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ABSTRACT OF THE DISSERTATION

Clamped accelerating structures for the

generation of high brightness electron beams.
by

Eylene Pirez
Master of Science in Physics.
University of California, Los Angeles, 2019

Professor Pietro Musumeci, Chair.

This dissertation will illustrate the design, theory and fabrication of a new gen-
eration of radiofrequency (RF) photoinjector aimed at obtaining significant improve-
ments in beam brightness, through an innovative accelerating cavity design, with
minimized RF breakdown rates and a novel fabrication technique. The UCLA 1.4
cell RF photoinjector has been inspired by the SPARC (LNF-INFN, Italy) 1.6 cell
RF electron gun currently operating in the Pegasus beamline. Using the clamp-
ing technique with the INFN proprietary-design gaskets, the fabrication for the 1.4
cell photoinjector the INFN can be completed without any brazing process. Careful
rounding of all the inside surfaces allows better management of the pulsed heating
temperature rise that largely contributes to the rf breakdown limits of older genera-
tions of high gradient electron guns. Finally, the clamping technique and innovative

gasket design offers a lower risk assembly and lower fabrication costs.

The UCLA 1.4 cell rf electron gun has been designed to operate at a 120MV /m
gradient and an optimal injection phase of 70° in order to increase the extraction

field experienced by the electrons at photo-emission by a factor of 1.9 compared
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to the one in the standard 1.6 cell design running at the same peak field. The
maximum achievable beam brightness in a RF photogun depends on the extraction
field with a scaling which differs for the various regimes of operation (cigar, pancake,
blowout). Nevertheless, for all cases, improving the extraction field improves the

beam brightness at least linearly regardless of operating regime.

From the electromagnetic point of view the gun presents a large mode separation,
an extra pumping port for dipole moment compensation, a racetrack full cell geometry
for quadrupole moment compensation, strongly rounded elliptical iris and coupler for
minimal pulsed heating. The electron gun has also been designed to be compatible
with several cutting edge experiments. The inclusion of oblique incidence laser ports
allows for short focal length laser illumination on the cathode to generate ultra-low
emittance bunches as demonstrated in recent experiments. The new photoinjector is
also compatible with a load-lock chamber to test advanced photocathodes, such as
alkali antimonide cathodes. These promising materials have yet to be tested in high
gradient accelerating cavities due to the lack of an ultra-high vacuum (UHV) storage

system that is capable of loading cathodes into the injector without breaking vacuum.

The clamping technique has proven useful in the assembly of accelerating cavities.
In the last chapter of this thesis, we will also discuss the design and use of the clamping
method in the realization of an X-band deflecting cavity that will play a role in the
future ultrafast electron diffraction (UED) experiments at UCLA. The goal of the new
deflecting cavity is to develop an innovative, inexpensive and low energy UED system
that provides short bunches and offers improvements in the temporal resolution of

ultrafast electron diffraction measurements.
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CHAPTER 1

Introduction

Normal-conducting high gradient RF photoinjectors are widely considered to be the
state-of-the-art in terms of electron sources for high brightness beam generation. Due
to their characteristics rf photoinjectors have the potential to generate higher quality
beams than lower energy/lower gradients photoinjectors based on constant acceler-
ating field (DC photoinjectors) or lower gradient sources (VHF or SRF guns). Their
main advantage is the ability to quickly accelerate electron beams to relativistic ener-
gies and that the photoemitted beam is generated in a region of very high accelerating
field. The current generation of high gradient RF guns is based on the 1.6 cell rf pho-
toinjector which was brought into play during the development of SASE X-ray FEL

1].

1.1 History of RF photoinjectors

The first radiofrequency photoinjector was developed in 1985 in Los Alamos National
Laboratory (ANL) as the electron source for an Free Electron Laser (FEL) exper-
iment [2]. The experiment used a Cs3Sb cathode located in an S-band RF cavity
operating at 1.3GHz to produce 12nC bunches[3]. The setup quickly demonstrated
the large improvements in beam quality compared to thermionic emission when us-

ing a photoinjector. The number of accelerator beamlines using photoinjectors grew



quickly with over 20 RF photoguns in operation by 1990. The photoinjectors domi-
nated over thermionic guns due to their ability to achieve much lower emittance and

higher current densities.

Normal conduction RF photoinjectors have historically played a large role in linear
accelerator facilities and have therefore been considered as sources for linear collider
(for example see the Compact Linear Collider (CLIC) design at CERN) or for any
other applications of linear accelerators (such as free-electron laser, ultrafast electron

diffraction or microscopy, inverse compton scattering, etc.)[4][5][6][7].

The most notable application of high brightness beams has been the X-ray Free
Electron Laser (FEL). A typical X-Ray FEL consists of en electron accelerator fol-
lowed by an undulator or wiggler. X-ray FELs are capable of producing ultra-brilliant
laser pulses in the X-ray which can be used to resolve structures and ultrafast dynam-
ics of matter on the atomic scale and creating motion pictures at the femtosecond
rate[8]. Because the quality of the X-ray pulses is directly related to the quality of the
electron beams injected into the undulators, the needs of X-ray users from numerous
scientific fields, such as physics, chemistry, materials science, biology, and life science,

have driven the push for better electron beam generation.

The first hard X-ray FEL jthe Linear Coherent Light Source (LCLS), at SLAC
ushered a new era of X-ray science in 2009[9]. The second FEL that was put in
operation was located at the Japanese SACLA laboratory in 2012 [10]. Notably this
machine does not use an RF photoinjector but a DC gun. This is an exception as all
other XFELs that have been built or that are being designed so far are based on the
use of high gradient RF photoinjectors. Two other XFEL projects began operation
in Korea (PAL) and Switzerland (SwissFEL) in 2016. Fig. 1.1 shows some of the

great achievements of the field [§]
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Figure 1.1: XFEL achievements. (top-left) Imaging molecular motion courtesy of
SLAC. (top-right) Reaction sequence for catalytic Co oxidation on Ru surface cour-
tesy of SLAC. (bottom-left) LCLS serial crystallography and model of the interface
between synaptotagmin-1 and neuronal SNARE complex at SLAC. (bottom-right)
Coherent phonon-phonon correlations and acoustic phonon dispersion function (in-

set) measured in bulk Ge via Fourier transform inelastic X-ray scattering.

The European XFEL (EuXFEL) at the DESY laboratory in Germany launched
in 2017. Using superconducting accelerator technologies, the EuXFEL aims to exceed
LCLS average brightness at 1A by more than 1,000-fold. LCLS II, the next generation
facility at SLAC, will also adopt superconducting accelerator technology and tunable
magnetic undulators that will support the latest technologies to qualitatively change
the way x-ray imaging will be performed [11]. It should be noted that due to the high
repetition rate requirements of the next generation of XFELs being developed it is

unlikely that high gradient RF photoinjectors will be used since these are currently



limited in repetition rate. In fact, one of the main open challenges in the design of

these machines is the development of a suitable electron source.

Another application that demands high brightness electron sources is the trans-
mission electron microscope (TEM). TEM is a very powerful tool in many areas of
research. In the past decades, many improvements have been made in the spatial
resolution. With the introduction of spherical and chromatic aberration correction
methods that have allowed reaching sub-Anstrom resolution. [12]. Perhaps one of
the last remaining drawbacks of these machines is that in order to capture a high
resolution micrograph one needs to use exposure times of milliseconds to seconds due
to the limited electron current. Efforts to bring the same advancements into temporal
resolution are ongoing. In particular higher beam brightness is needed from the source
in order to increase the electron current in the electron optic column and acquire the
same image in a shorter amount of time. At high current levels, the limits in spatial
and temporal resolution will be set by electron-electron interactions, suggesting the
use of relativistic electrons to suppress space charge forces. [13] . Initial experiments
in time-resolved transmission electron microscopy at TU-Berlin have demonstrated
down to 10ns temporal snapshots with a few hundred nanometers spatial resolution
[14].The Dynamic transmission electron microscopy (DTEM) in Livermore National
Laboratory has achieved single-shots at 10-ns temporal resolution with 19-nm spa-
tial resolution [15]. Even though most of these experiments have used modified DC
guns a clear opportunity exists to greatly extend the range of possibilities in ultrafast
electron diffraction and microscopy using such high brightness electron source and a
number of research efforts have been directed towards the use of RF photoinjectors

for this application[13][16].

These examples motivate further research in improving the quality of the electron

beams from RF photoinjectors, which is the goal of this thesis.



1.2 Elements of a Normal Conducting RF Photoinjector.

A generic photoinjector system consists of an electron source, based on photoemission
process from a cathode surface. The initial accelerating field region is followed by an
focusing lens whose main function is to match the beam for immediate application
or more commonly into a subsequent accelerating section as shown in Fig. 1.2 [17].
The details of this matching are particularly important when space charge effects
dominate the beam dynamics and give rise to the emittance compensation theory

18] [19].

PHOTOCATHODE

| ACCELERATOR

OSCILLATOR

Figure 1.2: Schematic of main components of photoinjector systems.

The use of the laser system to generate the electrons at the cathode is one of
the characteristics of RF photoinjectors and allows controlling the beam properties
by tailoring the laser pulse prior illumination of the photocathode. For example,

the number of electrons emitted depends on the intensity of the incident laser. The



quantum efficiency (QE) of the photocathode at the specific laser wavelength is de-
fined as the ratio of the number of electrons generated over the numbers of impinging
photons and depends on the choice of the cathode material. For copper this number

is typically around 1075.

The other important characteristic of a photocathode is the MTE (mean transverse
energy). This quantity is associated to the transverse angular spread of the electrons
as they are photoemitted and as we will see later it ends being one of the limit
to the maximum achievable brightness from photoinjectors. The duration of the
photoemission can be controlled by varying the laser pulse length. For very high
emitted charges, the self-field of the beam can inhibit further emission. The duration
of the laser pulse is typically only few degrees of radiofrequency phase (it can be
much shorter than that). Since the evolution of the beam is strongly influenced by
the fields felt by the particle at photoemission, it is not surprising that a characteristic
challenge in these systems is the complexity of timing and synchronization systems

between the RF and the laser system,

Another important component of RF photoinjectors is the coupling method of the
RF power into the electron gun. Variations exist but a popular method is using a
hole in the side-wall of one of the cavities for coupling into the structure and using

an on axis iris to couple from cell to cell within the structure.

1.3 RF Accelerating Cavities

As mentioned earlier, RF photoinjectors are preferred over DC gun because of their
ability to support higher accelerating fields which tends to minimize the emittance
growth. It is therefore useful here to review the basic of radiofrequency resonant

cavity theory. The simplest approach to discuss RF cavity theory is to begin with a



pillbox cavity geometry of radius R, and length d, as shown in Fig. 1.3 [20].

X

Figure 1.3: Pillbox cavity.

The longitudinal component of the electric field for a transverse magnetic (TM)
mode for a pillbox with perfectly conducting walls containing a lossless medium, in
our case it will be vacuum with ¢y and po dielectric and magnetic permitivities, is

given by

E.(r,p,z,t) = EOJm(kmnr)cos(map)cos(pﬂg)cos(wt), (1.1)

where J,, is the m-th Bessel function, k* = euw? — p?m?/d* and w is the angular
frequency. The modes of the cavity are indexed by m, n and p. Applying boundary

conditions at R, we enforce E,(R,p,z,t) = 0. RF accelerating cavities typically



operate in the T'Myyo, transverse magnetic. In our case where m = 0 and n = 1, the

first root of Jy(x) occurs at xg; = 2.1405.

We can calculate the resonant frequency wy for a T'M,,,,, mode using

| [, P

Wmnp = el R2 + &2

(1.2)

For example, a cylindrical cavity operating in mode Tg;o with a radius of 40.18mm

has a resonance frequency of 2.856GHz.

The RF photoinjector consists of a series of cells. Typically, the cathode is embed-
ded (it is one of the walls) in a short cell, followed by one or more full cells of length
A/2. When N cells are used in the structure, coupled oscillator theory indicates that a
number N of fundamental modes exist. In order to synchronously accelerate electrons
the entire structure typically is operated in the 7 mode which is the one for which
the sign of the longitudinal electric field changes by 7 over the length of a cell. The
fields of the m mode oscillate at the same frequency, w, but with opposite sign which
is the reason this mode is useful in accelerators. The sign-changing field allows the
electron bunch to catch up and remain synchronous with the accelerating RF field.

Extra cells can be added to increase the output energy [17].



Cathode cell A2

electron beam

Figure 1.4: Example of RF cavity schematic.

RF cavities are not lossless systems in practice as they do not have perfectly

conducting walls. Power in an RF structure typical flows as shown in figure 1.5.
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Figure 1.5: Power flow and quality factor 'Q’ schematic in a typical rf cavity.

There are a variety of power coupling methods such as connecting the waveguide
to the cavity side wall or using a coaxial RF feed with a transformer. Using the
side wall is perhaps the most common method. This side-wall method can introduce
asymmetries in the cavity that that affect the quality of the beam. We will discuss

on how to compensate for these effects in the upcoming chapter.

The RF power in the system, internal and external, depend on various parameters.

One important RF design parameter is the quality factor, Q, which is given by

Us ore
Qexternal = Wo tored (13)

P, external
where Ugoreq i the energy stored in the cavity, wq is the resonance frequency, and

P, rternar 18 the energy loss through the coupling hole per RF cycle. Similarly, we can

look at the power losses in the cavity in steady-state.

10



2 — USfQWd (1.4)
0

The quality factor of the entire system takes into account both the losses through
the coupler and through the cavity walls and is called the loaded Q, Q). It is expressed

in terms of the other quality factors as

1 1 1

QL B @ * Qexternal (15)

Combining these two equations, we can define the coupling parameter, Seoupiing-

Qo

—_— 1.6
Qexternal (1.6)

Bcoupling =

When the RF power is turned on, there are transients whose time-dependence is

determined by the cavity response time. This is known as the cavity filling time. For
a steady state cavity, the coupling parameter determines this filling time. The goal
for the RF power system is to generate a pulse long enough to fill the cavity so that

the electrons can be injected at the highest possible fields.

2
Teav = —— QO (17)
) I+ Bcoupling

There are 3 possibilities for the coupling coefficient. For a Beouping < 1, the
system is considered ”"undercoupled” and there is always a finite reflected power.
Critical coupling corresponds to a Beoyupiing = 1 for which the steady-state reflected
power, P, becomes zero. If Beoupiing > 1, the system is "overcoupled”. In this case,

the transient reverse power goes to zero quickly but then increases again with time.

11



1.4 Emittance and Beam Brightness.

The photoinjector main task is to produce the highest quality beam achievable. Two
terms that are commonly used to measure the beam quality are emittance and bright-
ness. The emittance is the area or volume of phase space the electrons occupy. The
six dimensional phase space is the one formed by an electrons three positions (x,y,z)
in the cartesian coordinate system and momenta, (p,,p,,p.). An electron beam (com-
posed by N electrons) will be fully characterized by a distribution function in the 6D
phase space, which unfortunately can not easily be measured in the experiments. In
practice, we can only measure projections of the 6D phase space onto the 2D trace
spaces (xx’, yy’ and zz’) where the angles are normalized by the total beam momen-
tum. Therefore, 2’ = _F= where Diotat = D3 + D + p2. The second moments of
the beam distribution are often used in literature in expressions regarding the beam
properties. For example, the root mean square (RMS) size of the beam is defined

2

as 02 = (2?). The RMS divergence can be expressed as o2

2, = (2). These two rms
quantites can be correlated if a (zz’) term is present and different than 0. In two
dimensions we can defined a phase space area occupied by the beam as the root mean

square (RMS) normalized emittance defined as,

en = By\Jo2o — o2, (1.8)

_ . . . . _ E ota
where 8 = % is the electron velocity normalized to the speed of light and v = =tetgt

is the total beam energy, Ej.,, normalized to the electron mass.

The transverse beam brightness is a parameter that involves the emittance and
the peak current, I,c.;, which is how much charge per unit time there is in a pulse.

Beam brightness was initially introduced by Ruska in the development of the first

12



transmission electron microscopes to rank how well we can focus the beam[21]. There
are many expressions for beam brightness found in literature but the true figure of

merit is the 6D beam brightness,

Q

‘/GD ™ €nz€nyCnz

(1.9)

where N, is the number of electrons, Vp is the 6D volume in phase space and can
be related to commonly used quantities such as charge and emittance. The 6D beam
brightness is one of the fundamental invariant in beam physics due to the Liouville
theorem, but its use is hindered in practice due to the difficulties of measuring the
longitudinal phase space. Liouville theorem states that if all elements in a beamline
can be described by Hamiltonian dynamics the 6D phase space density will remain

constant throughout the system.

It is interesting to note that there is a fundamental quantum limit to the beam
brightness. The quantum phase space is defined by Heisenberg uncertainty principle
and Pauli exclusion principle allows only two electrons (spin up and spin down) in
the same state. Therefore, we can express the maximum achievable beam brightness

as follows,

2e 2e
Bquantum = ﬁ(mOC) = ()\ )3 (110)

where A, is the Compton wavelength. This yields a quantum limited beam bright-
ness of Byantum = 10 A/m?. Even though several improvements in photoinjector

design have been made over the years and the beam brightness has significantly in-

13



creased, the achieved beam brightness is at least five orders of magnitude lower than

this theoretical quantum limit for a fully coherent electron source.

It is now useful to review some of the expressions of beam brightness that are
commonly used in practice as a function of parameters we can control such as the

electric accelerating field, E, [22].

There are two regimes of operation that are commonly used to generate electron
beams in RF photoinjectors: the pancake regime and the cigar regime. The pancake
regime is when the beam is very short in the longitudinal direction and can be ap-
proximated as an infinitely wide thin disk of charge. The cigar regime is the opposite;

long in the longitudinal direction and short in the transverse direction.

The 4D beam brightness could be expressed as the following

(1.11)

It is defined as the charge density in the 4D transverse phase space where its’
scaling depends on the emitted beam aspect ratio at the cathode. In the pancake
regime, the 4D brightness is defined as the charge density in the 4D transverse phase
space where the scaling depends on the emitted beam aspect ratio at the cathode.
The emission cuts off at the moment the surface charge density (divided by €y) equals
the accelerating field and one can write a limit for the achievable beam brightness as

mc?eoEy

—_— 1.12
27TkiBT ( )

Bn,4D -

where kgT is the mean transverse kinetic energy resulting from photo-emission (typ-

ically on the order of the difference between the photon energy and the cathode work

function). In the cigar regime, the beam is sufficiently long such that the aspect ratio

14



is unity or larger. The beam can no longer be approximated as an infinite charged
plane. As electrons are accelerated away from the cathode, their contribution to the
space charge field at the cathode will decrease and the emitted charge in this regime

scales as Eg.

For FEL , the 5D brightness becomes relevant. If we only consider the total bunch
charge instead of the electron peak current, the electron pulse length and emittance
depend on the electric field. The gain length is defined as the current density in
the 4D phase space, and therefore equal to the 4D brightness divided by the pulse
length. For cases in which the the space charge field is much lower (< 10%) than the
accelerating field, but large enough that it causes strong de-bunching (expansion) of
the electron beam the final pulse length depends on the accelerating gradient and the

maximum achievable peak brightness scales as EZ [23].

1.5 RF Breakdown Physics and Limitations.

For decades, RF photoinjectors have been the best solution for high brightness beam
generation. Several improvements in photoinjector design have been made over the
years but, as we saw in the 'Beam brightness’ section, there is a lot of room for

improving the achievable beam brightness.

One of the biggest limiting factors in RF photoinjectors is a phenomena known
as RF breakdown. Physically, RF breakdowns are events during operation where
within sparks occur within the structure. These are accompanied by large rises in
dark current, high vacuum levels and disruptions in the RF reflected signals. Under-
standing the exact mechanism of the RF breakdown rate is still a work in progress
but reproducible behavior sheds light into solutions that can be adopted. A recent

graduate from our laboratory Dr. Alex Cahill focused his Ph.D. work in the study of
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these problems and in what follows we summarize some of his conclusions.

The current consensus is that RF breakdowns are caused by deformations and
movement of dislocations in the metal bulk when exposed to large surface RF electric

and magnetic fields.

RF structures operate with large electric fields and these fields generate currents
even in the absence of beam. These currents generated are a result of the fields
knocking conducting electrons in the metal to freely propagating states via quantum

tunneling[24][25].

V(x)

Figure 1.6: (a) Potential barrier.

If we were to model the surface as a semi-infinite sheet, we can write the potential

barrier as
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V(z)==Vn, <0 (1.13)

x>0 (1.14)

The probability of undergoing quantum tunneling can be found using the semi-
classical WKB approximation assuming the electrons in the metal have a Fermi-Dirac

distribution such that

_ 2V, dp.dp,dp.

h? e%—i—l

dn

(1.15)

for momentum, p, and energy, W.

The Fowler-Nordheim equation has been adapted to RF structures to predict these
currents, Jpy o< E??, over a single period. The strong dependence on the electric
field tells us that the higher the fields, the larger these currents are which increase
the RF breakdown probability.

A study was conducted at SLAC which monitored the RF breakdowns with differ-
ent types of RF photoinjector copper treatments and properties.Typically, RF pho-
toinjectors tend to be braized or heat treated, which turns the metal ’soft’ and makes
it more susceptible to these mechanical deformations. As shown in the figure be-
low, harder copper and cavities operating at lower temperatures exhibit lower RF

breakdown rates for the same accelerating gradient as softer copper structure.
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Figure 1.7: RF breakdown study by SLAC using different types of copper.

The breakdown rate (BDR) is experimentally quantified as

Number of breakdowns

BDR =

) 1.16
Number of pulses x Pulse length ( )

The initial breakdowns are independent events and trigger more breakdown events.
Properly conditioning of the RF structure reduces the initial breakdown. Proper
conditioning techniques involves a gradual increase in electric field and slowly reducing

pulse length while maintaining a constant RF breakdown rate.

It has been observed that after the RF structure has been properly conditioned,
the RF breakdown rate (BDR) is affected by the peak pulse surface heating.

Two experiments at SLAC were designed to test pulsed heating damage on metal

disk samples. The first experiment, using a pillbox cavity, showed that cracking can
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occur in Cu structures when exposed to millions of pulses at above 80 K, showing
that pulsed heating can be a significant problem for pulsed high gradient structures.
The second experiment used a cavity that was designed such that sample disks were
not exposed to any surface electric fields, but had enhanced surface magnetic fields,
where the structures were tested with maximum temperature rises of 110 K. All
the structures showed visible damage where the pulse heating was the largest. The
damage level varied from material to material. The structure made out of the harder
materials, such as CuAg and non-annealed Cu alloys, showed significantly less damage
20].

The current research does not explain the microscopic mechanism determining
the breakdown rate but approximations can be made to estimate this pulsed heating
temperature rise. If we consider a semi-infinite plane of a conductor of finite con-
ductivity under an electromagnetic field, we can write the power dissipation per unit

area on the surface as

dP, 1
W — ZR(T)|H,|? 1.1
= SR (1.17)

where I, is the RF surface resistance and H) is the magnetic field parallel to the

cavity surface. It is important to note that it is assumed that conduction and elasticity
are independent of each other. The relationship between them is not yet understood

in high gradient structures.

We can find the temperature distribution by using the heat equation,

0T (x,t) i Ry(T)Hj o—20/5(T) _ 1 0T(x,1)
- —

0x? (T)o(T) ag Ot

(1.18)

The 1D approximation is derived in detail in [26]. The expression commonly used
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to approximate the temperature rise assuming a square pulse shape of length, t,, is

2
ar = Bl (1.19)
pCe/Toy

Minimizing pulse heating temperature rise is tackled by cooling mechanism design
and modeling geometries to minimize concentration of surface magnetic fields inside
the structure. A popular first-order method to reduce the pulse heating temperature

rise is to avoid edges and tightly rounded geometries.

1.6 Thesis organization

The current generation of electron sources have improved tremendously through the
development of accelerator, simulation codes, laser and cathode technologies in the
last few decades. In this introduction, we have discussed the importance of high
gradient photoinjectors for the generation of high brightness beams and their role
in key applications like XFEL and time-resolved electron microscopy. We have also
seen the theoretical quantum limits of beam brightness which currently stand at
5 orders of magnitude higher than what has been achieved in the laboratory. We
have gathered various expressions from the latest research to understand quantities
like the extraction field and how it enters the beam brightness in several regimes of
operation. We have finally brought into attention the ongoing efforts to understand
rf breakdown and the latest efforts to resolve this issue. Even though photoinjectors
have reached a very mature stage, there is clearly plenty of room left for improvements

in performance.

The goal of this project is to create a new generation of rf photoinjectors that
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takes advantage of all of these ongoing discoveries and advancements in the field. In
this thesis, we introduce the design of a 1.4 cell rf photoinjector. This structure will
be the new generation high gradient photoinjector that will operate at the Pegasus

beamline at the University of California, Los Angeles (UCLA).

Chapter 2 will be devoted to explaining the theory, design and the engineering of
this new generation of electron gun. We will begin by discussing the beam dynamics
and the beam properties of the structure which is mainly characterized by much
higher extraction fields. We will review and explain the rf and electromagnetic design
of the photoinjector which tackles many shortcomings in the previous generation
of photoinjectors. The new clamping technique will be reviewed. Adopting this
fabrication design eliminates the brazing step and allows for the use of hard copper
which has been shown to improve the rf breakdown rate. We will also implement
careful rounding of all the surfaces in order to reduce the rf pulsed heating. The
structure has been built to exploit the advancements in photocathode technology and
we will discuss how its design will allow to test advanced photocathodes amongst

others.

Along the design the of the rf photoinjector, new approaches to fabricating acceler-
ating structure have been learned. Chapter 3 will discuss the design and construction

of an X-band deflecting cavity that puts into practice these new techniques.
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CHAPTER 2

1.4 Cell RF Photoinjector

In this chapter we describe the design of a high gradient 1.4 cell S-band photoinjector
developed for operation at the resonant frequency of 2.856 GHz. From the fabrication
point of view the gun is built on a novel assembly procedure which does not require
the brazing step; from the beam dynamics point of view, the main novelty of the
design is a shortened half cell to achieve very high injection field and improve the
beam brightness. The chapter is organized as follows. First, we will describe the
laboratory facilities and the current photoinjector in use. We will then present the rf
and electromagnetic design and the expected improvements in beam parameters. We
will also discuss important additions to the design and their applications as well as

fabrication method and component testing.

2.1 The Pegasus Laboratory at UCLA

The PEGASUS (Photo Electron Generated Amplified Spontaneous Undulator Ra-
diation Source) at UCLA is a student operated accelerator laboratory under the
guidance of professor Pietro Musumeci. It has been built to study high brightness

electron beams and develop and test novel accelerator technologies.
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Figure 2.1: Schematic of the Pegasus beamline at UCLA.

The facility is consists of three main rooms: the Pegasus beamline, the laser room
and the control room. The Pegasus beamline contains a radiation-shielding bunker
with automated door and personnel protection system, control room, RF modulator
and klystron (SLAC XK-5, 2856 MHz), high stability HVAC (temperature control)
system throughout lab; a solid foundation (located in the subbasement of building
on solid bedrock); clean electrical system including locally generated high current
208VAC three phase; and, high flow de-ionized chilled water circuits. The Pegasus rf
gun, as of June 2018, is the SPARC 1.6 cell RF photoinjector which we will discuss

in detail in the upcoming sections

The laser room is located immediately adjacent to the beamline which gives a short
optical path from the laser to the photoinjector. The photocathode drive laser is a

state-of-the-art all diode pumped Titanium:Sapphire based system from Coherent. A
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79.33 MHz optical train from the master oscillator synchronized with the RF with
an active phase locking loop at a level better than 250fs seeds a 1kHz regenerative
amplifier. Infrared (800 nm) pulses with energy greater than 3mJ and length less than
35fs are obtained after final compression. The large bandwidth of the Ti:Sapphire

allows superior flexibility in adjusting the laser pulse length [27].

Low level rf is produced by a 79 MHz signal which its frequency gets multiplied to
the desired frequency of operation. After passing through a phase shifter, the signal
is raised to over 1kW by an amplifier. This signal is then used as the rf input for the

Pegasus Klystron. A low level rf signal map is shown in fig. 2.2.

2.2
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Figure 2.2: Low Level RF components.

Pegasus uses a SLAC XKb5 klystron powered by a transmission line 42 kV mod-
ulator. Operating at 2.856GHz, it can transport up to 10 MW of electromagnetic

power to the accelerator bunker through an SF6 filled high power waveguide line. RF
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windows isolate klystron vacuum on one end and the linac beamline on the other.

As seen in the schematic 2.1, an emittance compensation solenoid is located right
after the beam exit pipe of the rf gun. The LCLS-design solenoid was refurbished
from Brookhaven National Laboratory (BNL). A test beamline with vacuum sys-
tems, quadrupole optics, steering magnets, insertable beam profile monitors, stripline
detectors, and a Faraday cup beam charge collector is in place. Several beam di-
agnostic stations are set in place capable of measuring beam energy, energy spread,
beam charge and other important beam parameters. Beam position and charge is

monitored using YAG crystals imaged with CCD cameras.

RF gun Laser injection port Spectrometer

Figure 2.3: Overview of the UCLA Pegasus beamline facility.

The control room of Pegasus contains four Windows PC and three Linux boxes
with ISA and PCI cards for Digital IO, ADC, DAC and video are linked together
and to a Linux lab central server by Gigabit Ethernet. The operating system has an
independent architecture based on PostgreSQL that allows remote operation. Oper-
ators use a Labview [28] interface software for operation that has been developed by

Pegasus users to closely resemble modern accelerator facilities control systems.
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2.1.1 Commissioning the SPARC 1.6 RF gun

The SPARC photoinjector is a 1.6 cell electron gun designed at INFN, Laboratori
Nazionali di Frascati, to operate at a gradient of 120MV/m in the S-band. It was
designed as a replacement for the SPARC laboratory injector and as a test for the
future ELI NP to operate at a resonant frequency of 2.856GHz [29] [30]. It has been
commissioned at Pegasus up to a gradient of 95MV /m mostly limited by the available

rf power.

Figure 2.4: The SPARC 1.6 cell photoinjector in the Pegasus beamline.
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This particular version of a 1.6 cell gun used a clamping fabrication technique
to reduce the rf breakdown. The structure also included several improvements in
photogun design such as a dipole moment compensation, large mode separation, short
pulse handling, amongst others. The UCLA Pegasus beam line was the laboratory
chosen to commission this new structure. The SPARC replacement photoinjector
was successfully installed in 2016 and remains in operation in 2018. The structure
underwent low power testing, high power testing and several weeks of conditioning

before full operation [31].

In Fig 2.5 (a), the main components of the SPARC gun are shown un-clamped
consisting of the cavity machined out of a single piece of oxygen free copper that has
never undergone any heat treatment, a cap, a copper cathode, and a radio-frequency
and vacuum gasket designed and patented by INFN that seals the cavity and cap
when clamped together [32]. Before the final clamping, the gun has been cleaned
with a detergent (ALMECO-19) and a mixture of organic (citric) acid and distilled
water, in a bath with an ultrasound machine. In Fig. 2.5 (b) the installed and
clamped structure is shown at the Pegasus beamline. After the assembly, the structure

underwent a bake-out at 150° for 24 hours allowed reaching a vacuum pressure below

5 x 1071° mbar.
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Figure 2.5: (a) Unclamped SPARC 1.6 electron gun. (b) Clamped and installed
SPARC gun at the Pegasus laboratory at UCLA.

The low RF power test was done using a network analyzer and the bead-drop tech-
nique. The bead-drop or bead-pull technique consists of a small dielectric or metallic
bead is pulled through a cavity to while measuring the RF via a Network analyzer.
This procedure tells us the field distribution inside the resonant structure which al-
lows understanding the field flatness between the different cells. The accelerating field

profile after tuning is shown in Fig. 2.6 (left).
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Figure 2.6: (left) Measured accelerating field of SPARC gun. (right) Measured mode
separation between the 0-mode and the m-mode of SPARC.

For low rf power characterization of high frequency circuits, we use scattering
parameters. The gun is equipped with a weakly coupled (-64 dB) port which looks
directly at the fields in the full cell. S-parameters model the structure as a simple
network. In our case, the photoinjector is modeled as a 2 port network. The S-

parameters relates the transmitted or reflected waves to the incident waves.

b S S a
L) 11 O12 1 2.1)
bo So1 Sa s

S = 2—1 is the reflection coefficient we commonly use because it is the ratio of
the wave amplitude coming out at the chosen port to the wave incident at that port.
Sop = Z—i is the transmission S-parameter and is the ratio of the wave coming out of

a different port than was incident wave port [33].
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schematic.

We search for the cavity modes by looking for peaks in the S;; parameter scan.
The 0-mode and the m-mode resonance frequencies can be seen in Fig. 2.6 (right).
An RF structure is considered to have balanced fields when the peak field in each
of the cell have the same magnitude for the m-mode. Taking measurements for the
0-mode and the m-mode resonances as a function of bead position reveals the shape
of each mode in the gun. A mode separation of 40MHz is shown with the © mode
at 2.856GHz. The Si; reflection coefficient, I', of the 7 mode after tuning is shown
in Fig. 2.8.

IT'| is defined depending on the coupling scenario. Three types of coupling exist:
undercoupled (Beoupiing < 1), critical coupling (8 = 1) and overcoupled (8 > 1). The
reflection coefficient is measured in decibels and give us the coupling beta using the

following expressions.

1 — Beoupti
[ = -2 (yndercoupled 2.2
| | 1+ﬂcoupling ( P ) ( )
o ﬁcoupling —1
IT| = —=~——, (overcoupled) (2.3)

B I+ Bcoupling

The type of coupling is determined by the smith chart. The 1.6 cell photoinjector is
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overcoupled and the measured coupling beta is Beoupie = 1.7.
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Figure 2.8: Measured resonance of the SPARC gun at 20°

Once the structure was tuned and characterized with low RF power, we began the
high power testing and conditioning process utilizing the Pegasus facility equipment
mentioned in the previous section. The gun was connected to three ion pumps at
3 different locations: the input waveguide, a dipole compensating dummy hole in
the full cell, and the cathode back flange. RF power was fed by the Pegasus XK5
klystron with a maximum output power of 10 MW and a maximum repetition rate of
5 Hz. The conditioning was done for approximately 5 weeks and a variable rf pulse
length up to 2us. Conditioning was carried out in 8 hours period till over 50hrs of
conditioning.

Conditioning consisted of measuring the power dissipated into the photoinjector

using a probe as RF pulse length changes, power is increased and integrated dis-

32



charges. A summary of this data can be seen for 90 hours of the conditioning in Fig.

2.9 for variation of the pulse length, gun peak power and the integrated breakdowns.
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Figure 2.9: SPARC conditioning data of power dissipated into the structure as mea-
sured by the probe. (top) rms pulse length. (middle) Peak power (bottom) integrated

number of discharges.

The rf signals (incident power, reflected power and transmitted power to the
pickup) are monitored using the Pegasus beamline LabView control module. Samples

of the incident and reflected input power are given in Fig. 2.10.
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Figure 2.10: Monitoring RF breakdown during conditioning of the SPARC photoin-

jector during high power tests in Pegasus.

The SPARC gun was commissioned up to 10MW of maximum input power with
an rms pulse length of 2us which corresponded to a 92MV/m cathode peak field.
Even though the photoinjector was designed to operate at 120MV/m, there were
limitations in the available RF power. Due to the aging of the system only up to
10 MW of peak power at a repetition rate of 5 Hz can be sent to the gun. The
conditioning to higher fields was mainly limited by the available rf power. The RF
breakdown rate was found to be BDR < 5 x 107% [34]. The design parameters of the

SPARC 1.6 cell photoinjector have been compiled into the following reference table.
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Table 2.1: Design parameters for the 1.6 cell photoinjector.

[ 2.856MHz
Qo 15000
Mode Separation 50MHz
Field Flatness < 1%
Beoupting 1.7
Epean/ Ecath 0.85
Hgur facepear at 120MV /m 420kA /m

Pulse Heating temperature (2us pulse) < 55°C

2.2 1.4 cell RF photoinjector design.

In Chapter 1 we discuss the need for high brightness beams and gave an brief overview
of its role in different applications. There are several approaches to increasing the
beam brightness. For example, the SwissFEL experiments demonstrated a 20% re-
duction of the intrinsic emittance using a tunable Ti:sapphire laser source by fine-
tuning the laser photon energies close to the effective work function of copper in RF
photoinjectors and compensating for the QE [35]. Another method could be tailor-
ing the emission properties of photocathodes by manipulating the surface electronic
structure [36]. Ultrathin multilayered MgO/Ag(0 0 1)/MgO films have been grown
using pulsed laser deposition to demonstrate an increase in quantum efficiency and

simultaneous decrease in work function with layer thickness.

As shown in the Beam Brightness section of Chapter 1, the accelerating field
enters all the beam brightness expressions regardless of the regime of operation. A

higher extraction field has several advantages. Particles quickly accelerate away from
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the cathode reducing the space charge effects that limit peak brightness. Another
advantage of large extraction field is allowing for very high current densities from a
small area on the photocathode simultaneously reducing the initial emittance and the

space-charge induced emittance growth.

Increasing the peak field involves significant redesign of the RF structures and
resolving fundamental material breakdown issues. The new photoinjector focuses on
increasing the beam brightness by increasing the accelerating peak electric field, Epcqr,

which is the field electrons first see when they are emitted from the photocathode.

When the electrons are first emitted, they are not relativistic yet, < 1. For a
first cell which is exactly A/2 long, the electric field near the axis can be approximated

as

E. = Eycos(k,z)sin(wt + ¢g) (2.4)

where ¢ is the RF phase as the particle leaves the cathode surface z = 0 at
t =0, k= 2mw/\ with X is the rf wavelength and w = ck. This field is produced by a

sequence of RF cells in a structure operating in the 7 mode.

The lag associated to the low initial electron velocity creates a phase slippage
between the electrons and the RF field. Once the electrons have reached relativistic
speeds, they become nearly synchronous with the RF field and the slippage becomes

negligible.

The slippage, ¢, is written as such

¢—¢0=M—/€z=/€/oz(\/%—l)dz (2.5)
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where v is the electron’s relativistic energy divided by the rest energy mc? with

m as the electron mass.

dl . €E0
dz  2mc?

[sin(¢) + sin(¢ + 2kz)] (2.6)

The second term in Eq. 2.6 represents a backwards propagating wave and it is
often ignored. In our case, we can omit this term because when the electrons are
emitted at the cathode (z=0), we assume they carry zero kinetic energy therefore
v = 1 and the integrand in equation 2.5 is only larger than zero near the cathode

region[37]. Therefore, for the region near the cathode we can rewrite Eq. 2.6 as

dy  eEy
dz  2mc?

sin(¢o) (2.7)

These equations very much describe completely the rf acceleration in the cavity.
It is useful to introduce the dimensionless parameter that represents the strength of

the accelerating field, «.

€E0

= 2.8
T ok (28)

With this parameter we can write an approximation for the particle energy
7 =14 2asin(¢g)kz (2.9)
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Solving the integral in equation 2.5 with these approximations, we get
1
A 21— (7=1 2.10
6= 0= g 1= (1= 1) (2.10)

The equation 2.10 shows a dependence not only on Ej but also the initial launch

phase.

The electrons are very quickly accelerated away from the cathode. Once the
electrons have reached relativistic speeds, they become nearly synchronous with the
RF field and the slippage becomes negligible and the phase approaches an asymptotic
value so the integrand in 2.5 is only relevant near the cathode. The asymptotic phase,

Do, 1S Written as

1

Goo = 2acsin(¢p)

+ ¢o (2.11)

Kim shows that also for transverse beam dynamics reasons the asymptotic phase

for maximum energy at beam exit should be 7/2[37].
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Figure 2.11: Shortening cathode cell for slippage reduction

Typical 1.6 photoinjectors have an optimal launching phase of 25° — 35° depend-
ing on the input RF power. The 1.4 cell photoinjector was found to have an optimal
launching phase of 70° in simulations which it is close to the predicted phase. The
higher launching phase increased the extraction field compared to the 1.6 cell pho-
toinjector by a factor of sin(70°)/sin(30°) = 1.9. This simple method increases the
beam brightness by at least a factor of 1.9 and even higher depending on application

and operation regime.

To increase the launching phase and reduce the slippage, we have chosen to shorten

the cathode cell from the typical to 0.4\ cell photoinjector as shown in Fig. 2.11.

2.2.1 Cathode cell length

Historically, the 0.6\ cathode cell length has risen from the evolution of photoinjector
design driven by applications for very high charge (nC) beams such as linear collider
or first generation FEL designs. The longer first cell was beneficial due to the higher

gun output energy and improved focusing characteristics. First photoinjector designs
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were using a 0.5\ (half-cell) to house the photocathode. These include structures such
as the LANL 1.3 GHz (L-band) gun with 5-cells [38]. This electron gun was built
when photoinjector technology was new and had design issues such as poor emittance
compensation and unbalanced fields from cell to cell. The gun operated at 0.1% duty
factor requiring 2.4 MW of RF power to produce a 0.6 MW beam. Another structure
was the DESY Zeuthen (PITZ) 1.5 cell L-band cavity with coaxial rf coupler in 2002
[39]. Most structures in the early years were designed to work with bunch charges in

the nanoCoulomb scale, typically simulation design was done for 1nC.

The appropriate cathode cell length is usually chosen during design optimization
to fit the needs of the application and capabilities of the rest of the system. A recent
study for electron gun of 1.4, 1.45, 1.5, 1.55 and 1.6 cell geometries was conducted to
see the optimal cathode cell length in various experimental set-ups [[20]]. Simulations

for each structure was done for 10pC, 100pC and 1nC bunch charges.

In our case, it is useful to focus on the 1.6 and 1.4 cell geometries. In fig. 2.12
shows the results for a bunch charge of 10pC. This plot shows the horizontal emittance
of the two structures and find a lower emittance in the 1.4 cell geometry and 20%

increase in brightness for the 1.4 cell case relative to the 1.6 cell case[20].
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Figure 2.12: (left) The optimal horizontal emittance and rms bunch length for 10pC
for 1.4 and 1.6 cell geometries. (right) Brightness vs. transverse emittance. Courtesy

figure from Alex Cahill
In the case of InC bunch charges, which most older generation of RF photoinjec-

tors used, the 1.6 cell electron gun outperforms the 1.4 cell gun. The 1.6 cell geometry

has a higher peak beam brightness than the 1.4 cell gun as shown in figure 2.13.
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Figure 2.13: (left) The optimal horizontal emittance and rms bunch length for 1nC

for 1.4 and 1.6 cell geometries. (right) Brightness vs. transverse emittance. Courtesy

figure from Alex Cahill

The 1.6 cell gun has been the go-to geometry to handle large bunch charges. In

our case, we aim to use pC bunch charges and the 1.4 cell geometry is the preferred

choice.

2.3 Beam Dynamics

The beam dynamics have been studied using General Particle Tracer (GPT) code.
The field maps used in GPT were extracted from the HFSS code for a 120MV /m peak
electric field. In Fig. 2.14, the energy dependence on the injection phase for the 1.6
and the 1.4 cell structure can be seen with 120MV /m peak electric field. The optimal
phase is the one for which the maximum output energy is achieved. The reduction of

the accelerating region on the 1.4 cell photoinjector causes the output energy to be
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10 % lower than the SPARC photoinjector but the final electron beam energy is not a
critical parameter for any of the main applications of high brightness beams. as long
as particles are fully relativistic and, breakdown permitting, in principle it could be
compensated by a slightly higher peak field. A 1D field analysis has been included
in the beam brightness study. One of the characteristic of these type of cavities is
the on-axis field profile. Cylindrical symmetry allows the EM field components near
the axis to be approximated by a power series in the radial coordinate. These power
series are substituted into Maxwell’s equations and therefore all field components can

be determined by simply knowing the on-axis field profile.
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Figure 2.14: Gamma vs. injection phase at 120MV /m peak electric field.

At the gun exit, there’s typically an emittance compensation solenoid acting as a

lens which aids with steering and focusing the beam. The beam energy spread can
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introduce additional emittance in the solenoid due to different electrons longitudinal
slices in the beam having different focal lengths. The energy spread as a function of
injection phase is also shown in Fig. 2.15. For the 1.4 cell design the minimum energy
spread is obtained at 65 — 70° in correspondence to the maximum energy point as

expected.

0.4/

=16 cell
0.35: |<-1.4 cell 3D
1.4 cell1D

Energy spread
o o
S
T ST, -

o
-

’
#”

1 Il .O.’. Il
20 40 60 80

gunphase [deqg]

Figure 2.15: Relative energy spread vs. phase for SPARC 1.6 cell(blue),1D MATLAB
analysis for the 1.4 cell (red) and 3D GPT simulation for the 1.4 cell (green) at
120MV/m peak electric field.

The different electric field profile has important consequences on the longitudinal
phase space dynamics. In particular the 1.4 cell gun profile can impart a much
stronger negative position-energy correlation on the beam. It is useful to look at the

compression ratio, the ratio between the the electron bunch length at the gun exit
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and the initial laser pulse length, as a function of injection phase (Fig. 2.16.

Compression of the bunch has been observed when the trailing end of the bunch
is emitted an RF phase causing a larger accelerating gradient than the front of the
bunch is experiencing [40]. Usually, space-charge forces, which stretch the bunch,
will counteract the compression. Both of these effects are more significant near the

cathode region before the bunch becomes relativistic.

The bunch compression can be calculated by taking the derivative of the asymp-

totic phase with respect to the initial phase such as

Ags _ | cos(én)

Ade  2asin®(dp) (212)

This quantity is calculated for very low beam charge so that it is possible to neglect
space charge effects[17]. For 120 MV /m peak fields and similar injection phases the
compression ratio is about twice as large for the 1.4 cell gun than the conventional

1.6 cell design.
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Figure 2.16: Compression ratio vs. phase for SPARC 1.6 cell(blue),1D MATLAB
analysis for the 1.4 cell (red) and 3D GPT simulation for the 1.4 cell (green) at
120MV /m peak electric field.

2.4 Electromagnetic Design

The 1.4 cell RF photoinjector electromagnetic design has been done using the SUPER-
FISH, HF'SS by Ansys and General Particle Tracer (GPT) simulation codes[41][42][43].
In this section, we will discuss the optimization of the launch phase for higher beam

brightness and the photoinjector rf and electromagnetic design in 2D and 3D.
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2.4.1 2D electromagnetic design

SUPERFISH was used for the 2-D design. The first RF design task done is SUPER-
FISH is to construct the generic geometry, meaning that it excludes any asymmetries

or ports. The main parameters determined in this step is the cell radia.

A simple MATLAB code was written to generate the contour coordinates of the
2D profile of the gun starting from a basic 1.6 cell electron gun for 2.856GHz with
a square shaped iris [44]. The code feeds the geometry for SUPERFISH to analyze
and records the resonance frequency upon completion. If the resonance frequency
is not as desired, MATLAB will automatically arrange the contour geometry with
the boundaries and steps specified and re-starts the process. This process is the

automated until the contour yield the desired frequency, in our case 2.856GHz.

This frequency tuning assumes a lossless cavity but it is a good starting point for
figuring out the range in which the cell parameters yield the correct frequency in the

m mode. The 2-D profile of the cavity is shown in 2.17.
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Figure 2.17: 2D map of the m mode in a 1.4 cell electron gun in SUPERFISH.

The next optimization step is to balance the field. The goal is to achieve peak

fields in each of the cells with the same magnitude. At this point, the cell radia have
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fluctuate around the preliminary frequency parameter found until the electric field

longitudinal profile is balance across the structure.

The balanced longitudinal electric field on axis is shown in 2.18.
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Figure 2.18: Normalized longitudinal electric field on axis in SUPERFISH

The third step of the 2D optimization is to tailor the iris geometry. The iris
is a key feature in the design of electron guns and often pose difficult fabrication
techniques. The iris couples the cathode cell and the full cell. In this step, we avoid
any high concentration of field lines but most importantly, we aim to have the surface

peak field at the cathode higher than the peak field at the iris.

There are two unique features in the particular iris we ended up choosing for our
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project. First, the iris diameter has been increased to 2rp;,. = 36mm where as the

previous versions of existing 1.6 cell RF guns have an iris diameter of 20mm or less.

The main benefit of increasing the iris diameter is the frequency separation it
creates between the 0 and m mode. This mode separation prevents the modes from
overlapping and negatively impacting the beam dynamics. Further discussion of mode
separation will be included in the 3D optimization of the gun design. Another ad-

vantage of the larger iris diameter is increase in pumping speed in the cathode cell.

The second feature of the iris is the elliptical shape with an iris ratio of b/a. The
strong rounding reduces the field at iris. Ideally, the field at the iris should be lower

or comparable to the field at the cathode. The normalized surface electric field profile
is shown below in fig. 2.19. .
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Figure 2.19: 2D surface field map.

In Fig. 2.19, we see the electric field at the iris is only 5% larger than the field at

the cathode. Ideally, the maximum of the electric field in the photoinjector should
occur at the cathode.
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2.4.2 3D electromagnetic design

The rest of the design was finalized using the 3D electromagnetic code HFSS by
Ansys.The 3D design now must include all the ports and asymmetries in the structure.
The 1.4 cell photoinjector has the features shown in Fig 2.20. The 1.4 cell gun includes
a chamfered cathode cell with 2 laser ports at oblique angles with respect to the
cathode. It includes strongly rounded iris coupling the cathode cell and the full cell.
It also features a full cell shape that is not cylindrically symmetric with flat walls at

the coupling port and pumping port and the beam exit pipe.
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Figure 2.20: 1.4 cell photoinjector’s cavity main components
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2.4.2.1 Power Coupling

The two main types of power coupling are via a waveguide or a coaxial type cou-
pling. Standing wave (SW) cavities can be coupled using slots on waveguides or
loops in coaxial couplers. Each method has advantages and drawbacks and generally
calculating the power transfer is not trivial and 3D simulations are often the only

way|[45].

Coupling slots not only change the geometry of the structure but the geometry
of the waveguide as well. Each slot offers a power transmission opening where power
can flow in and out of the cavity. Waveguide coupling can handle large power loads.
Even though the large size of the coupling slots can be considered a drawback, it also
allows easier cooling and faster pumping speed. The biggest drawback of waveguide
coupling is that it is fixed and any variations are difficult to achieve once the part is

fabricated.

Analytical solutions to this power transfer are difficult. If the slot is small enough,
perturbation theory can be used and we can model the slot as a small magnetic dipole
with a dipole moment proportional to the magnetic field tangent to the surface of the
port, H). This magnetic dipole introduces a field into the structure which distorts
the desired EM design desired. Coaxial couplers often can be modeled using a loop
model. The loop has more or less the same effect as the slot coupling. It acts as a
dipole and introduces a magnetic field into the structure. Perturbation theory is also

used if the loop is sufficiently small [33].

Coaxial couplers can also utilize an antenna. In this case, the inner conductor of
the coaxial is inserted into the structure. A surface electric current then flows on the
surface and the antenna acts as an electric dipole with a dipole moment proportional

to the current density perpendicular to the inner conductor surface.
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Coaxial couplings uses more complex designs. The advantage of this method is
the fact that the emittance compensation solenoid can be moved much closer to the

cathode as it is not impeded by the presence of the waveguide[45].

The power coupling method chosen for the 1.4 cell gun was a waveguide slot
located on the side-wall of the full cell as shown in the schematic above, Fig. 2.20.
The port profile is a strongly rounded racetrack geometry. The dimensions of the
port are tailored to be able to use short pulses (large coupling beta factor) while
minimizing the pulse heating temperature rise. The strongly rounded edges prevents
large concentrations of surface magnetic fields and therefore reduces the pulse heating
and consequently breakdown probability rate as seen in equation 1.5. The surface

magnetic field on the port is shown in 2.21.
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The maximum allowed surface magnetic field was calculated to maintain the
pulsed heating temperature rise AT < 60°C' with a gradient of 120MV/m using

a square pulse of 2us. The maximum surface field allowed corresponds to 480kA /m.

In the introduction we discussed the Beoupiing Parameter. This coupling coefficient
has been increased to 1.98 for an overcoupled scheme. The increase in the coupling
beta lowers the loaded quality factor, (). This is accompanied with a shorter filling
time which allows reaching the same cathode peak field while using shorter pulses
albeit of higher peak power. While using shorter pulses is an advantage, the separation
between the 0 and the 7 mode must be increased to avoid exciting the 0 mode in the
transient. The mode separation achieved is 30M H z with the 0-mode at 2.826GH z,
which is twice as large as the mode separation found in older versions of the S-band

high gradient photoinjectors.

A consequence of exciting both the 0 and the m modes is seen in the emittance and
energy spread. When the 0-mode is excited is causes a unbalance in the fields, meaning
the peak field in each cell is no longer has the same magnitude. This unbalance

produces a correlated energy along the bunch.

Every port or asymmetry introduced in the structure changes the fields in the
structure and require corrections. As mentioned above, the coupling slot introduces
asymmetries in the field distribution. These effects create the maximum accelerating
field to not be located in the beam line axis but rather towards the port opening.
This could have a negative affect on the beam. For a relativistic beam in a cavity in

the TM mode we can write the traverse momentum imparted by the rf fields as [46],

(& —

Leaw —
pL = 5/0 (B, + (7 x B)]dl (2.13)

where E and B are the electric and magnetic field and dl the direction of the beam,
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typically directed along the z-axis. Using standard definitions and vector identities,

we can re-write it in terms of the vector potential.

Py =—= / {C;‘f ~ [vwé)}} dz (2.14)

T

Assuming constant velocity, v, equation (2.15) reduces to

Pe = —e /OL { V. Az]}xdz (2.15)

Since the z-component of the vector component assumes the form A, = Aye™?
there’s a time-dependent dipole kick [47]. Eq. 2.15 is another form of the so called
Panofsky Wenzel theorem which relates the longitudinal fields in the structure to the

transverse impulse.

We can write the magnetic field near the beam axis as

By(r,¢,2) 2)r + Z A, (2)cos(no)r™ (2.16)

where A, usually are complex and z-dependent component. A; is the dipole
component and A, is the quadrupole component, etc... The most common method
to reducing the dipole field corresponds to reducing the amplitude A;. This can be
achieved by creating an identical port directly across the coupling port. This second
port regenerates symmetry in the fields near the axis and nearly cancel all dipole
effects. There will always remain some dipole moment effects as the RF power is

still being fed by a single feed. Dual-feeds can be used for full compensation. This
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method generally uses a power splitter into two lines but it introduces a higher level

of complexity in the power distribution system.

2.4.2.2 Magnetic moments compensation.

As mention above, a magnetic dipole is introduced with the waveguide coupling
method we’ve chosen. Our approach to compensate for this field disturbance is by
introducing a second port symmetric to the waveguide coupling port. The dipole
compensation port will serve as the main the pumping port. This port also offers the

advantage of increasing the pumping speed.

It is also important to correct for the rest of the moments that have a significant
impact on the fields near the axis. The quadrupole moment, A,, has a smaller effect
on the beam dynamics but still significant enough to be seen and worth correcting.
The magnitude of the quadrupole moment near the axis can be estimated by looking

at the variation of the magnetic field around the z-axis such as

Bmax(r(h Z) - Bmin(r(h Z)
2r,

As(z) = (2.17)

where rq is the distance to the z-axis.

In order to compensate the quadrupole moment a choice was made so that the full
cell of the 1.4 cell cavity does not posses cylindrical symmetry. The cross section of
the full cell is the intersection of 2 circles with their centers located at an offset, Ay,
from the gun z axis. Two flat planes truncate the cell where the circles meet as shown

in Fig. 2.22.
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Figure 2.22: Full cell cross section geometry

The measurement estimate of the quadrupole moment was performed using sim-
ulation data along 4 circles of different radii (2mm, 3mm, 4mm and 5mm) located
at the center of the full cell as shown in fig. 2.23. In the figure 2.24, we show HFSS
simulation results for the magnetic field along each of these loops. As we can see
in equation (2.4.2.2), it is desired to have a constant magnetic field along each loop
as the quadrupole moment depends on the variation of the magnetic field. The field

flatness on each of these loops indicates the reduction of the quadrupole moment in

the full cell.
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Figure 2.23: Geometry used to measure the quadrupole moment. Four circles around

the z-axis and centered on the full cell. Radii of 2mm, 3mm, 4mm and 5mm.
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Figure 2.24: The magnetic field magnitude measure along circles centered in the full
cell measuring the quadrupole moment for circles of radii 2mm, 3mm, 4, and 5mm

centered on the z-axis.

To further understand and appreciate the improvements in the quadrupole mo-
ment compensation, we repeated simulation to compare it with the SPARC 1.6 pho-
toinjector. In Fig. 2.25, we show the magnetic field fluctuations along a circle of
2mm around the z-axis and centered in the full cell. From this plot we see the dif-

ference between the 1.6 cell, which has an un-corrected quadrupole moment, and the
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corrected 1.4 cell gun.
In Fig. 2.25, we can see no fluctuation in the magnetic field around the axis of
the 1.4 cell photoinjector compared to the 1.6 gun. Therefore, the full cell geometry

has compensated for quadrupole kick of the gun.
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Figure 2.25: Normalized magnetic field along a the 2mm ring around the z- axis at

the center of the full cell.

2.4.3 Summary of design parameter

A summary of the 1.4 cell rf photoinjector design parameters discussed in this chapter

can be found in the following table.
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Table 2.2: Design parameters for the 1.4 cell photoinjector.

fr 2.856MHz
Qo 13411
Mode Separation 30MHz
Field Flatness < 1%
Beoupling 1.98
T 0.331
Epear/ Ecatn 1.05
Hur facepear at 120MV/m 480kA /m
Eray for Py, = 1W 24,300V /m
Pulse Heating temperature (2us pulse) < 60°C

2.5 Photocathode components

The photocathode is a very important component of RF photoinjectors and their de-
sign. The selected cathode needs to be capable of providing an electron beam with the
necessary parameters that the experiment demands. Until now we have concentrated
in the design of the radiofrequency resonant cavity tailoring the electromagnetic fields
in the structure that the electron beam will experience after emission. In this sec-
tion, we will discuss the feature of the UCLA 1.4 cell photoinjector that involve the
photocathode. It is useful to review few aspects related to the development of pho-
tocathodes for electron sources, the physics of cathodes, the photo-emission process,
recent advances in cathode research ,and how the UCLA photoinjector will play a

role in this area of research.
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2.5.1 Basics of photocathode emission

Albert Einstein won a Nobel Prize in 1921 for the first theory that described the
process of photo-emission, the photoelectric effect [48]. The photoelectric effect is the
observed phenomena of electrons being emitted from a bulk material when incident
light of specific wavelength ranges is shined upon the surface of the material. This
theory proposed the idea that in order for photoemission to occur photons, the quan-
tization of the energy of light, must possess an energy larger than the material the
work function, ¢.rs, which is the potential electron must overcome in order to escape
the material. The photoelectric effect is described as a three step model: photon ab-
sorption, electron transport and emission. A more detailed derivation of the topic in
the context of high brightness electron sources can be found in the article ” Quantum

efficiency and thermal emittance of metal photocathodes” by D. Dowell [49].

The three step model makes two main assumptions. The first is that on the
initial electron distribution in the material. For exposition purposes we can assume
a conductor at zero temperature, even though this can be modeled more precisely in
refinements of the theory [50] the material is treated as a conductor a. The second is
that every photon absorbed excites an electron. Since no selection rules are needed,
this simplifies the model to explain indirect transitions where energy is conserved but
the electron’s transverse momentum is not. This model is particularly good for metal

photocathodes.

The first step begins with incident laser light on the material. The relationship

between transmission 7'(v) and reflection R(v) probability is written as

T(v)=1-R(v) (2.18)
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How far the photon will travel into the material will depend on the absorption
coefficient of the medium. The probability of exciting an electron depends only on
the electronic density of states. The fraction of the electron excited to a higher level
is expressed as the probability of excitation divided by the total number of transitions

and it is written as

N(E)N(E — hv)

2.19
S, T dE'N (BN (E' — hw) (2.19)

P(E,hv) =

where N(FE — hv) is the number of initial states, N(£) is the final number of final
states. The denominator in 2.5.1 is the total number of transitions where the lower
integration limit rises from the Pauli exclusion principle since all the levels below the

Fermi energy level are occupied.

The second step of the model tackle the probability of the electron reaching the
surface of the metallic photocathodes. Even though the first step is the same with
conductors and semi-conductors, in the second step they are treated very differently.
We will focus for now on the metallic case (a.g. copper cathodes). The main process
that dominated step two is scattering. The largest contribution to the scattering is
the e-e interaction. Other scattering events such as ones due to impurities or phonons

are ignored in this treatment.

The photon absorption length is A, and from this depth the electron will travel
towards the surface of the metal cathode. The length an electron can travel inside
the bulk is A, which is limited by the scattering events. The fraction of electrons that

successfully will reach the surface can be written as
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(B — e Pl?)

RS we (2:20)

The third step involves the electron escaping the metal surface. The material has
a work function, ¢, that is determined by the material. The work function is the
minimum energy an electron must have in order to escape in absence of an external

electric field.

In our case, there is an external electric field on the cathode so the work function
has to be modified. This is known as the Schottky effect. The effective work function

of the metal surface can be written as

Geff = Gw — Pschotthy (2.21)

where @gschottky = 6/ Zfe% is the work the external field adds to the process.

An schematic of the three step model is shown in fig. 2.26 to illustrate these

processes [49].
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Figure 2.26: Stages of three step model of photoemission for metal cathodes under

an external electric field. Re-printed from reference above by Dowell, 2009.

2.5.1.1 Figures of merit

There are multiple features that we look for when choosing a cathode but nearly all
parameters are determined by the cathode material and the laser. There are two

important terms used to characterize photocathode, The first one is the quantum

efficiency (QE). We define is as

QE:E— hv q

= 2.22
np Elaser €0 ( )

where n. is the number of emitted electrons, n, is the number of the incident
photons, hv is the photon energy measured in electron volts, eV, Fj,.- is the energy

of the laser measure in joules and q is the electron charge measured in Coulombs.

The second useful quantity is the intrinsic emittance (IE). The distribution of
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intrinsic transverse momentum of the electrons in the cathode is a characteristic of the
material of choice, the incident laser energy and the extraction field. This emittance
is usually calculated by looking at the variance of momentum of the electrons at

emission. IE can be described as

hV — qbeff

A related quantity is the mean transverse energy spread (MTE) which measures
the electron temperature at emission [22]. The MTE depends on the cathode material
and drive laser wavelength [49]. These few parameters are fundamental limiting

factors in the acceleration of the electrons.

Copper cathodes have been a reliable cathode solution for many years. Cu cath-
odes are cheap, easy to to manufacture, durable and work well in a range of vacuum
pressures. Copper photocathodes generally work at a wavelength range of 250-270nm.
They have very high MTE ( 500MeV) and very low QE( 107°) at the usual emission
wavelengths [51]. A copper cathode will be the base option for the new 1.4 cell gun.

We will discuss below the possibility of using other cathode materials.

2.5.2 Laser ports

Recently, it has been demonstrated that a very small drive laser spot size on the
cathode generates ultra-low emittance beams using the SPARC 1.6 cell photoinjector
at UCLA. The 1.6 gun has 2 laser ports at 72° with respect to the beam axis, as
shown in 2.5.2. This angle allows the laser to illuminate the cathode at an oblique

incidence with a tightly focused ultrafast ( 100fs) laser pulse on the cathode.[52]
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Virtual
Cathode CCD

Ultralow emittance ( 20 nm, normalized) electron beams with 105 electrons per
bunch are obtained by tightly focusing an ultrafast ( 100 fs) laser pulse on the cathode

of a 1.6 cell radiofrequency photoinjector.

Using the oblique incidence allowed reaching emittance as low as 5nm-rad at

20fC. Results are shown in fig. 2.27.
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Figure 2.27: Normalized transverse emittances in y. (a) and x (b) for a gy, = 1.1ps

laser pulse on the photocathode, accelerated on crest in the Pegasus Linac. ¢) and d)

show normalized emittances for a o ,,, = 100 fs, in the velocity bunching configuration

In these experiments, the laser pulse was long at the cathode and was later com-

pressed by the use of a radiofrequency cavity reaching the 7 fs rms value. Crossing

the 10fs threshold in electron bunch length can enable breakthrough opportunities for

compact electron sources, with applications ranging from ultrafast electron diffraction

and microscopy amongst others. Therefore, the laser ports of the 1.4 cell photoin-

jector were designed to continue to allow on the oblique incidence technique which

greatly improves on the performance of copper cathodes which have a poor QE.
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2.5.3 Laser ports design

The oblique incidence angle and laser port diameter limits how small the laser spot size
can be. Because our cathode cell has been significantly reduced in length, the oblique
incidence angle has been restricted. The current iris design restricts the illumination
angle to 12°. The numerical aperture of the ports is NA=0.083. The calculated beam

waist, w, = W;\\? 1> 18 1pm with a drive laser wavelength, A,, of 266nm. With this

set-up, the smallest laser spot projection (w,/tan(12°)) achieved is 5.8um in size.

Laser port geometry was optimized with HFSS with the same restrictions as the
coupling ports in order to maintain a low pulsed heating. All edges have been strongly
rounded maintain the Hyyy rqce < 480kA/m, Fig. 2.28(Left) One of the issues arising
from shortening of first cell is the machining these rounded edges and the ability to
access these corners. To ease these fabrication challenges, the first cell was truncated

to create a surface normal to the laser ports as shown in Fig. 2.28(Right).
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Figure 2.28: (Left)Surface magnetic field of the laser ports.(Right) Cathode cell geo-

metric adaptation for laser ports.

2.5.4 Special cathodes for ultrahigh brightness beam from S-band pho-

toinjector

We have discussed the use of metal cathodes such as copper cathodes and how we
have incorporated in our design ways to utilize them for ultra-low emittance beam
generation. Improving the MTE of the copper photocathode could technically be

down by increasing the emission wavelength but this will reduce the QE.

Advancements in the MTE of photocathodes have been made recently in the
semiconductor photocathode materials but mainly on DC electron guns which operate

at much lower gradients (< 10MV/m), than the RF electron guns. The UCLA
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photoinjector will also incorporate a cathode loading technique that will allow high

gradient testing of semi-conductor cathodes.[53]

Alkali Antimonide cathodes, such as C'sK5Sb, NaK Sb amongst other, are of great
interest as they have very low MTE ( 35MeV) [54] [53]. The main disadvantage of
AA cathodes is the manufacturing and strict handling of vacuum conditions. These
cathodes are fabricated using evaporative deposition. Not only are they grown in
vacuum, they must be transported and installed under vacuum. Most electron guns
do not have a cathode installation system that allows extracting or inserting photo-
cathodes under vacuum. Typical systems have a cathode plug that requires opening

the cathode back flange which exposes the photoinjector to air.

2.5.5 The UCLA load-lock

In order to allow testing of AA cathodes in the high gradient S-band photoinjector
we designed a novel load-lock chamber to be compatible with our gun design. The

load lock consists of three major sections as shown in figure.
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Figure 2.29: Load-lock schematic of main components.

First section:
A vacuum suitcase to house the grown alkali-antimonide special cathodes to be in-
serted into the photoinjector. The system is designed to maintain the cathodes in
ultra-high vacuum (UHV) conditions, below 1079 torr. The cathodes are held on the
tip of a metal plug and stored inside the suitcase. The plugs are held in a line on a
carriage which allows the operator to select the desired cathode. The collaborator for
this project is LBNL. They are growing the AA cathodes to operate in their vacuum
suitcase. The LBNL suitcase will be shipped to UCLA with the cathode plugs stored
inside under UHV. The UCLA load-lock has been designed to work with this suit-
case. Radiabeam technologies is also working on the development of another vacuum
suitcase system to fit the UCLA load-lock which opens the potential for growing and

testing AA cathodes in-house in the future.

Second section:
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The second section is the loading chamber. It consists of two arms: a 24” stroke
translator arm is used to extract a carriage of special cathodes from the vacuum

suitcase and pull the carriage into the main loading chamber (6-way cross).

Figure 2.30: Top view of the load=lock chamber with cathode plug.

Third section:
To insert the cathode into the photoinjector, a 12”7 stroke translator called the loading
arm. The loading arm retrieves the cathode plug from the extraction arm and slide

the plug into the cathode position inside the RF photoinjector.

The load-lock system has already been assembled at UCLA as of 2018. The 127
and 24" axial stroke, magnetically coupled, translator arm was manufactured by UHV
Design and supplied by Kurt J. Lesker. The system has two gate valves: a custom
made 4.50” CF valve with a 6.00” CF flange port and a standard 4.50” CF. The main
chamber consists of a 6-way 4.50” CF cross. The system has been assembled without
the LBNL vacuum suitcase but has started vacuum testing using a NEG pump and

two ion pumps. Currently, the system has achieved a vacuum pressure of 10~ torr
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and working towards even lower vacuum pressure.

Figure 2.31: Load-lock assembled in a UCLA testing laboratory.

The preliminary design of the cathode back wall for the photoinjector has been
designed to accept the cathode plugs from the load-lock as shown in Fig. 2.32. To
allow clearance between the cathode back holder and the APEX puck there has to
be a tolerance gap between the two parts. The changes in the geometry affect the
frequency as it changes the volume of the cavity but, more importantly, there is a
risk for field concentration in these small areas which can negatively affect the rf

breakdown.
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Figure 2.32: Electron gun back wall and receptor for load-lock cathodes. (Top) CAD

model. (Bottom) Drawing.

Testing the cathode puck into the 1.6 cell rf photoinjector only showed a 500kHz

shift in the resonance frequency which can be compensated by tailoring the operation



temperature. Simulations, in SUPERFISH and HFSS, both show a distortion of the
field balance to a 75% as shown in Fig. 2.33. For optimal performance the load-lock
cathode back receptor will have to be redesigned and effects of small gaps in regions

of large fields require further understanding.

Mag E [V/m]

Distance [mm]

Figure 2.33: HF'SS simulations of the effect of the new load-lock cathode back receptor
on the field balance.

2.6 Clamping Technique

In the previous section, we discussed the efforts in the cavity geometry design to
maintain a low pulsed heating temperature rise to prevent RF breakdowns. In the
previous chapter, we covered the limitations that the RF breakdowns imposed on high
gradient structures like the 1.4 cell photoinjector and discussed the latest studies on
the subject. In Fig. 1.7, it is shown that a harder copper material significantly

reduces the RF breakdown observed.

Typical photoinjectors are fabricated using brazing or techniques that involve heat
treatment. Brazing has several disadvantages. Brazing is a high risk procedure that
is also costly. The process also softens the copper which increases the RF breakdown

probability. The LNF-INFN developed a clamping technique for the manufactur-
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ing the SPARC 1.6 cell photoinjector to avoid this heat treatment. The clamping

technique avoids the brazing process with the help of special gaskets.

Both photoinjectors are machined in parts as shown in fig. 2.6.

Part2 ——

Special gasket
Rf & vacuum seal

1L

Part 1 5

Cathode —

Part 1 contains the cathode cell, iris and full cell. Due to its geometry, it is
machined using a five-axis milling machine and diamond tools. The cavity is machined
out of a single piece of Oxygen Free High Conductivity (OFHC) copper that has never

undergone heat treatments during the stock manufacturing.

Part 2 is a cap that plugs into the full cell. Part 1 and 2 are clamped together
using a special gasket that vacuum seals and guarantees RF contact. The SPARC

design was adapted as shown in Fig. 2.34 to fit the 1.4 cell full cell racetrack geometry.

Inside the main cavity there is a step for the RF gasket to be placed. The insertion
of the cap is the mechanism that compresses the RF gasket and thus creating the rf

and vacuum seal. The gap between the cap (once fully inserted) and the face of the
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Figure 2.34: Special vacuum and RF gasket to seal Part 1 and cap.

step is the maximum allowed compression for the gasket. The gasket height is 1.7mm.
The gap between the cap and the step is 1.45mm allowing the gasket to compress by
0.25mm.

New vacuum sealing gaskets were developed and tested at UCLA to completely
avoid any brazing/welding of the external components onto the main body such as the
laser and vacuum ports. To facilitate compatibility with commercial available vacuum
and beamline components, a gasket design was made to seal act as the interface
between the copper body and a standard CF flange. One side of the gasket is flat to
allow the knife edge on the CF flange to bite into the gasket[55] while the opposing

side contains its own knife edge that digs onto the copper body as shown in Fig. 2.35.
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Figure 2.35: Body to conflat (CF) flange clamping elements.

Three gaskets were designed to be compatible with the most commonly used
conflat (CF) fitting sizes in accelerating beamlines: DN 16 (1.33”), DN 40 (2.75”)
and DN 100 (6”). Cross section schematics are shown in fig. 2.36. The pocket depth
on the main body plus the conflat depth determine the final height of the gasket
once the parts have been clamped and the gasket is fully compressed. No gap exists
between the main body and the CF flange face. The advantage of allowing the pocket
depths to determine the compression of the gasket is that it removes the ability to

over compress the gasket which could result in a sealing failure.

DN 16 - 1.33" CF flange DN 40 - 2.75" CF flange DN 100 - 6" CF flange
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Figure 2.36: 2D schematics of custom copper to CF gasket cross-sections. (a) DN16.
(b) DN40. (c¢) DN100.
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The optimal gasket compression and dimensions of the system are summarized in

the following table.

Table 2.3: Custom gasket for CF flanges compression parameters
DN16 DN40 DN100

Gasket height 2.2 2.6 2.6
Pocket depth 0.8 1.1 1.1
CF depth 12 12 1.2
Compression 0.2 0.3 0.3

The gaskets were tested by creating a blank copper cap which can be bolted with
the commercial standard CF flange and sealed using our custom gaskets. The copper
blank contains a pocket with a depth that determines the compression of the knife
edge of the gasket. Optimal compression was determined to guarantee contact all
around and withstand large temperature fluctuations. The copper blank also contains
0.5 mm radii channels on the surface which provide inlets for helium gas for the leak

detection testing. Commercial CF flanges have the same type of channels.

The first vacuum sealing test was the helium leak test. With the three components
clamped together, we attached the system to a He leak detector. Using an external
helium gas supply, the helium gas was fed into the inlet channels and surrounding
regions of the gaskets. The helium detector test was successful and no helium made
it inside the system showing the gasket had successfully sealed the gap between the
copper blank and CF flange.

The second test carried out was a bake-out procedure which is a standard process
for high purity applications and ultra high vacuum systems. The vacuum bake-out

is used to remove contaminants that are in the system or have been absorbed by the
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system components. The procedure involves applying heat to the surface to trigger
thermal out-gassing and remove the impurities which are then extracted out by the

vacuum pumps|56].

Our system was first put under vacuum at 10~ 8torr pressure. The system was then
wrapped entirely in a layer of foil to distribute the heat across the system. Heating
strips with a manual temperature control knob are wrapped above the foil. All the
parts that are included in our system can withstand up to 120°C'. During the bake out
procedure the copper gaskets can deform due to heat expansion causing the vacuum
seal to fail and allowing air to leak inside the chamber. The first gaskets tested
failed due to being fabricated out of copper stock that did not meet the hardness
criteria to withstand this heat treatment. A Brinell and Rockwell hardness test was
performed on the stock and was classified as 'dead’ soft. It was found that an OFE
HC 101 Copper with a Brinell hardness rating above 50 was necessary. The next
set of gaskets were compressed and baked and reached a final vacuum pressure of

5 x 10~ %orr.

A similar approach was taken in the design of the waveguide gasket.The cross

section is shown in fig. 2.37.
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Figure 2.37: 2D schematics of the custom waveguide gasket cross-section

The total height of the gasket is 1.3mm. A groove of 0.95mm was made with a
custom made copper waveguide gasket that seals the the coupling port to the standard

WR295 rectangular waveguide flange for an optimal compression of 0.35mm.
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CHAPTER 3

X-band Deflector

3.1 UCLA X-band deflector

Ultrafast electron diffraction has played a very important role in the measurement
of atomic motion and is one of the frontiers of modern science. Because of all the
advancement in this field, there are strong demands for even shorter bunches in order
to improve the resolution of time-resolved measurements. It is in this framework
that a new X-band deflecting cavity is designed and built with the goal to develop
an innovative, inexpensive and low energy UED system that takes advantage of the
techniques developed for the manufacturing of the 1.4 cell RF photoinjector discussed
in chapter 2. The following sections will first give more details about the application,
present the beam dynamics needs and finally discuss the electromagnetic design and

the fabrication techniques implemented.

3.1.1 Ultrafast Electron Diffraction

Ultrafast electron diffraction has emerged recently as a useful technique for structural
dynamics investigation at sub-picosecond temporal resolution. The concept is based
on the ability to generate short electron beams from photocathodes using femtosecond
laser pulses and then using these bunches to interrogate the structure of a sample at

a given delay from a pump laser pulse [57][58].
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Extremely short bunches are necessary for this particular application as the length
of the electron bunch poses a direct limit on the temporal resolution attainable.

Measuring these ultra short beams is a challenge for the technologies available.

Typical current monitors have rise times in the nanosecond range which elimi-
nates them as a diagnostic candidate. Other previously used methods involve making
the beam interact with a conducting or refracting material to generate a radiation
pulse and extract the time profile information through an optical system (a.g. in-
terferometer). This approach is fundamentally affected by a phase retrieval problem
even though reconstruction technique have been proposed and assumptions have to
be made about the original profile shape or phase distribution [59] . A popular
device for temporal resolution measurement is the streak camera. Using a photo-
cathode for photo-emission and accelerating the electron in a cathode ray tube that
"streaks” them transversely by deflecting them with a DC electric field and unto a
detector [60]. Streak cameras have been used in the past but the used of such short
bunches is well beyond their range. Ultrafast electron diffraction studies are pushing
electron bunches of sub-picosecond pulses in the 30-100keV energy range. In this
chapter, we will discuss the design of a novel RF deflecting cavity based on the fabri-
cation principles already explored in the 1.4 cell gun project to streak the longitudinal
beam distribution of an electron beam in a UED setup to reach the desired temporal

resolution[61].

3.1.2 Future UCLA UED experiments

The UCLA X-band deflector will be used as a streak camera to measure the bunch
length of a low energy 30 keV electron beam, but it can also play a role in a drastically

different approach to temporal resolution measurements. The x-band deflector in
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fact could also be placed immediately after the sample such that it operates on the
diffracted beam. The set-up shown in fig. 3.1 and called Continuously Time Resolved

UED has two main advantages.

Laser
Screen
E-beam Diffracted beam Ap y
/ -/
i 9
Crystal +
Sample
y X Deflecting Cavity
|4 , ol |
Z J |;' L—  Drift length

Figure 3.1: UCLA porposed UED system using deflecting cavity on diffracted beam.

The first advantage is that temporal resolution no longer depends in the length of
1%
Rshunt ’

the electron beam. The resolution is now dependent on the RF power, Prp =
where Rgpyune is the shunt impedance of the cavity. This allows the use of longer
electron bunches. We can also take advantage of the power scaling with the resonant
frequency as seen in equation [reference equation 1.3]. The use of 9.6 GHz, X-band

frequency could potentially allow temporal resolution as fine as 100fs.

The second advantage of the UCLA UED set-up is that we are able to work with
longer bunches reducing the tight requirements on the beam charge to be able to
generate ultrashort electron beams. For example in a 55keV electron gun, a bunch

length of few hundred fs can be obtained only maintaining the number of electrons

in the pulse below 1000.
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As mentioned before, RF deflecting cavities typically operate in relativistic beam-
lines which require MV /m peak fields and RF power in the order of MW. This new
experiment will use a low voltage ( 10kV) and manageable RF power (1kW) levels to

deflect non-relativistic beams.

3.2 Relevant beam dynamics theory

In Chapter 2, we discussed the design of an RF electron gun. RF photoinjectors
typically avoid any fields that steer the beam from the traveling axis. Deflecting
cavities are designed with the opposed idea in mind. The electromagnetic field of
the mode excited in the cavity is shaped to induce a deflecting voltage and steer the
beam away from the traveling axis. The high frequency time variation of the deflecting
fields is used to pitch or yaw the electron bunch, where the resulting transverse beam

spatial quantities can be correlated with the time structure of the bunch.

Even though the idea of deflecting structures is old, they have been recently re-
introduced in modern accelerator and beam physics for new applications[62]. They
have primarily been used for particle separation in beams of more than one species
and as a longitudinal bunch length diagnostic. New applications have re-introduced
deflecting cavities such as longitudinal phase space reconstruction and creation of

temporal correlations.

Deflecting cavities create a time-varying transverse deflection of charged particles.
It is useful to start with the Lorentz force equation for a particle traveling in the z

direction,

F=q(E+7xB) (3.1)
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where q is the charge, v/ is the velocity, E is the transverse electric field and B
is the transverse magnetic field. In order to provide a kick away from the z-axis, we
require to generate a horizontal E field or a vertical B field given that the main beam

velocity is along the z-axis.

Looking back at the modes of a pillbox cavity described earlier, we consider the
modes TM,,,,, which vary as B, o< Jp,(kir)sin(¢.,) and E,. o< Jp,(kir)(cosy,) where
k; is the transverse wavenumber. Photoinjectors typically using the monopole mode,
T M1, because they have zero transverse fields at r = 0 in order to preserve the beam
quality. Deflecting cavities, on the other hand, need to operate in different modes
in order to have non-zero kick in the cavity center. Dipole modes can achieve this
as they have both transverse electric and transverse magnetic fields at the traveling

axis.

We return to the Panofsky Wenzel theorem and write the deflecting voltage, V,

as,

V, = /};Edz = / (B, + (c x B)))dz = _ww (VLE.))d= (32)

The deflecting voltage is m/2 out of phase and proportional to the gradient of
E. [62]. Therefore, modes that do not have longitudinal electric fields (TE modes)
are not used for deflecting ultra-relativistic particles. For non relativistic beams it
is possible to use also TE modes due to the Lorentz force coupling. For TM modes,
the deflection is mostly magnetic. A common mode for deflecting cavity operation
is the lowest dipole mode, TM;jq. For relativistic beams, the typical set up of these
deflecting cavities operating in the 7'My is as shown in the Fig. 3.2, They typically
require MV /m peak fields, MW level of RF power.

When an electron bunch with an RMS length , o., enters the deflector it is kicked

86



DEFLECTING
VOLTAGE

Oy_meas
-------- - —— -’

DEFLECTOR L
SCREEN

Figure 3.2: 2.75” custom gasket profile.

vertically in the y-direction, in the situation of the schematic in Fig. 3.2. The trans-
verse distribution of the bunch at the screen,o,, ..., is a convolution of the deflected
beam and vertical slices of the bunch at the screen. Its rms transverse extent can be

expressed as,

Uymeas = V 0-]30 _'_ U(%ef (33>

Where og4.¢ is related to the longitudinal size of the beam by

eVo 2 ,
Odef = ;W|SW(A‘I’)|% (3.4)
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where 3,4 is the betatron function of the deflector, 3, is the betatron function of
the screen, Vj is the deflecting voltage, AW is the betatron phase advance between
the deflector and the screen and E = pc is the energy in eV. The transverse size of

the beam when the deflector is off, o0, is written as

ﬁys eny

By

(3.5)

O'yo =

where 3 and v are the relativistic factors and €, is the beam transverse normalized

emittance.

An important aspect of these systems is the ability to distinguish the deflected
beam from the un-deflected beam which is quantified by the K parameter. The
minimum bunch length, o, , that can be resolved along with the K parameter allows
to find the minimum deflecting voltage for a simple drift section, V;, , the cavity must

have

E 1
eV, =K~ Ty0 (3.6)

- 27Tf L cav Oz, es

and the minimum attainable temporal resolution can be approximated to, At =

Uo/K.

In this project we try to design an X-band cavity (f = 9.6 GHz) capable of streaking
a 30 keV electron beam with 100 fs temporal resolution. The required minimum

transverse deflection is 4.2keVA/EW .

In order to maximize the deflecting voltage for a given input power we choose to

utilize a reentrant nose cone geometry. The nose geometry allows a higher efficiency
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to the deflector. Due to the particles not being relativistic, it is important that that
the particles exit the cavity before the oscillating RF field changes sign. This effect
results in an optimal length for a given beam velocity. This can be written using the

transit time factor which can be written as

sin(Tk
T = w(Lf“) (3.7)

BN

in the expression for the total deflecting voltage. The goal is to choose an effective

length L that maximizes T, preventing a reduction in the deflection.

3.2.1 Electromagnetic Design

The nose cone X-band deflector was designed using HFSS 3D electromagnetic code.
The resonant frequency of the X-band structure is 9.6GHz. This resonant frequency
is compatible with the available 50kW peak power Klystron from Radio Research

Instruments. This power will be our reference for our fields profile.

The deflector cavity is made out of two main parts that are clamped together,
details in the next section. It features a beam entry pipe and an exit pipe, both
4mm in radius. The cavity portion is a nose cone geometry as shown in fig. 3.3.
Each part contains identical nose cone shapes. A nose cone geometry geometry helps
concentrate the fields toward the center of the deflecting gap thus creating stronger
fields and therefore stronger deflection. The nose cone geometries also improve the
shunt impedance of by a factor of 10 compared to a standard deflector. The mode
separators are 2 small cylindrical holes added to create larger separation of the modes

preventing unwanted modes to affect the beam dynamics. A mode separation of TMHz
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was achieved.
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Figure 3.3: Nose cone CAD drawing of Part 1 with dimensions in [mm)]

The field profile along the beam axis is shown below in fig. 3.4.

The cavity is coupled to the RF using the side-wall method. The coupling port has
a racetrack geometry and uses a WR90 waveguide. Since the power of the cavity is an
important parameter to the temporal resolutions is worth redefining some parameters
in terms of power. The cavity is driven by the RF power that is externally generated,
Prr and can set the temporal resolution. We have plotted the fields using a 50kW
Klystron. We know these structures are not lossless systems so we can take a look at

distribution of this power. The power lost in cavity is defined as

Bost - Pwalls + Pcoupling (38)
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Figure 3.4: On axis magnetic field profile of deflecting cavity with input power of
50kW .

where P,qs is the power lost in the walls of the structure and Ppoypiing is the

power lost in the coupling port.

We can re-write our quality factors in terms of the power lost as following,

(A)OU

. 3.9
Q Pcoupling ( )
wOU
= 1
QO Pwalls (3 0)
wolU
Qloaded - 4 (311)

Pwalls + Pcoupling

The @y of our deflector is 13,400.

As discussed in Chapter 1 [reference coupling section after corrections|, we have 3
choices of power coupling where Seoupiing = Puaiis/ Peoupting- 1f we drive the cavity in
steady state at resonance, then the fraction, |T'|?, of the incident power on the coupler,

P, from the WR90 waveguide will be reflected. Therefore, the power transmitted
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into the cavity is given by the following expression.

Pwalls = Pznc(]- - |F|2>

|| has different definitions for the different coupling scenarios.

| | _ - Bcoupling
1+ ﬂcoupling

| | - Bcoupling —1
1+ Bcoupling

, (undercoupled)

, (overcoupled)

Our structure is critically coupled, Beoupiing = 1. Having Paus =

(3.12)

(3.13)

(3.14)

coupling T€ans

that the stored energy is being emitted by the coupler at the same rate as the walls

are absorbing it. A critically coupled cavity can be driven at steady state means none

of the incident power is reflected, P,y and the stored energy is maximized.

In order to find the transverse voltage, the transverse electric field, ,/EZ + E7

along the axis was extracted using the HFSS code. MATLAB was used to perform a

polynomial fit of the transverse field and integrate the curve from z=0 to beam exit.

For an input power of P=50kW and a frequency of {=9.6GHz, we find the transverse

voltage to be Vp = 8kV. [63][64].

The transverse voltage is defined as follows:

_w

R iz

The transverse shunt impedance is calculated to be R, = 1.3MS.
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A summary of the X-band deflector design parameters have been included in the

following table.

Table 3.1: Design parameters for the UCLA X-band deflector
fr 9.6GHz

Qo 13,400
Mode Separation  8MHz

5coupling 1
Ry 1.3M€Q2
Vr at P=50kW 8kV

3.2.2 Clamping technique

In chapter 1, we discussed the detrimental effects on copper cavities caused by Rf
breakdowns and Rf pulsed heating temperature rise. In chapter 2, we discussed the
design and fabrication techniques that allows us to avoid brazing. 3 different types

of sealing gaskets were made. To summarize:
1. RF and vacuum gasket for clamping the cavity body parts.

2. Adapted Conflat (CF) Flange to copper in standard size meant to connect

external commercial components to the cavity.
3. Waveguide gaskets that seals standard waveguide components to the coupling
port.

Brazing is a risky and an expensive procedure. The customs gaskets proved to be
very useful tool for the fabrication of any copper. We have implemented the same
fabrication technique on the X-band deflector as we did for the electron gun. In

Fig. 3.5, the two main parts that form the cavity are shown. Part 1 and part 2
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are clamped together using the custom Rf and vacuum sealing gasket. This gasket
features the same profile as seen in fig. 2.35 but with dimensions tailored such that
gasket can sit on the pocket inside of Part 2. The X-band deflector has no brazed
external components as well. The entry and exit beam pipe have adapted conflat

gaskets to be used with commercial 1.33” CF flanges.

CUSTOM RF AND

B ——
VACUUM GASKET

Figure 3.5: The 2 parts and mating gasket of the X-band deflector.

These gaskets are the same design as tested for the 1.4 cell RF photoinjector and

results can be found in the ”Fabrication” section of chapter 2.
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