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A Laser-Accelerator Injector Based on Laser Ionization and Ponderomotive
Acceleration of Electrons

C. I. Moore, A. Ting, S. J. McNaught,* J. Qiu, H. R. Burris, and P. Sprangle
Beam Physics Branch, Plasma Physics Division, Naval Research Laboratory, Washington, D.C.

(Received 15 October 1998)

A new laser-accelerator injector based on the high-energy electrons ejected from a laser
following the ionization of high-charge states of gases has been investigated. This method can g
electron pulses with MeV energies and pulse widths substantially less than the laser pulse width
terawatt lasers. Experiments at intensities of3 3 1018 Wycm2 show that two highly directional electron
beams with energies up to 340 keV are produced in the laser polarization direction. These
directional beams are inconsistent with simulation results using Ammosov-Delone-Krainov (A
tunneling theory to model the ionization process. It is shown that this is likely due to the relea
electrons with larger canonical momentum than predicted by ADK theory. [S0031-9007(99)0853

PACS numbers: 41.75.Lx, 32.80.Fb, 32.80.Rm
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Significant progress has been made on laser-based
ticle acceleration [1] in the past decade: Backgrou
plasma electrons have been accelerated to approxim
100 MeV [2]; extended focused propagation distan
have been generated [3]; acceleration in plasma [2,4]; v
uum [5], and structures [6] has been observed; and c
sinusoidal accelerating plasma waves have been meas
[7]. Despite these advances, many challenges rem
One of these challenges is a suitable electron injector.
ideal laser accelerator injector should satisfy the follow
requirements: (a) electron bunch lengths much less t
the period of the accelerating field, (b) femtosecond t
ing between the injector pulse and the accelerating st
ture, (c) simplicity of operation and reasonable toleran
on alignment, and (d) a good emittance source. This
jector will allow efficient coupling of the injector to the
accelerator, and precise reproducible phasing and unif
acceleration of the electrons in the accelerating bucket

Recently the LILAC [8] and the colliding pulse lase
injector [9] schemes have been proposed. These conc
are attractive since they are predicted to produce sm
emittance electron pulses a few femtoseconds long w
excellent synchronization between the injector and ac
erator. However, they require extremely tight toleranc
on alignment and are unsuitable for nonplasma-ba
accelerators.

We have performed experimental and numerical st
ies to investigate a new injector based on laser ion
tion and ponderomotive acceleration (LIPA) of electro
as an electron source. This scheme uses the e
trons ejected from a high-intensity laser focus followi
ionization of high-charge states of gases [10,11] as
electron source. These electrons are ejected due to a
bination of ponderomotive acceleration [12] and cons
vation of canonical momentum [13]. By appropriate
choosing the gas, laser polarization, focusing geome
and intensity, very short pulse electron bunchesst , 5 fsd
with high energysE , 2.8 MeVd and small emittance
s´ , 0.8 mm ? mradd are achievable with current lase
0031-9007y99y82(8)y1688(4)$15.00
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systems. In the preliminary experiments described he
we have observed well-directed electron beams with en
gies up to 340 keV.

The experiment used a linearly polarized 2.5 TW
400 fs laser pulse from the NRL T3 laser sys-
tem sl  1.054 mmd focused to a peak intensity o
3 3 1018 Wycm2 in a vacuum chamber backfilled with
1 Torr of krypton gas. Ejected electrons were measu
by wrapping direct exposure x-ray film (DEF) in
3-cm-diameter cylinder around the laser focus with t
laser axis concomitant with the axis of the cylinder
film. Electrons exposed the film allowing measureme
of the ejected electrons’ angular distribution. One
three layers of6 mm thick aluminum foil covered the
film to prevent exposure from stray light and low-ener
electrons.

Thomson scattered light at 1054 nm was imag
through an interference filter onto a charge-coup
device at 90± to the laser axis to determine the effec
of atomic self-focusing (ASF) and ionization induce
defocusing (IID) [14]. At background pressures
10 Torr and below, no evidence for ASF or IID wa
observed—diffraction limited propagation was observe
At higher pressures, both IID (at 15 Torr and above) a
ASF (at 50 Torr and above) were evident.

Figure 1 shows the observed electron distributio
Both images show the film “unrolled” with the horizon
tal axis as the azimuthal anglef around the laser axis an
the vertical axis as thez position along the laser axis (th
focus is atz  0). The small marks atz  23 mm and
f  90

±

are punch marks for locating the laser focus p
sition. The polarization direction was in thef  90± and
f  270± directions. Figure 1(a) shows the higher e
ergy electron distribution, where three layers of aluminu
foil completely blocked electrons below about 70 ke
and significantly attenuated electrons up to approximat
140 keV [15]. For this image, nine laser shots were tak
to expose the film with an optimal contrast. Figure 1(
shows the lower energy electron component, where
© 1999 The American Physical Society
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FIG. 1. Measured ejected electron distribution from LIP
on DEF x-ray film. (a) The distribution with three laye
of aluminum foil covering the filmsE . 70 keVd. (b) The
distribution with one layer of aluminum foil covering the film
sE . 35 keVd. The overlayed plots are lineouts showing t
azimuthal intensity distribution.

layer of aluminum foil completely blocked about 35 ke
electrons and significantly attenuated up to about 70 k
electrons [15]. For this image, four laser shots were tak

Figures 1(a) and 1(b) show two highly direction
electron “beams” oriented along the laser polarizat
direction (90± rotation of the polarization showed
corresponding rotation of the electron beams). A
apparent is the positivez positions of the beams du
to a forward momentum component. Theory [16] a
experiment [10] show that an ionized electron’s eject
cone angleu relative to the laser axis is related
its ejection energy by tanu 

p
2ysg 2 1d, whereg is

the relativistic factor of the electron. The electrons
Fig. 1(a) were ejected with cone angles ranging fr
60± 6 3± to 71± 6 3± corresponding to electrons ejecte
with energies ranging from120 6 50 to 340 6 90 keV.
The uncertainties in angle and energy arise from
maximum uncertainty in the focal position relative
the film position of 61 mm. In Fig. 1(b), the thinner
aluminum filtering allowed lower energy electrons
strike the film in addition to the high energy electro
observed in Fig. 1(a). The minimum cone angle
60± 6 3± and the corresponding energy of340 6 90 keV
were the same in both Figs. 1(a) and 1(b); however,
maximum cone angle of80± 6 3± in Fig. 1(b) was much
larger and the associated ejection energy of32 6 15 keV
was much smaller. The appearance of only larger c
angle electrons as the aluminum thickness decrea
clearly demonstrates the energy dependent ejection a
of LIPA. This suggests a simple energy selecti
method for LIPA which uses an “angle selector” to sele
electrons with cone angles corresponding to the ene
range of interest.
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Laser ionization and ponderomotive acceleration
driven by the single particle behavior of an electr
ionized from an inner shell of an atom into an i
tense electromagnetic field. Laser ionization of electr
with orbital frequencies much greater than the field f
quency occurs in the tunneling ionization regime [17,1
The most accurate tunneling ionization theory, based
agreement with experiments, is the Ammosov-Delo
Krainov (ADK) tunneling theory [18]. Once free from
the atom, electrons oscillate in the laser field with
average “ponderomotive” quiver energy ofFpfeVg 
9.33 3 10214IfWycm2gl2fmmg, whereI is the laser in-
tensity at the time of ionization andl is the laser wave-
length. In a spatially varying field, this ponderomotiv
quiver energy is converted to directed translational
ergy through the polarization independent ponderomo
force, $Fp ~ 2 $=Fp [12]. For an azimuthally symmet
ric Gaussian laser focus, the ponderomotive force cau
azimuthally symmetric ejection of electrons from the las
focus. For laser pulse lengths much greater than
electron ejection time from the focus, the ponderomot
energy is conserved resulting in ejection with the full po
deromotive energy. This is the case for our experime
where the laser pulse length (400 fs) is approximately
times greater than the electron ejection timess,50 fsd.

A strong field approximation for tunneling ionization
given by the barrier suppression ionization (BSI) mod
of ionization [19]. The BSI threshold intensity in
linearly polarized laser field is given byIthfWycm2g 
4 3 109E4feVgyZ2, where E is the electron binding
energy andZ is the ionic charge. The BSI model does n
accurately model all aspects of ionization (such as ph
dependence), but has been shown to accurately pre
the ionization threshold intensities observed in sh
pulse laser experiments [19]. From the BSI thresh
intensity, we can estimate that up to Kr181 sIth  2.1 3

1018 Wycm2d was created in our experimentsIpeak 
3 3 1018 Wycm2d. Electrons released in the field a
Ith for Kr181 will gain a ponderomotive energy o
approximately 220 keV. This energy is slightly le
than the error bars of the maximum energy obser
in the experiment, suggesting that electrons are gain
additional energy from another source.

Ionized electrons can gain additional energy from co
servation of canonical momentum effectss $P'  e $Ayc 1

$p', where $A is the vector potential,' denotes the direc
tion perpendicular to the laser axis, and$p' is the elec-
tron’s momentum in this direction) [13]. Since th
canonical momentumPcan is a conserved quantity, th
vector potential “component” of an electron born at re
in a field with nonzero $A is converted to a transla
tion momentum $p' as the electron exits the laser fo
cus. This translational momentum is always in t
direction of $A, resulting in electron “ejection” in the po
larization direction. The ejection energy associated w
Pcan ranges from 0 for ionization when$A  0 to 2Fp
1689
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for ionization when $A is maximum. The trajectories o
electrons released when$A ø 0 will be dominated by po-
larization independent ponderomotive effects, resultin
azimuthally symmetric electron ejection with ejection e
ergies of approximatelyFp . Electrons released when$A
is maximum will gain a large polarization directed m
mentum component, resulting in azimuthally asymme
electron ejection with ejection energies of approximat
3Fp . Obviously, the value of$A at the time of ionization
plays a key role in the energies and trajectories of e
trons ejected from the focus. This initial value of$A is
determined by the ionization process and requires nu
ical simulations to quantitatively determine its effect
the ejected electron trajectories.

The same Monte Carlo numerical simulation used
Ref. [11] was used to model the experiment descri
above. In the simulation, test atoms were placed
random throughout the focal volume. A temporally a
spatially Gaussian laser pulse was propagated ove
atoms. Ionization of the atoms was modeled using A
tunneling theory. The ionized electrons were relea
in the field with zero momentum (but nonzeroPcan if
released at nonzero values of$A). The freed electrons
trajectories were calculated by solving the fully relativis
Lorentz force equation of motion.

Figure 2(a) shows simulation results analogous
Fig. 1(a). The ejected electron trajectories have b
projected onto a surface identical to the film surfa
used in the experiment to model the measurement ta
with the DEF film. The ejected electron trajector
are postprocessed to model transmission through
aluminum foil used in the experiment.

The broad azimuthal peaks observed in the simula
[Fig. 2(a)] are inconsistent with the narrow peaks
served in the experiment [Fig. 1(a)]. The broad peak

FIG. 2. Simulated ejected electron distributions from LIP
using (a) The ADK simulation and (b) the BSI simulation of t
experiment. The electron distributions have been projecte
a cylindrical surface identical to the experimental film posit
for comparison to Fig. 1. The overlayed plots are lineo
showing the azimuthal intensity distribution.
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the simulation are due to the exponential field strength
pendence of the ADK tunneling rate, which results in i
ization only at phases very near the peaks of the rap
oscillating electric field, i.e., whenE , E0 cosC , E0,
where E0 contains the slowly varying temporal depe
dence of the field andC is the phase [11]. Since th
electric field and vector potential are 90± out of phase
this corresponds to a small initial$A and Pcan. The azi-
muthally symmetric ponderomotive acceleration there
dominates the ejected electron trajectories, resultin
the broad peaks observed in the simulation. This si
lation was used in Ref. [11], where it showed excell
agreement with LIPA experiments at lower laser inte
ties s7 3 1017 Wycm2d, longer pulse widths (2 ps), lowe
gas pressures (1 mTorr), and all other parameters
lar to our experiment. The narrow peaks observed in
experiment are different from these previous results,
gesting that our higher intensity, shorter pulse width
higher pressure has significantly altered the physic
LIPA. One possible explanation is the release of e
trons with larger initial Pcan than predicted by ADK
theory (possibly due to our short pulse width or high re
tivistic intensity). Other possibilities include space cha
deflection of the ejected electrons or a plasma insta
ity due to our higher densities. However, space cha
forces would be expected to cause a “blurring” of
electron distribution since ejected electrons will be s
tered by the space charge field gradients. This blur
of the distribution was observed at pressures higher
10 Torr but was not observed at the 1 Torr pressure
in the experiment. A plasma instability is possible
though we are unaware of any instability that could
sult in electrons ejected in well-defined beams off
laser axis.

Under the assumption that electrons are ionized
larger initial Pcan than predicted by ADK theory,
second simulation was performed which used a diffe
ionization model. Since we are unaware of any ioniza
theory which would result in the large initialPcan
observed in our experiment, we have modified BSI the
to allow for ionization with large initial Pcan. The
modified BSI model assumes ionization occurs at
BSI threshold intensity and imposes a cos2 C ionization
probability distribution in phase; i.e., electrons are b
with peak probability at the peak of the electric fie
and zero probability at zero electric field with a cos2 C

distribution between. This empirical cos2 C probability
distribution allows for ionization with substantial initi
Pcan in comparison to the exponential dependence
ADK theory since ionization can now occur at larg
phase angles and correspondingly larger$A. Figure 2(b)
shows the BSI simulation results using the experime
parameters present for the generation of Fig. 1(a).
simulation results are nearly identical to the experime
results, demonstrating that wider phase angle ionizatio
a strong candidate for explaining the observed azimu
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FIG. 3. The calculated ejected electron distribution for LIP
using the BSI simulation for a2 3 1019 Wycm2 laser focus
in argon. The contours are at 20% increments relative to
maximum electron number. The average electron energ
each peak is 2.8 MeV.

asymmetry. Also apparent are electrons at smaller c
angles (the tail extending to largerz at 90± and 180±)
indicating electrons with increased energy due toPcan
effects. The tail extends toz ø 8 mm corresponding
to electrons with energies up to approximately 300 ke
which is within the error bars of the maximum ener
observed in the experiment,340 6 90 keV.

The BSI simulation allows us to simulate the ionizati
of argon at peak intensities of2 3 1019 Wycm2. The an-
gular distribution from the simulation is shown in Fig.
Electrons with cone angles of 30± to 32± have been selecte
with a simulated aperture, resulting in an average energ
2.8 MeV and an energy spread of 300 keV (FWHM). T
rms transverse emittance [20]s´ ; 4

p
kx2l kx02l 2 kxx0l2 d

in one beam is0.8 mm ? mrad. The charge in one bea
is approximately 2 pC at a background density of 1 To
The electron pulse length is 100 fs (FWHM) which is
times shorter than the laser pulse. The electron pulse c
pression results from rapid ionization on the laser pulse
ing edge over a very small intensity range due to the hig
nonlinear ionization process. This pulse compression
fect scales linearly with laser pulse length. This me
that a 20 fs laser pulse would generate approximately
electron pulses.

We have performed experiments and simulations wh
demonstrate the efficacy of LIPA as an injector for pro
of-principle laser-accelerator experiments. Electrons w
up to approximately 340 keV of energy in highly dire
tional beams have been observed in experiments. Num
cal studies have found that high-energysE , 2.8 MeVd
excellent emittance beamss´ , 0.8 mm ? mradd with
short bunch lengthsst , 5 fsd are achievable with ter
awatt laser systems. Laser ionization and ponderomo
acceleration can also be used as a simple single s
accelerator with very high energy capabilities. The p
deromotive energy scales linearly with intensity. The
fore, if petawatt lasers [21] can achieve near diffract
limited focal spotssI , 5 3 1021 Wycm2d, hydrogenlike
argonsIth ø 5 3 1021 Wycm2d could be ionized to pro
duce,1 GeV electrons.
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