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The dynamics of laser ionization-based electron injection in the recently introduced plasma photo-

cathode concept is analyzed analytically and with particle-in-cell simulations. The influence of the initial

few-cycle laser pulse that liberates electrons through background gas ionization in a plasma wakefield

accelerator on the final electron phase space is described through the use of Ammosov-Deloine-Krainov

theory as well as nonadiabatic Yudin-Ivanov (YI) ionization theory and subsequent downstream dynamics

in the combined laser and plasma wave fields. The photoelectrons are tracked by solving their relativistic

equations of motion. They experience the analytically described transient laser field and the simulation-

derived plasma wakefields. It is shown that the minimum normalized emittance of fs-scale electron

bunches released in mulit-GV=m-scale plasma wakefields is of the order of 10�2 mmmrad. Such

unprecedented values, combined with the dramatically increased controllability of electron bunch

production, pave the way for highly compact yet ultrahigh quality plasma-based electron accelerators

and light source applications.

DOI: 10.1103/PhysRevSTAB.16.031303 PACS numbers: 52.38.Kd, 41.75.Jv, 32.80.Fb, 52.35.Mw

I. INTRODUCTION

Acceleration of charged particles in plasma is an ex-
tremely promising, emerging new method, as it can exploit
accelerating and focusing electric fields that can straight-
forwardly reach tens of GV=m or more [1], permitting
extremely compact accelerators along with high current,
short pulse, compact phase space or high brightness beams.
These large fields arise due to the collective motion of
electrons in relativistic phase-velocity plasmawaves, which
can be driven either by ultrashort intense, focused laser
[2–4] or particle beams [5,6]. Such driving beams ideally
have FWHMpulse lengths that are shorter than�p=2, where

�p ¼ 2�=kp ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�=n0re

p
is the plasma wavelength, and kp

is the plasmawave number, n0 is the electron density, and re
is the classical radius of the electron. With sufficiently
intense driving beams, the plasma electron displacement
induced may result in completely electron-rarefied plasma
blowout cavities that trail the driver pulse through the
plasma, and support the desired large-amplitude plasma
wakefields, having peak electric fieldsE near ‘‘wave break-
ing,’’ E� EWB ¼ kpmec

2=e, where mec
2 is the electron

rest energy and e is the electron charge [7]. This scenario
stands in contrast to conventional metallic cavities, which
are stationary in the laboratory frame, and thus a long array
of such cavities are needed to accelerate to high energies.

On the other hand, plasma blowout cavities are stationary in
the wave frame, which travels at nearly the speed of light c,
meaning that only one propagating cavity is needed for
long-range acceleration. It is possible to inject electrons
directly into these moving cavities from the background
plasma, in a scheme that bears both similarities and dra-
matic differences to analogous injection processes in sta-
tionary metallic cavities, which are termed photoinjectors,
or rf photocathode guns.
Injection of background plasma electrons into the plasma

wave, trapping them in the wave, and forming an electron
bunch with compact six-dimensional phase space volume is
a complex process presenting difficult challenges. Schemes
that yield control over such characteristics, such as self-
injection [8–14], density step injection [15–19], multiple
laser pulse injection [20–23], ionization-induced injection
[24–28], and combinations of these have been proposed and
developed to varying degrees in recent years. For applica-
tions such as driving an x-ray free electron laser (XFEL),
ultralow emittance and high current, with reproducibility
and precise controllability over energy, are required. It has
been shown recently that under certain circumstances the
output from laser-plasma-accelerators may be already suffi-
cient to yield the minimum conditions needed for FEL
radiation production [29]. However, a substantial increase
in electron bunch quality is highly desirable for plasma-
based accelerators, in order to increase the brightness of
electron drivers for XFEL applications; this increase in
brightness enables a dramatic decrease of the FEL footprint
by shortening the FEL gain length, thus helpingmake a truly
compact XFEL system [30]. Further, use of lower emittance
beams allows shorter wavelengths to be accessed [31].
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Recently, hybrid plasma accelerators [32] have been
described that promise to enable dramatically increased
electron bunch quality by employing an underdense photo-
cathode plasmawakefield mechanism [33]—the equivalent
of a solid photocathode in radio frequency (rf) photoinjec-
tor guns [34]. In particular, this hybrid injector scheme
plasma accelerator (also known as Trojan horse injection
[35]) may produce bunches with normalized transverse
emittance down to the � � 10�2 mmmrad level or less.
The essential ingredients of this novel concept are an
intense, short pulse electron beam driver; a synchronized,
relatively low-energy laser pulse; and a gas/plasma combi-
nation consisting of at least one low-ionization threshold
(LIT) and another higher-ionization-threshold (HIT)
atomic component. The electron beam driver is required
to drive the plasma wakefield interaction into the blowout
regime [36] in the LIT medium. The synchronized laser
pulse then follows the driving electron beam and is focused
into the blowout cavity where it releases ultracold electrons
via localized (within the laser Rayleigh length) ionization
of the HIT gas. In contrast to today’s laser wakefield
acceleration schemes, where the terawatts-power-scale la-
ser pulse sets up the plasma wave, here, the modest inten-
sity laser pulse is required only to release electrons into the
electron beam-driven plasma wakefield acceleration, in
underdense photoionization action. The separation of func-
tion between driving of very large-amplitude plasma waves
and the ionization injection between the electron beam and
laser beam, respectively, gives a high degree of tenability
in this approach.

Figure 1 illustrates this underdense photocathode plasma
wakefield acceleration process based on particle-in-cell
(PIC) simulations with VORPAL [37]. The electron bunch
driver sets up the LIT plasma wave, and the laser pulse sets
free electrons around its focus on an axis with ultralow
emittance. These electrons are then caught and form a
tiny, ultrahigh quality bunch that is copropagating with
the plasma wave at the end of the blowout, thus profiting
from maximized energy gain.

This scheme has been shown in simulations to yield
beams with high current (hundreds of amperes) and un-
precedentedly low emittance; these are high brightness
beams with very strong promise as new-generation XFEL
drivers. For an investigation of the underlying physical
mechanisms limiting the performance of this scheme it is
instructive to consider first the sources of emittance in
conventional photoinjectors, in which electrons are liber-
ated from photocathodes embedded in high field rf cavities.
In traditional photoinjectors, there are three contributing
factors to the electron beam emittance: those from thermal-
like effects, time-dependent rf field effects, and collective
space-charge forces [38]. When photoinjector systems are
optimized, particularly at low charge, one is left with an
emittance dominated by thermal effects. This emittance is
proportional to the beam rms transverse size �x;y injected

at the cathode and also the thermal spread in transverse
momenta. In a plasma photocathode, an analogous effect to
the thermal emittance contribution arises from the trans-
verse momentum obtained during the initial interaction
with the ionizing laser pulse. One may profitably view
this mechanism as the dressing of the electrons at birth
by the canonical electromagnetic momentum associated
with the laser. Similarly, there are subsequent time-
dependent field (both plasma and laser) and space-charge
effects to be considered after establishing the minimum
laser-induced emittance �l. In Trojan horse plasma wake-
field acceleration scenarios, the electrons are accelerated in
multi-GV=m fields, thus helping to mitigate space-charge
effects through extremely quick transit of nonrelativistic
energies. These fields also enable production of few- or
even sub-fs-scale duration electron beams with non-
negligible (pC-level) charge and thus yield high current
beams needed for application. Also, in direct relevance to
the present investigation, the fields support formation of
small electron bunch size �x;y, permitting minimization of

�x;y. All of these characteristics are thus affected by the

ionization laser parameters. It is therefore critical to under-
stand the parametric dependences of fundamental pro-
cesses involved in laser ionization, which occur in the
environment of external plasma fields. The multidiscipli-
nary investigation of these issues involves a detailed under-
standing of a variety of physical effects arising from an
impressive number of disparate fields: plasma physics,
(relativistic) beam physics, atomic physics, and optical
science.

FIG. 1. PIC simulation snapshots of photoionization release,
trapping, and acceleration of electrons inside a bunch-driven,
self-ionized plasma blowout. The copropagating laser pulse starts
to release electrons as it approaches its focus. These low-emittance
electrons are trapped at the back of the blowout and gain energy
(red color bar). The blue and white colors show the sum of the
electric field, which is necessary to indicate the bubble structure as
well as the linearly polarized laser pulse electric field.
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II. CONTRIBUTIONS TO THE BEAM EMITTANCE

We are thus searching to determine the dependences
of �lx;ly, which in contrast to the minimum emittance in

photocathode devices typically has both strong thermal and
time-dependent characteristics. Indeed, laser ionization
contributes to factors in the emittance in two proportional
ways: through the electron off-axis positions ðx; yÞ and the
net momenta ðpx; pyÞ obtained from the oscillating laser

pulse field after release of the electron from the atomic
species. Ionization theory is used to provide information
about the initial conditions of electrons in phase space,
using the analytical fields of the laser near its focus.
Subsequent electron trajectories are obtained by solving
their equations of motion under the applied forces, using
analytical laser fields and simulation-derived plasma
plasma fields.

The transverse normalized emittance is defined as

�x¼ðhx2iNhp2
xiN�hxpxi2NÞ1=2=mec and �y¼ðhy2iNhp2

yiN�
hypyi2NÞ1=2=mec, where x, px and y, py are the transverse

Cartesian off-axis positions and momenta, respectively,
and h iN denotes the average over all generated photoelec-
trons at a given position in the nominal propagation direc-
tion z. To evaluate the laser-induced momenta, we study
the case in which the laser electric field is linearly polar-
ized in the x direction. The momenta of electrons from
tunneling are assumed to be negligible [39,40], thus the
momentum distribution arises purely from electrons-laser
interaction and macroscopic plasma fields.

As an initial approximation, one may posit that most of
the ionization processes occur when the oscillating laser
electric field peaks, since the ionization rates decrease
dramatically as the electric field amplitude decreases.
Further, ionization in vicinity of the field maxima corre-
sponds to the vicinity where the initial vector potential
Aini ¼ 0. This in turn implies that the canonical momentum
in x (and thus the residual momentum left after laser pas-
sage) is minimized, as is the associated mean drift energy
Eini ¼ e2hA2

iniiT=2m, where h iT denotes taking average

over one laser cycle. Here, the laser pulse is linearly polar-
ized in the x direction for the sake of simplicity. Since the
electric field of the laser pulse oscillates only in the x plane,
there is no initial canonical momentum contribution in the y
direction due to the laser pulse, and a nonvanishing �y arises

only from the spatial (z) dependence of the ionization, an
effect that is not present in rf photo. This effect, which is
accounted for in our calculations below, yields �y � �x.

These initial considerations support the possibility of gen-
erating ultralow emittance beams.

III. THEORETICAL MODELING OF
PHOTOELECTRON RELEASE

In the following, the ionization of HIT atoms and char-
acteristics of the photoelectrons released in the blowout
region are analyzed in detail theoretically. The spatial

distribution of photoelectrons in the focus is discussed on
the basis of nonadiabatic ionization theory. Subsequently,
the motion of the electrons in the combined laser field and
accelerating and focusing wakefield in the blowout regime
is analyzed numerically. The motion of photoelectrons is
tracked and the development of aspects of the captured
beam, in particular, its emittance, are predicted. Because of
their superior short pulse capabilities, Ti:Sapphire lasers
are ideally suited to ionize HIT atoms for production of the
captured beam. In the case of helium as the HIT medium,
which from an experimental view is an appropriate choice
since it is present as a buffer gas in lithium ovens used for
many existing, successful plasma wakefield acceleration
experiments [41] and is also an attractive HIT candidate in
environments where both LIT and HIT media are gaseous
at ambient conditions [35], the minimum required intensity
of the ionization laser is of the order of 1015 W=cm�2. A
focus size of w0 ¼ 4 �m is chosen as nominal, which
corresponds to a Rayleigh length (and thus roughly the
longitudinal extent of the ionization region) of zr ¼
�w2

0=� � 63 �m. The laser pulse duration �L may also

have an effect on the bunch emittance, by spreading the
initial launch phases inside of the wave. Taking into ac-
count the availability and parameters of typical short pulse
Ti:Sapphire lasers, �L ¼ 32 fs (FWHM) is considered in
all of our design examples, with the exception of a para-
metric study that explores the effects of laser pulse length
explicitly.
The time-dependent electromagnetic laser field ampli-

tude is written as

Ex¼E0

w0

wðzÞ exp
�
� r2

wðzÞ2
�
exp

�
�ðt� z�zw

c Þ2
2�2

�
cos�; (1a)

Ez¼2E0

w0

wðzÞ
x

kwðzÞ2 exp
�
� r2

wðzÞ2
�
exp

�
�ðt� z�zw

c Þ2
2�2

�

�
�
sin�� z

zr
cos�

�
; (1b)

By¼Ex=vph;l; (1c)

Bz¼Ez=vph;l; (1d)

where zw denotes the focus position,wðzÞ¼w0½1þðz�zwÞ2=
ðzrÞ2�1=2 is the width of pulse at z, �¼kz�!tþ r2

wðzÞ2
z
zr

��ðzÞ is the phase, the laser phase velocity vph;l is near c,

and �ðzÞ ¼ arctanðz=zrÞ is the Guoy phase shift. To satisfy
Maxwell’s equations rB ¼ 0 and rE ¼ 0, the axial field
components are included, although for our chosen laser
parameters they are approximately 2 orders of magnitude
smaller than the transverse components.
Since electrons tunnel the potential barrier in less than

the 50 attosecond [42,43], i.e., on time scales small com-
pared to a laser cycle �cyc � 2:7 fs, each ionizing process

can be well approximated as instantaneous, and a prompt
ionization rate distribution based on the laser intensity as it
passes near the focus can be assumed. Further, since the
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electron release should take place relatively close to the
center of the blowout to obtain suitable capture dynamics,
and both the transverse and the longitudinal electric fields
arising from plasma response are near zero, it can be
assumed that the plasma wakefield itself plays a negligible
role during ionization.

The atomic units system @ ¼ e ¼ me ¼ 1 is used for our
discussion of ionization. For He as the HIT medium, the
ionization potential is Ip � 24:6 eV, and the corresponding

ponderomotive energy Up ¼ I=4!2 amounts to Up �
60 eV at a laser intensity of I ¼ 1015 W=cm2 and a central
wavelength of � ¼ 800 nm. The Keldysh parameter at

focus is 	k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ip=2Up

q
� 0:45 for this scenario. The ion-

ization process is dominated by tunneling ionization when
	k � 1, while for 	k � 1, multiphoton ionization plays
the leading role [44,45]. For tunneling ionization,
Ammosov-Deloine-Krainov (ADK) theory [46–50] has
been successfully developed to solve for the ionization
rate by averaging over laser cycles and is well implemented
into particle-in-cell simulation codes [51]. In the present
concept, the intermediate Keldysh parameter 	k � 1 indi-
cates that both tunnel ionization and multiphoton ionization
are relevant. In such a case, the photoelectron yield from
ionization is underestimated by ADK theory, especially
with short wavelength laser pulses [52], the use of which
may be advantageous for the Trojan horse concept.
Therefore, to include multiphoton ionization contribution,
additionally nonadiabatic tunnel ionization theory based on
Landau-Dykhne adiabatic approximation [53] (termed the
Yudin-Ivanov, or YI, model) is taken into account.

The ionization probability rate � having units of
s�1 m�3 from nonadiabatic theory has, as a function of
the laser field, an implicit spatial and temporal dependence
[53]. The photoelectron yield is given as

Ne � nHIT
XðzwþzrÞ=c

ðzw�zrÞ=c
T=2

Z
�ðx; y; 
; tÞdV; (2)

where Ne is the total electron number, nHIT is the electron
density of the HIT medium, and T is one complete laser
cycle period. At each moment, the probability rate � is
integrated over the laser pulse volume. In our numerical
analysis, the probability is accumulated with a step size of
T=2. As we are dealing with ionization near the threshold,
the release process is confined to one Rayleigh length
around focus.

For example, in order to produce a charge of Q � 1 pC
per laser shot, the probability integral indicates that the
laser intensity should be I � 1:2� 1015 W=cm�2.

Figure 2 shows a snapshot of the spatial ionization
probability distribution when the pulse is at focus. The
ionization rate is a maximum at the center of the bi-
Gaussian laser pulse profile, since the probability decreases
sharply with intensity. Note that the ionization rate peaks
every half-laser cycle, when the absolute value of the

electric field in the laser pulse and thus the atomic
Coulomb potential barrier distortion reach local maxima.

IV. PHOTOELECTRON MOTION IN
SUPERIMPOSED LASER AND PLASMA FIELDS

Next, the electrons released via laser ionization are
numerically injected into a laser and plasma field configu-
ration, in which the laser fields are obtained from the
prescription given above and the plasma fields derived
from 2D particle-in-cell simulations using the PIC code
VORPAL. Because of the relevance for the upcoming

Facility for Advanced Accelerator Experimental Tests
(FACET) experiment E-210: Trojan Horse at SLAC, the
driver electron bunch parameters were chosen in the simu-
lation to reflect FACET parameters: the electron energyE �
23 GeV, the bunch charge Q � 1 nC, and the longitudinal
and transverse beam sizes are �z ¼ 20 �m and �r ¼
15 �m, respectively. Thus, the maximum FACET electron

beam density is nb ¼Q=ð2�Þ3=2e�2
r�z � 8:8� 1016 cm�3.

While the optimum blowout condition kp�z ’
ffiffiffi
2

p
would indicate a desirable LIT plasma wavelength of
nLIT ¼ 1:4� 1017 cm�3 (assuming complete LIT medium
ionization), such a high density would exceed the electron
beam driver density and violate the blowout condition
nb � nLIT. Additionally, the sum of the laser pulse
Rayleigh length and the driver bunch length would exceed
the plasma wavelength �LIT � 89 �m in the higher
plasma density case. This would imply that either the laser
pulse front would interact with the driver bunch, or the
electrons released by the back of the laser pulse would not
be trapped in the first plasma wave bucket. To mitigate
these effects, here a LIT plasma density of nLIT�
5�1016 cm�3 is chosen, corresponding to �LIT�149�m.

FIG. 2. Visualization of laser-triggered ionization photoelec-
tron yield. The color-coded elevation is the normalized ionization
probability rate distribution inside the laser pulse, while the laser
pulse profile is shown at the base. The probability distribution is
also projected to show longitudinal and axial characteristics.
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Figure 3 (left) gives color plots of the longitudinal
electric field Ez and the transverse electric and magnetic
field Er and B�, respectively, as obtained using VORPAL

simulations for the bunch-plasma interaction with the pa-
rameters discussed above. The driver bunch (not shown)
moves to the right in these figures, and the position of the
laser pulse (also not included in the VORPAL simulations,
which are intended only to furnish self-consistent plasma
wakefields driven by the intense electron beam) is indi-
cated with the reddish ellipse. The right-hand side of the
figure shows lineouts of relevant fields taken at the three
different longitudinal positions in the excited blowout. It
can be seen that in the area of interest, the transverse
wakefields have excellent linearity and symmetry in the
center of the blowout region: the electric radial component
Er and magnetic azimuthal component B� are proportional

to r, thus providing for minimum emittance growth due to
the wakefield itself. Additionally, the electric longitudinal
component E
 is linear with 
, where 
 ¼ z� vpwt, which

is optimum for management of longitudinal oscillations,
implying that the longitudinal emittance due to the wake-
fields is minimized. The motion of the LIT electrons is
governed by the Lorentz force relation dð	mvÞ=dt ¼
�eðEþ v� BÞ and energy equation d	=dt ¼
�ev�E=mc2, where 	 is the relativistic Lorentz factor

1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v2=c2

p
. The time t is normalized to the inverse of

the laser frequency !, and x, y, z are normalized to the
inverse of the laser wave number k. These choices in turn
imply that the velocity � is normalized to c. Immediately
after being released from the HIT atoms, HIT electrons are
exposed to both the laser fields El and Bl and plasma
wakefields Ew and Bw, where w and l denote wakefield
and laser field. Since the LIT plasma electron density is
practically zero inside the blowout, and the ions are quasi-
static, there is no plasma response to the laser pulse (which
is in diametral contrast to laser wakefield acceleration
scenarios). Therefore, the plasma and laser fields can sim-
ply be superimposed. Then, when the laser pulse has
passed, the electrons are affected only by Ew and Bw.
For simplicity, E and B are normalized to dimensionless
(vector potential amplitudes) a ¼ eE=me!c and b ¼
eB=me!, respectively. In summary, the equations of
motion equations are rewritten as 	d�=dt¼Vaþ��b
where

V �
�2

x � 1 �x�y �x�z

�x�y �2
y � 1 �y�z

�x�z �y�z �2
z � 1

0
BB@

1
CCA:

The laser pulse begins ionization of HIT (He) atoms
within roughly a Rayleigh length before it reaches the focal
point and the entire ionization process may thus last hun-
dreds of femtoseconds, which leads to betatron phase
mixing, and thus emittance growth, through the difference
in initiation of the betatron focusing oscillation. Figure 4
shows trajectories of He electrons launched randomly in
the path of the laser pulse with probability proportional
to the instantaneous, local ionization rate. The top plot
shows the variation of velocity in x (the laser polarization)
direction, while the bottom plot shows that in y direction.
Each electron track initiates with an oscillation due to
ponderomotive motion within the laser pulse, which dis-
appears after passage of the laser pulse. Simultaneously,
electrons also undergo relatively slow betatron oscillations
because of restoring transverse wakefield, which is due
almost entirely to ion-column focusing in the electron-
rarefied region of the blowout. While the oscillatory part
of the ponderomotive motion tends to vanish as the laser
pulse passes, the laser leaves a remnant transverse ‘‘kick.’’
This momentum impulse may be estimated well by calcu-
lation of the initial canonical transverse momentum, which
is proportional to the laser vector potential at the time and
position of the HIT electron release. In contrast, in the y
direction, where this vector potential vanishes due to the

FIG. 3. VORPAL simulation results of the plasma wakefields
acting on the released electrons. The left three figures (a), (c), (e)
are color plots of the spatial distribution and intensity of wake-
fields E
, Er, B�, respectively, while the right three figures (b),

(d), (f) are lineout plots of the fields at the indicated positions.
While the corresponding simulation did not include the laser
pulse, the laser pulse position of the laser pulse assumed in the
numero-analytical analysis is indicated by the reddish ellipse.
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assumed laser polarization, the beam spread in transverse
momentum at a given position in z is only caused by
betatron phase mixing. All electron betatron oscillations
have a unique starting position. This elimination of laser-
induced momentum in the y direction gives the possibility
of observing and quantifying phase mixing separately from
the direct laser-induced momentum due to the laser seen in
the x direction.

V. EMITTANCE AND BRIGHTNESS RESULTS

To evaluate normalized transverse beam emittance sta-
tistically, we rewrite transverse emittances as

�x�	�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hx2ihx02i�hxx0i2

q
; �y�	�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hy2ihy02i�hyy0i2

q
;

(3)

where the ray angles x0 and y0 are defined as vx=vz and
vy=vz, respectively. We investigate the emittance of the

beam, which by convention requires use of the position and
momentum information of electrons at the same z position,
as opposed to a constant time t. After the injected beam
bunch has completed its interaction with the laser pulse,
the beam emittance �x tends to be stable, as one expects
given that the dominant force is a linear ion-focusing
transverse wakefield. Thus the only increase in emittance

would arise from weak chromatic effects due to the finite
energy spread in the beam.
As can be seen in Fig. 5(a), the resulting normalized

emittance �x and �y are of the order 10
�2–10�3 mmmrad.

The emittance in the dimension orthogonal to the laser
polarization �y is found to be, for the parameters we have

chosen, about 1 order of magnitude lower than �x, as it only
has a �mix component. Both quantities increase approxi-
mately linearly with laser intensity I in the parameter range
of interest. To explain this result, we emphasize that the
beam emittance �x caused by the laser being polarized in
the x direction has two contributions: interaction with laser
and betatron phase mixing, which are denoted as �int and
�mix, respectively. The contribution �int should scale line-
arly with I because both x and px due to ponderomotive
motion are proportional to the electric field amplitude E0.
The linearity of �mix is numerically obtained by calculating
hx2i ¼ R

x2�ðx; y; 
; tÞdVdt=R�ðx; y; 
; tÞdVdt. In the nu-

merical determination of the emittance, both ADK theory
and the YI model have been utilized to compare with 2D
simulation. We note that ADK theory has been adopted to
deal with laser field ionization in the VORPAL framework.
Also, space-charge effects have been included in simula-
tion even though it is negligible in our scenario, as dis-
cussed below. A possible reason for the lower emittance
seen in simulation could be the linearization of the trans-
verse wakefield in modeling. In addition, the emittance
predicted by the YI model is slightly higher than that
indicated by ADK theory, for the reason that the multi-
photon ionization included in the YI model affects the
distribution at the extrema of the laser fields more.

FIG. 5. Laser pulse parametric study of emittance. The plot (a)
displays the increase of emittance with laser intensity both in x
direction (dot) and in y direction (star). ADK theory (blue) and
YI model (red) are compared with results from VORPAL simula-
tion (black square). Note that �y is excluded due to 2D simula-

tion. At a fixed intensity of I ¼ 1 PW=cm�2, the top and bottom
plots on the right show effects of beam waist w0 and pulse
duration FWHM on emittance, respectively.

FIG. 4. Electron motion in x (polarization) and y direction are
shown in plots at top and bottom, respectively. The inset is a
close-up of ponderomotive motion tracks. The tracks are color
coded according to electron density from red (maximum) to
magenta (minimum).
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Similarly, we have analyzed the influence of laser waist
w0 on beam emittance. The emittance from laser interaction
can be estimated as �int / w0 while �mix is related tow

2
0 due

to thew2
0 factor in the Rayleigh length definition. Therefore,

beam emittances grow quadratically with the laser pulse
waist [see Fig. 5(b)]. Additionally, as the laser waist in-
creases, the contribution to the emittance due to phase
mixing starts to dominate. Consequently, �x and �y tend

to equalize for large waist size.
On the other hand, the laser pulse duration does not

affect beam emittance as significantly as the laser intensity
and waist [see Fig. 5(c)]. Certainly, pulse duration plays no
direct role in �int. Also, the degree of phase mixing is
determined by Rayleigh length zr, given the situation
where zr � c�L, not by pulse duration. This implies that
for experimental designs the requirement for laser com-
pression to very short pulses is not critical.

When self-field effects due to space charge are included,
as will be the subject of future work, the emittance would be
expected to exceed the laser-derived emittance alone, par-
ticularly at higher bunch charge. It should be pointed out,
however, that the existence of very strong ion focusing
implies that space-charge effects are secondary, as the dis-
tortions in the transverse momentum distribution due to
space-charge forces are negligible in amplitude compared
to those due to the betatron oscillations arising from the ion
restoring force. One may, in the context of near-equilibrium
transverse (axisymmetric) beam propagation in the blowout
regime, define the ratio of space-charge-to-emittance effects
in the transverse rms envelope equation as

R ’ I�pffiffiffi
8

p
�I0	

3=2�n
; (4)

where I0 ¼ ec=re ’ 17 kA. This ratio at the exit of a stan-
dard photoinjector (	 ’ 10), in which notable space-charge-
induced emittance oscillations must be controlled by the
emittance compensation process [54], reaches the range
100–1000. For our case, in contrast, R ’ 0:13, indicating
that the space-charge-induced emittance growth is of sec-
ondary concern.

A further implication of the strong focusing and ultralow
emittance of the captured beam in the plasma photocathode
injector is that the beam density may be extremely large.
This space-charge density in turn may cause ion motion, and
concomitant emittance growth due to nonlinear ion-derived
fields [55]. Indeed, the captured beam density exceeds that
of the plasma even at 	 ¼ 10 by over 2 orders of magnitude.
Nevertheless, since the beam is very short compared to �p,

and the mass of the LIT ions exceeds that of the electrons by
1:4� 103, the ion motion should be negligible. In our
example, even at high energy (	 ¼ 104), the phase advance
of the oscillating ions in the beam’s potential well over the
beam length kiLb ’ 6� 10�2 is negligible.

The evolution and characteristics of the beam’s longitu-
dinal phase space have also been studied. Figure 6 shows

the evolution of the beam’s longitudinal phase space dis-
tribution, commencing from the completion of ionization.
The observed clockwise rotation of distribution is charac-
teristic of pulse compression as the beam propagates.
Beam length Lb ’ 2:5 �m after significant compression,
with pC-level charge, which gives a 100 A-level peak
current.
The beam brightness, B � 2I=�x�y, can be estimated

accounting for only the laser-induced emittance, as is our
emphasis in this paper. Given the longitudinal extent of the
beam frommodeling and bunch charge yield obtained from
Eq. (2), a parametric study of beam brightness is listed in
Fig. 7: Frame (a) mostly reflects the effect of charge yield

FIG. 6. Snapshots of beam longitudinal phase space at t ¼
415, 500, 1, 5 ps. The first figure corresponds to the moment
when the ionization is completed.

FIG. 7. The dependence of beam brightness on laser intensity,
laser waist, and pulse duration are shown in (a), (b), and (c),
respectively.
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since emittances are roughly equal from two models. The
growth of emittance outweighs the increase of the charge
yield in Fig. 7(b). The variation of pulse duration [Fig. 7(c)]
does not change either the emittance or the charge yield.
The brightness values estimated here exceed that of the
state-of-the-art Linac Coherent Light Source photo injector
beam [56] by a wide margin, indicating that the beam is a
promising candidate for driving a compact FEL, with a gain
length notably shorter than that obtained with photoinjec-
tors. In this regard, we note that the rms slice energy spread
in our example is approximately�U � 0:5 MeV and so for
an XFELwith, for example, 10 GeVenergy, the dimension-
less gain parameter should exceed the relative slice energy
spread, � > �U=U ’ 5� 10�4. Indeed, given current un-
dulator technology, the beam resulting from our analysis
should enable an optimized XFEL system to reach this
value of �.

VI. CONCLUSIONS

In conclusion, we have investigated the fundamentals
of phase space density diluting effects due to the dynam-
ics induced by the ionization laser in an underdense
plasma photocathode. This analysis has overcome the
need to include information on many different time scales
through a hybrid numerical analysis, where the equations
of motion of the injected electrons are obtained using the
analytical fields of a bi-Gaussion laser pulse, and the
plasma wakefields are taken from the results of VORPAL

PIC simulations. The atomic physics needed to describe
the ionization has been included through use of nonadia-
batic intense field ionization theory, permitting us to
determine the ionization probability distribution. After
ionization, the numerical solution of the Lorentz-
Maxwell equations yields a prediction for the emittance
growth caused by laser action; this emittance growth has
been evaluated as a function of laser intensity, laser waist,
and pulse duration.

The longitudinal evolution of the beam was also ana-
lyzed, and the resulting phase space distributions were
used to evaluate the beam current and thus the beam
brightness. It has been verified that this brightness along
with the beam energy spread are sufficient for enabling
next generation XFELs. We note that the extremely low
emittance in this case permits the use of lower beam
energies at a given wavelength and also exploration of
yet shorter wavelengths, the sub-Angstrom spectral region.
The issues of application of plasma photocathode-derived
beams, as well as further space-charge-induced emittance
[57], will be addressed in future work.
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Seggebrock, and F. Grüner, Phys. Rev. X 2, 031019
(2012).

[30] J. B. Rosenzweig et al., Nucl. Instrum. Methods Phys.
Res., Sect. A 593, 39 (2008).

[31] F. H. O’Shea, G. Marcus, J. B. Rosenzweig, M. Scheer, J.
Bahrdt, R. Weingartner, A. Gaupp, and F. Grüner, Phys.
Rev. ST Accel. Beams 13, 070702 (2010).

[32] B. Hidding, T. Königstein, J. Osterholz, S. Karsch, O.
Willi, and G. Pretzler, Phys. Rev. Lett. 104, 195002
(2010).

[33] B. Hidding et al., AIP Conf. Proc. 1507, 570 (2012).
[34] S. C. Hartman et al., Nucl. Instrum. Methods Phys. Res.,

Sect. A 340, 219 (1994).
[35] B. Hidding, G. Pretzler, J. B. Rosenzweig, T. Konigstein,

D. Schiller, and D. L. Bruhwiler, Phys. Rev. Lett. 108,
035001 (2012).

[36] J. B. Rosenzweig, B. Breizman, T. Katsouleas, and J. J. Su,
Phys. Rev. A 44, R6189 (1991).

[37] C. Nieter and J. R. Cary, J. Comput. Phys. 196, 448
(2004).

[38] K. Kim, Nucl. Instrum. Methods Phys. Res., Sect. A 275,
201 (1989).

[39] J. L. Krause, K. J. Schafer, and K. C. Kulander, Phys. Rev.
Lett. 68, 3535 (1992).

[40] P. B. Corkum. Phys. Rev. Lett. 71, 1994 (1993).
[41] I. Blumenfeld et al., Nature (London) 445, 741 (2007).

[42] PH. Bucksbaum, Science 317, 766 (2007).
[43] A. Landsman, M. Weger, J. Maurer, R. Boge, A. Ludwig,

S. Heuser, C. Cirelli, L. Gallmann, and U. Keller,
arXiv:1301.2766.

[44] N. B. Delone and V. P. Krainov. Phys. Usp. 41, 469
(1998).

[45] V. S. Popov. Phys. Usp. 47, 855 (2004).
[46] A. I. Nikishov and V. I. Ritus, Sov. Phys. JETP 23, 162

(1966).
[47] A.M. Perelomov, V. S. Popov, and M.V. Terent’ev, Sov.

Phys. JETP 23, 924 (1966).
[48] A.M. Perelomov, V. S. Popov, and M.V. Terent’ev, Sov.

Phys. JETP 24, 207 (1967).
[49] A.M. Perelomov and V. S. Popov, Sov. Phys. JETP 25, 482

(1967).
[50] M.V. Ammosov, N. B. Delone, and V. P. Krainov, Sov.

Phys. JETP 64, 1191 (1986).
[51] D. L. Bruhwiler, D.A. Dimitrov, J. R. Cary, E. Esarey, W.

Leemans, and R. E. Giacone, Phys. Plasmas 10, 2022
(2003).

[52] V.-M. Gkortsas, S. Bhardwaj, C.-J. Lai, K.-H. Hong,
E. L. F. Filho, and F. X. Kärtner, Phys. Rev. A 84,
013427 (2011).

[53] G. L. Yudin and M.Yu. Ivanov, Phys. Rev. A 64, 013409
(2001).

[54] L.Serafini and J. B. Rosenzweig, Phys. Rev. E 55, 7565
(1997).

[55] J. B. Rosenzweig, A.M. Cook, A. Scott, M. C. Thompson,
and R. B. Yoder. Phys. Rev. Lett. 95, 195002 (2005).

[56] R. Akre et al. Phys. Rev. ST Accel. Beams 11, 030703
(2008).
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