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Abstract

Analysis and Control of
Laser Plasma Based Accelerators up to 1 GeV
by

Kei Nakamura
Doctor of Philosophy in Engineering
The University of Tokyo, Japan

Professor Mitsuru Uesaka, Chair

Lawrence Berkeley National Laboratory

Dr. Wim Leemans, Dissertation supervisor

This dissertation documents the development of a broadband electron spectrometer
(ESM) for GeV class Laser Wakefield Accelerators (LWFA), the production of high quality
GeV electron beams (e-beams) for the first time in a LWFA by using a capillary discharge
guide (CDG), and a statistical analysis of CDG-LWFAs.

An ESM specialized for CDG-LWFAs with an unprecedentedly wide momentum ac-
ceptance, from 0.01 to 1.1 GeV in a single shot, has been developed. Simultaneous
measurement of e-beam spectra and output laser properties as well as a large angular
acceptance (> +10 mrad) were realized by employing a slitless scheme. A scintillating
screen (LANEX Fast back ,LANEX-FB) - camera system allowed faster than 1 Hz oper-
ation and evaluation of the spatial properties of e-beams. The design provided sufficient
resolution for the whole range of the ESM (below 5% for beams with 2 mrad divergence).
The calibration between light yield from LANEX-FB and total charge, and a study on
the electron energy dependence (0.071 to 1.23 GeV) of LANEX-FB were performed at
the Advanced light source (ALS), Lawrence Berkeley National Laboratory (LBNL). Using
this calibration data, the developed ESM provided a charge measurement as well.

The production of high quality electron beams up to 1 GeV from a centimeter-scale



il

accelerator was demonstrated. The experiment used a 310 pm diameter gas-filled cap-
illary discharge waveguide that channeled relativistically-intense laser pulses (42 TW,
4.5 x 10" W/cm?) over 3.3 centimeters of sufficiently low density (~ 4.3 x 10'®/cm?)
plasma. Also demonstrated was stable self-injection and acceleration at a beam en-
ergy of ~ 0.5 GeV by using a 225 pum diameter capillary. Relativistically-intense laser
pulses (12 TW, 1.3 x 10®W/cm?) were guided over 3.3 centimeters of low density (~
3.5 x 10'8/cm?) plasma in this experiment.

A statistical analysis of the CDG-LWFAs’ performance was carried out. By taking
advantage of the high repetition rate experimental system, several thousands of shots
were taken in a broad range of the laser and plasma parameters. An analysis program
was developed to sort and select the data by specified parameters, and then to evaluate
performance statistically.

The analysis suggested that the generation of GeV-level beams comes from a highly
unstable and regime. By having the plasma density slightly above the threshold density
for self injection, 1) the longest dephasing length possible was provided, which led to
the generation of high energy e-beams, and 2) the number of electrons injected into
the wakefield was kept small, which led to the generation of high quality (low energy
spread) e-beams by minimizing the beam loading effect on the wake. The analysis of
the stable half-GeV beam regime showed the requirements for stable self injection and
acceleration. A small change of discharge delay ty,., and input energy FEj,, significantly
affected performance.

The statistical analysis provided information for future optimization, and suggested
possible schemes for improvment of the stability and higher quality beam generation. A
CDG-LWFA is envisioned as a construction block for the next generation accelerator,

enabling significant cost and size reductions.
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Chapter 1

Introduction

Charged particle accelerators have contributed to a broad range of scientific fields,
serving high energy and elementary particle physics through particle colliders, and pro-
viding radiation ranging from THz to x-rays for various applications in material science,
chemistry, biology, or medicine. The accelerating structure of those conventional accel-
erators is based on radio frequency (RF) cavities, where the field gradient is limited at
the ~ 100 MV /m level due to material breakdown. Demands for higher energy particles
from future facilities have led to the construction of large scale facilities, and even larger

machines are planned.

A plasma-based accelerator is a promising candidate for a next generation accelerator.
By using a plasma as a media for an accelerating structure, more than a thousand times
higher field gradient than what current RF-based technology can provide has become
possible. Recently, a generation of GeV-class high quality (a few percent energy spread)
electron beams (e-beams) has been demonstrated with a centimeter scale laser wakefield
acceleration (LWFA) [1H3]. This dissertation consists of contributions to the development
of the GeV class LWFA. Such an LWFA is envisioned as a construction block for the next

generation accelerator, enabling significant cost and size reductions.

In this Chapter, a brief history of plasma-based accelerator experiments is presented,
followed by an overview of LWFA development in the LOASIS Program at Lawrence
Berkeley National Laboratory (LBNL). The mechanism for generation of high energy and
quality e-beams from an LWFA is briefly discussed as well. This Chapter will provide the

motivation and background for the work presented in this dissertation.
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1.1 Plasma Based Accelerator Experiments

A charged particle accelerator based on a plasma wave (wakefield) excited by an intense
laser pulse was proposed by Tajima and Dawson in 1979 [4], followed by the concept of
particle beam driven plasma wave (plasma wakefield acceleration, PWFA) in 1986 [5].
When an intense laser propagates through a plasma, the electromagnetic field gradient
(ponderomotive force) of the laser pushes plasma electrons outward, while ions remains
stationary. The resulting space-charge field subsequently causes a density oscillation be-
hind the drive laser. This density oscillation (plasma wave) is called wakefield, and is
illustrated in Fig. [LJl For the linear regime (small electric field), the corresponding
temporal frequency of the wakefield (plasma frequency) is given by:

4me?n,

wp = m ) (11)

where c is the speed of light in vacuum, m, the rest mass of the electron, n. the plasma
electron density, and e the charge of an electron. The phase velocity of a plasma wave
Upp 1s given approximately by the group velocity of the laser beam in the plasma vy, ~

vy = ¢y/1 — (w2/wj), where wy is the central angular frequency of the laser pulse. For a

sufficiently low density plasma, a characteristic wavelength of the plasma wave becomes:

2 2
Ay = 08 o TTC (1.2)
Wp Wp

Vop~ Vg
E >

Laser

highn, low n,

hp=2nc/mp

Figure 1.1: TIllustration of a laser-driven plasma wakefield.
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In the case of a PWFA, the space charge force of a particle beam drives the wakefield
instead of a laser beam, and the phase velocity of the plasma wave is given approximately
by the beam velocity v,, >~ Upeam. For a sufficiently high energy driving e-beam, a char-
acteristic wavelength of the plasma wave becomes \, = 2T Upeam/wp =~ 27c/w,. These
wake field acceleration (WFA) concepts allow realization of an accelerating structure with
exceptionally high field gradient. For example, from Gauss’s law, the Electric field Ey can
be estimated as:
_ MewyC

By = e (1.3)

e
or Ey ~ 100 GV/m for n, ~ 10*® ecm™3. This electric field is thousands of times higher

than what conventional accelerators can achieve in RF cavities.

The LWFA concept immediately drew the attention of many plasma scientists from
around the world, and has been intensely studied for more than 25 years (for a review,
see Ref. [6] for a theoretical overview, and Ref. [7] for recent experimental results). Note
that this introduction does not cover plasma-based electron acceleration via laser-solid

interactions [S8HI2].

Although there was some early work done by Joshi et al. in 1981 on Raman scat-
tering [13], the first experimental proof of plasma-based acceleration of electrons was
achieved via plasma beat wave acceleration (PBWA), where two long laser pulses with
slightly different frequencies were used to resonantly excite a plasma wave (see Ref. [6],
and references therein). The method was proposed by Tajima and Dawson [4] as an alter-
native to the LWFA due to the unavailability of short (< 1 ps), intense (> 10'7 W/cm?)
lasers at that time. In 1992, Kitagawa and coworkers [14] observed the acceleration of
background electrons via PBWA employing two lines of a COy laser. The total electron
energy gain was 10 MeV and a 1.5 GV/m accelerating gradient was measured. External
injection of e-beams into the plasma-based accelerating structure was first demonstrated
via PBWA by Clayton et al., reported in 1993 [15, [16]. Electrons with an energy of
2.1 MeV were accelerated to 9.1 MeV by the resonantly excited wakefield with an ac-
celerating gradient of 0.7 GV/m. The PBWA concept has been experimentally studied
by several other groups as well [I7H20], but interest has waned due to the availability
of short pulse and high power lasers based on the technique called Chirped Pulse Am-
plification (CPA). In 1988, a compact terawatt laser system based on the CPA was first
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demonstrated by Mourou and coworkers [2I]. After this invention, laser plasma-based

accelerators have evolved with the growth of CPA technology.

The acceleration of electrons using a single CPA-based laser was first demonstrated
in 1995 with electrons injected from a laser-solid interaction by Nakajima and cowork-
ers [22]. Up to 18 MeV electrons were observed using injected electrons of 1 MeV energy.
The concept of LWFA with injected beams was also experimentally studied by Amiranoff
et al. [23, 24] using an RF accelerator coupled to the LWFA. Although it successfully
proved the concept experimentally, this scheme was not practical due to the low cou-
pling efficiency between the RF-accelerated electrons and the plasma-based accelerating
structures. The characteristic structure scale lengths were orders of magnitude different
between the structures, and the required precision for RF-laser timing synchronization far
exceeded what could be achieved at that time. Also reported in 1995, using a single CPA
based laser, was acceleration of background electrons [25], 26]. Total energy gain up to
40 MeV with 100 GV/m accelerating gradient was achieved. Those experiments utilized
Nd:glass based laser systems with pulse lengths 7, which were more than a few hundred
fs. Plasma densities were somewhat high (typically < 10%°/cm?) to introduce strong self
modulation of the laser pulses. The self modulation is the longitudinal and transverse
modulations of the laser pulse due to the interaction with the plasma wakefield leading to
laser pulse steepening and radial focusing/defocusing, which occur in the time scale of the
plasma oscillation 7, ~ 1/w,. A laser pulse longer than 7, undergoes the self modulation,
and eventually leads to the generation of large amplitude wakefields and self trapping of
electrons into plasma accelerating structures via wave breaking. This operational regime is
called the self modulated laser wakefield acceleration (SM-LWFA). Although experiments
with such high energy, high power, sub-picosecond Nd:glass based lasers (for example,
~ 250 TW in 650 fs [27], 7 > 7,) are still actively being pursued [27H39], the majority
of research has shifted to experiments with shorter pulse duration (rp < 7, < 100 fs),
higher repetition rate Ti:Sapphire based CPA laser systems [40-55]. Experimental setups
for SM-LWFA experiments were simple and similar everywhere. As an example, a typical
setup for LBNL LWFA experiments is shown in Fig. [[L.2l A laser beam was focused by an
off-axis parabola (OAP) onto a gas jet target, typically Hydrogen, Helium or Nitrogen.
The interaction lengths for the SM-LWFA were on the order of the Rayleigh range (self

channeling could increase the interaction length somewhat), typically less than a millime-
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Figure 1.2: Schematic of the SM-LWFA experiment at LBNL. A laser pulse was focused
by an off-axis parabola (OAP) onto a gas jet target. The total charge was measured
by a charge detector ICT (Integrating Current Transformer) and Phosphor screens. An
electron magnetic spectrometer was used to measure the energy spectrum of e-beams.

ter. For those SM-LWFA experiments, resultant e-beam energy spectra were broadband,
usually characterized by an exponential or Boltzmann-like distribution with characteristic
temperatures as shown in Fig. [[3l This was probably due to high plasma density giv-
ing short dephasing length and heavy beam loading, and enhanced multi-bucket injection
from long laser pulse length 77, 2 7, (discussed later in this Section and in Chapter[2]). The
total accelerated charge was high (up to several nano-Coulombs), but the number of elec-

trons at high energy (> 10 MeV) were a small fraction of the total charge (< 10 pC [42]).

The maximum energy observed from SM-LWFA experiments as a function of the input
laser power (TW) is shown in Fig. [[4l E-beams with up to 300 MeV have been observed
from SM-LWFA experiments. The observed maximum energy depends on many laser-
plasma parameters, such as laser energy, pulse length, power, and contrast, as well as
plasma density, temperature, and profile. Furthermore, it may depend on the detection
efficiency of electron diagnostics. Nevertheless, Fig. [[L4l shows the simple tendency of
higher power leading to higher energy, and that the resultant maximum energies are

comparable between the long and short-pulse laser system at similar input laser power. A
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Figure 1.3: Example of e-beam energy spectrum from SM-LWFA experiments at LBNL.

typical pulse length from a Nd:glass laser is 10 times longer than that from a Ti:Sapphire
laser, which means it requires 10 times more energy to achieve an equivalent power. Thus,
Ti:Sapphire based systems have provided higher laser-energy to electron-energy efficiency
than Nd:glass based systems. Note that laser energy to whole e-beam energy efficiency was
not considered here. As the pulse length of the laser approached the plasma wavelength,
the experimental regime shifted from heavily self modulated LWFA 7, > 7, to slightly
self modulated LWFA 7, 2 7,. Together with this shift, the capability to perform a large
field of systematic parameter scans, benefitting from efficient and high repetition rate
Ti:Sapphire laser systems, has contributed to many findings, enabled experiments with
error-bars, and has led to a new generation of plasma-based accelerators.

Reported in 2004 from three different groups, LBNL, Laboratoire d’Optique Appliquée
(LOA), and a collaboration of the Imperial College and Rutherford Appleton Laboratory
(RAL), were the generation of quasi-monoenergetic e-beams (QME) [56-58]. This break-
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Figure 1.4: Observed maximum energy from SM-LWFA experiments, and peak energy
from quasi-monoenergetic e-beams (QME) as a function of input laser power [TW]. Blue
diamond: experiments using Nd:glass based systems, orange circle: experiments using
Ti:Sapphire based systems, yellow triangle: quasi-monoenergetic e-beams without guiding
(Ti:Sapphire), red rectangle: quasi-monoenergetic e-beams with guiding (Ti:Sapphire).

through was achieved by matching the interaction length with the dephasing length (the
length in which accelerated particles outrun the wakefield). The nature of this slippage
comes from the fact that the velocity of a relativistic electron (v, ~ ¢) is faster than
the phase velocity of the plasma wave v,,. An analytical approximation for the depasing
length Lgy, in the 1D regime can be expressed as [59]:

w0>2>< 1 for a2 <1, (1.4)

Ldph ~ )‘p (—
2a3 /7 for a > 1.

Here ay is laser strength parameter, or normalized vector potential for the laser pulse. This

is a key parameter for the discussion of laser driven wakefield acceleration, as detailed in
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Chapter 2l From Egs. and L4}
Ldph X ne_g/Q . (15)

In the 2004 experiments, the dephasing length was controlled via the plasma density,
which was typically in low 10 /em? (somewhat lower than those used in the SM-LWFA
experiments). Interaction lengths were extended by focusing the laser beam with a larger
F number [57, 58], or by providing a pre-formed plasma channel [56] whose axial plasma
profile was arranged such that the plasma channel guided the intense laser beam like
an optical fiber. The first scheme, namely the large spot scheme, required higher power
laser systems to compensate the reduced focus intensity. The second scheme, namely
the guided scheme, required additional lasers to provide a preformed channel. For both

schemes, advanced Ti:Sapphire laser systems played a critical role in the experiments.

The maximum energy gain was limited by two elements, plasma density and interac-
tion length. With a given laser intensity, plasma density had to be high enough to realize
self-trapping of electrons. Higher plasma density provides shorter dephasing length, con-
sequently leading to smaller energy gain. In the case dephasing length is longer than
interaction length, interaction length limits total energy gain. For self-trapping based
LWFAs, the higher laser power to allow self-trapping with lower density plasma, and
sufficiently longer interaction length to accommodate dephasing length are required to

produce higher energy electron beams.

The generation of QMEs has now been reported from many groups around the world,
and its optimization, scaling, beam quality, and stability has been studied [60-73]. Re-
ported e-beam energies of the QMEs versus input laser power (TW) are shown in Fig. [l
One can see that the peak energy is comparable to the observed maximum energy from

SM-LWFAs.

After the demonstration of high quality (quasi mono-energetic) e-beam generation
from the LWFA, the improvement of beam quality, stability, and reproducibility have be-
come the focus of research. Reported from LOA in 2006 was a demonstration of controlled
injection of electrons onto a wakefield by using a counter propagating laser beam [74]. The
concept was originally proposed by Esarey et al., [T5H79], and has been pursued experi-

mentally at LBNL as well [80, 8I]. In previous experiments, electron injection has relied
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on self-trapping, via wave breaking or high temperature plasma, which were not readily
controlled. This LOA result showed that via laser-triggered injection, tunability of the
e-beam energy and high stability (100% injection with a few percent fluctuation of peak
e-beam energy) were achieved [74].

Also in 2006, the University of Tokyo (U-Tokyo) reported e-beam generation improved
by an external magnetic field [82]. In the U-Tokyo experiments, the external magnetic
field was used to condition the pre-formed plasma generated by a laser pre-pulse. Their
early work was focused on how the laser pre-pulse affected the injection and acceleration
processes [40, 47, 63]. By having an active control of the pre-pulse induced pre-formed
plasma such that the plasma profile had a channel-like property, the resultant e-beams
were improved to have smaller beam divergence, higher total charge, and higher stability
(100% injection) [82].

Recently, the PWFA concept has been studied, mostly by a University of Califor-
nia Los Angels (UCLA) - Stanford Linear Accelerator Center (SLAC) - University of
Southern California (USC) collaboration [83H88] using electron and positron beams at
SLAC. SLAC was the only user facility in the world that could provide high energy (up
to 50 GeV) electron and positron beams. Reported in 2007 was the use of 50 fs, 42 GeV
e-beams as a wakefield driver, and measurements of the tail of the drive beam gaining
energy of up to 43 GeV [88]. High reproducibility and stability was reported at many
conferences. Although generation of e-beams with single energy peak structure has not
been demonstrated yet, this was the highest net energy gain yet achieved by plasma-
based accelerators. If a witness beam can be arranged at the right location (phase of the
wakefield), a high quality and high energy PWFA becomes possible, as opposed to simply
accelerating the tail of a long drive beam.

Reported by LBNL in 2006 was the generation of a 1 GeV, quasi mono-energetic
e-beam by using a capillary discharge waveguide and a ~ 37 fs, ~ 42 TW Ti:sapphire
laser [1], 2]. The capillary discharge waveguide was capable of guiding intense lasers (~ 4 x
10" W/cm?) for more than 30 mm with low plasma density (down to ~ 10'® /cm?), which
gave a long dephasing length leading to high net energy gain. This was the highest energy
obtained from an LWFA | and its laser power - e-beam energy efficiency was excellent (see
Fig.[[4]). Also reported was the stable generation of high quality 0.5 GeV e-beams (~ 80%
injection with ~ 6% fluctuation of peak e-beam energy, detailed in Chapter ). It was first
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shown that self-trapping and acceleration can be stabilized to produce QMEs with such
high energy. These results lead to increased interest and discussion of practical LWFA
e-beam applications.

As has been discussed in this Chapter, plasma-based accelerators now provide high
quality beams and hence their practical applications can be discussed. Applications of
LWFA e-beams have been explored such as radio-isotope production [32] 42} [89, 90], THz
radiation generation [44], 91], x-ray generation [92-95], and pump-probe experiments [96].
For radio-isotope production, a LWFA could be a compact apparatus. As a THz radiation
source, a LWFA may provide not only a compact apparatus compared to conventional
accelerator facilities, but also e-beams with much shorter bunch duration, and hence
higher THz frequencies [97-100]. Furthermore, the vacuum-plasma boundary of the SM-
LWFA can be a high field THz source because the e-beam can contain more than a nano-
Coulomb in a very short time duration (~ plasma period ~ 10 fs). Short pulse, high field
THz radiation may benefit a broad range of ultrafast sciences. Synchrotron radiation from
an LWFA was demonstrated experimentally and has been intensely studied by Rousse and
co-workers [95], T0THI04]. The time duration of LWFA synchrotron x-rays was found to
be as short as 100 fs. Although conventional synchrotron light sources can generate far
higher energy photons using > 1 GeV e-beams [105-107], this few keV ultrafast x-ray
radiation could provide a powerful tool for femtosocond x-ray diffraction or absorption
spectroscopy. By using an undulator, an LWFA driven XUV FEL could be designed
using GeV-class LWFA electron beams [108]. Combining ability to generate a broad
spectral range of radiation with e-beams and the intrinsically synchronized laser beam,
a LWFA could provide an ideal apparatus for an ultrafast pump-probe experiments. A
pulse radiolysis experiment was carried out by using e-beams from SM-LWFA in ref. [96].
Although it was demonstrated that a SM-LWFA could provide sufficient charge to perform
chemical studies, a femtosecond pump probe experiment was not realized, probably due
to the broadband property and space charge effect in high charge e-beams [109]. E-beams
from SM-LWFA contained a total charge of nC, and such a high charge e-beam would
be stretched out longitudinally during propagation in addition to the velocity difference
between low and high energy electrons. Although it has been demonstrated that the
SM-LWFA e-beam can have short pulse duration (~ 50 fs) at the exit of the plasma [08],

femtosecond pump probe experiments hence also require that the e-beams have to be of
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high quality (low energy spread). Ultrafast pulse radiolysis [110, [1T1] using high quality
e-beams from LWFA has been pursued at U-Tokyo [112]. The pulse duration of quasi-
monoenergetic e-beam (peak energy of 20 MeV with 20% energy spread, ~ 30 pC) was
measured to be ~ 130 fs after the propagation of 180 mm [113]. For femtosecond pump
probe experiments, higher quality e-beams may be required. For all kind of applications,
stability remains a key issue, and there still are many things to be addressed for the
applications. Plasma based accelerator experiments, however, have shifted from high
power plasma experiments to accelerator experiments. Applications can be discussed
with practically achievable parameters, and may be realized in near future.

This dissertation consists of contributions to the development of the capillary discharge
guided (CDG-) LWFA at the LOASIS Facility, and details are discussed in following
Sections and Chapters.

1.2 LOASIS Laser Plasma Based Accelerators

The LOASIS group (Lasers, Optical Accelerator Systems Integrated Studies) was started
in 1993 by Wim Leemans, then opened LOASIS Facility in 1995 (the ’OASIS group in
the Center of Beam Physics (CBP), became LOASIS Program in 2005). First developed
at the LOASIS Facility was a laser-driven hydrodynamic expansion waveguide [114] using
the ignitor heater method [IT5] to allow operation in Hydrogen gas. A multi-output high-
power Ti:Sapphire amplifier named Chihuahua was built (see Fig. [H]), which provided
two fs laser pulses (75 fs, 30 mJ each), and an energetic long pulse (160 ps, 280 mJ) for
these experiments. One of the short laser pulses (ignitor) was used to initially ionize the
gas from a gas jet via tunnel ionization, then the long laser pulse (heater) was introduced
to heat the plasma through collisions. The heated cylinder of gas expanded, creating a
radial plasma density distribution with a minimum on axis, which was used to guide the
2nd short laser pulse at intensity ~ 5 x 10! W/cm? over ~ 10 Rayleigh lengths.

The first report of the generation of energetic e-beams from the LOASIS LWFA was
in 2001, using a newly developed high power Ti:Sapphire amplifier, named Godzilla [42].
The Godzilla amplifier provided ~ 500 mJ in ~ 50 fs (~ 10 TW), and it was focused by
a F/4, 30 em focal length OAP providing a spot size of approximately wy = 6 um, or
Rayleigh length zp = mw? /A = 141 um with X\ the laser wavelength. The generation of
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high energy electrons (> 25 MeV) was verified via gamma-neutron activation experiments

and a magnetic spectrometer [42].

By combining the two experiments and lasers, a channel guided LWFA and, as shown
in Sec. [T generation of quasi-monoenergetic e-beams from a LWFA | were first achieved
and reported in 2004 [56, [68] 1T6]. In this experiment a laser beam intensity up to a few
10" W /ecm? was guided over ~ 10 Rayleigh lengths, with only small distortions in a laser
mode profile. The laser lost up to 90% of its energy due to energy deposition into the
plasma (wake generation) and leakage from the guiding structure. By using a 9 TW laser,
a 86 £1.8 MeV e-beam with 3 mrad divergence in full-width half maximum (FWHM)
was obtained. This laser-driven hydrodynamic expansion waveguide was shown to be
efficient with higher density plasma (> 10 ecm™) due to the fact that the heating relies
on inverse-Bremsstrahlung but harder to generate channels for lower plasma density. The

required laser energy for channel generation scales linearly with its length.

For applications such as synchrotron light sources [I05HI07, 117] or as modules in
particle colliders [I18], GeV or even higher energy would be desirable. In order to obtain
a higher energy e-beam, an LWFA with longer accelerating structure becomes essential,
because a net energy gain AW may be given by a product of an accelerating field strength

E, and accelerating length L..:
AW = E. L. (1.6)

As discussed in the previous Section, the acceleration length has to be matched to the
dephasing length, which can be extended by using lower density plasma (see Eq. [[3).
Key technologies for a higher energy LWFA would be a lower density plasma, longer

accelerating length, and higher power laser.

The acceleration length can be extended by either using large laser spot (large Zg)
scheme or using a plasma channel for guiding. The required laser-plasma parameters to
obtain GeV e-beams with a channel-guided LWFA were studied via scaling laws [I19-121],

which can be summarized as follows. If the acceleration length is limited by the dephasing
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length, Ly > Lgpp, the dephasing limited energy gain AWy, in practical units, is:

630/ (W cm?) e for af <1,

AWd h(MeV) ~ —
’ ne(em™) (2/7)/N, for a@> 1,

(1.7)

where [ is the laser intensity, and N is the number of plasma periods that the bunch is
located behind the laser pulse. If the acceleration length is limited by the pump depletion
length L,4, in which laser deposit all the energy onto plasma, the pump depletion limited

energy gain AW, in practical unit is:

3.4 x 1021 /(\?(pm)n(cm™3)), for a2 <1,
AWMV = /(A () (em™=3)) 2 19

4007(W e¢m™?) /n(cm™3), for ag > 1.

As an example, assume a P = 50 TW, 40 fs (2 J) Ti:Sapphire laser (A = 0.8 pm) focused
to a spot size of wy ~ 25 pm, which gives calculated peak intensity I = 2P/rw3 ~
5 x 10"® W/em™2 and ag ~ 8.6 x 1071\ (um)I'/? (W/cm?) ~ 1.5. Considering the
nonlinear regime, one obtains AWy, ~ AW,; = 1000 MeV and Lg,, ~ 2.95 cm with

a plasma density of n, = 2 x 108 cm=3

. From the scaling law, 1 GeV e-beams can be
obtained by a 3 cm guided 50 TW laser and a plasma density of 2 x 10'® em™. Without
guiding, which has an advantage in simplicity of the setup, a simulation suggested that
1 PW laser system may be able to provide high quality GeV e-beams [122]. In the guiding
case, interaction length can be extended without making spot size larger. Experimental

results [50H58] also suggested higher efficiency using the guided approach.

Although guiding of an intense laser by a laser-driven hydrodynamic expansion waveg-
uide over several mm was demonstrated [56, (68, [116], guiding over cm scale distances with
lower density plasma was a significant challenge. As discussed, the lower plasma densi-
ties for a centimeter scale laser-driven hydrodynamic expansion waveguide made that
approach unpractical because low efficiency heating needs high energy heater. The Ig-
nitor - heater concept [114, 115, 123] was not the only way to achieve a guiding of an
intense laser, and however, other guiding concepts relying on the use of preformed plasma
channels have been pursued by several groups around the world [124H128]. An alternative

plasma channel technology, based on capillary discharge guides (CDG), was developed at
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Figure 1.5: Schematic of laser system of LOASIS Facility.

Oxford University [129-131]. A moderate intensity laser (~ 107 W/cm~2) was guided
over 5 cm without significant distortion or loss [131], but no high intensity laser was

available to produce relativistic e-beams at Oxford University.

With the goal of GeV-class e-beam generation from a LWFA, a CDG-LWFA has been
developed at the LOASIS Facility, collaborating with Oxford University. Construction
of a 100 TW-class Ti:Sapphire amplifier had already started in 2002, aimed at higher
energy e-beam generation. It employed cryogenic cooling of a Ti:Sapphire crystal using
compressed helium gas to cancel the heavy thermal loading induced by the high power
pump lasers. Amplification up to 4 J/pulse (before compression) with 10 Hz operation
has been achieved. Shown in Fig. is a schematic of the LOASIS Laser Facility. As of
October 2007, a total of eight beams are available for a variety of experiments from three

high-power and three mid.-power Ti:Sapphire amplifiers.
Critical to the GeV-class CDG-LWFA was the development of a diagnostic for the

e-beam, namely an electron spectrometer (ESM). As discussed throughout this Chapter,
LWFA can provide a variety of e-beams, such as high-charge broadband beams (down to
~ () MeV) and high quality and energy beams (up to GeV energy), and there is often

significant shot-to-shot variability. To measure all these beams, and to allow a wide range
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of parameter scans, a broadband, high resolution, high repetition rate ESM was essential.
One of the objectives of this dissertation was to develop, implement, and operate such an
electron spectrometer. A broadband single shot ESM was designed and developed for a
GeV-class CDG-LWFA. It has served as the main diagnostics for the development of the
LOASIS GeV LWFA, and has successfully measured GeV class e-beams.

The other objective of this dissertation was to understand how to control a GeV-
class LWFA. Thousands of shots with a broad range of laser and plasma parameters were
statistically analyzed to elucidate the complicated physics in the laser-plasma interactions.
The analysis showed the requirements for stable operation, and provided information for

future optimization.

1.3 Summary and Outline

As presented in this Chapter, since their invention, laser plasma-based accelerators have
progressed rapidly along with advancing laser technologies. By using channel guiding, high
quality, 100 MeV e-beams can be provided in a mm scale LWFA. A centimeter scale LWFA
has been developed at the LOASIS Facility by using a capillary discharge waveguide. A
broadband single shot ESM for GeV class LWFA was developed, and through statistical
analysis of the measurements, the control of the GeV class CDG-LWFA was discussed.

Chapter 2] describes the theoretical foundations for LWFA. Physics of laser-plasma
interactions relevant to wakefield acceleration is described, providing insight on LWFA
operation, and the foundations for analysis and discussion presented in Chapter [l

Chapter [3] details the design and development of a broadband ESM for GeV class
LWFA [3]. This diagnostic efficiently covers a wide range of energy in a single shot with
sufficient resolution. As the main diagnostic for the GeV-class LWFA at LBNL, it was
essential to the achievement of high quality GeV e-beam generation from a CDG-LWFA.
Along with its development, the e-beam energy dependence of the scintillating screen was
studied at the Advanced Light Source (ALS), LBNL. The developed ESM successfully
provided a charge monitor as well.

Chapter M describes the development of the GeV-class LWFA. Taking advantage of
the high repetition rate system, thousands of shots have been taken with a broad range

of laser plasma parameters. A statistical analysis of the CDG-LWFA operation is pre-



16 CHAPTER 1. INTRODUCTION

sented. Complicated inter-dependence of laser-plasma parameters are presented, and the
key technology for controlling a GeV-class LWFA are discussed.
Lastly, conclusions and prospects for future LWFAs are discussed in Chapter [l



Chapter 2

Theoretical Foundations for LWFA

2.1 Introduction

In this Chapter, a brief summary of the equations describing laser-plasma interactions
relevant to electron acceleration is presented. This Chapter together with Chapter [
provides a foundation for the discussion and analysis presented in Chapter 4l Section
describes generation of the wakefield, and Section P.3 discusses particle trapping and

acceleration. For a comprehensive review, see Ref. [6] and references therein.

2.2 Wakefield Generation

Plasma wakefields generated by non-evolving drive laser pulses can be described an-
alytically in the three-dimensional (3D) linear regime, and 1D (plane wave) non-linear
regime [0]. Calculation of the wakefield in the 3D nonlinear regime or calculation in-
cluding the self-consistent evolution of the drive laser pulse is sufficiently complicated to
require numerical calculation. Here, we consider a cold fluid, where collisions and thermal
effects are negleceted. The collision time is typically much greater than the driver laser

pulse duration, and the thermal velocity is typically much less than the quiver velocity of

17
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an electron in the laser radiation fields. Starting from the fluid-Maxwell equations:

V-E = 4ne(Zn; —n.), (2.1)
V-B = 0, (2.2)
0B
E = —— 2.
V X Tl (2.3)
OE  4me(Zn;v; — n.ve)
B = — 24
V X ot + c ) ( )

where v; and v, are the fluid velocities for the ions and electrons, respectively, and
n; and n, are the ion and electron densities, respectively, with Z the atomic number.
Throughout this Section, the ions are assumed to be immobile, and Z = 1 is assumed
because Hydrogen gas is used in experiments to realize fully ionized plasma (to reduce

~1/2 where

ionization diffraction [I32]). The ion response time [~ w ;! = (4we’n;/M;)
M; is the mass of the ions| is typically much greater than the time scale of the laser-
plasma interaction considered here (a few tens of femtoseconds). For a proton plasma
with n; ~ 10*¥® cm™3, w;il ~ 1 ps, and so the ions are largely immobile. With the ion

density given by the equilibrium plasma density n; = ng, and assuming immobile ions

v; = 0, Egs. (20 and (24]) become:

V-E = d4rme(ng—n), (2.5)
OF 4menwv
B - & _ 2.
VX cot c (2:6)

where n, = n and v, = v are used for simplicity. The electric (£) and magnetic (B)

fields can be described with the vector A and scalar ® potentials:

HA
E = -Vb- . (2.7)

B = VxA. (2.8)
Equations (2.5) and (2.0) can be rewritten in terms of the potentials:

8a> _ Amei(n—no) (2.9)

v (Vo on

MeC2

0 da Are’*nu
. el = - 2.1
vaxa+08t <V¢+Cat> o (2.10)



2.2. WAKEFIELD GENERATION 19

where a is the normalized vector potential as defined by:

cA
a=—— 2.11
el (2.11)
¢ is the normalized scalar potential:
ed
= — 2.12
¢ mec? (2.12)
and w is the normalized electron momentum:
u="2 =-""_,3. (2.13)
MeC c

Here, p is the momentum of electron fluid, 8 = v/c is the normalized velocity of the

electron fluid, and ~ is the relativistic factor, which can be written as:

v=vV1+u?. (2.14)

In the Coulomb gauge, V- A = 0, Egs. (29) and (2.1I0)) yield the normalized Poisson

equation and normalized wave equation:

n—"no

Vi =k e (2.15)
02 nu 0
2 _ = BP——4 = 2.1
<V 028252) @ Png v * céhfngs ’ (2.16)

where the vector identity V x V x @ = V(V - a) — V2a was used, and k, is the plasma

w [4me2n,
k=2 — ) 2.17
P c MeC? ( )

wave number:

Since a cold fluid is considered here, neglecting the pressure tensor and the collision

term, the equation of motion and the continuity equation for the electron fluid can be
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written as:
ﬁ + \V4 = —e|F+ 1 x B (2.18)
5 v p = e C'v , .
on
— . = . 2.1
5 + V- (nv) 0 (2.19)

In terms of the normalized potentials and momentum, Eqs. (2I8) and (219) can be

rewritten as:

0 u Jda u
(_caﬁ?V)“ = V¢+—Cat—;x(an), (2.20)
on u

C—((%—FV(?%;) = 0. (2.21)

The equation of motion can be simplified further. By using the vector identity

V(u?/2) = (u-V)u+u x (V x u), and Eq. (2.14), Eq. (2:20) becomes:

<£?—%xVx)w—a%:VM—7y (2.22)

Introducing the generalized vorticity [133]:
Q=cVx(u—a), (2.23)

and taking the curl of Eq. (2:22)), we obtain:

o2

P vxtxa=0. (2.24)
cot y

Equation (2:24]) indicates that the flux of the generalized vorticity through an arbitrary

surface bounded by a contour moving together with the fluid is constant [I33]. Therefore,

the quantity €2 at a given point vanishes provided that it vanished at the same point before

the laser pulse arrives. In other words, since Eq. (2.24)) has no source term, = 0 for ¢ > 0

if Q|;—9 = 0. The simplified equation of motion is obtained by using 2 = ¢V x (u—a) = 0:

0
(u—a)=V(6-1). (2.25)

Here, V¢ represents the space-charge force F, = m.c*V¢, and V+~ represents the gener-
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alized nonlinear ponderomotive force, F;?nll = —mc2V7.

For a drive laser pulse propagating in an initially homogeneous plasma Vng = 0,

Egs. (215), [2.I6), [221), and (2.25) can be solved in the linear regime a®> < 1 by a

perturbation expansion of the fluid quantities in powers of the normalized vector potential

of the laser field:
f=Y faa", (2.26)

where f, is a coefficient for the n-th order. For example, the normalized scalar potential

can be written as ¢ = ¢g + ¢1 + o + -+ = fo + fra+ foa® + - -.

The zeroth order equations describe the equilibrium state. Therefore, the electron den-
sity is given by the equilibrium density ng, no electron velocity, and no charge separation:
ne = ng, ug = 0, and ¢g = 0. From Eq. (ZI4), the relativistic factor v can be expanded
in terms of the normalized momentum w, v =9+~ +--- = 1 +u?/2—u*/8+-- -, which

gives 79 = 1 and y; = 0.

To study the first order response of the plasma, Eqs. (Z.I5), (2.16), (2.21)), and (2.25)

can be rewritten in terms of the first order plasma parameters:

V2, = kgz_; , (2.27)

02 )

2 — 2 I
(V 026t2) a kpul + Cathbl s (228)

)
5”; fngVu, = 0, (2.29)
)

(i —a) = Vo (2.30)

Equations (2.29)), (230), and ([227) can be combined to yield the equation for the first

order plasma density:
82 2\ ™1
202 +k, )] —=0. (2.31)

No
Since there is no source term in Eq. (2.31)), by having n,|,—9 = 0, we obtain n; = 0, and
with no charge separation, ¢; = 0. Therefore, from Eq. (Z30), we obtain u; = a, which
describes the electron quiver motion in the laser field. The first order wave equation (2.28))

describes the linear dispersion relation for electromagnetic wave inside the plasma w? =
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wf) + ¢®k?, which can be seen by taking a Fourier transform of Eq. (Z.28):
(W =Pk —wl)a=0, (2.32)

where a indicates a Fourier transform of a, k£ and w are laser wave number and fre-
quency, respectively, and the normalized vector potential is assumed to take a form of

a =agexpi(k -z —wt)e,. Note that 1D is considered here.

To second order, Eqgs. (2.15), (216), [2.21)), and (225) can be rewritten in terms of

the second order plasma parameters as follows:

2 212
= — 2.
Vo, kpno ; (2.33)
9 >
—thzSg = —k?pUQ s (234)
on
_0812; + nov’UQ = 0 ; (235)
Ousy a?
— = - — 2.
2 (cbz ] ) , (2.36)

with 75 = u?/2 = a?/2. The above equations can be combined to yield:

0? 5\ 72 N
<028t2 + k’p) o Vg (2.37)

82 ) a?
(028752 + kp> b2 = k7 (2.38)

The right-hand side of Eq. (Z31) represents the second-order ponderomotive force of the
laser pulse F 7 2nd ~ _m,c2Va?/2, and this drives the second-order plasma density pertur-
bation (wakefield). The solutions for the second-order density perturbation (ns/ng < 1)
and the electric field of the wake (Eq = —V®,) are given by:

2 t /
na c La*(r,t)
— = — ——dt 2.
= ey v (2.39)
E t 2 /
2 _ —c/ sin [, (¢ — ) VT gy (2.40)
Eo 0

where Ey = me.cwy/e is the cold nonrelativistic wavebreaking field Eq. (L3). Equa-
tions (2.39) and (2.40) are valid for ny < ng, and Ey < Ey, respectively, and implies that
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the plasma waves are generated at the frequency w,, and the radial extent of the plasma
wave is of order the transverse spot size of the laser. The electric field of the wake consists
of the longitudinal field F, and radial field F, — By. The radial wakefields are related to
the longitudinal wakefield by the Panofsky-Wenzel theorem [134], 135]:

aEz o a(E’I‘ - B@)
or  0(z—ct) (241)

For simplicity, assuming that the phase velocity of the longitudinal wakefield is v,, ~ c,

and using a sinusoidal wakefield, the longitudinal wakefield and radial wakefields are:

272
E. = FEexp|(——5 |coslky(z —ct)], (2.42)
TS
4 212
E.— By = Ek;g exp (_r_g> sin [k,(z — ct)] , (2.43)

where E' is the amplitude of the wake. The Eqs. (Z42) and (243) imply that the radial
force is zero on axis, and that there is a /4 of phase region of the wake where an
electron is longitudinally accelerated (E, < 0) and radially focused (E, — B > 0). Here,
U = k,(z — ct) ~ k,( is the wake phase. This relation is illustrated in Fig. 2.1, where
a linearly-polarized half-sine envelope laser pulse with length L [a = agsin(w(/L) for
—L < ¢ <0, and ap = 0.5], and resonant condition L = A, were assumed. Shown by
a white area is the region where the electron experiences a focusing radial electric field,
and the solid line shows the normalized second-order accelerating field Es,/FEy, while
the dashed curve shows the normalized density perturbation ny/ng. One can see that the
radial focusing regime (E, — By > 0) is synchronized with ny/ng < 0 for k,{ < —27. Since
the carrier frequency of the laser w is much higher than the typical plasma frequency w,
because of the need for high vy, the ponderomotive force associated with the laser pulse
envelope (time-averaged intensity profile) is considered here (the plasma response time
~ 1/w, > 1/w). With its carrier frequency, the vector potential is assumed to take a
form of a = agsin (7(/L) cos (kz — wt)e, with e, the unit vector for the z plane (plane
of polarization). In the following part of this Chapter, it is assumed that the laser pulse
is linearly polarized, and that a®> = (a?) = (1/2) a2 sin? (7(/L) for the time-averaged
envelope, unless otherwise specified. Here, () indicates time-averaging over a laser cycle.

The more general case, including a circularly-polarized laser pulse is discussed later in
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Figure 2.1: Normalized density variation ny/ng (dashed curve) and longitudinal electric
field E5,/Ey (solid curve) versus phase ¥ = k,(. Shown by a white areas are the regions
where the electron experiences a focusing radial electric field. A half-sine envelope laser
pulse a = agsin (7¢/L) with ag = 0.5 propagates to the right, and the resonant condition
Ap = L were assumed.

this Section.

In the nonlinear regime F 2 Ej, wakefield generation can be examined in the 1D limit
by applying the quasi-static approximation [136} [137], where the plasma fluid quantities
are assumed to be functions only of the coordinate ( = z —wv,t. In the 1D limit (V. =0,
plane wave), the Coulomb gauge implies a, = 0. Therefore, the equation of motion

Eq. (228) can be separated into transverse and longitudinal components:

a; = Uy, (244)
0 0
c_at“Z = &(Qb -7) - (2.45)
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A variable transform ¢ = 2z — v,,t ,t = 7 can be applied, which yields the operators:

0 00C 0 o0r 0 0
o _ 09 90t 0 (2.47)

0z 9Cdz  Ordz  OC
By using these transformations and neglecting 9/97 terms in the plasma fluid equations,

Eq. (2.43) and the continuity equation Eq. (Z21]) can be integrated to give:

Y= ¢ - ﬁppuz = 1 s (248)
n(Bpp — B2) = Byno, (2.49)

where 3,, = v,,/c is the normalized phase velocity of the wake, and the integral constants
were obtained from the equilibrium state. Using Eqs. (248) and (2.49) together with the
assumption of 3,, = 1, the Poisson equation Eq. (2.I5) and plasma electron density can

be described in terms of the normalized potentials as follows:

o kg 1+ a?

%~ e .
n 1[1+a?
n_o = 1+ 3 [—(1 FE — 1} . (2.51)

In the nonlinear regime, the electric field exhibits a “sawtooth” profile with a highly
peeked density profile as shown in Fig. 2.2 where a half-sine envelope laser pulse with
length a = agsin (7(/L) for —L < { < 0, and ag = 2.0, and at the resonant condition for
the linear plasma wavelength L = A, were used. The nonlinear regime may have some
advantages against the linear regime in addition to the higher electric field of the wake.
As can be seen from Fig. 2.2] the period of the nonlinear plasma wave increases, which
extends the dephasing length leading to higher net energy gain as discussed in Chapter [

The nonlinear plasma wavelength in the v,, ~ c limit is given as:

. 1 for Enax/Eo < 1,
A= ), % (2.52)
2Fmax/(TEy)  for Enax/Eo > 1,
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Figure 2.2: Normalized nonlinear density variation (n — ng)/ng = én/ng (dashed curve)
and longitudinal electric field E,/Ej (solid curve) versus the wake phase ¥ = k,(. Shown
by a white areas are the regions where the electron may experience a focusing radial
electric field. A half-sine envelope laser pulse a = ag sin (7(/L) with ag = 2.0 propagates
to the right, and the resonant condition for the linear plasma wavelength A\, = L were
used.

where F,,. is the peak electric field of the plasma wave. Although a complete discussion
of the transverse fields can not be provided in the 1D analysis above, the region where the
radial electric field provides focusing force may be extended in the nonlinear regime, as
shown in Fig. by the darkened area. The nonlinear wakefield may provide advantage
for e-beam collimation.

In the 2D nonlinear regime, the laser intensity dependence of the plasma wavelength
[Eq. 252) via Fyay] suggests that the plasma wavelength varies as a function of radius
in the case of a non-uniform laser radial profile (e.g., a Gaussian profile). The longer
plasma wavelength near the axis causes wavefront of the wake to curve, resulting in a
“horseshoe” shape of the wake, as illustrated in Fig. 23l In Fig. 2.3l the laser radial
profile was assumed to be a = agexp (—r?/r2) with spot size ro = 25 ym, P = 300 TW
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Figure 2.3: Radial profile of the nonlinear wakefield due to the intensity dependence of
the plasma wavelength. The horizontal axis is the laser propagation axis z, and vertical
axis is radial axis r. Shown by the solid lines are plasma wavelength N x A,(a(r)) with
integer N. For calculation, laser radial profile is assumed to be a = agexp (—r?/r2) with
spot size 1o = 25 pm, P = 300 TW (a¢ ~ 3.8), and plasma density ng ~ 4.8 x 10'® cm=3.

(ap ~ 3.8), and plasma density ny ~ 4.8 x 10'® cm™3. This curved wakefield implies an
enhanced radial component of the wake electric field F,, which may affect the resultant

e-beam divergence.

A capillary discharge guided laser wakefield accelerator (CDG-LWFA) provides a
plasma radial profile with a density minimum on axis for guiding. A plasma channel
produces a similar effect on the radial dependence of the plasma wavelength, resulting
in curved wakefields. The structure of the wakefield in a plasma channel was studied
numerically and analytically by Andreev et al., [I38], where an extended plasma wave pe-
riod in which simultaneous acceleration and focusing of electrons was found. The curved
wakefield may provide advantages: a) increases useful phase region, b) increases focusing

leading to smaller e-beam size.

In the highly nonlinear 3D regime, a laser pulse can expel all of the plasma electrons
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from the vicinity of the propagation axis [56-58, [139H142]. This regime has been referred
to as the blow-out, bubble, or cavitation regime. The required laser plasma parameters
for complete blow-out (no electron) may be obtained as follows. The ponderomotive
force F,,, = —mc*Vv to expel electrons has to be matched to the space charge force
F, = mc*V¢ under the condition of the blow-out, namely electron density n = 0 with

F, = F,,,. From the Piosson equation Eq. (2.15]), we obtain:
Vi = -k =V?y. (2.53)
Assuming a transverse laser profile a = agexp (—72/r2), 7. = V1 + a? can be written as:

1+ fadexp (—27%2) for ag < 1,
Y1 = 0 (2.54)

\%ao exp (—;—;) forag > 1.
0

Substituting Eq. (2.54) into Eq. (Z53), and considering transverse motion (V2 = V2 ) the

condition for the complete blow-out at » = 0 becomes:

2a2 for ap < 1,
kirg = (2.55)

2v/2aq forag>1.

For example, for a 1600 mJ Ti:Sapphire laser (A = 0.8 um) to meet the blow-out condition
for ng = 1 x 10®¥cm =3, the laser pulse has to be focused to 79 ~ 15.5 um for a laser pulse
length of 71, ~ 20 fs (ap ~ 3.0). Equation (2.55]) suggests that a tightly focused laser pulse
with low density can realize the blow-out condition even in the linear regime (ay < 1). For
the highly nonlinear regime (a > 1), similar results were obtained using 3D particle-in-cell
(PIC) simulations (e.g., kyro = y/ag from Ref. [140], and k,ro = 2y/ap from Ref. [142]).
Note that only the transverse component was considered above, and the longitudinal
component could be comparable when the resonant condition (L = \,) is provided. This
contribution may affect a coefficient in Eq. (Z53), but not change the ay dependence.
Typically, the longitudinal length of the laser pulse L is much shorter than A, in blow
out regime, and the transverse size of the cavitated region (bubble) is on the order of

the laser spot size ry [I42]. In the linear regime (a < 1), the blow-out condition can be
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derived for the resonant condition (L = A,) from the 3D density perturbation (resonant

for a half-sine envelope laser pulse):

n 7r 8 272 2r2\ .
. §a3 [1 + 53 <1 — ?>} exp (_F> sin (k,(Q). (2.56)

2
No pr(] 0 0

The requirement to realize a complete blow-out on axis (r = 0) is:

kirg = may forap <1, and L=\, . (2.57)

In the blow-out regime, radial force is always positive inside of the cavitated region
(ion channel), which can be depicted as a reduced darkened phase area of Fig. 22l During
the acceleration and even in the deceleration phase, injected electrons experience a radial
focusing field. This ion channel can also guide an intense laser pulse (blow-out guiding).
Laser self guiding in such highly nonlinear regime with an initially uniform plasma was
observed from 3D PIC simulations [142]. The simulations suggest that a preformed chan-
nel may not be needed for such ultra-intense laser pulses to propagate a distances greater

than the Rayleigh length.

As has been shown, the laser strength parameter (normalized vector potential aq for the
laser pulse) is one of the key parameters for the discussion of the physics of laser driven
wakefields. The laser strength parameter is related to the experimental parameters as
follows. The parameters measured in experiments are the energy of the laser pulse Uy,
and the pulse length 7, which is defined as a full width half maximum (FWHM) of a
Gaussian temporal laser intensity profile. From these measurements, one can then obtain

the peak power of the laser pulse:

P UL _ [log22Up (2.58)
[T exp(—4log2t2/rR)dt T T '

In practical units, P [TW] ~ U [mJ] /71, [fs]. One has to measure the laser spot waist ry,

which is defined assuming a Gaussian transverse transverse profile as I = Iy exp (—2r?/r2),

to evaluate the laser peak intensity Iy:

P 2P
j/— - = (2.59)
AlfyT exp (=2r2/rg)dr]?  7rg
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Consider a normalized vector potential of the form:
a = qpcos (kz — wt)e, + asin (kz — wt)e,], (2.60)

where the parameter o characterizes the polarization of the radiation (o = 0 for linear,
and o = +1 for circular polarization, respectively). By using Eqs. (2.7) and (2.I1]), the
laser peak intensity I, can be related to ay through the laser cycle time averaged field

strength as:

2 2
g (1407 fwmectag\T (14 a®)me (mecag
= 47T<E )= 8mc e B 2 eA ' (2.61)

In practical units, for a linearly-polarized laser pulse, ag ~ 8.55x 10710\ [pm] 1/ Io[W cm™?],

| A [pm] U [m]]

~ 6.61 )
ap = 6.61 % ro [pm] 71, [fs]

(2.62)

2.3 Electron Injection and Acceleration

Injection of electrons into the wakefield and acceleration may be discussed via a phase
space analysis. In the 1D limit with the quasi-static approximation, it can be shown that
the Lorenz force is integrable, and the integral provides a constant of the motion, namely

the Hamiltonian H:
H(u,,¥) =~ —¢(¥V) — Bypu, (2.63)

The Hamiltonian specifies the orbit of an electron in (¥, w,) phase space. For example,
the Hamiltonian describing the background electrons, Hy = 1, is obtained by considering
the equilibrium state in front of the laser pulse (u, = ¢ = ag = 0, and v = v = 1).
With a specified Hamiltonian H, and the relation v = /1 + u2 + a2 in the 1D limit, the

normalized axial momentum of an electron in the plasma wave may be written as:

u(V,a) = 72, Bpp(H. + ¢) £ vpp\/v,?p(Hc +¢)?—1-a*, (2.64)

where 7, = 1/4/1 — 32,, and ¢(V¥,a) can be obtained by soluving Eq. (Z50). Note that

u, depends on plasma density through f,,, which limits the maximum energy gain via
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dephasing as discussed in Chapter [

The Hamiltonian that gives the separatrix H(u,s, V), which describes the boundary
orbit between the trapped and untrapped regimes, can be obtained by considering the
unstable fixed points (“X points”), where du,/dV = oo and the phase that gives local
minimum for ¢(¥). In the linear regime (ap < 1), X points lie at u,; = v,p3yp and ¥y =
—5m/2 — 2N for a half-sine envelope drive laser pulse with length L [a = agsin (7(/L)
for =L < ¢ < 0], leading to Hy = H(us, Vs) = 1/7,, + &(—57/2). Here, N is an integers.
The Hamiltonian describing the orbit in which electrons do not experience the radial
defocusing field H; may be given by the conditions du,/d¥ = co and ¥, = —2N7 in the
linear regime.

Figure [24] shows a cold fluid orbit (blue dashed line), trapping threshold (separatrix,
red solid line), and trapped and focused orbit (green dash-dotted line) for a half-sine
envelope laser pulse with ag = 0.2 and the resonant condition for linear plasma wavelength
N = L, ng = 5 x 10" ecm™3. The phase velocity of the wake is assumed to be the
group velocity of the laser pulse (v,, = vy). Trapping of dark current (background
plasma electrons) into the trapped orbit may occur when electrons somehow gain enough
momentum to reach the trapped orbit [illustrated as (1) in Fig. 24]. This could be
realized via high temperature plasma [143], wavebraking, or interaction with other waves
such as the Raman backscattered light [I44] or additional laser pulses [7T5-79, [145]. One
could also externally inject an electron beam, the momentum of which satisfies trapping
condition. From the 1D point of view, self-trapping may occur about the region where
the distance between the cold orbit and trapped orbit [du,(V) = u,(Hs) — u,(Hp)] is
the smallest, which is W ~ —37/2 for the case shown in Fig. [Z4l Once electrons in the
wake gain the momentum enough to reach inside of the separatrix, they will be trapped
and accelerated. First, the trapped electrons move toward the back of the wakefield in
the case that electrons are slower than the phase velocity of the wakefield v, [(2) in
Fig. 24 (typically true for self-trapping case). At some point, the electrons gain enough
momentum such that they move faster than v,,, and move toward the front of the wake
[(3) in Fig.[24]. As has been discussed, this phase space analysis is based on a 1D analysis.
If the initial momentum of the electrons are high enough to be inside of the trapped and
focused orbit, then the electrons do not experience a radial defocusing force in multi-D. In

multi-D, electrons that experience the radial defocusing force may go off-axis, resulting in
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Figure 2.4: Orbits in phase space (linear regime). Background plasma cold fluid or-
bit [wakefield, dashed line, Hy = 1], trapping threshold [separatrix, solid line, Hy =
H(u,s, —5m/2)], and trapped and focused orbit [dash-dotted line, Hy = H (u,s, —2m)] for
a half-sine envelope laser pulse with ag = 0.2 and the resonant condition for linear plasma
wavelength A, = L,ny = 5x 10" /em™3. The phase velocity of the wake is assumed to be
the group velocity of the laser pulse (v,, = v;,). Shown by a white areas are the regions
where the electron experiences a focusing radial electric field (see Fig. 2]). Trapping and
acceleration of electrons are also illustrated.

seeing a reduced accelerating field E,. Note that the orbits for those off-axis electrons can
not be described by the 1D phase space shown in Fig. 2.4l Eventually, the electrons reach
the top of the closed orbit, and then experience a decelerating force [dephasing, (4) in
Fig. 24]. The performance may be optimized in terms of the energy gain by terminating
interaction just before reaching dephasing. The maximum energy gain obtainable in the
linear regime was shown in Eq. (IL8)). During acceleration, the energy spread is given by
the projection of the bunch onto the vertical (u,) axis, showing the phase dependence
and preserving the area in the phase space. This rotation in phase space affects energy

spread, and the impact depends on the significance of the other effects that induce energy
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spread. The plasma temperature also can affect energy spread, as it can determine the
initial electron orbits.

Orbits in phase space for the nonlinear regime (ap = 2.0) are shown in Fig. 25 In
this regime, the oscillation amplitude of the wake is much stronger than the linear regime
(=1 < w, < 1), and the separatrix approaches the background orbit. Therefore, the
separatrix-background distance du, is much smaller than the linear regime, suggesting
that electron trapping may occur more readily. In other words, the linear regime may
be suitable for providing a dark current free accelerating structure, without self trapping.

For LWFA systems with an external electron beam source, or triggered injection scheme,
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Figure 2.5:  Orbits in phase space (nonlinear regime). Plasma background cold fluid
orbit (wakefield, dashed line, Hy = 1), trapping threshold (separatrix, solid line, H),
and trapped and focused orbit (dash-dotted line, Hy) for a half-sine envelope laser pulse
with ap = 2.0 and the resonant condition for linear plasma wavelength A\, = L,ny, =
5x 10 /em™3. The phase velocity of the wake is assumed to be the group velocity of the
laser pulse (v,, = v;,). Shown by white areas are the regions where the electron probably
experiences a focusing radial electric field (see Fig. 22). Maximum u, of the separatrix
reaches u, ~ 1500 (not shown).
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such as optical injection [74-81] 145], the linear regime would be preferred to suppress self
injection. The distance du, also depends on the plasma density through the wake phase
velocity f3,, in Eq. (2.64); higher density leads to smaller du,. If the LWFA system relies
on self-trapping for electron injection, it will require a sufficiently high plasma density
and laser intensity ag to realize small du,. As discussed in Section 2.2] a high laser
intensity results in a stronger wakefield together with a stretched plasma wavelength in
the nonlinear regime leads to higher energy gain. The maximum w, for the separatrix of
Fig. reaches u, ~ 1500 (not shown). The maximum energy gain obtainable in the
nonlinear regime was shown in Eq. (LL§). Also illustrated in Fig. is the reduced radial
defocusing regimes, and widened trapped and focused regions.

A laser pulse may evolve during interaction with plasma, such as depletion, steepen-
ing, and etc. The longitudinal and transverse modulation of the laser pulse during the
interaction may be described as the interaction of the plasma wave (o< a?) and laser (o< a).
These third-order effects are called Raman scattering [146-148] for the longitudinal mod-
ulation, and self modulation for the transverse modulation, and are beyond the scope of
this dissertation. Although a theoretical discussion of Raman scattering [149] and self
modulation [I50HI52] will not be discussed here, the evolution of the laser pulse, namely
evolution of ag could be deduced by the experimentally observed maximum electron en-
ergy. The phase space analysis gives the maximum energy obtainable for given plasma
density and laser intensity. By using the Eq. (L.§), one can roughly estimate the evolution
of ag in the cases where dephasing is observed experimentally.

The discussion of electron injection presented above is limited to 1D. As discussed
in Section 2.2] the wavefront of the plasma wave may be curved in the 2D nonlinear
regime, which can lead transverse wavebreaking [I53]. One can see from Fig. 23] that the
curvature of the wake is enhanced more in the tail of the wakefield due to the pile up
of the difference )\Zl — )\p. Sufficiently far behind the 1st period of the wake, the regular
structure of the wake can be destroyed and electron injection may occur (i.e., transverse
wavebreaking). The significance of this injection mechanism may depend on the strength
of the wake. If electrons are injected via other mechanisms at an earlier period of the wake,
a interfering wakefield from the injected electrons (beam-driven wakefield) will tend to
cancel the laser-driven wake, which weakens the later periods of the laser-driven wakefield

(beam loading, discussed later in this Section). And hence, the wakefield sufficiently far
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from the drive laser pulse may not be strong enough to self-trap plasma electrons.

PIC simulations have suggested that in the blow-out regime, particle trapping occurs
transversely in the vicinity of the downstream tail of the bubbles [56-58, 139-142]. The
e-beam divergence is determined by the point of injection. If injection occurs close to the
axis, it may result in production of the small beam divergence beam. If it occurs far from
the axis, the electrons exhibit betatron oscillations with large amplitude, resulting in large
e-beam divergence (and significant x-ray generation [94]). The key physics describing the
area of injection remains an area of active research.

To produce high quality (small energy spread) electron beams, the trapping of elec-
trons has to be instantaneous (short on the scale of a plasma period). If trapping of
background electrons keeps occurring during the interaction, it may result in production
of a broadband electron beam. External injection or optical injection can be designed to
provide such instantaneous injection [75H79, 145]. For self-trapping to be instantaneous,
it may have to rely on the beam loading effect to terminate trapping.

An injected and accelerated e-beam can excite a wake as in a plasma wakefield accel-
eration (PWFA see Section [Tl for reference). In a plasma-based accelerator, the wake
from the accelerating bunch will be out of phase with, and thus reduce the wake generated
by the drive laser pulse for trailing bukcets. The process by which the wake produced
by the accelerated bunch significantly modifies the fields of the accelerating plasma wave
is referred to as beam loading [154], 155]. The reduction in the wake leads to a greater
distance du, in phase space, and may stop self-trapping of electrons into the wake.

The beam loading effect may be necessary to produce high quality e-beam where
self-trapping is used for beam generation because it can stop self-trapping. It, however,
introduces energy spreads into the e-beam during the acceleration process via the modified
wakefield. Analytically, the maximum number of bunch electrons that can be loaded into
a small (< \,) axial segment of a linear wakefield for acceleration (i.e., the number of
electrons required to produce a wakefield that will cancel the accelerating field, i.e., fully

beam loads) is [154]:

noAy E, E,
Nmax = (]){:p bfo ~ 5 x 10° (E) Aplem?]y/nolem 3], (2.65)

assuming a normalized axial electric field E,/Ey < 1, where A, > w/ kf) is the cross-
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sectional area of the bunch. As the number of bunch electrons N, approaches Ny, the

energy spread T = 0T /Ty scales as:

Ne

T : 2.66
> Nmax ( )

The efficiency of converging wake energy to electron energy ny g scales as:
nwe o< T(2 —T). (2.67)

In the case that the trapping of electrons is instantaneous, the beam loading effect is a
mechanism that introduces energy spread. If the electrons are fully loaded to cancel out
the laser driven wakefield, the tail part of the beam will not be accelerated, leading to
100% energy spread. Trapping could occur at the second or later buckets, or multiple
times in the same bucket. In those cases, the energy spectrum of e-beam may exhibit
muti-bunch structure in time and energy space, which complicates the analysis. Although
it requires numerical codes, such as a PIC, to study the nonlinear 3D regime and include
other effects such as multiple injection, this analytical study provides a tool to discuss the
e-beam energy spread and energy in the wakefield. A discussion of energy spread induced

by beam loading, and the energy in the wake are presented in Section (.0l

Regarding the production of small angular divergence e-beams, the nonlinear regime
has the advantage of an increased focusing region, as has been discussed and showed in
Figs. 2], 2221 241 and 23], especially when electron injection relies on self-trapping of
the back ground electrons. In the case of transverse injection, namely transverse wave-
breaking and injection in the blow-out regime, the beam divergence may be determined
by the transverse location of injection. Although the key physics governing the location
of injection is an area of research, the transversely larger bubble may more readily inject
away from the propagation axis (r = 0). Overall, the blow-out regime has an advantage
for the production of collimated e-beams due to the creation of an ion channel, compared

to the other regimes.
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2.4 Summary

Although it requires numerical simulation with PIC or fluid codes to rigorously describe
3D nonlinear phenomena in laser plasma interactions, the analytic study presented in
this Chapter provides a qualitative picture of the interactions. The electron properties
measurable through the electron magnetic spectrometer which is described Chapter [3] are
electron beam charge, divergence, and energy spectrum. From discussions of this Chapter,

those measured e-beam properties can be related to the laser-plasma physics as follows:

e Electron energy

1. Laser pulse evolution
From the experimentally observed maximum electron energy and Eq. (L)), one

may estimate the ag obtained during the interaction.

2. Point of injection
From the experimentally observed maximum electron energy and the dephas-
ing length given by Eq. (L4), one may deduce the point where self-injection

occurred.
e Angular divergence

1. Regime of interaction
In a self-trapping based LWFA , nonlinear and blow-out regime may be preferred

to linear regime, since the radially defocusing region is decreased by higher ay.

2. Transverse particle injection
If injection occurred via transverse wavebreaking, including trapping in the
blow-out regime, the location of injection may decide the beam divergence.
In the blow-out regime, it may be related to the size of the bubble, which is
given by the laser spot size. The larger spot size may lead to the larger beam

divergence.
e Energy spread

1. Injection process

Duration of injection broadens the energy spread. Higher plasma density and
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laser intensity give the smaller du, for trapping as discussed in the phase space

analysis.

. Beam loading effect

Beam loading effect induces the energy spread during the acceleration. Higher

charge leads to the larger energy spread.

. Off-axis propagation

Electrons that experience radial defocusing force can go to off-axis, and hence

experiences lower accelerating field F,. This effect may introduce beam spread.

. Phase dependence

The projection onto the u, axis in the phase space has phase dependence,

meaning that the energy spread has phase dependence.

. Plasma temperature

The plasma temperature affects the energy spread.



Chapter 3

Broadband Electron Spectrometer

3.1 Introduction

A charged particle spectrometer [156] is one of the critical diagnostics for any particle
accelerator. For the present generation laser wakefield accelerator (LWFA), requirements
placed on the electron spectrometer (ESM) are somewhat different from those for con-
ventional accelerators. As discussed in Chapter [I, LWFAs can operate in a regime where
beams with large relative momentum spread p = dp/py are generated, or produce narrow
spread (p < 10%) beams, where p is the electron momentum, and py is the central mo-
mentum of the e-beam. To elucidate the mechanisms behinds those regimes, an ESM has
to cover a wide range of energy in a single shot. Therefore, a broad momentum acceptance
with high resolution is critical for an LWFA ESM.

An ESM used for the gas-jet based LWFA experiments at Lawrence Berkeley National
Laboratory (LBNL) utilized an electromagnet and a scintillating screen [157]. Single-shot
information of the e-beam energy spectrum was measured for a £17% range around a
central momentum py (factor 1.4), with < 1% momentum resolution, depending on the
slit width [56]. Since it utilized an electromagnet, the observable momentum could be
tuned by controlling the applied current. The central momentum was variable from 0.4 to
88.7 MeV/c. Therefore, an averaged e-beam momentum spectrum from 0.3 to 104 MeV/c
was obtainable by scanning the applied current. Note that in principle, ultrahigh energy
can be measured by observing the near forward window but, with poor resolution. Al-

though it was sufficient for this LWFA system (lower energy, ~ 100 MeV/c), scanning

39
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momentums from 1 MeV/c to 1 GeV/c with pg+ 17% momentum acceptance/shot would
be unpractical. For GeV class LWFAs, a major design change was needed for a ESM.

Note that the electron kinetic energy T ~ p for a relativistic electron, as can be seen in:

p [MeV/c] = /T [MeV](T [MeV] + 2E,.o[MeV]) , (3.1)

where E,. ~ 0.511 MeV is the rest mass energy of an electron. In the following, the term
“electron energy” means the kinetic energy of the electron, unless otherwise specified.
When the capillary discharge guided (CDG) LWFA apparatus was designed at the
LOASIS Program, the decision was made to develop an ESM with as large a momentum
acceptance as possible, and capable of measuring e-beams up to 1 GeV. Furthermore, in
the CDG-LWFA accelerator concept, guiding of an intense laser was critical for operation,
and simultaneous measurement of laser output mode and e-beam properties was essential.
In order to realize the simultaneous measurement of laser and e-beam properties, the laser
beam had to be separated from the e-beam without significant distortion. To accommo-
date the requirements for a single shot broad energy spectrum within a compact system
that fits in the experimental cave of the LOASIS Facility, the ESM magnetic field had
to be reasonably strong (> 1 T) with pole gap commensurate with the F-number of the
laser focusing optics because the laser was measured after passing through the ESM. In
addition, the design needed to provide sufficient angular acceptance (> 5 mrad, as large
as possible) to measure the e-beam angular properties, as well as single-shot evaluation
capability with high repetition rate to keep up with the high repetition rate laser system.
In this Chapter, an ESM design that satisfies all those requirements is presented. The

requirements are summarized as follows:

¢ Momentum acceptance
Up to more than 1 GeV e-beam had to be resolved. The single-shot acceptance had
to be broad to provide sufficient information on the energy spectra without a scan

of the magnetic field (single-shot measurement).

e Momentum resolution

Sufficient to measure % level e-beam energy spread.

e Angular acceptance
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Wide enough to capture the whole e-beam to evaluate its angular properties. To

achieve that, large pole gap would be essential, while keeping high magnetic field.

e Repetition rate
The nominal operation of a CDG-LWFA would be 1 Hz (limited by the vacuum
system, other diagnostics, and thermal load on optics). Since the laser and capillary
discharge waveguides had potential of providing > 1 Hz operation, the potential for

higher than 1 Hz operation was desirable.

e Charge monitor
To provide quantitative measurements for the amount of charge, it should be able

to function as a calibrated charge monitor as well.

e Simultaneous diagnosis of guided laser properties
This capability has to be provided since measuring the laser guiding performance

was critical during operation to understand CDG-LWFA physics.

e System dimension
The system has to be compact enough to fit in the experimental cave of LOASIS
Facility (a couple of meters in propagation and transverse axis. The laser beam

height was ~ 1 m, and bending electrons downward was preferred for radiation

shielding).

Later in this dissertation, an ESM designed and developed is referred as the GeV-ESM
to distinguish from other EMSs. Described in Section B.2] are the concept and hardware,
followed by the performance evaluation of the GeV-ESM in Section 8.3l Presented in
Section [3.4]is a calibration study to investigate the energy dependence of the scintillating
plate used up to the GeV level, and hence to add a function as a charge monitor to

the GeV-ESM. Section presents experimental results, and a summary is given in

Section

3.2 Spectrometer Design

Most spectrometer implementations use a dipole magnet as a dispersive element and

a collimator to control the instrumental resolution. To detect the relativistic electron, a
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variety of detectors have been employed: surface barrier detectors (SBD) [16, 25, 26, 48],
scintilators with photomultipliers (scintillator-PMP) [28] [33] 511, [158], cloud chambers [16],
Cerenkov radiation imaged by a camera [88], thermoluminescent dosimeters (TLD) [55],
scintillating fibers [159, [160], Radiochromic film [I61], imaging plates (IP) [57, [60, [64]
65, 162], and scintillating (or phosphor) screens, mostly Gadox (Gd2O,S : Th) [163] with
films [26] or cameras (scintillator-camera) [16], 28] 39, 53, 56, [63] [72, [164]. Detection by a
SBD and scintillator-PMP were popular methods in early LWFA experiments due to their
high sensitivity. By using multiple detectors with different sensitivities, the exponential
energy spectrum from sm-LWFAs was effectively measured [165]. Scintillating fibers added
the capability of imaging. However, this may not be a cost-effective scheme when the field
of view is extended to the meter scale. Cerenkov radiation is well suited for high energy
e-beams (>10 GeV), while for low energy e-beams it requires a radiator (high refractive
index media such as an aerogel or xenon gas), which might disturb angular properties of
the e-beams. Imaging plate (IP) and scintillator-camera based system are now widely used
for their capability of imaging with reasonable sensitivity and cost performance. They
can provide detailed information on e-beam angular properties. Due to the capability for
accumulative measurements, IP has an advantage in sensitivity, while scintillator-camera
based system can be arranged to have a high repetition-rate.

In order to satisfy all the requirements imposed on the design, an electromagnet-based
ESM was designed with a scintillator-camera based detection system. The schematic of
the GeV-ESM is shown in Fig. 3.1l A water-cooled round dipole electromagnet Varian
4012A was found with sufficient field strength and effective field area, and with a 65 mm
gap. The electromagnet was powered by an 8 kW class power supply, Glassman SH3R2.7.
Since the magnet was originally used for magnetic resonance experiments [166], the field
homogeneity in the flat region was very high (< 1% variations). The magnetic field was
measured by a Hall probe along the mid-plane [156], and the effective radius, defined by
Rery = [, Bo(r)dr]/By(0), was found to be 195 mm with a peak field B,(0) = 1.25 T.
The measured profile and effective boundary are shown in Fig. B2l The Hall probe was
installed permanently to measure the peak magnetic filed strength B, (0) for each shot
directly, rather than deducing the peak field from the applied magnet current, which could
lead to incorrect estimates due to the hysteresis of the magnet. The magnet deflected the

electrons vertically downward onto two LANEX Fast Back scintillating screens (LANEX-
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Figure 3.1: Schematic of the electron spectrometer. The magnet deflected the electrons
vertically downward onto two LANEX-FBs, which emit fluorescent light. First surface
mirrors were installed right after the LANEX screens with 45 degree to separate fluorescent
light from e-beam. Four synchronously triggered 12-bit CCD cameras imaged a 75 cm
long (bottom) and a 45 cm long (forward) screens, allowing simultaneous single shot
measurement of electrons from 0.01 GeV to 0.14 GeV (bottom) and 0.17 GeV to 1.1 GeV
(forward) with a peak magnetic field of 1.25 T.

FB), which were mounted on the exit flanges of the vacuum chamber. Four synchronously
triggered 12-bit charge-coupled device (CCD) cameras (Pointgrey, Flea high resolution
model [167]) imaged a 75 cm long (bottom) and a 45 cm long (forward) screens, allowing
simultaneous single shot measurement of electrons from 0.01 GeV to 0.14 GeV (bottom)
and 0.17 GeV to 1.1 GeV (forward) with a peak magnetic field of 1.25 T. The spatial
resolution of the CCD cameras are shown in Fig. Stray laser light was blocked by
an aluminum foil of ~ 40 pm thickness on the back of the screens. In addition, bandpass
filters (central wavelength 550 nm, width 70 nm full-width half-maximum (FWHM)) were
installed in front of each CCD camera to transmit green fluorescent light [168] and block
the intense infrared laser light. To avoid electrons from hitting the CCD cameras directly,
first-surface mirrors were used at 45° following the exit flanges, which separated fluorescent

light from the electrons. The total number of electrons was obtained from the intensity
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Figure 3.2:

Profile of the magnetic field measured by a Hall probe and the effective
boundary of the magnet.

on the scintillating screens, cross-calibrated against an integrating current transformer

(ICT) and ALS measurements. The details on the calibration is described in Section B35
The imaging properties of the spectrometer were determined by the edge focusing.

The displacement of the dipole magnet center with respect to the laser propagation axis
was carefully chosen to provide the necessary edge focusing. Since converging powers
in the dispersive (vertical, y) and non-dispersive (horizontal, x) planes needed to be
considered [I56], a value for the offset had to be determined, which satisfied various

requirements such as a momentum resolution, angular acceptance of e-beam and laser

beam, and system dimensions. The magnet center was placed such that the focusing

strength in the dispersive plane provided sufficient momentum resolution, and that the
slight defocusing in the un-dispersive plane kept the e-beam angular acceptance large
enough. A vacuum chamber was designed to place the screen on the calculated first-order
foci [I57] for the bottom view. Shown in Fig. is the location of foci for e-beams with

various energies. There were trajectories which did not have foci (high energy) and others

that had foci inside of the magnetic field. For those trajectories, red dots were located

along the effective boundary of the magnetic field. The forward view was designed to
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Figure 3.3: Locations of calculated first order foci for bending (vertical) plane are shown
by red dots. Blue area shows the effective boundary of the magnetic field. The calculation
was done by using sharp edge boundary model [I57]. Red dots along the effective boundary
indicate either trajectories that does not converge, or trajectories provide focus inside of
the effective boundary.

allow viewing of high energy electrons while also providing the maximum possible e-beam
angular acceptance and reasonable system dimensions, as well as desired resolution for
laser output mode measurements. A detailed evaluation of the resolution and acceptance

are presented in the next Section.

3.3 Performance Evaluation

The electron trajectories on the mid-plane (reference trajectories) were computed by
calculating the deflection angle based on the Lorentz force. The input midplane field
was generated through a 2D interpolation of the measured field profile along the radial
axis. The representative trajectories (1.0, 0.5, 0.2, 0.1, 0.05, and 0.01 GeV) under a
peak magnetic field B,(0) = 1.25 T are shown in Fig. B4l Also shown is the magnetic
field profile using a color-map, and the locations of the screens. For each trajectory,
the 6-dimensional e-beam properties were calculated by using the arbitrary order beam
dynamics code COSY INFINITY (COSY) [169]. To utilize the most accurate fringe field

evaluation in COSY, the magnetic field profiles for each trajectory were fitted into a six
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Figure 3.4: Electron trajectories (1.0, 0.5, 0.2, 0.1, 0.05 and 0.01 GeV) with a peak
magnetic field of 1.25 T. The location of the scintillating screens and the vacuum chamber
are also illustrated. The center of the magnet is at z = 0. Shown by a color-map is the
magnetic field profile. The source is the exit of the capillary discharge waveguide.

parameter Enge function F(s) of the form:

1

F(s) = 1 +explas + ax(s/D) + - - + ag(s/D)?]’

(3.2)

where s is the distance perpendicular to the effective field boundary, D is the gap of the
magnet, and a; — ag are the Enge coefficients. In COSY, a particle trajectory X (s) =
(z,2',y,y, 0l) is calculated in the form of a fivefold Taylor expansion, where x (y) indicates
horizontal (vertical) plane, ' = dz/ds, y = dy/ds, and 6l is the path length difference

from the reference trajectory. For example, an expansion is written for z:

v =Y (wlagyordve )Ty g vy B (3.3)

Here, p = dp/p is the relative momentum spread, subscript 0 indicates that the quantity
was evaluated at s = 0, namely at beam source, (z|zfylzl"yp¥) are the Taylor coeffi-

cients, which are a function of s. The order is given by the sum ord =k + A+ pu+v+ x.
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Shown in Fig. are the spatial resolutions of the CCD cameras and each order’s
contribution to vertical size o, versus e-beam energy (assuming a zero energy spread
beam), where o is the root-mean-square (rms) width of the beam distribution, subscript
1 indicates the output (at the screens). The assumed peak magnetic field was 1.25 T,

and the input beam profile was a Gaussian distribution with 0,9 = 0y = 20 um, and

o0 = 0yo = 2 mrad (rms). The discontinuity at 160 MeV in Fig. comes from the
transition between different screens. One can see from Fig. that the contribution from
3rd order effects is small. Therefore, calculations up to 3rd order give sufficient accuracy
for the evaluation of the spectrometer performance. When the effective spatial resolution
of the CCD camera is larger than the beam spot size, as in the low energy case, the

momentum resolution would be limited by the CCD camera imaging (not the e-beam
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Figure 3.5: Calculated contributions to the vertical beam size of each order. Assumed

input beam is a Gaussian distribution with 0,0 = 09 = 20 pm (rms), and o, = oy = 2
mrad (rms). Horizontal axis is the kinetic energy of electron for a peak magnetic field of
1.25 T. Also shown are spatial resolutions of CCD cameras.
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optics). Although the momentum resolution could be improved by an imaging system
with higher spatial resolution, the scattering effect inside of the screens [163] has to be
addressed for a beam size below a few 100 micron.

Due to the collimator-free scheme, the measured momentum resolution contained a
contribution from the e-beam divergence, which depended on the accelerator configuration
and parameters, such as the laser energy or the capillary length and diameter. As a result,
the e-beam divergence had shot-to-shot fluctuations. Therefore, the momentum resolution
and the energy spread were evaluated for each shot with the following procedure. From
the computed imaging properties, the horizontal beam divergence o, was calculated
from the measured horizontal beam size 0., with a given beam size at the source, 0, and
0,0, which were assumed to be the same size as the laser output mode size. The effect of
the source size on the image was almost negligible since the beam size at the source was
smaller by more than an order of magnitude than the typical product of beam divergence
and propagation distance. By assuming an axisymmetric electron beam profile (i.e., equal
horizontal and vertical divergence), the vertical beam divergence o,y = 0,9 was obtained
and used to calculate the vertical beam size at the screen with a specific central energy
and zero energy spread, oy imeno- The image size gave the intrinsic resolution of the GeV-
ESM, 0T,,0no- The real energy spread of an electron beam 67Tpeq,, was then calculated by
deconvolving the effect of finite divergence from the measured e-beam profile §73,,, using

57-'””9 = \/5Tl)26am + 5T2

mono*

A Gaussian e-beam transverse profile was assumed for the
calcuration. The momentum resolutions for 0,0 = 0,0 = 1 and 2 mrad electron beams are
shown in Fig. B.6] where the beam profile is assumed to be a Gaussian distribution with
0.0 = 0yo = 20 pm. The momentum resolution of the GeV-ESM is below 2% (4%) for a 1
mrad (2 mrad) divergence beam in the energy range of the GeV-ESM. As discussed, and
shown in Fig. 3.0, in the case where the beam size is smaller than the spatial resolution
of the CCD cameras, the momentum resolution is limited by the CCD camera resolution,
which can be seen in the region where the 1 and 2 mrad cases overlap.

The collimator-free scheme also introduced an uncertainty in the determination of the
absolute energy [2]. The energy of an electron beam with positive (negative) incident
angle in y (see Fig. B4l for coordinates) would be measured higher (lower) than the actual
energy. The errors in the determination of the energy of electrons with certain incident

angle (+£4 and £+8 mrad) were computed and shown in Fig. 3.7, where the magnetic field
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Figure 3.6: Momentum resolutions for o, = oy9 = 1 and 2 mrad electron beams.
Horizontal axis is the kinetic energy of the e-beam for a peak magnetic field of 1.25 T.
The input beam size was assumed to be a Gaussian distribution with 0,9 = 09 = 20 pm.

was taken to be 1.25 T. For example, the electron beam measured as 1.0 GeV might
have been 0.94 (1.07) GeV with a 0.4 (-0.4) mrad incident angle. The fluctuation level
in the incident angle in the vertical plane was evaluated as follows. From the measured
beam position in the horizontal plane ipeqk, the angular fluctuation in the horizontal
plane o,1peqr Was statistically evaluated. With the assumption of symmetric behavior in
both planes oyipeak = Ozipeak, the fluctuations in the incident angle in the vertical plane
were then determined. The angular fluctuations showed dependence on the accelerator
configuration (e.g., the laser energy or the capillary length and diameter), and the typical
value was found to be 2 to 6 mrad in rms [I70], which gave ~ 43 to 11% error at 1.0 GeV,
or ~ 2 to 5% error at 0.5 GeV. Also shown in Fig. 87 is the geometrical acceptance.
The acceptance was trajectory dependent due to the differences in the path length and
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Figure 3.7: Errors in the determination of the absolute energy in cases of £4 and £+8 mrad
of the incident angle with the geometrical acceptance. The magnetic field was assumed
to be 1.25 T.

the imaging properties. More than +10 mrad acceptance was achieved in most of the

energy range.

3.4 Scintillating Screen Calibration

3.4.1 Introduction

Scintillating screens are commercially available from various companies such as Kodak,
Toshiba, Fuji, or Konica. Those screens have been used mostly for medical application,
namely x-ray imaging together with films. Companies have put constant effort into im-
proved sensitivity (ISO speed) and spatial resolution by improving coatings and films [I71].

Recently, those scintillating screens have been widely used for relativistic electron beam
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detections in the LWFA community for their high electron - fluorescent light efficiencies.
For this purpose, fluorescent light was usually observed directly by a digital camera (e.g.,
a CCD (charge coupled device) or CMOS (complementary metal oxide semiconductor)
camera). From the observed intensity, one can deduce the number of electrons incident on
the screen provided that a calibration is available. Note that a calibration may not be valid
for an identical product from different manufacturing years due to possible improvement
of a product.

Most of the screens utilize a compressed monocristalline powder of Gadox as an active
material, which sits on a substrate and is covered by a protective coatings. While their
properties were well studied for x-rays [I72HI75] because of the high demand from the
medical field and their long history, to the author’s knowledge, there was only one publi-
cation as of 2007 on the relativistic e-beam detection with such a scintillating screen [164].
Discussed in Ref. [164] was the e-beam energy dependence from 0.1 MeV to 1 GeV with
the Monte Carlo simulation, and only from 3 to 8 MeV energy dependence was explored
experimentally. In this Section, the e-beam energy dependence of LANEX-FB, which
was provided by KODAK and implemented on the GeV-ESM, was measured experimen-
tally from 71.3 to 1230 MeV by using the Booster to storage ring beam line (BTS) of
the Advanced Light Source (ALS) at LBNL. The layout of ALS Facility is shown in
Fig. 3.8l The calibration work has been carried out with the help of two internship stu-
dents, Bas Fleskens and Pablo Gallegos, and detailed descriptions can be also found in

their reports [176], [177].

3.4.2 Scintillation Process

The general process of scintillation is the absorption of ionizing radiation, such as x-rays
or v-rays, followed by the emission of radiation, usually in the visible range. Relativistic
electrons ionize a material as well, consequently leading to the same photon emission

process. The scintillating process can be simplified into a three-phase process.

1: Ionization
An ionizing source (electromagnetic radiation or particles) deposits its energy onto
an active material via ionization. As in Ref. [164], one may define absorption ef-

ficiency ngps (1) for this process. In case of an e-beam, there is a direct ionization
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Figure 3.8: Layout of ALS building [105]. The beam line connecting Booster synchrotron
and Storage ling is the Booster to Storage (BTS) beam line. BTS experimental are is
located at the end of the extra beam line emerging from the middle of the BTS line
(illustrated by blue line).

and also absorption of the Bremsstrahlung photons. Both mechanisms may show

an energy dependence and could be evaluated via a Monte Carlo simulation.

2: Non-radiative relaxation
Excited electron may come back to the ground state, fall into one of the exciton
bands, or into one of the metastable excited states without any photon emissions.
Each process has a certain probability, which may show a dependence on an initial
state of excited electron. Therefore, this process could depend on the input e-beam

energy as well, and possibly on the pulse duration of the excitation pulse.

3: Radiative relaxation

Scintillating photons may be emitted via the recombination of electrons and holes
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from exciton bands, the time scale of which is typically from tens of nanoseconds
to several microseconds. Other photons may come from radiative relaxation of
metastable states with their characteristic wavelengths, the time scale of which is
from microseconds to several hours. The later process of emission is referred as
phosphorescence or afterglow. If this emission is dominant, a material may be
referred to as a phosphor screen instead of a scintillator. Radiative relaxation may
be followed by non-radiative relaxation to a ground state. If one specifies a certain
radiation band of interest, efficiency 7,,4(7T") can be defined as the ratio of energies

of radiative relaxation and non-radiative relaxation.

Shown in Fig. [3.9 is the emission spectrum from Gadox and other compounds from
Ref. [168]. One can see that there are multiple emission bands in Gadox, and that
the main emission is at ~ 545 nm. The life time of the emitted light from LANEX-
FB was measured to find an optimum exposure time for the experiments, as shown in
Sectoin B.4.4l Most of the light (~ 80%) was observed earlier than 1 ms. There was,
however, a substantial amount of light emitted later than 1 ms, suggesting non-negligible
phosphorescent light. Since the time resolution of this experiment was longer than the
typical life time of a scintillation, the dominant physics can not be determined from this
slow time-resolution measurement. The fact that there are multiple excitation states and
levels made rigorous theoretical modeling difficult and unpractical. The discussion of
scintillator /phosphor material properties was beyond the scope of this dissertation. Here

we focus on the experimental study of the energy dependence of the light yield.

By neglecting any energy dependence in 7,,4(7"), one can provide a simple model in
which the energy of emitted photons is proportional to the e-beam energy loss (deposition)
in the material, as in Ref. [I64]. In this model, the energy dependence only exists in
the energy deposition process, but not in the relaxation and emission processes. One
can numerically obtain the energy loss by using a Monte Carlo simulation [162, [164],
or analytically [I77] by using the Rorlich and Carlson formula [I78], combined with the

density correction [I79]. The Rorlich and Carlson formula is:

1dr  wZ (v +1)T2 27y —1 1/v—1\?
Todz | 24,5 {m[ o }HHB?)_ % ln(2>+§<—>}’ .

mz
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Figure 3.9: Emission spectrum of the Gadox (dots) from Ref. [I68]. Other two spectra
(dashed line, straight line) are out of interest here.

where p is the density of the medium, x = 47N r.m.c* with N4 the Avogadro number,
and . = €?/(m.c?) the classical electron radius, A, the atomic weight of the medium,
[ the normalized electron velocity v./c, v = \/1—7ﬁ2 the Lorentz factor, E the kinetic
energy of incident electrons, and I;,, the mean ionization energy of the medium. This
equation suggests that the ionizing energy loss increases in log scale along with an increase
of the e-beam energy, while the radiative loss (Bremsstrtahlung) increases linearly. In
other words, the analytical study suggests that the higher the e-beam energy, the more

the e-beam deposits its energy onto a material.

Possible energy dependent physics and complications further motivated an experimen-
tal exploration of the energy dependence of the scintillating screens up to the GeV level.
The energy of a bremsstrahlung photon can be high enough to cause electron-positron

pair creation, which adds an additional complication in the scintillating processes. High
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fluence from high charge e-beams or high instantaneous charge density from ultrafast e-
beams could cause saturation effects of the scintillating processes, which cannot be studied

by the Monte Carlo simulations.

3.4.3 Experimental Setup

The calibration experiments were carried out at the BTS at ALS. Originating from the
ALS Linac (Linear Accelerator), a 50 MeV e-beam was injected into the Booster ring,
and was further accelerated up to 1230 MeV. The e-beams were then extracted from the
Booster ring by the kicker magnet system, a part of which is shown in Fig. B. 10l The total
charge of the e-beams was variable via two methods. One was by changing the number
of micro bunches in one macro pulse. The ALS Linac was able to provide a macro pulse
containing from 1 to 3 micro bunches with a bunch to bunch separation of 8 ns [I80]. The
8 ns separation came from the 125 MHz sub-harmonic buncher. The other method to
vary the total charge was to control the charge in one micro bunch. By changing the gun
bias voltage of the thermionic electron gun, which was the injector for the ALS Linac,
the total charge in one micro bunch was controlled. Each micro bunch contained a total
charge of up to 500 pC, and the pulse length at the exit of the Linac was around 8 ps
(rms). Note that the lowest gun-bias voltage provided the highest total charge in a bunch.
By changing these two parameters, a total charge in one macro bunch was varied from
a few pC (limited by the ICT measurement) to 1500 pC. The micro bunch pulse length
was stretched to 2 20 ps at the exit of the Booster ring.

The energy of the e-beam was also variable. In normal operations, the kicker system
extracted e-beams at the top of the magnets’ current ramp, which gave the highest e-beam
energy. By changing the timing and field strength of the kicker system, an e-beam with
lower energy was extracted from the Booster ring. A part of the kicker system magnet
and some magnets of BTS are shown in Fig [3.10l The detailed procedure to change the

e-beam energy was as follows:

1: Triggers
The Bump magnet trigger 7, was scaled down from the nominal value 7, =

Tomo X Dt/Pn, Where p is the electron momentum, subscript n indicates nominal
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Figure 3.10: A part of the kicker magnet system of the Booster ring and a part of the
BTS magnet system. Shown by a red rectangle is the location of the BTS-FE-B1 dipole
magnet which was used to send e-beams to BTS experimental area. The other part of
the kicker magnet system, namely the BR2- Bumpl, Bump2, Bump3, and KE magnets
sit further upstream of the Booster ring, and are not shown here. Note that this figure is
based on the drawings obtained from the ALS website [105].

value, and subscript t for target value. Then the Extraction field trigger 7.,; was

set to be Tegr1 = Tom1 + 2350 us.

: Currents for magnets

The currents for the kicker magnets and a part of BTS magnets (upstream magnets
before the BTS-FE-B1 magnet) [, were scaled down to the target value given by
It1 = Ixo X pi/pn. The kicker system consisted of the magnets BR2- Bumpl, Bump?2,
Bump3, KE (they are not shown in Fig. B.10), SEN, and SEK. The upstream BTS
system consisted of the BTS- HCM2, VCM2, Q1 magnets. The BTS- HCM1 and

HVMI1 were not used at the experiments.

: Alignment of TV1 - TV2

By fine tuning all the necessary magnets’ applied currents, the e-beams were aligned
on the middle of phosphor screens, the locations of which are indicated by TV1 and
TV2in Fig. 310 respectively. Note that those phosphor screens were not the targets
for this calibration work. This alignment etablished the straight line from TV-1 to
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TV-2, and hence allowed to evaluation of the e-beam energy via the applied current

on the BTS-FE-B1 magnet, which sits in between those phosphor screens.

4: BTS-FE-B1 magnet
Set the current for BTS-FE-B1 magnet such that the e-beam can be seen on the
middle of the LANEX-FB screen located at the end of the BTS beamline as shonw
in Fig. BIIl Together with Ref. [I81], the applied current gave the energy of the

e-beam.

The experimental setup for the calibration is shown in Fig. B11l E-beams were sent
to the middle of the LANEX-FB screen, and the fluorescent light was observed by an
identical CCD camera as that used in the GeV-ESM, 12-bit Flea high resolution model
from Pointgrey [167]. The elliptical screen (9.5 cm height and 8.0 cm width) was arranged
at a 45 degree to the e-beam incident angle, and backed by a ~ 40um thick Al foil as
in the GeV-ESM. In this calibration experiment, an Al foil was not necessary because
there was no stray laser lights as in the LOASIS LWFA experiments. In order to realize
an identical e-beam - LANEX-FB interaction in this calibration experiments, an Al foil

was installed. The angle of screen affects actual e-beam - active-layer interaction length,

() (b) CCD Camera

computer

LAN, Processed
signal (charge)

1 CRIO 03

, waveform* \ IEEE1394

Fast, 1 z Z

12 bit CCD

Electron beam

Alfoil %

active

Be window ~10M

© D. Syversrud

Figure 3.11: Schematic (a) and drawing (b) of the BTS experimental setup. A picture
taken by the CCD camera, the raw signal from the LOASIS-ICT, and the processed signal
from ALS-ICT, were recorded by a computer.
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and the angle of the CCD Camera to the screen also affects collection of light, following
the Lambertian law [164, [I77]. For data analysis, these effects were taken into account.
The beam tube clearance was 5 cm (diameter). As shown in Fig. BITl(a), the screen was
arranged in an irregular way, namely the substrate side was observed by the CCD camera.
Since the substrate was not completely opaque, the fluorescent light was still observed.
Attenuation of 80% (20% transmission) was observed relative to the measurement done
in the regular orientation (see Fig. BI8(b)). The potential advantage of this arrangement
was in the momentum acceptance. Low energy (< 1 MeV) e-beams may be blocked
by the substrate in case of the regular orientation. The irregular orientation may allow

to measure lower energy e-beams, and heavy particles such as protons. Therefore, the

LANEX-FB was installed in an irregular way on the GeV-ESM.

Employed for the calibration reference was an ICT-122-070-05:1 (LOASIS-ICT) [182],
from BERGOZ Instrumentation [I83]. This low-ratio (high sensitivity) ICT, combined
with a regular oscilloscope, allowed detection with a signal to noise ratio (S/N) of ~ 2 for a
few pico Coulomb charge (higher S/N ratio for >~ pC). Raw waveforms were recorded on
the computer through LAN-based communication. Also recorded were processed signals
from one of the permanently installed ICTs on the ALS, BTS-ICT01 (ALS-ICT), whose
location is illustrated in Fig. B.I0(a). The raw signal from this 20:1 ratio ICT was first sent
to the beam charge monitor (BCM), then to an EPICS (Experimental Physics and Indus-
trial Control System [I84]), and the processed value (charge) was broadcasted through the
network at ALS. The background level of the broadcasted values was (=~ 10 pC) because
the electronics were optimized for nominal operation, where the total charge was more
than 1000 pC. The LOASIS-ICT and ALS-ICT showed good agreement for high energy
(small beam size), high charge (~ 500 pC, one micro bunch) measurements. Since the
ALS ICT was located at ~ 10 m away from the screen, any beam loss during beam trans-
port was not detectable from this ICT. Therefore the calibration was performed against
the LOASIS-ICT, and in the following part of the dissertation,“the ICT” indicates the
LOASIS-ICT and “measured charge” means the charge measured by that ICT unless

otherwise specified.
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3.4.4 Results and Discussion

The life time of the emitted light from LANEX-FB was measured by changing the
trigger delay for the CCD camera in 1 ms steps, with a fixed exposure time At.;, = 1 ms.
The energy of the e-beams was 1230 MeV in 3-micro bunch mode and with the lowest
gun-bias voltage. The number of total counts on the CCD (CCD counts) normalized by
the measured charge versus the trigger delay is shown in Fig. B.12l Here, the trigger delay
= 0 was set 1 step (ms) before the CCD camera started to see any signal. One can see
that more than 99% of the total counts (emitted light) was within 4 ms, confirming that
long-lifetime (> 10 ms) metastable levels did not contribute a substantial portion of the
emitted light. All the measurements presented later in this Section were performed with
a fixed exposure time At.,, = 10 ms starting at 1 ms before the arrival of the beams (0
delay point in Fig. B12]). The repetition rate of the operation was 0.5 Hz, therefore no
interference between shots was expected.

The energy dependence was studied by using 1230, 1000, 712, 497, 377, 261, 143
and 71.3 MeV e-beams. With each energy, a broad range of total charge was scanned
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Figure 3.12: Measured life time of the light emitted by the LANEX-FB. About 30 shots
were taken for each point. The errorbars (standard deviation o) were not visible on the
plot (fluctuation = 100 x o/mean < 1.5%). Note that the measurements did not resolve
less than 1 ms.
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by varying the gun-bias and using 1- and 3- micro bunch modes. For all the different
energies, plots of the CCD counts versus the measured total charge by the ICT are shown
in Figs. Also shown as black solid lines in Figs. BI3H316, are the results of
linear fitting. The detailed fitting conditions are stated in the captions of figures. The

quality of the fit was evaluated by the mean of the normalized deviation é:

CCD ICT
where ¢ is the number of samples, CCD; is measured CCD counts of the i-th sample,
f(z) is a CCD counts predicted by fitting the charge measured by the ICT, and ICT; is a
measured charge by the ICT. One can see that the linear coefficients for the ratio of the
CCD counts and the measured charge (counts/charge coefficient, CC-coefficient) showed
dependence on the e-beam energy. Non-linearity between the CCD counts and measured
charge (counts - charge non-linearity, CC non-linearity) was also observed in 1230, 1000,
712, 143 and 71.3 MeV scans.

A linear relation between the CCD counts and measured charge was observed for the

scans with e-beam energies of 497, 377, and 261 MeV. For those scans, the linear fitting
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Figure 3.13: The total number of counts on the CCD camera (CCD counts) versus the
charge measured by the LOASIS-ICT with beam energy of 1230 MeV (a) and 1000 MeV
(b). Shown by the black solid line is the linear fit with acquired data below 500 pC. The
quality of the fittings are 4.5% for (a) and 4.6% for (b), respectively. The green star was
placed where the measured point started to deviate from fitted line. The charge density
where the star is placed is 60 pC/mm? for (a), and 50 pC/mm? for (b).
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Figure 3.14: The total number of counts on the CCD camera (CCD counts) versus the
charge measured by the LOASIS-ICT with beam energy of 710 MeV (a) and 500 MeV
(b). Shown by the black solid line is the linear fit with acquired data below 500 pC for
(a), and with all the data for (b). The quality of the fittings are 7.3% for (a) and 3.8% for
(b), respectively. The green star was placed where the measured point started to deviate
from fitted line for (a), and where the maximum charge density was achieved for (b). The
charge density where the star is placed is 32 pC/mm? for (a), and 27 pC/mm? for (b).
Due to smaller beam size for lower energy, the maximum charge density was smaller for
lower energy beams.

was done by using all the data points acquired.

In the Booster ring, adiabatic cooling and radiation damping occurs along with the
acceleration. This results in the higher energy beam having lower emittance (smaller
beam size and divergence) than the lower energy beams. For a detailed description of the
emittance evolution during the acceleration in the Booster ring, see Ref. [I85], Chapter 4.
The typical beam size on the screen for each energy is shown in Fig. B.IT(a), with the
lowest gun-bias voltage and 1-bunch mode. For the scans with e-beam energy of 143 and
71.3 MeV, beam losses were observed between the ALS-ICT and the LOASIS-ICT, most
likely due to the e-beam overfilling of the beam line tube (beam was clipped by the tubes).
From Fig. BI0, one can see that the highest charges measured by the ICT were lower
than 1500 pC for those low energy scans. The observed non-linearities for 143 and 71.3
MeV e-beams could be explained by beam loss during the propagation between the ICT
and the scintillating screen. The BTS beam line was designed for the transportation of a

1500 MeV e-beam. Asshown in Fig. BIT(b), for a 143 MeV beam, the beam area increased
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Figure 3.15: The total number of counts on the CCD camera (CCD counts) versus the
charge measured by the LOASIS-ICT with beam energy of 377 MeV (a) and 261 MeV
(b). Shown by the black solid line is the linear fit with all the acquired data. The quality
of the fittings are 5.4% for (a) and 7.8% for (b), respectively. The green star was placed
where the maximum charge density was achieved. The charge density where the star is
placed is 14 pC/mm? for (a), and 8 pC/mm? for (b).
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Figure 3.16: The total number of counts on the CCD camera (CCD counts) versus the
charge measured by the LOASIS-ICT with beam energy of 143 MeV (a) and 71.3 MeV (b).
Shown by the black solid line is the linear fit with data below 250 pC for (a), and below
400 pC for (b). The quality of the fittings are 15% for (a) and 6.2% for (b), respectively.
The green star was placed where the measured point started to deviate from fitted line.
The charge density where the star is placed is 0.7 pC/mm? for (a), and 0.5 pC/mm? for

(b).
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Figure 3.17:  (a): the beam size on the scintillator screen versus the energy of the e-
beam. The beam size was measured with the lowest gun-bias voltage (highest charge)
and 1-bunch mode. (b): the beam area at the scintillating screen versus the charge
measured by the ICT with the e-beam energy at 120 MeV. The beam area was defined
as the product of the x width and y width in full-width half-maximum (FWHM).

considerably with charge. From 400 pC to 1000 pC, beam area became two times larger.
A similar increase in area was observed when scanning the 71.3 MeV e-beam charge from
300 pC (650 mm?) to 600 pC (850 mm?). If this is the case, the amount of beam loss
is to be proportional to (12, —rZ,.), where rpeqm, is the FWHM radius of the beam at
the screen, and 74, is the inner radius of the beam transporting tube, or ICT. Although
whole beam was not measured due to the clipping, evaluation with FWHM would give
unclipped beam size. The beam loss in terms of CCD counts was estimated from the
deviation from the fitted line [see Fig. B.I6l(a)], and plotted versus the measured beam
area [see Fig. BIT(b)] in Fig. BI8 One can see that the beam loss increased linearly
against the measured beam area after the area became bigger than the beam tube area.
This is consistent with the model for the beam loss suggested here. For low energy scans,

the CCD CC coefficients were deduced from the fitting of the data points below 250 pC.

A non-linearity in CC-coefficient was also observed for the scans of 1023, 1000, and
712 MeV. There was no beam loss between the ICT and scintillating screen as the beam
sizes were small enough for the whole beam to be accommodated within the screen. There
are two possible scenarios which may introduce this non-linearity. One is a saturation

effect of the scintillating material. The excessively high population of the excited level
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may have caused these deviations from the linear response against the incident e-beam
charge. In this case, this behavior may show a dependence on the peak intensity of
the emitted light. The other one is an opacity change of the substrate or coatings due
to the high density e-beam load on a material, which caused ionization of the material
or thermal loading. If this is the case, this behavior may show a dependence on the
peak charge density on the screen and/or the e-beam energy. By carrying out the same
measurement with different orientation of LANEX-FB, one can tell whether the non-
linearlity was caused in the active layer or substrate. Shown in Fig. BIg|(b) is the CCD
counts versus the measured total charge with the regular orientation of the LANEX-FB
(active layer surfacing to the CCD camera). A linear relation between the CCD counts
and measured charge was obtained. This suggests that the nonlinearity observed with
the scans of 1023, 1000, and 712 MeV was not from the saturation of the active material,
but was somehow caused by the substrate. As discussed, this may depend on the peak
charge density on the screen and/or the e-beam energy. Shown by the green star in

Figs. B.13] - 310 is where the measured point started to deviate from fitted line, or where
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Figure 3.18: (a): Beam loss size in terms of CCD counts against the beam area. The
beam loss was estimated by the difference between the fitted value and measured CCD
counts [Fig.BI6/(a)]. The measured beam size is from Fig. BI7(b). (b): The total number
of count on CCD camera (CCD counts) versus the charge measured by the LOASIS-ICT
with beam energy of 1000 MeV. For only this plot, the orientation of the LANEX-FB was
regular (active layer surfacing to the CCD camera). Shown by the black solid line is the
linear fit with all the acquired data.



3.4. SCINTILLATING SCREEN CALIBRATION 65

3

2"%%§

Counts/charge [106counts/pC ]

T T
0 500 1000
Energy [MeV]

Figure 3.19: The CC-coefficient versus e-beam energy. The errorbar comes from the
fitting quality evaluated by Eq. ([B.5]). Average fitting quality was 6.8%.

the maximum charge density was measured. From the scans of 1023, 1000, and 712 MeV,
the charge densities where the measured point started to deviate from fitted line were,
60, 50, and 32 pC/mm?, respectively. The threshold of this non-linearlity may depend on
both the charge density and e-beam energy. For these three high energy scans, the linear

fitting was done by using the data below 500 pC.

The CC-coefficient versus e-beam energy is shown in Fig. B.J9 The trend of lower
CC-coefficient for higher energy e-beam is observed. This is counter to what is suggested
by Eqn. B4l and the assumption of no energy dependence in the relaxation and emission
processes. This suggests that there might be an energy dependence in these processes,
which is fairly complicated to model theoretically or to study with numerical simulations.
Shown by errorbars in Fig. is the quality of fittings evaluated by Eq. (8:3). The mean
fitting quality for whole scans were 6.8%, and this value is used as the accuracy of this

calibration.

Although the CC linearity was verified below a charge density of 50 pC/mm? for
1000 MeV e-beams, there is a critical difference between the e-beams from an LWFA and

a RF-accelerator. The longitudinal structure of e-beams used for this calibration was a
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macro bunch containing up to three micro bunches with a separation of 8 ns, and a micro
bunch duration of ~ 20 ps (rms). This duration is far longer than the that of e-beams
from LWFAs typically < 50 fs [98]. The question would be whether the response stays
linear for femto-second e-beams or not. Considering the saturation effect observed from
1000 MeV e-beam scan (see Fig. B.I3(b)), the CC non-linearity was observed only from
3-bunch mode. The fact that both 1-micro bunch beam and 3-micro bunch beam had
the same peak instantaneous charge intensity (pC mm~2 s71) may lead to the conclusion
that the non-linearity observed there was not from the instantaneous charge intensity but
from the accumulative amount of charge (pC mm~2) on a macro bunch scale (~ 17 ns).
For 1000 MeV e-beams, the linearity up to 50 pC/mm? in ~ 17 ns (full width) was
confirmed, as well as for an instantaneous charge intensity, up to 2 pC mm~=2 ps~!. This
instantaneous charge intensity is equivalent to an e-beam with charge flux of 20 fC/mm?

in 10 fs (rms), which gives total a charge of 2 pC with a beam size of 100 mm? on a screen.

3.4.5 Calibration Summary

The calibration of the LANEX-FB screen (substrate facing the camera) was performed
with e-beams energy ranging from 71.3 to 1230 MeV experimentally at BTS, ALS. The
accuracy of the calibration was 6.8%. The CC-coefficient showed energy dependence,
with the tendency that higher energy produced lower light yield. The CC-linearity was
confirmed below 50 pC/mm? in 17 ns with 1000 MeV e-beam. Due to the possible energy
dependence of the threshold charge density for non-linear behavior, this threshold charge
density is unknown for the e-beams with the energy lower than 712 MeV because high
enough beam density was not obtained. The measured threshold charge density for non-
linear behavior, and the charge density where linear behavior was confirmed, are plotted
in Fig. on the left vertical axis. Note that this is for the accumulative charge density
saturation effect in ~ 17 ns (full width) range. The linearity against the instantaneous

2 ps~! for

charge intensity was experimentally verified against e-beam with 2 pC mm™
1000 MeV case, where the time ps is the rms width of the e-beam time duration. Shown in
Fig. on right vertical axis is the instantaneous charge intensity [pC/(ps mm?)] where
the linear response of a LANEX-FB was experimentally verified. Note that instantaneous

charge density non-lineariry was not observed from the experiments. The thresholds for
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Figure 3.20: Charge density (in ~ 17 ns) for which linear response of LANEX-FB was
experimentally verified (left axis), and the instantaneous charge intensity for which linear
response of LANEX-FB was experimentally verified.

accumulative non-linearity need to be taken into account in the operation of the GeV-

ESM.

The ALS calibration measurements provided more than one order lower light-charge
factor than that obtained from the calibration used a LWFA e-beam [I86]. Since the
results of ALS calibration was used in this dissertation, one may find discrepancy in total
charge between the published papers [I], 2] and this desseration. As has been discussed, an
instantaneous intensity of the ALS e-beam was not as high as that of LWFA. Therefore,
there is a possibility that the ALS calibration underestimated beam charge. In order
to provide more accurate calibration, one can arrange activation experiments [42]. The
material activation may not depend on an instantaneous intensity of e-beam, it can provide
intensity independent result. In this dissertation, the results of ALS calibration was used
for evaluations. The calibration results including the thresholds for non-linear behavior,

were implemented on the GeV-ESM analysis program, and have enabled the GeV-ESM



68 CHAPTER 3. BROADBAND ELECTRON SPECTROMETER

to function as a charge monitor.

3.5 Experiments

In this Section, examples of single-shot beam measurements and analysis are presented.
Experiments were performed using a high peak power 10Hz Ti:sapphire laser system of
the LOASIS Facility at LBNL and a gas-filled capillary discharge waveguide developed at
Oxford University [1, 2] as described in Chapter [l

Shown in Fig. B21] (a) is an example of a moderately resolved high energy e-beam.
A quasi-monoenergetic beam with the peak energy of 77873) MeV, and total charge of
3.3 pC was observed. As stated in Section [3.3] the estimated error range of the absolute
energy value was computed from the beam angular fluctuation o,1peqr, and found to be
+0.38 mrad. The beam divergence was found to be £2.5 mrad (rms), which gave a
resolution of 2.5% at 778 MeV. The energy spread was measured to be £4.6% (rms). The
maximum charge density on the LANEX-FB was < 0.07 pC/mm? at ~ 780 MeV, which
was well below the threshold for accumulative saturation effect. With an assumption
of a 10 fs e-beam bunch duration, the instantaneous charge intensity is estimated to be
7 pC mm~2 ps~!. This is above the value for which the liner response of LANEX-FB was
experimentally verified.

Shown in Fig. B.21] (b) is an example of a finely resolved quasi-monoenergetic e-beam.
Applied magnetic field was 1.14 T, which gave momentum acceptances from 0.009 to
1.0 GeV. A quasi-monoenergetic beam with the peak energy of 36472 MeV, and total
charge of 3.3 pC was observed. The beam divergence was found to be £1.3 mrad (rms),
which gave a resolution of 0.55% at 364 MeV. The energy spread was measured to be
+5.0% (rms). The maximum charge density on the LANEX-FB was < 0.04 pC/mm?
at ~ 360 MeV, which was well below the threshold for accumulative saturation effect.
With an assumption of 10 fs e-beam bunch duration, the instantaneous charge intensity
is estimated to be 4 pC mm~2 ps~!. This is above the value for which the liner response
of LANEX-FB was experimentally verified.

Shown in Figs. B:2T] (¢) is an example of a finely resolved broadband e-beam. Applied
magnetic field was 1.14 T, which gave momentum acceptances from 0.009 to 1.0 GeV.

A broadband e-beam (from 10 to 450 MeV) with 42 pC total charge was observed. The
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Figure 3.21: Spectra observed by the GeV-ESM. (a): A moderately resolved high en-
ergy e-beam. The peak e-beam energy of 77813 MeV, the energy spread of 4.6% (2.5%
resolution), and total charge of 3.3 pC were observed. The maximum charge density on
the LANEX-FB was < 0.07 pC/mm?. (b): A finely resolved quasi-monoenergetic e-beam.
The peak e-beam energy of 36472 MeV, the energy spread of 5.0% (0.55% resolution), and
total charge of 3.3 pC were observed. The maximum charge density on the LANEX-FB
was < 0.04 pC/mm?. (c): A finely resolved broadband e-beam. A broadband e-beam
(from 10 to 450 MeV) with 42 pC total charge was observed. The maximum charge
density on the LANEX-FB was < 0.05 pC/mm? at the energy of 300 MeV.

maximum charge density on the LANEX-FB was < 0.05 pC/mm? at ~ 300 MeV, which
was well below the threshold for accumulative saturation effect. With an assumption
of 10 fs e-beam bunch duration, the instantaneous charge intensity is estimated to be
5 pC mm~2 ps~!. This is above the value for which the liner response of the LANEX-FB

was experimentally verified.

As can be seen from examples, the maximum charge density on the LANEX-FB was

well below the threshold for accumulative saturation effect in regular operations. But
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the instantaneous charge intensity was usually higher than the value for which the linear
response of the LANEX-FB was experimentally verified. Although this kind of non-linear
behavior was not observed in the experiments, there remains a possibility of underestima-
tion of total charge as discussed in Section In the following part of the dissertation,
it is assumed that no saturation phenomena occurred caused by a high instantaneous
charge intensity.

A discussion on the dependence of the CDG-LWFA performance on laser-plasma pa-
rameters is presented in the next Chapter. Note that the simultaneous diagnoses of laser

output spots were successfully carried out for all measurements [T, 2].

3.6 Summary

A broadband, slitless, single-shot ESM for a GeV-class LIWFA beam measurement has
been developed. A scintillator-camera based system was employed for relativistic e-beam
detection for high repetition rate experiments. The spectrometer covered from 0.01 to
1.1 GeV in a single shot, provided capability for simultaneous measurement of e-beam
spectra and output laser properties due to the absence of a slit. The design provided an
unprecedentedly large momentum acceptance of a factor 110 with reasonable resolution
(below 5%). The design concept and hardware implementation were described, as well as
the detailed analysis of the spectrometer performance. The calibration of the scintillating
plate, LANEX-FB was performed at BTS of ALS. The e-beam energy dependence of the
LANEX-FB at energy ranging from 71.3 to 1230 MeV was experimentally explored. The
linearity of the response of the LANEX-FB was discussed. As shown in the Section [3.4]
a single shot measurement with sufficient resolution and angular acceptance was demon-
strated. The spectrometer design provides a powerful diagnostic tool for the research and

development of next generation LWFAs. The followings were the achieved performance

characteristics of the GeV-ESM.

e Momentum acceptance

The spectrometer covers from 0.01 to 1.1 GeV in a single shot.

e Momentum resolution

The resolution is below 5% for e-beams with a divergence of 2 mrad over the whole
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energy range. Less than 1% resolution is achieved for e-beams with small beam
divergence and moderately high energy (~ 500 MeV). The resolution depends on

the beam divergence due to the slitless scheme.

Angular acceptance
An angular acceptance of more than 4+ 10 mrad is achieved over almost the whole

range. This is large enough to capture an entire e-beam as shown in Section B.5

Repetition rate
A nominal repetition rate of 1 Hz operation is achieved. In theory, 10 Hz operation

is possible by adding computers.

Charge monitor
Calibration has been performed by using a conventional accelerator. The GeV-ESM

provides the function of a charge monitor with an accuracy of 6.8%.

Simultaneous diagnosis of guided laser properties

The simultaneous observation of guided laser properties was successfully achieved.

System dimension

The system is compact enough to be implemented in the LOASIS experimental cave.






Chapter 4

Capillary Discharge Guided LWFA

4.1 Introduction

Over the past decade, acceleration gradients in the tens to hundreds of GV/m have
been generated in laser wakefield acceleration (LWFA) experiments, which are three or-
ders of magnitude higher than in conventional linear accelerators (linacs, see Chapter [I]).
Although it was straightforward to achieve such high acceleration gradients in laser wake-
field accelerators, the e-beams from such accelerators had 100% energy spread until 2004,
when the production and measurements of high quality (i.e., low energy spread) 100 MeV
class e-beams were reported [56-H58]. To obtain the mono-energetic bunches, two groups
used relatively large laser spot sizes [57, [58]. This effectively increased the diffraction
(or Rayleigh) range Zr of the laser beam, permitting propagation over distances on the
order of the gas jet length. For example, experiments performed at the Rutherford Ap-
pleton Laboratory (RAL) by Mangles et al. employed a 16 TW, 40 fs laser pulse focused
(25 um spot size, 2.5 x 10'™® W/cm?) on the plume of a gas jet with a plasma density of
2 x 10* em™3. A narrow energy spread bunch was observed at 78 =2 MeV with 20 pC
of charge [57]. Experiments performed at the Laboratoire d’Optique Appliquée (LOA)
by Faure et al. used a 30 TW, 33 fs laser pulse focused [21 pm spot size in full-width
at half-maximum (FWHM) 3.2 x 10'® W/cm?] on the plume of a gas jet with a plasma
density of 6 x 10*® cm™3. A narrow energy spread bunch was observed at 170 £ 20 MeV
with 500 £ 200 pC of charge [5§].

The Lawrence Berkeley National Laboratory (LBNL) experiments [56] used a 9 TW,

73
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55 fs laser pulse focused to a relatively tight spot size (8.5 pm FWHM). As discussed in
Chapter [Il to mitigate the short Zx of the beam, a 2 mm long laser produced preformed
plasma channel was used to guide the laser beam through the gas jet. The driving laser
beam generated 85 MeV e-beams containing 0.3 nC bunch charge, with only 9 TW of
laser peak power. Not only those experiments, but also scaling laws and the simulation

shown in Chapter suggested a higher efficiency in a guided LWFA scheme.

The plasma channels in the LBNL experiments [56] were produced using the ignitor-
heater concept [I15] and were shown to guide laser pulses with relativistic intensities
(> 10" W/cm?) over ~ 10 Rayleigh lengths. The method relied on rapidly heating a
laser-ionized filament using inverse Bremsstrahlung, in which the electrons oscillating in
the laser field undergo collisions with ions, transferring part of their oscillation energy

into thermal energy [114) [I15] I87]. This heating can be expressed as [186]:

3 0T, 1 mv?
- K — 4, . 0s 4.1
2 B T 27 g (4.1)

where Kpg is Boltzman constant, T' is the temperature of the electrons, v,; is the electron-
ion collision rate, and v,s = cag is the electron quiver velocity. When v,s < v, the
thermal velocity in the plasma, the electron-ion collision rate is well described by the

thermal collision rate:
_ 8mnZe*ln(A)  ZlnA

Vi T T Gam2? | 13A P

(4.2)

where A = n)J is the plasma parameter with Ay = /T, /(47mne?) ~ 740~/T.[eV]/n[cm—3]
the Debye length. Equations (£1) and (£2) suggest that sufficient heating requires high
plasma density (> 10" cm™3) [I86]. This limits the group velocity of the laser pulse and
the phase velocity of the plasma wake and hence the maximum achievable electron beam

energy.

In order to realize a GeV class LWFA, scaling laws suggested that guiding of a relativis-
tically intense laser pulse over several centimeters with low density plasma (~ 10'® /cm?)
was essential (see Section [[.2]). To circumvent the density limitation imposed by the
ignitor-heather method and allow the production of multi-cm scale plasma channels, a
gas-filled capillary discharge waveguide [129-131] was employed to develop a new LWFA at
the LOASIS Facility. This capillary discharge guided (CDG-) LWFA consists of a 50 TW
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class Ti:Sapphire laser, capillary discharge waveguide, laser diagnostics, and e-beam diag-
nostics. The main e-beam diagnostic, namely the GeV class electron spectrometer (GeV
ESM), was developed in this dissertation and described in Chapter Bl

This Chapter describes LOASIS CDG-LWFA experiments and statistical analysis of
the performance [I, 2]. The experimental setup is described in Section 2] followed by
an overview of low power laser guiding in Section [4.3] and e-beam generation with CDG-
LWFA in Section 4.4l A statistical analysis is presented in from Section [4.5/to 4.8 leading

to a discussion and conclusion in Section 4.9

4.2 Experimental Setup

The experiments used the short pulse, high peak power and high repetition rate (10 Hz)
Ti:Al, O3 laser system of the LOASIS Facility at LBNL, a schematic of which was shown
in Fig. [Hl Low energy laser pulses (of wavelength A ~ 0.81 pm) from a Ti:Al,O3 laser
oscillator were first sent to an optical phase controller (Dazzler, Fastlite inc. [188]), which
controlled the chirp of the pulses up to 4th order, then temporally stretched. The laser
pulse was amplified by multi stage Ti:Sapphire amplifiers up to approximately 3.5 J /pulse,
and then compressed using a grating based optical compressor. Following compression,
the laser pulse was focused by an F/25 off-axis paraboloid of 200 cm focal length to a
spot size wy ~ 25 um at the entrance of a capillary discharge waveguide. The lay-out
of the experiment is shown in Fig. @Il The peak power P (TW) of the laser was varied
by adjusting both the pulse duration and laser energy. At full energy and optimum
compression (1.6 J, 37 fs FWHM duration), P ~ 44 TW, resulting in a calculated peak
intensity I = 2P/mr? ~ 4.5 x 10 W/cm? and a normalized vector potential ag =~
8.6 x 107 1A[um] 12 W /em®] ~ 1.5.

The capillaries were laser machined into 33 mm long sapphire blocks with diameters
ranging from 190 pum to 310 pum. Hydrogen gas, introduced through holes near the
capillary ends, was ionized by striking a discharge between electrodes located at each end
of the capillary. Measurements [129] and modeling [189, [190] showed that a fully ionized,
approximately parabolic channel was formed. This was also confirmed by the absence
of significant ionization induced blueshifting of the laser spectrum when proper guiding

conditions were achieved. Previous experiments [I130] demonstrated channeling of non-
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Figure 4.1: Schematic diagram of the capillary-guided laser wakefield accelerator. The
plasma channel was formed in a hydrogen-filled capillary discharge waveguide (see inset).
Hydrogen gas was introduced into the capillary waveguide using two gas slots in the
190 pm and 225 pm diameter capillary and three in the 310 pum capillary. A discharge
was struck between two electrodes located at each end of the waveguide, using a high
voltage pulsed power supply that utilized a 2.7 nF capacitor charged to 20 kV. The laser
beam was focused onto the entrance of the capillary using an f/25 off-axis parabola (OAP).
The guiding efficiency was measured using a pair of optical diodes (Diode 1 and 2) that
monitored the amount of laser energy at the entrance and exit of the capillary. The laser
beam exiting the capillary was monitored on a 12 bit CCD camera (20 pm resolution),
after having been attenuated with a pair of reflective wedges and optical attenuators (not
shown). The e-beam energy spectrum was analyzed using a 1.25 T broad-band magnetic
spectrometer (see Chapter B]). The e-beam was deflected downward and detected using
scintillating screens (LANEX-FB) imaged onto four synchronously triggered 12-bit CCD
cameras (not shown).

relativistically intense laser pulses with I < 10" W/cm? in 30-50 mm long capillaries,

which did not generate electron beams.
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The GeV ESM was placed right after a discharge capillary unit (for distance, see
Fig.[34). Electron beams were deflected vertically downward onto two scintillating screens
LANEX Fast back (LANEX-FB) mounted on the exit flanges of the vacuum chamber.
The effective deflection by a strong magnetic field (up to 1.25 T') and the large gap between
the poles (65 mm) allowed simultaneous measurements of an e-beam spectrum and laser
pulse properties. The spectrometer covered 0.01 to 0.14 GeV (bottom) and 0.17 to 1.1
GeV (forward) in a single shot. Detailed discussions such as the resolution, precision of
the absolute energy determination, and charge - light yield calibration were described in
Chapter Bl The guiding efficiency was measured using a pair of optical diodes (Diode 1
and 2) that monitored the amount of laser energy at the entrance and exit of the capillary.
The laser beam mode profile exiting the capillary was monitored on a 12 bit CCD camera
(20 pm resolution). Diagnostics of the transmitted laser beam were installed behind the

GeV ESM.

4.3 Low Power Laser GGuiding

In the CDG-LWFA experiments, laser pulses were guided by capillary discharge waveg-
uides. In this dissertation, the relativistic electron beam generation via CDG-LWFA was
experimentally studied by making use of 33 mm long capillaries with diameters of 190, 225,
and 310 um. Although the development of waveguides and the guiding of a relativistically
intense laser pulse are beyond the scope of this dissertation (see A. J. Gonsalves [191] for
the development of waveguides), generation of relativistic e-beams via a CDG-LWFA is
strongly connected to the guiding performance. This section presents a brief overview of
the low power laser guiding results from the experiments presented in this dissertation.
Here, “low power” was defined such that the input laser intensity was not high enough
to cause self-injection of background electrons into the wakefield. Guiding of high power
laser pulses is described with the generation of relativistic e-beams to discuss correlation
and laser to e-beam energy efficiency.

The basic mechanism for channel formation is as follows. The discharge current ionizes
and heats the plasma, which is cooled at the capillary wall. A temperature profile that
is peaked on-axis is formed, and since the pressure gradients are equalized on a timescale

much shorter than the period of the discharge, the plasma density increases with distance
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from the capillary axis.

At the beginning of experiments, low power laser guiding performance was optimized
by adjusting the initial gas density and the delay between the onset of the discharge
current and the arrival of the laser beam (discharge delay t4s.). The discharge delay
tsse = 0 means that a laser arrives at the entrance of a capillary when the discharge is
struck in the capillary (i.e., start of current pulse). In the following part of the dissertation,
the term “density” and symbol ng indicate the estimated axial electron density n|,—o from

the measured Hydrogen gas pressure inside the capillary using the scaling law in Ref. [131],

Ne|r—o[cm™] = 0.87ng, [,—o[em ™3] 4 0.11 x 10'¥[cm 2], (4.3)

where r = 0 indicates parameters on axis, n. is the electron density, and ngy, is the density

of hydrogen gas.

The dependence of the plasma channel profile and on-axis plasma density on the
discharge delay was studied at the University of Oxford [I91] via transverse interferometry.
In Ref. [191], a rectangular shape capillary with 465 pum width was used. The discharge
current had a pulse length of 225 ns full width (0 A to 0 A), or ~ 90 ns FWHM, with
the peak current of ~ 480 A. It took 80 ns to form the plasma channel and reach stable
state with a density minimum on axis. The channel shape did not vary significantly after
80 ns. The stable state lasted till the current fell to almost 0 A. The on-axis plasma
density showed a small fluctuation (£ ~ 3 %) with 75 < t45. < 220 ns, then dropped.

Although similar behavior was expected in the experiments at LBNL, the different high

voltage power supply providing different current profile may affect performance.

The following paragraphs describe the dependence of low power guiding performance
on the discharge delay from the LBNL experiments. Here, we discuss with the relative
transmission loss U, 11s = Upis/ULin and measured output spot size woous = VWozOutWoyOut
with different input laser power and different diameters of capillaries, where Uy, is input
laser energy [J], U is laser transmission loss [J]. Since transverse interferometry was
not implemented at the LBNL facility, plasma density was estimated using Eq. £33l The

impact of the discharge delay and capillary diameter is shown and discussed.

The discharge delay dependence of low power guiding performance for 225 pum and

190 pm diameter capillaries are shown in Fig. 4.2l For Fig. [£.2(a), the 225 pm diameter
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Figure 4.2: Discharge delay dependence of low power guiding performance. Discharge
current (solid line, left axis), laser output spot size wgo.; (circle, right axis), and trans-
mission loss (square, right axis) against the discharge delay. (a): With the 225 um
diameter capillary, laser plasma parameters were ng ~ 2.6 x 10'® em =3, Ur;, ~ 9.5 mJ,
and 77, ~ 42 fs, which gave P ~ 0.23 TW (ag ~ 0.11) in average. (b): With the 190 ym
diameter capillary, laser plasma parameters were ng ~ 2.7 x 10'® em=3, Up;, ~ 57 mJ,
and 77, ~ 40 fs, which gave P ~ 1.4 TW (ag ~ 0.26) in average.
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capillary was used, and laser plasma parameters were ng ~ 2.6 x 10*® em =3, Up;, ~ 9.5 mJ,
and 77, ~ 42 fs, which gave P ~ 0.23 TW (ay ~ 0.11) in average. For Fig. [L2{(b),
the 190 pum diameter capillary was used, and laser plasma parameters were ny ~ 2.7 X
10" em ™2, U, ~ 57 mJ, and 77, ~ 40 fs, which gave P ~ 1.4 TW (ao ~ 0.26) in average.
The loss observed here may be attributed to the leak from the channel, since almost no
wakefield generation was expected with this low laser intensity. Due to this negligible
wake generation and low ag, one can see the quality of the channel (without self focusing
and wake-laser interaction).

The measured discharge current was reproducible within shot-to-shot fluctuations of
a few percent, and had periodic ripples on its profile as shown in Fig. [£2 The measured
discharge current profile showed small differences between the different capillaries as can
be seen in Figs. L2(a), (b), and Fig. B3l For the 225 pym diameter capillary, an output
spot size of ~ 30 pm, almost identical to the input spot size, was observed for discharge
delays of 20 < tgs < 230 ns as shown in Fig. [L2)(a), with ~ 30% transmission loss. Both
the transmission loss and output spot size were somewhat stable and did not show a sharp
dependence on the discharge current profile. The 225 pym diameter capillary provided the
smallest output spot with the widest range of discharge delay among the three capillaries
studied in this work (see also Fig. [1.3)).

The 190 pm diameter capillary had a somewhat smaller discharge delay window for
guiding [Fig. £2(b)]. The transmission loss of ~ 25% and output spot size of ~ 25 ym
were observed for 50 < t4. S 150 ns. With this capillary, a bigger spot size was di-
rectly correlated to the larger loss. Those observations suggest that the 190 um diameter
capillary was not well matched for the input spot size of 2 35 pum. If a laser spot be-
comes larger than 35 pm during the propagation, leak from channel becomes substantial.
Note that these discharge timing dependences shown in Fig. 4.3 were obtained during the
optimization. The lower transmission loss was achieved with different laser and plasma
parameters.

The discharge delay dependence for a 310 ym diameter capillary is shown in Fig. L3
For the plot shown in Fig. BE3[(a), ng ~ 2.7 x 10'® cm™3, the laser input energy Up;, was
9.5 mJ, and pulse duration 7, was ~ 49 fs, which gave a laser peak power P of 0.19 TW
(ap ~ 0.097). Here, the laser pulse duration is defined as the FWHM width of the

intensity distribution unless otherwise specified. For Fig. dL.3[(b), laser plasma parameters
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Figure 4.3:
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Discharge delay dependence of the low power guiding performance with

the 310 um diameter capillary. Discharge current (solid line, left axis), laser output
spot size woout (circle, right axis), and relative transmission loss Ups (square, right axis)

versus the discharge delay. (a):

Laser plasma parameters were ng ~ 2.7 x 10'® cm

-3

Y

ULin ~ 9.5 mJ, and 7, ~ 49 fs, which gave P ~ 0.19 TW (ag ~ 0.097) in average. (b):
Laser plasma parameters were ng ~ 3.0 x 10'® em™3, Uy, ~ 1.2 J, and 71, ~ 39 fs, which

gave P ~ 31 TW (ag ~ 1.2) in average.
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were ng ~ 3.0 x 10® em™3, Upi, ~ 1.2 J, and 71, ~ 39 fs, which gave P ~ 31 TW
(ap ~ 1.2) in average.

The laser beam transmission loss and resultant output laser spot size correlated with
discharge current. As shown in Fig. [3|(a), with the 310 pum diameter capillary, the
relative transmission loss of 0.19 TW laser was ~ 10 - 20% for ng ~ 2.7 x 10'® cm™3
and 110 < tge. < 210 ns. Guiding with less than 50% energy loss was achieved for 50 <
tase < 280 ns. The spot size was somewhat larger than the input spot size wgp, ~ 25 pm.
The smallest output spot of ~ 30 um was observed with discharge delay of 280 ns, where
the loss was ~ 30%. This low transmission loss with relatively large output spot size
(~ 60 pm) suggests that the 310 um diameter capillary was matched to a large input
spot size like >~ 60 um. For late delay, a plasma channel profile may become suitable for
smaller spot size (~ 30 pm) with somewhat higher loss.

Shown in Fig. A.3[b) is the discharge delay dependence of P = 31 TW laser guiding
with the 310 ym diameter capillary. Note that no e-beams were observed from this scan
of the discharge delay.

One can see that guiding with 25% loss was achieved for 80 < t4,. < 260 ns, and
the fine scale time dependent behavior seen in the transmission loss in Fig. A.3[(a) was
gone. This difference could be explained as follows. Even though Hydrogen gas is fully
ionized on-axis, it is not fully ionized in the vicinity of cold capillary wall, and therefore,
average ionization becomes ~ 70% [I91]. A transmission loss of 50% seen in Fig. A3|(a)
for tgs. ~ 80 ns may be due to the loss for ionization. With insufficient discharge current,
substantial amount of hydrogen existed, and laser pulse lost its energy to ionize them.
This was not seen in Fig. L3[(b) because of much higher input laser energy. The relative
loss of laser pulse energy was much smaller for this high input energy case. This loss
due to ionization was not seen from Fig. because of smaller laser spot size. For the
310 pm diameter capillary, laser spot size was large so that the laser pulse interacts with
Hydrogen gas located close to a cold capillary wall.

The output spot size shown in Fig. A3[(b) clearly showed correlation with discharge
current. The minimum spot size achieved with this laser peak power was ~ 40 pm
for tgs. ~ 210 ns. This strong correlation suggest that a channel profile oscillate with
discharge delay. Since it was not seen from neither lower power nor different capillaries,

it is probably due to the wakefield modulating laser pulse or relativistic self-focusing. For
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such high input power, relativistic self-focusing may have played some role in the onset
of guiding. The relativistic self-focusing occurres when the laser peak power P exceeds a

critical power P. = 2c(e/r.)?()\,/A)? [192, 193], or in practical units for A = 0.8 pum case,

(4.4)

where n(()lg) = no x 107 ecm™3. Therefore, P/P, ~ 3 > 1 for the P = 31 TW laser guiding
case, and P/P. ~ 0.017 < 1 for 0.19 TW laser guiding case.

The input laser power of 31 TW (ap ~ 1.2) was intense enough in the 190/225 pm
capillaries to observe trapped and accelerated electrons, but not in the 310 um capillary.
This could be explained by the larger spot size due to the mismatch of the channel.
With a simple estimate, two times larger spot size wy drops the intensity (normalized
vector potential) down to a half [ap ~ 0.6, see Eq. (2.62])]. Although it is not necessary
that the laser pulse had the identical radial profile to the measured output profile during
the propagation in the channel, the intensity drop inside the channel seems to explain the
results. More loss was observed from input laser power of 31 TW for the 310 yum capillary,
while the loss did not show clear correlation with the output spot size.

Guiding performance was critical for e-beam generation for the following reasons.
First, without a preformed plasma channel (laser injected ahead of discharge) transmis-
sion was below 5% and bulk damage was sustained to the capillary channel walls. Without
proper guiding performance, the lifetime of a capillary block might be a few shots. This
observation also indicated that self-ionization and relativistic self-focusing could not be
relied on for guiding, as expected from short pulse propagation theory [136]. Second,
the guiding performance was highly sensitive to input beam alignment as well. For ex-
ample, for the case of the 310 um diameter capillary, any displacement > 15 pum away
from the optimum location (i.e., defined as the position where a quality-guided beam
was produced) resulted in a transmission drop on the order of 20% (see Fig. I0). This
observation suggests that mis-alignment led to the energy loss not via the wakefield gen-
eration but leakage, which can lead to damage of the capillary block as well. Therefore,
to avoid damaging the capillary, all the experiments were started using low power lasers
(< 0.2 TW) to align and to find the proper discharge delay and plasma density for guid-

ing. The laser energy was then gradually raised while intensity dependent phenomena,
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such as relativistic self-focusing, were closely monitored by the laser pulse diagnostics.

4.4 Electron Beam Generation

As discussed in Section 4.3l low power laser pulses (for example, shown in Fig. f.3(a))
did not deposit significant energy onto a plasma channel, and no generation of relativis-
tic e-beams occurred indicating that no sizable wakefield was generated. The low power
guiding performance showed some dependence on the discharge delay. When the laser
field gradient was strong enough to expel significant amounts of surrounding electrons, it
created a strong wakefield, through which the laser deposited its energy onto the plasma
as evidenced by the fact that accelerated electrons were observed. This suggested that
background electrons were trapped in the accelerating phase of the wakefield, via wave-
breaking or plasma instabilities. This Section gives an overview of e-beam generation
from three different capillaries through the representative single shot spectrum for each
capillary.

Electron beams with energies of 1 GeV were obtained in a 310 ym diameter channel
capillary for P ~ 42 TW and ny ~ 4.3 x 10*® ecm™3. The single shot e-beam spectrum
(a), with the space-integrated energy profile (b), and energy-integrated spatial profile (c),
are shown in Fig. [4.4l Using the method described in Section [3.3] the energy spread was
found to be 2.6% (with 2.0% resolution) rms. Note that the measurement was resolution
limited and as such the energy spread might have been smaller. Total charge of > 2.3 pC
is lower than the value in Ref. [I] reflecting the calibration done at the ALS. Although
there is a chance that charge was underestimated as discussed in Section [3.4], the results
of ALS calibration was used throughout the dissertation. A spatially displaced second
beam is visible at ~0.8 GeV. Multi-bunch features of this type were also observed in
experiments with different laser and plasma parameters, and with the other capillaries
as well. Possible injection in second or later buckets was discussed in Section 2.3 and
numerical simulations also predict this kind of structure, owing to trapping of a second
electron bunch in a wake bucket behind the first [68] [155], or multiple injections into one
bucket [194]. The operation of this larger diameter capillary was not as stable as that of
the others (190 pm and 225 pm capillaries). The detailed performance of this capillary,
including stability, is presented in Section through a statistical analysis.
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Figure 4.4: Single-shot e-beam spectrum from a 310 um diameter capillary-guided ac-
celerator with ng ~ 4.3 x 10'® ecm™ and P ~ 42 TW. (a) Image of the electron beam
in pC/MeV /SR, with the kinetic energy T' (MeV) on the horizontal axis and the diver-
gence (mrad) on the vertical axis. (b) The space-integrated spectrum of the beam in
pC/MeV. (c) Energy-integrated spatial profile of the beam in pC/mrad. The peak energy
was 1.0 GeV, total charge was > 2.3 pC (lower than Ref. [I], see Section [3.4]), and the
beam divergence was 1.6 mrad (rms). Using the method discussed in Section B3] the
energy spread of the beam was estimated to be 2.6% (rms) with resolution of 2.0% (rms).
The horizontal error bar in (b) comes from the uncertainty in the energy (40.058, -0.052,
see Fig. B.1). The vertical error bar in (b) is due to the uncertainty in calibration of the
phosphor screen as a charge monitor (£6.8%). A second beam at 0.8 GeV is also visible
in (a). The maximum charge density on the LANEX-FB was < 0.08 pC/mm?.

The stable generation of ~ 0.5 GeV e-beams was found with a 225 ym diameter capil-
lary. High quality (low energy spread) e-beams were generated with high reproducibility
from density of ng ~ 3.5x10'® cm ™ and with P ~ 11 TW laser pulses. Detailed statistical
analysis of this regime was carried out and is presented in Section 7. A typical single-
shot e-beam spectrum from this regime is shown in Fig. 4.5l From the energy-integrated
vertical profile, which is shown in Fig. L5(c), the beam divergence was calculated and
used to de-convolve the finite beam effect from space-integrated energy spread, which is

shown in Fig. @5(b). The beam divergence and energy spread of the beam in Fig.
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Figure 4.5: Typical single-shot e-beam spectrum from the stable 0.5 GeV regime of
the 225 pum diameter capillary-guided accelerator. (a) Image of the electron beam in
pC/MeV /steradian (SR), with the energy on the horizontal axis and on the divergence
in vertical axis. (b) The space-integrated spectrum of the beam in pC/MeV. (c¢) Energy-
integrated spatial profile of the beam in pC/mrad. The peak energy was 477 MeV, total
charge was ~1.4 pC, and the beam divergence was 1.5 mrad (rms). The energy spread of
the beam was estimated to be 4.2% (rms) with resolution of 0.85% (rms). The horizontal
error bar in (b) (£12) comes from the uncertainty in the energy (+0.026, -0.024, see
Fig. B1). The vertical error bar in (b) is the uncertainty in calibration of the phosphor
screen as a charge monitor (£6.8%). For this particular shot, laser plasma parameters
were ng ~ 3.5 x 10® em™3, U, ~ 0.87 J, and 7, ~ 75 fs, which gave P ~ 12 TW
(ag =~ 0.75). The maximum charge density on the LANEX-FB was < 0.03 pC/mm?.

were 1.4 mrad and 4.6% rms, respectively.

The 190 pum capillary provided somewhat “high charge - large divergence” e-beams
compared to the 225 um diameter capillary. Many quasi-monoenergetic e-beams were
observed from experiments using the 190 um diameter capillary, but neither with high
stability nor high reproducibility. Shown in Fig. is an example of such “high charge
and large divergence” e-beam from the 190 pm diameter capillary. The operation of
this capillary provided large fluctuations in e-beam quality, such as beam divergence
and beam energy spread. The stability and reproducibility were not as good as those

of 225 pm capillary. The detailed performance is presented in Section through a
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Figure 4.6: A single-shot e-beam spectrum from the 190 um diameter capillary-guided
accelerator with a density of ~ 3.2 x 10'® ¢cm™3. (a) Image of the electron beam in
pC/MeV /steradian (SR), with the energy on the horizontal axis and the divergence on
the vertical axis. (b) The space-integrated spectrum of the beam in pC/MeV. (c) Energy-
integrated spatial profile of the beam in pC/mrad. The peak energy was 273 MeV,
total charge was ~ 15 pC, and the beam divergence was 2.3 mrad (rms). The energy
spread of the beam was estimated to be 10% (rms) with resolution of 0.77% (rms). The
horizontal error bar in (b) (£5.9 MeV) comes from the uncertainty in the energy (£0.022,
see Fig. B1). The vertical error bar in (b) is from the uncertainty in calibration of the
phosphor screen as a charge monitor (£6.8%). For this particular shot, the input laser
energy was 1.0 J with pulse duration of 46 fs, which gave the input laser power of 22 TW
(ag >~ 1.1). The maximum charge density on the LANEX-FB was < 0.04 pC/mm?.

statistical analysis.

The peak energy of 1 GeV was the highest energy ever achieved from a LWFA. Al-
though the perform