimensional drawing
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Fig. 4.21 The electric field
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Fig. 4.22 Top view of the
Copper cathode with
Magnesium and Gold pattern

Magnesium

Copper

Due to its lower work function (3.7eV) compared with copper, magnesium was
expected to emit stronger current based on the F-N equation, as illustrated in Fig. 4.23.
Therefore, the four spots could be viewed as references in the high power test which
could help to determine the location of other emitters on the cathode. On the other
hand, with a higher work function (5.0eV), gold was supposed to suppress field
emission from other areas on the cathode.

4.3.2 Beam Line Upgrading

The imaging system has been attached to the L-band high gradient photocathode rf
gun test stand at AWA, as shown in Fig.4.24.
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Fig. 4.23 Field emission current as a function of work function under 10 GV/m electric field on
the surface. From left to right, the red squares denote magnesium, copper, and gold, respectively
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Fig. 4.24 Layout of the L-band high gradient photocathode rf gun test stand after integrated the
high resolution field emission imaging system (T: trim magnet to align the beam)

Before the upgrade, the second cross was originally equipped with a YAG screen
attached to an air actuator moving in the x-direction to approximately locate field
emitters on the cathode. During the upgrade, a 1 mm thick stainless-steel plate
attached to a motorized actuator moving in the y-direction has been added in the
same cross to hold collimators, as shown in Fig.4.25. Up to four collimators sepa-
rated by a 30 mm interval could be installed on the plate. In the high power test, three
laser-drilled tungsten collimators with 60 um thickness and aperture radius of 100,
250, and 500 wm were applied. However, one of the R4 mm hole was deliberately
left empty to roughly tune the beam.
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Fig. 4.25 The stainless-steel plate with tungsten collimators. The R50 wm collimator was not
installed in the high power test

Fig. 4.26 The YAG screen
and attached mirror used in
the imaging experiment

Mirror

The design of YAG screen in the second and the third cross are shown in Fig. 4.26.
The screens are placed at 45° to the beam line and a mirror is used to reflect the light
from the screen to the outside-vacuum camera. The available diameter of the YAG
screens is 44 mm. The brightness of the YAG screen is proportional to the deposited
beam energy.

Several trim magnets (T1-T5) have been installed along the beam line, as illus-
trated in Fig.4.24. T1 and T2 are used to guide the beam through the center of the
imaging solenoid. T3 and T4 are used to guide the beam through the collimator. T5
is used to deliberately bend the beam to obtain larger imaging range.

In the L-band high gradient photocathode rf gun at AWA, the field emission
current previous measured was at the order of milliampere which is significantly
lower than the photoemission current. Besides, the simulated capture ratio of the
imaging system is lower than 5% with the 100 wm aperture which may lead to
undetectable brightness on the last YAG screen. To solve this problem, an intensified
charge-coupled device camera (ICCD, modle PI-MAX from Princeton Instruments,
1024 x 1024 pixels [11]) was applied to observe the last YAG screen in the high
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Fig. 4.27 The principle of the PI-MAX ICCD [11]

power test. The principle of the ICCD is illustrated in Fig.4.27. The incident light
first interacts with the cathode to generate photoemission electrons. Then the electron
current is amplified by the microchannel plate and will illuminate the fluorescent
screen downstream. The enhanced light signal is finally detected by the CCD array.
This ICCD is capable of detecting single incident photon. In experiment, the exposure
time was gated down to 2 s to improve signal-to-noise ratio. The accumulation mode
was also applied to further increase the brightness of field emission images.

4.4 High Resolution Field Emission Imaging Experiment

In the high power test, the new shaped cathode was rf conditioned to achieve high
surface field prior to the high resolution field emission imaging experiment. In the rf
conditioning period, the pulse length was 6.5 s and the repetition rate was 5 Hz. The
tf breakdown rate was manually controlled to be 10~*~1073/pulse. After ~150000
pulses, the maximum input power achieved 2.5 MW and the corresponding electric
field at the cathode center E. reached 120 MW/m. During this period, by observing
the accompanying flash, rf breakdowns have been detected to be located at the cathode
as well as the cathode hole edge [12].

After rf conditioning, the input power was reduced to obtain E. of 105MV/m to
prevent further rf breakdowns in the imaging experiment.
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4.4.1 In-situ High Resolution Field Emitter Observation

Fig.4.28 shows a typical field emission image on the last YAG screen without apply-
ing collimator. Features with long tails could be observed and emitters could not be
distinguished from the low resolution image.

The @8 mm collimator has been applied to roughly tune the beam. With different
imaging solenoid strength, the field emission images are illustrated in Fig.4.29.
As expected by ASTRA simulation, higher average magnification was obtained by
increasing the solenoid strength. The image of all emitters either moved towards or
away from one single point when adjusting B;. Therefore, this point, as pointed by
the white arrow in Fig.4.29a, is considered as the cathode center.

In Figs.4.28 and 4.29, other than field emission electrons through the aperture, the
brightness on the YAG screen can be affected by background luminance originating
from X-rays generated by energetic electrons, secondary electrons, light reflection
along the beamline, etc. To quantify background luminance, images were taken with
a blank stainless steel plate. Then the background luminance was subtracted from
the image taken with the aperture present, in order to ensure that brightness was
only caused by the field emission current through the aperture. After background
subtraction, the contrast and the ratio of signal to noise were remarkably improved,
as shown in Fig. 4.30.

To achieve high resolution field emission imaging, smaller apertures were adopted
in experiment with B; fixed at 656 Gauss. Figure4.31 shows the observed field
emission pattern after background subtraction. The imaging quality improves with
smaller apertures, which validates the high-resolution field emission imaging method
in rf structures of selecting emitting phase and energy. Several strong and separated
emission areas can be clearly seen with the @200 wm aperture. In the following
analysis, most of these strong emission areas can trace back to rf breakdown spots on
the copper and gold surface. Strong field emission from the four magnesium spots

Fig. 4.28 Typical field
emission image without
collimator (accumulation of
20 frames). The white dashed
circle indicates the boundary
of the YAG screen which is
44 mm in diameter. The size
of each pixel is 47 pm x

47 pm in this image
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Fig. 4.29 Typical field emission images with the @8 mm collimator (accumulation of 20 frames).
The white dashed circle indicates the boundary of the YAG screen. The white arrow in (a) points
to an emitter at the cathode center. a B; = 656Gauss; b B; = 708Gauss; ¢ B; = 734Gauss;
d B; = 751Gauss

as shown in Fig.4.22 was not observed. Oxidization of the magnesium layer during
cathode installation which could raise its work function may be accountable [13].

The beam line parameters used to obtain Fig.4.31 (r,, = 100um, E. =
105MV/m, By = 1500 Gauss, and B; = 656 Gauss) have been taken into the
ASTRA simulation. Average selection phase, average magnification, average rota-
tion, radial resolution, and angular resolution are simulated to be 88°, 5.0, 155°,
<60 wm, <5 pwm, respectively.

Within an emission area, tiny micro-structures (defined as emitters) that can not
be distinguished by the system may exist and they contribute to the luminance. For
simplicity, these emitters are assumed to be identical and located uniformly within
an emission area whose size is (dp, dg). Electrons from each emitter follow the
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Fig. 4.30 The field emission images before (left) and after (right) background subtraction. The
white dashed circle indicates the boundary of the YAG screen

Gaussian distribution of §, and &, on the last YAG screen. Then the root-mean-
square (rms) size of the bright spot on the imaging YAG screen can be calculated
as

Drms = \/8§ + mag*dp?/12 > 8o

Prms = ,/83) +d§02/]2 > 8¢,

Thus, taking the size of a small bright spot as marked in Fig.4.22d, the upper limits
of the axial and angular system resolution are calculated to be 147 and 107 wm,
respectively. The results agree with the ASTRA simulation.

(4.9)

4.4.2 Field Enhancement Factor Measurement

The F-N equation is so far the most commonly used convention to quantitatively
describe field emission, in which four determinants of the emission current are taken
into account: the applied electric field strength, the emission area size A,, the material
work function ¢, and the field enhancement factor §. In previous studies of rf struc-
tures, B is usually measured as an average value of a large surface [12, 14—16]. With
the imaging system, 8 can be further measured in localized regions by quantifying
their variation in luminous intensity with the rf field.

The brightness of the field emission image is proportional to the energy deposited
on the YAG screen (luminance of the YAG screen has a linear response to the
deposited energy). Assuming the portion of energy deposited is constant for elec-
trons in this measurement, the luminance of the YAG screen is also proportional to
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Fig. 4.31 Field emission images on the last YAG screen. The white dashed circle indicates the
boundary of the YAG screen. The white dashed square in (d) indicates the emission area for the
resolution calculation. a Without collimator. b—d With collimator. The aperture diameters are 8 mm,
1 mm, and 0.2 mm, respectively. a—b Accumulation of 20 frames. ¢—d Accumulation of 100 frames

the beam current. Therefore, the field enhancement factor B of selected areas can
be obtained by fitting with the F-N equation along with other known parameters.
During the measurement, E, varied from 105 to 70MV/m and the solenoid current
was adjusted accordingly to maintain the same emitting positions on the last YAG
screen, as illustrated in Fig.4.32. In order to minimize the dependence of the capture
ratio on E., the biggest aperture (8 mm in diameter) was applied in this measurement.
Although the resolutions are reduced to ~1 mm, separated strong emission areas can
still be distinguished. The background caused by other sources was measured and
subtracted at each field level.

B for the entire imaged area is 76 which falls into the typical range in previous
studies [14, 17]. Small regions which covers strong emission areas are chosen for
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Fig. 4.32 Field emission images with different macroscopic electric field on cathode E. (accu-
mulation of 20 frames). The white dashed circle indicates the boundary of the YAG screen.
aE.=105MV/m;b E. =102MV/m; ¢ E. =92MV/m;d E. = 80MV/m

localized B measurement. As a comparison, regions of the same size are also selected
on the dark part inside and outside of the YAG screen (illustrated in Fig. 4.33a) to
measure § in weak emission area and background, respectively. The measurement
results are shown in Fig. 4.33b. The low value and non-linear dependence of data for
the background confirms that the brightness from other sources has been subtracted
correctly. 8 of the strong and weak emission areas is similar. In fact, 8 of other
bright spots and dark areas as shown in Fig. 4.33a varies from 70 to 90 which is
insignificant compared with the variation in brightness.

In order to achieve a quantitative explanation, a simple model for the strong and
weak emission areas has been adopted as shown in Fig. 4.34.

In this model, a weak emission area is assumed to contain N weak emitters which
have the same emission size A, o and field enhancement factor By. According to the
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Fig. 4.33 Field enhancement factor measurement by the field emission imaging system. The white
dashed circle indicates the boundary of the YAG screen. a Dark current image with the biggest
aperture. White dashed squares (610 wm x 610 wm on the cathode) indicate selected regions for
measurement as shown in (b). A: strong emission area, B: weak emission area, and C: background.
A and B both locate on the copper surface by SEM examination. b Fowler-Nordheim plot. Spots
and lines are the measured data and linear fitting, respectively

Fig. 4.34 A model for weak emitter
strong and weak emission (Auos Bos 1)
areas on the cathode y
weak emission area Tyea=NIy
weak emitter strong emitter
(Acos Bos 1) — (Aeis Bis 1)
strong emission area Lirong=NIgTLy

F-N equation (Eq. 1.12), the field emission current from a weak emitter and a weak
emission area can be expressed as

Iy = CAo(BoEo)™ exp(—

BoE. 4.10)

Lyeak = Ny

where C and D are constants only depending on work function.
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In a strong emission area, it’s assumed to contain at least one strong emitter with
A, 1 =aNA,and B in addition to N weak emitters. Therefore, the field emission
current from a strong emitter and a strong emission area can be expressed as

)

I = CA{(BLE)> exp(—
1 1(BLE)™ exp( BE. @11

Islrong = NIO + I

By fitting the F-N equation, the field enhancement factor of the weak emission area
Buear €quals to By. Meanwhile, the field enhancement factor of the strong emission
area By rong 1s weighted by B, B, and «. For the measured By of 81 and Iy, ong / Tiyeak
of ~300, the dependence of o on B is plotted as the blue line in Fig. 4.35. With each
calculated (@, B1) pair, Byrong is plotted as thered line in Fig. 4.35. AsS Iy;rong > lueak
I1 > Nly and B0, is nearly equal to ;. With Bg;,,,, measured to be 86, B; and
« obtained from the plots in Fig.4.35 are ~86 and ~160, respectively. The high «
also indicates the remarkable difference in brightness between the weak and strong
emission areas is caused by A, when g is similar and ¢ is the same.

4.4.3 Surface Analysis

After the imaging experiment, the cathode was examined by SEM and WLI as illus-
trated in Fig. 4.36a—e. The major part of the surface remains intact and the roughness
is 10~20nm. ~40 breakdown spots have been observed within the maximum imag-
ing area, as marked by the red circles in Fig. 4.36a. Micro-structures such as melting
craters and droplets are clearly indications of breakdown spots, which are likely to
cause large A,. To study the relationship between the strong emission areas and the
breakdown spots, the field emission image obtained with the smallest aperture has
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Fig. 4.36 Overlap of field current emission areas and breakdown spots. a Overview of breakdown
spots on the cathode. The red circles indicate the areas which contain breakdown spots. The white
dash circle indicates the maximum visible range by the in-situ field emission imaging system.break
b—e Zoom-in view of circles marked in (a). b, ¢ Breakdown spot on Cu which overlaps and does
not overlap with a strong field emission area, respectively. d Breakdown spot on Au which overlaps
with a strong field emission area. ¢ Smooth undamaged surface on Mg. f Overlap of the strong
field emission areas and the breakdown spots. The field emission imaging is in false color for better
display. The overlapped strong emission areas and breakdown spots are marked by arrows. The
strong emission areas with unknown origin are marked by the question mark

been resized and rotated based on the average magnification and rotation in dynamics
simulation. The results show that ~75% of the strong emission areas overlap with
the breakdown spots, as illustrated in Fig. 4.36f. The origin of the remaining ~25%
strong emission areas remains unknown, which may be attributed to microscopic
surface features such as grain boundaries or defects that have not been detected by
the examination tools used. The results also reveal that half of the breakdown spots
do not emit current at a level high enough to be detected by the imaging system.

In previous study, a significant increase of dark current has been observed after
rf breakdowns which implies that strong field emission may result from rf break-
downs in high gradient rf cavities [12]. The overlap of strong field emission areas
and breakdown spots supports this conventional understanding. Field emission is
generally considered to be a trigger of rf breakdown. However, the observation that
no further breakdowns occurred at the strong field emission areas in the imaging
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system indicates that a steady field emission alone may not be sufficient to trigger
an rf breakdown.

4.5 Summary

In summary, an in-situ high-resolution field emission imaging method has been pro-
posed by using solenoids and collimator to select electrons emitted from certain rf
phase. The imaging properties have been systemically studied with the ASTRA sim-
ulation. Accordingly, the L-band high gradient photocathode rf gun test stand has
been upgraded and the imaging setup has been installed.

In high power test, separated strong emission areas have been observed with
~100 wm resolution. The localized field enhancement factor has been measured.
The results have been analyzed with a new model of emitter distribution which
indicates that strong field emission observed in the experiment is a result of large
emission area rather than high field enhancement factor. Post surface analysis by
SEM and WLI reveals that ~75% of the strong field emission areas overlap with
rf breakdown spots. This work greatly expands the understanding of field emission
which will in turn facilitate research into electron sources, particle accelerators, and
high gradient rf devices in general.

The study of high resolution field emission imaging has been published in Phys
Rev Lett 117, 084801 (2016) [18].
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Chapter 5
Summary and Future Study

The accelerating gradient is an key parameter to evaluate the performance of an rf
linear accelerating structure. High gradient accelerating structures are highly desired
in board applications from high energy machines such as TeV electron-positron
collider and compact X-ray FEL, to medium energy facilities for scientific R&D,
and to low energy accelerators for industrial and medical purposes. For instance, the
gradient of the CLIC project is aimed to reach 100 MV/m, nearly threefold higher
than that obtained with state-of-art technology. Its realization is mainly limited by
rf breakdown which is generally considered to be triggered by field emission from
surface exposed to high electric field.

Although intensive researches have been performed to study rf breakdown and to
minimize the rf breakdown rate in high gradient accelerating structures for decades,
there is not a single theory well-established to match all dependence observed
in experiment and to precisely predict the structure limitation. In practice, the
highest achievable accelerating gradient in X-band multi-cell structures is limited to
~120MV/m for prototypes with extensive effort. The difficulty lies in the extreme
complexity of rf breakdown, and the fact that many physical parameters, such as
the electric field, the pulse heating, and the modified Poynting vector, are usually
coupled with each other in conventional rf structures.

Apart from the conventional statistical method which requires hundreds of thou-
sands of hours in high power tests, more controllable means are necessary to be
developed to understand the physics of the rf breakdown phenomenon. Driven by
this requirement, the thesis has proposed and applied several novel methods, includ-
ing controlling the location with high intensity laser and pin-shaped cathode, and
locating field emitters with in-situ high resolution imaging.

The rf breakdown study with high intensity laser has been performed in an S-band
1.6 cell photocathode rf gun at the Accelerator Laboratory of Tsinghua University.
It is demonstrated that rf breakdown in the photocathode rf gun can be triggered
by an intense laser pulse at predictable locations and moments. The time evolution
of electron emission at the nanosecond scale after the onset of breakdown has been
observed and analyzed. Comparison between rf breakdowns with and without laser
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triggering indicates that the laser trigger can serve as a more controllable and flexible
method in breakdown study. The experiment together with the equivalent circuit
model analysis reveal that multiple-breakdown can be triggered by the power flow
between cells after the initial EEE, which implies standing-wave structures with
separated cells may be more favorable for high gradient accelerators.

The field emission and rf breakdown study with pin cathode has been performed
with an L-band high gradient single cell photocathode rf gun at AWA. During rf
conditioning, the maximum electric field on the tip has reached 700 MV/m, which
is a new record in normal-conducting structures with microsecond pulse length.
Field emission parameters, including the field enhancement factor B and effective
emission area A,, have been measured during the rf conditioning process. Their
evolution confirms a continuous change of the surface during the rf conditioning
period. The nearly constant maximum surface field 8 - Ey;, supports the hypothesis of
breakdown threshold on copper surface. A comparison of the emission area between
the SEM observation and the F-N equation fitting also suggests field emission current
is not uniformly emitted from potential spots with high aspect ratio. In addition, a
strong correlation between the field emission current and the stored energy has been
observed on pin cathodes. This study has excluded mechanisms that may affect
the conclusion, such as multipacting in the cavity, background emission from other
surfaces, secondary electron emission from the Faraday cup, the beam loading effect,
and the space charge limited emission effect. The dependence is fundamental while
inconsistent with the F-N equation, which indicates that global parameters like stored
energy affects the localized field emission phenomenon. The findings suggest a new
territory to be explored while developing field emission electron sources and high
gradient rf structures.

With the same test stand at AWA, an in-situ high-resolution field emission
imaging method has been developed by using solenoids and collimator to select elec-
trons emitted from certain rf phase. The imaging properties have been systemically
studied with ASTRA dynamics simulation and the beam line parameters have been
optimized. In high power test, separated strong emission areas have been observed
with ~100 pwm resolution. The localized field enhancement factor has been mea-
sured. The results have been analyzed with a new model of emitter distribution and
indicate that strong field emission observed in the experiment is a result of large
emission area rather than high field enhancement factor. Post surface analysis by
SEM and WLI reveals that ~75% of the strong field emission areas overlap with the
rf breakdown spots. This work greatly expands the understanding of field emission
which will in turn benefit research into electron sources, particle accelerators, and
high gradient rf devices in general.

Based on the current research, more studies are to be conducted in the future.

1. Continue the laser-triggered rf breakdown study inside photocathode rf guns by
guiding incident laser to high magnetic field and high power flow region. This
study will decouple the effect of various physical parameters on rf breakdown
and study them in a more controllable manner.
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. Design multi-cell standing-wave structure with separate feeding and zero cou-
pling. Demonstrate its high gradient performance in high power test.

. Perform theoretical and simulation research on the field emission dependence on
stored energy in the L-band single-cell gun. Accordingly, optimize accelerating
structure to suppress field emission.

. Design pin cathode with even higher geometry field enhancement factor to observe
the evolution of field emission parameters in a wider range.

. Observe the field emission evolution during rf conditioning with the in-situ high
resolution field emission imaging system to understand the nature of rf condi-
tioning and propose new methods to expedite the procedure.

. Improve resolutions of the field emission imaging system to a micrometer scale
by applying smaller apertures. Test cathodes with different surface conditions
and analyze the origin of emitters systemically in order to develop new method
to eliminate strong field emitters on the surface.



Appendix A
Calculating the Electric Field
on the Pin Cathode

The precise amplitude of electric field on the pin cathode is critical in the study of field
emission dependence on stored energy. Due to the weak coupling of the rf pickup
installed on the rf gun, direct electric field measurement is difficult. Therefore, an
equivalent circuit model has been developed to indirectly calculate the electric field
on the pin cathode from the input power.

Similar to the method introduced in Chap. 2, the single-cell photocathode rf gun
can be viewed as a parallel RLC circuit coupled to the power source (represented by
a current source and a resistor), as shown in Fig. A.1.

The equation of the circuit can be expressed as

d*v 1 dVv R/Qo d
2—2 — + V] = —_—
wydt wo Qo dt wo dt

.
(I, — R—O) (A1)
8

where V denotes the gun voltage, wy and Q, denote the frequency and the unloaded
quality factor of the cell, respectively.

To solve Eq. A.1 numerically, V and I, are further expressed in the complex
format as

Fig. A.1 Equivalent circuit power source cell
model of the L-band | T ‘ \777777777
single-cell photocathode rf \ | i ‘
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I
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V=(V, +jVp)e” (A2)
Iy = (I, + jlg el (A.3)

where w denotes the operation frequency.
Therefore, the differential equation set to be solved for the L-band single-cell

photocathode rf gun is

) o?
o Wy w (R/Qo)w o
Vi = 2w[ (ono w0, )Vr +( DV
_(le (R /go))v+( /QO)(Ig,+ 0ly)]
oo, @0 (A4)
- w’? w (R/Qo)
Vi = ——[(— DV, +( + R, Vi
1 (R/Qo) (R/Qo)
CUOQO (UORg ) —( g.r _a)lg,i)]

(b)

,,,,, 05

0
20
Time (pus) Time (us)
(@)
600
E
> 400
g
&
=7 200
0
Time (us) Time (us)

Fig. A.2 Calculation of the electric field on the tip with the equivalent circuit model. a Normalized
input wave in the experiment; b Normalized reflected wave; ¢ Normalized gun voltage; d Calculated
electric field on the tip. In b, ¢, the blue and the red line indicate the experiment and the simulation
results, respectively
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The method to calculate parameters in the equation is the same as introduced
in Chap.2. Cell frequency wy is the only adjustable parameter in the model, which
might be detuned up to 20kHz due to the temperature control accuracy of the rf gun
chiller.

With the recorded signal of the input rf power shown in Fig. A.2(a), @y has been
adjusted in the model to best match the reflection in the experiment, as illustrated
in Fig. A.2(b). With such w setting, the simulated rf pickup signal is in perfect
accordance with the experiment result, as illustrated in Fig. A.2(c), which validates
the accuracy of the equivalent circuit model and its parameters.

The ratio of the electric field on the tip and the gun voltage has been simulated by
two-dimensional code Superfish and three-dimensional code Omega3P. Accordingly,
the electric field on the tip during experiment can be precisely calculated, as illustrated
in Fig. A.2(d).
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