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Key Scientific Questions

§ Can tunable positron beams be produced using laser wakefield accelerators ?

§ Is it possible to control the interaction between 
ultrashort positron-electron jets / showers and laser wakefield plasma wave ?

§ What are the limits of the range of tunability of laser produced positron beams ?

§ Which applications can benefit from an unprecedented ultrashort positron beam ?
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using particle-shower plasma-wave interactions
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An all-optical centimeter-scale laser-plasma positron accelerator is modeled to produce quasimonoe-
nergetic beams with tunable ultrarelativistic energies. A new principle elucidated here describes the
trapping of divergent positrons that are part of a laser-driven electromagnetic particle-shower with a large
energy spread and their acceleration into a quasimonoenergetic positron beam in a laser-driven plasma
wave. Proof of this principle using analysis and particle-in-cell simulations demonstrates that, under limits
defined here, existing lasers can accelerate hundreds of MeV pC quasi-monoenergetic positron bunches.
By providing an affordable alternative to kilometer-scale radio-frequency accelerators, this compact
positron accelerator opens up new avenues of research.
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Monoenergetic positron accelerators intrinsic to positron-
electron (eþ − e−) colliders at energy frontiers [1,2] have
been fundamental to many important discoveries
[3–6] that underpin the standard model. Apart from high-
energy physics (HEP), monoenergetic eþ-beams of mostly
sub-MeV energies are also used in many areas of material
science [7,8], medicine [9] and applied antimatter physics
[10]. Applications have however not had ready access to
positron accelerators and have had to rely on alternative
sources such as βþ-decay [11], (p,n) reaction [12] and pair-
production [13] of MeV-scale photons from—fission
reactors [14], neutron-capture reactions [15] or MeV-scale
e−-beams impinging on a high-Z target [16].
Positron accelerators have evidently been scarce due to

complexities involved in the production and isolation of
elusive particles like positrons [2,16] in addition to the
costs associated with the large size of radio-frequency (rf)
accelerators [17]. The size of conventional rf accelerators
is dictated by the distance over which charged particles
gain energy under the action of breakdown limited [18]
tens of MVm−1 rf fields sustained using metallic structures
that reconfigure transverse electromagnetic waves into
modes with axial fields. This limit also complicates
efficient positron production [2,13], which has required a
multi-GeV e−-beam from a kilometer-scale rf accelerator
[17] to interact with a target. Furthermore, the positrons

thus produced have to be captured in a flux concentrator,
turned around and transported back [19] for reinjection into
the same rf accelerator.
Advancements in rf technologies have demonstrated

100 MVm−1-scale fields [20] but explorations beyond the
standard model at TeV-scale eþ − e− center-of-mass ener-
gies still remain unviable. Moreover, the progress of non-
HEP applications of eþ-beams has been largely stagnant.
Recent efforts on compact and affordable positron accel-

erator design based on advanced acceleration techniques
[21,22] have unfortunately been unsatisfactory. Production
of eþ − e− showers using high-energy electrons from

FIG. 1. Schematic of all-optical centimeter-scale schemes of
quasimonoenergetic laser-plasma positron accelerator using the
interaction of eþ − e− showers with plasma-waves.
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…development of practical atomic-scale channeling 
measurements of electronic spin densities, and momentum 
profiles in addition to valence and bonding e- density 
maps. 
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Increased Elemental Specificity of Positron Annihilation Spectra

P. Asoka-Kumar,1 M. Alatalo,1 V. J. Ghosh,1 A. C. Kruseman,2 B. Nielsen,1 and K. G. Lynn1

1Brookhaven National Laboratory, Upton, New York 11973
2IRI, Delft University of Technology, Mekelweg 15, NL-2629JB Delft, The Netherlands

(Received 28 March 1996)
Positron annihilation spectroscopy (PAS) is a sensitive probe for studying the electronic structure of

defects in solids. We show that the high-momentum part of the Doppler-broadened annihilation spectra
can be used to distinguish different elements. This is achieved by using a new two-detector coincidence
system to examine the line shape variations originating from high-momentum core electrons. Because
the core electrons retain their atomic character even when atoms form a solid, these results can
be directly compared to simple theoretical predictions. The new approach adds increased elemental
specificity to the PAS technique, and is useful in studying the elemental variations around a defect site.
[S0031-9007(96)01120-9]

PACS numbers: 78.70.Bj, 71.60.+z

Positron annihilation spectroscopy (PAS) is a sensitive
probe for studying defects in solids [1,2]. The method
relies on the propensity of positrons to become localized
at open-volume regions of a solid and the emission of
annihilation gamma rays that escape the test system with-
out any final state interaction. These gamma rays hold
information about the electronic environment around the
annihilation site. PAS measurements for defect charac-
terization generally utilize two observables: positron life-
time and the conventional Doppler broadening of the
annihilation gamma rays using a single detector. Both
of these techniques are not very sensitive to elemen-
tal variations around an annihilation site, such as the
one occurring when a material is lightly doped with an-
other or when a vacancy is tied with an impurity atom.
A third observable, angular correlation of annihilation
radiation, can overcome this deficiency. However, this
observable is not used routinely in defect spectroscopy
owing to the difficulties associated with the low counting
rates at many of the existing facilities. Here we present
the results from a new two-detector setup that measures
the elemental variations around the annihilation site. The
new setup improves the peak to background ratio in the
annihilation spectrum to ,105, and as a result the varia-
tions of the Doppler-broadened spectra resulting from an-
nihilations with different core electrons can be mapped.
Because the core electrons retain their atomic character
even when atoms form a solid, the new results can be eas-
ily verified with straightforward theoretical calculations.
In the past, Lynn et al. have shown the advantage of us-
ing a two-detector setup in a study of thermal generation
of vacancies in aluminum [3,4].
Upon entering the solid, positrons lose most of their ki-

netic energy and reach thermal equilibrium with the host
material (within about 10 psec). In a crystal, the thermali-
zed positrons experience a periodic repulsive potential
that is centered on the ionic cores, and their wave function
is confined to the interstitial region. Their subsequent mo-

tion is dominated by phonon scattering, and in the absence
of an overall electric field in the medium, this motion is
nearly an isotropic random walk. Open-volume defects
and negative charge centers provide isolated minima in
the potential and localize positrons. Eventually positrons,
localized at defects or not, annihilate with electrons pro-
ducing predominantly two gamma rays, necessitated by
energy-momentum conservation during annihilation. Be-
cause the positrons are thermalized, the total energy of the
annihilation gamma rays is given by 2m0c2 2 EB, where
m0c2 is the electron rest mass energy and EB is the elec-
tron binding energy (neglecting the thermal energies and
chemical potentials). When there is a net center of mass
energy associated with the annihilating pair, this total en-
ergy is not split equally among the two gamma rays. One
gamma ray is upshifted while the other is downshifted
from the center energy of m0c2 2 EBy2 by an amount
given by DE ≠ s1y2dpLc, where pL is the longitudinal
component of the electron-positron momentum along the
direction of the gamma ray emission. Since the direction
of the gamma ray emission is random, a detector located
in a given direction will record both upshifted and down-
shifted gamma rays. This produces an overall Doppler
broadening, and characterizing this broadening provides
a sensitive way of examining the electronic environment
around the annihilation site.
Annihilations with core electrons produce larger

Doppler shifts compared to valence electrons. Therefore,
the tail region of the Doppler-broadened curve can
be analyzed to obtain the momentum distribution of
the core electrons. In traditional Doppler-broadening
measurements, a single detector records the energy of
the annihilation gamma rays. The spectrum collected
with a single detector suffers from high background
contributions (peak to background ratio ,200), which
arise mostly from incomplete charge collection on the low
energy side and pileup and sum events on the high energy
side. When positronium is formed, annihilation into three
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BULK-PLASMON DISPERSION SPECTRUM OF Be. . . V05

et aI, the existence of a plasmon line was not re-
ported, even for small values of the momentum
transfer. This, we assume, is due to their very
large experimental width which is of the order of
22 eV and therefore would overlap the plasmon
band. In our experiments the experimental width
is of the order of 11 eV.
In conclusion, we observe that in Fig. 2 the peak

of the plasmon line is well separated from TDS
and Compton lines which overlap. In Fig. 3 the
spectra for P = 17', 20', and 25' allow the separate
observation of the TDS and the plasmon peak. The

Compton band is observed as a weak bump.
The observed line is due to the bulk plasmon and

no attempt has been made to detect higher-order
plasmons. However in the case of Q = 6. 5 tt
might be possible to attribute the bump at the far
left to a second-order plasmon.
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Channeling of Positrons
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&nstitute of physics, &nk ersity of &arhus, 8000 &arhus C, Denmark

(Received 7 July 1970)

Axia]. and planar channeling in thin single-crystalline gold foils has been investigated by
wide-angle scattering of monoenergetic positrons. The beam was obtained by accelerating
the positrons emitted from a Co source in a 1-MeV Van de Graaff. The results are in good
agreement with corresponding measurements for protons. For the planar case, classical
calculations are compared to calculations based on the dynamical theory of diffraction. The
results are very similar except for the "wiggles" due to wave interference, which appear in
the quantum-mechanical calculation. These, however, are difficult to resolve experimentally.

INTRODUCTION

The aim of this experiment is to shed some light
on the question of applicability of classical channel-
ing theory to the directional effects observed for
emission of electrons and positrons from a single
crystal. In Uggerhfjj's measurements' of the

angular distribution of electrons and positrons
emitted from Cu implanted in copper single crys-
tals, a quantitative comparison with theory or with
heavy-particle channeling was difficult because of
the radiation damage incurred during the implanta-
tion of the radioactive ions into the crystal. The
results for positrons, however, were consistent
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CHANNELING RADIATION FROM POSITRONS 

M. J. Alguard,* R. 1. Swent,* R. H. Pantell ,* B. L. Berman,t S. D. Bloom,+ and S. Datztt 

Radiation from 56-MeV positrons channeled along the (llO), 
mu, and (100) planes and along the <llO> axis in silicon 
has been observed. The energies of the observed spectral peaks 
agree well with theory. Potentially the radiation can be used 
as a tunable x-ray source in the lo-keV to lo-MeV energy region. 

.:s.=em 

Introduction 

A relativistic positron passing through a crystal 
can be channeled between the crystal planes if the en- 
ergy of the particle associated with the motion normal 
to the planes is less than the energy required to cross 
over into an adjacent planar channel.',' That is, the 
array of atoms in the crystal establishes a potential 
well that can constrain the positron's trajectory to 
the region between planes. 

When channeling does occur there is a periodicity 
to the motion which can result in the emission of for- 
ward-directed electromagnetic radiation of relatively 
narrow linewidth.'," From a quantum viewpoint the posi- 
tron is trapped in eigenstates associated with the po- 
tential well of the crystalline field, and radiation re- 
sults from spontaneous transitions between these states. 

The emitted photon energy depends upon the energy 
of the positron and the crystal field strength. Assum- 
ing an harmonic potential well with a non-relativistic 
transition energy sip,, the relativistic increase in mass 
and the Doppler shift of the emitted photon result in a 
forward-directed photon energy = 2y%~~ in the labora- 
tory frame. This means that the photon energy can be 
varied by changing the incident particle energy. For 
50-MeV positrons channeled between (110) planes in sili- 
con this photon energy is = 32 keV. 

The linewidth is determined primarily by the anhar- 
manic contribution to the potential, the number of cycles 
over which periodic motion can be maintained, beam div- 
ergence, multiple scattering in the direction parallel 
to the planes, and the solid angle of the detector." 
Typical linewidths are 10 to 25%. 

Other interesting features of the radiation are 
that it is highly directional with a half-angle equal 
to y-l, it is linearly polarized, and it is consider- 
ably more intense than ordinary bremsstrahlung on a per- 
unit solid-angle, per-unit frequency-interval basis if 
the beam quality is sufficient to channel a major frac- 
tion of the incident particles [e.g., an enhancement by 
a factor of 14 over ordinary bremsstrahlung is calcu- 
lated for a 1-mrad beam divergence for 50-MeV positrons 
channeled in (110) silicon."] The time structure of the 
radiation will be determined by the time structure of 
the beam. For an s-band linear accelerator, it will 
consist of a series of very short (2 5~s) pulses separ- 
ated by a much larger interval (2 350~s). 

Areas of application for channeling radiation are: 
investigation of the channeling process; the study of 
the properties of the crystal in which channeling occurs; 
and development of channeling radiation as a practical 
source, One interesting aspect of channeling that can 
be studied by the radiation mechanism is dechanneling, 
since the lineshape and ratio of channeling emission to 
bremsstrahlung depend upon the dechanneling process. It 
should also be possible to obtain data on crystalline 
fields since the emission lineshape depends upon the 
hape of the potential well in which channeling occurs. 

-+Department Of Electrical Engineering, Stanford Univ& 
sity, Stanford, California 94305 

tlawrence Livermore Laboratory, 
ia, Livermore, California 94550 

University of Californ- 

ttOak Ridge National Laboratory, Oak Ridge, Tennessee 
37830 

The effect of dislocations, imperfections, and defect 
formation (caused by the incident particle beam) on the 
channeling radiation also can be investigated. 

Channeling radiation as a source has several desir- 
able properties: the ease with which the photon energy 
can be varied, its relative monochromaticity, its linear 
polarization, its high directionality, and its high in- 
tensity compared with other sources in the lo-keV to 
lo-MeV part of the spectrum. Such properties make it 
almost unique as a calibration standard for polarization- 
sensitive detectors in the x-ray range, an application 
of considerable interest in astrophysics. In the energy 
range from 10 to 100 keV, potential applications include 
lithography, radiography, radiotherapy, x-ray tomagraphy, 
and extended x-ray absorption fine structure spectro- 
scopy. The micro-time structure might be suitable for 
measuring fast relaxation processes and/or for perform- 
ing radiography with millimeter spatial resolution. 
Channeling radiation at higher energies might be very 
useful for measuring certain photonuclear cross sections, 
especially because of its intensity and polarization 
properties. 

Experiment 

The positron beam for the present experiment was 
produced at the Lawrence Livermore Laboratory Electron- 
Positron Linear Accelerator Facility.5,6 Positrons from 
the tungsten-rhenium positron converter were formed into 
a beam, energy analyzed to Ap/p = 0.01, and transported 
to the experimental area by means of standard bending 
and focusing elements. At the selected beam energy of 
56 MeV and accelerator repetition rate of 1440 pps 
(lOO-ns pulse duration) the beam intensity reaching the 
target averaged 0.1 to 0.3 nA. Radiation-shielding 
walls separate the experimental area from the accelera- 
tor and positron converter. 

A schematic diagram of the experimental area is 
shown in Fig. 1. The collimated and energy-analyzed 
positron beam enters from the left, is focused in the 
three-segment quadrupole lens to achieve acceptable 
beam divergence, and impinges upon the silicon crystal 
target mounted in the goniometer. After passing through 
the crystal the beam is either deflected into a dump 
hole or allowed to pass undeflected approximately 6 m 
down the beam pipe where it finally exits the vacuum 
system through a 0,2-mm thick aluminum window. Remote- 
ly insertable collimators, immediately upstream from 
the crystal (l.O-cm diam) and downstream from the de- 
flection magnet (0.5-cm diam) allow collimation of the 
positron beam striking the crystal and of the field of 
view of the crystal seen by the detectors, respectively. 
A plastic-scintillator detector immediately behind the 
exit window can be used to monitor the transmitted 
positron beam with the deflection magnet degaussed. 
With the deflection magnet energized, and the scintilla- 
tion detector removed, the intrinsic-germanium detector 
(at the far right in Fig. 1) is used to measure the 
photon spectrum. 

Because beam collimators cannot be tolerated where 
they will contribute to unwanted bremsstrahlung back- 
ground in the germanium detector, a special beam-tuning 
procedure was adopted. First, with no crystal target 
in the goniometer, the beam was tuned to produce a spot 
-* 1 cm in diam on the insertable viewing screen up- 
stream from the goniometer and, simultaneously = 2 cm 
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ON THE THEORY OF ELECTROMAGNETIC RADIATION OF
CHARGED PARTICLES IN A CRYSTAL

M.A. KUMAKHOV
Institute ofNuclear Physics, Moscow State University. Moscow 117234, USSR

Received 9 February 1976

It is predicted that therc can be a new type of radiation of relativistic channeled particles. A possibility of using
this radialion in physics is indicated, in particular, for creating a nuclear-, laser.

Consider a relativistic positron moving in a planar where I is taken from eq. (3). Equation (4) is derived
channel of a crystal. To first approximation, the poten- on the basis of common relations of electrodynamics
tial in the channel may be taken as V0x

2 [1],where for the harmonic field.
x is reckoned from the middle of the channel; z being Since at I , 1(w) abruptly increases, the
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would be created by trapping in the vicinity of a gas jet at the
entrance of the first module’s plasma channel. After that ini-
tial trapping, the laser and plasma parameters must be cho-
sen so that there is no further trapping of plasma background
electrons in the rest of the first module’s channel or in any
subsequent module. 

After the laser pulse propagates through the plasma chan-
nel of a single module, it would have lost most of its energy. So
it will be necessary to inject a fresh 30-J drive pulse into each of
the 10-GeV accelerating modules. Transporting the laser pulse
to the channel with conventional optics would require a 10-m
distance between stages to avoid having excessive light inten-
sity damage the focusing optics. That 10-m spacing would
greatly lengthen the overall machine and thus reduce its aver-
age accelerating gradient—a key figure of merit. To avoid that,
the LPA community is exploring novel concepts that would
allow the spacing between stages to be less than a meter. 

Several groups around the world, including ours, plan
to explore those and other issues using petawatt laser
 systems with repetition rates as high as 10 Hz. Spurring that
effort is the commercial development—most notably in
France—of sophisticated petawatt-class systems.

To achieve the desired collider luminosity, a laser–
plasma collider would need a repetition rate of about 15 kHz.
That means an average laser power of half a megawatt per
module, which is still far beyond the performance of today’s
lasers. Current high-peak-power lasers can operate with an
average power of 100 W at most, with a wall-plug efficiency
of about 0.1%.

On a less grandiose scale than TeV colliders, LPAs offer
attractive prospects for driving light sources. Their potential
advantages over light sources based on conventional linacs
include compactness and cost, intrinsic synchronization be-
tween the e– beams and drive-laser pulses, and the femtosec-
ond duration of the e– beam pulses. But the relatively low av-
erage laser power of today’s high-peak-power lasers places
severe limitations on the average power of the electron beam
and therefore on the brightness of the radiation. 

From various quarters, there’s considerable emphasis on
creating more capable pulsed lasers. High-average-power
diode pump lasers and new amplifier materials based on ce-

ramics are being developed for military and civil applica-
tions. Laser systems operating in so-called burst mode (a few
seconds active, followed by minutes of cooling) have ap-
proached 100-kW average power, but not yet the operating
parameters needed for LPAs. Diode-based lasers are being
developed to reach greater than 50% wall-plug efficiency,
which would be essential for both light-source and collider
applications.

The ever-increasing performance of laser systems has
contributed much to the blossoming of laser-driven plasma
acceleration over the past decade. So has the increasing
power of computer simulation and, of course, the develop-
ment of ingenious concepts for mastering the physics of
laser–plasma interactions. We believe that short-term appli-
cations such as ultrafast hyperspectral radiation sources will
soon come to fruition. Reaching the high average-power lev-
els required for particle-physics colliders is a daunting but
not insurmountable task that requires a revolution in laser
technology.

We thank all past and present members of the LOASIS program at
LBNL, especially Csaba Toth, Carl Schroeder, and Cameron Geddes,
for their contributions to this article.
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Figure 6. A 2-TeV electron–positron collider based on laser-
driven plasma acceleration might be less than 1 km long. Its
electron arm could be a string of 100 acceleration modules,
each with its own laser. A 30-J laser pulse drives a plasma
wave in each module’s 1-m-long capillary channel of pre-
formed plasma. Bunched electrons from the previous module

gain 10 GeV by riding the wave through the channel. The
chain begins with a bunch of electrons trapped

from a gas jet just inside the first module’s
plasma channel. The collider’s

positron arm begins the same
way, but the 10-GeV elec-
trons emerging from its first
module bombard a metal
target to create positrons,
which are then focused and
injected into the arm’s string
of modules and accelerated
just like the electrons.

Downloaded 28 Jun 2012 to 128.62.100.79. Redistribution subject to AIP license or copyright; see http://www.physicstoday.org/about_us/terms

/DVHU�GULYHQ�SODVPD�ZDYH�HOHFWURQ�DFFHOHUDWRUV
:LP�/HHPDQV�DQG�(ULF�(VDUH\ 
 
&LWDWLRQ��3K\V��7RGD\�������������������GRL������������������� 
9LHZ�RQOLQH��KWWS���G[�GRL�RUJ������������������ 
9LHZ�7DEOH�RI�&RQWHQWV��KWWS���ZZZ�SK\VLFVWRGD\�RUJ�UHVRXUFH���3+72$'�Y���L� 
3XEOLVKHG�E\�WKH�$PHULFDQ�,QVWLWXWH�RI�3K\VLFV� 
 
$GGLWLRQDO�UHVRXUFHV�IRU�3K\VLFV�7RGD\
+RPHSDJH��KWWS���ZZZ�SK\VLFVWRGD\�RUJ� 
,QIRUPDWLRQ��KWWS���ZZZ�SK\VLFVWRGD\�RUJ�DERXWBXV 
'DLO\�(GLWLRQ��KWWS���ZZZ�SK\VLFVWRGD\�RUJ�GDLO\BHGLWLRQ 

Downloaded 28 Jun 2012 to 128.62.100.79. Redistribution subject to AIP license or copyright; see http://www.physicstoday.org/about_us/terms

/DVHU�GULYHQ�SODVPD�ZDYH�HOHFWURQ�DFFHOHUDWRUV
:LP�/HHPDQV�DQG�(ULF�(VDUH\ 
 
&LWDWLRQ��3K\V��7RGD\�������������������GRL������������������� 
9LHZ�RQOLQH��KWWS���G[�GRL�RUJ������������������ 
9LHZ�7DEOH�RI�&RQWHQWV��KWWS���ZZZ�SK\VLFVWRGD\�RUJ�UHVRXUFH���3+72$'�Y���L� 
3XEOLVKHG�E\�WKH�$PHULFDQ�,QVWLWXWH�RI�3K\VLFV� 
 
$GGLWLRQDO�UHVRXUFHV�IRU�3K\VLFV�7RGD\
+RPHSDJH��KWWS���ZZZ�SK\VLFVWRGD\�RUJ� 
,QIRUPDWLRQ��KWWS���ZZZ�SK\VLFVWRGD\�RUJ�DERXWBXV 
'DLO\�(GLWLRQ��KWWS���ZZZ�SK\VLFVWRGD\�RUJ�GDLO\BHGLWLRQ 

Downloaded 28 Jun 2012 to 128.62.100.79. Redistribution subject to AIP license or copyright; see http://www.physicstoday.org/about_us/terms

Motivation
Plasma-based Collider – laser-driven

www.physicstoday.org March 2009    Physics Today 49

would be created by trapping in the vicinity of a gas jet at the
entrance of the first module’s plasma channel. After that ini-
tial trapping, the laser and plasma parameters must be cho-
sen so that there is no further trapping of plasma background
electrons in the rest of the first module’s channel or in any
subsequent module. 

After the laser pulse propagates through the plasma chan-
nel of a single module, it would have lost most of its energy. So
it will be necessary to inject a fresh 30-J drive pulse into each of
the 10-GeV accelerating modules. Transporting the laser pulse
to the channel with conventional optics would require a 10-m
distance between stages to avoid having excessive light inten-
sity damage the focusing optics. That 10-m spacing would
greatly lengthen the overall machine and thus reduce its aver-
age accelerating gradient—a key figure of merit. To avoid that,
the LPA community is exploring novel concepts that would
allow the spacing between stages to be less than a meter. 

Several groups around the world, including ours, plan
to explore those and other issues using petawatt laser
 systems with repetition rates as high as 10 Hz. Spurring that
effort is the commercial development—most notably in
France—of sophisticated petawatt-class systems.

To achieve the desired collider luminosity, a laser–
plasma collider would need a repetition rate of about 15 kHz.
That means an average laser power of half a megawatt per
module, which is still far beyond the performance of today’s
lasers. Current high-peak-power lasers can operate with an
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erage laser power of today’s high-peak-power lasers places
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creating more capable pulsed lasers. High-average-power
diode pump lasers and new amplifier materials based on ce-

ramics are being developed for military and civil applica-
tions. Laser systems operating in so-called burst mode (a few
seconds active, followed by minutes of cooling) have ap-
proached 100-kW average power, but not yet the operating
parameters needed for LPAs. Diode-based lasers are being
developed to reach greater than 50% wall-plug efficiency,
which would be essential for both light-source and collider
applications.

The ever-increasing performance of laser systems has
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laser pulse over many Rayleigh lengths, minimizing diffraction and 
extending the acceleration length. These target systems are well char-
acterized3,14, and a model has previously been developed that permits 
the wakefield amplitude to be determined by means of the spectral 
redshift of the transmitted laser15,26,27. We used a feedback-controlled, 
tape-based plasma mirror (see Methods) to combine the injected  
electron beam with the laser driver in the second stage.

The laser pulses reflected off the plasma mirror were guided in the 
parabolic plasma channel created in the discharge capillary with an 
energy transmission of 85%. Matched propagation of a transversely 
Gaussian laser pulse in a plasma with a transverse parabolic density 
profile can be obtained—at low laser power and intensity—if the 
input-laser spot size, w0 (which corresponds to a radius whereby  
the laser intensity is 1/e2 compared to the on-axis value), equals the 
matched spot size, rm. (For a parabolic plasma profile, n(r) = n0 + αr2, 
where n0 is the on-axis density, r is the transverse spatial coordinate in 
the plasma channel, and α is the parameter controlling the depth of 
the channel; the matched spot size is given by rm = (απre)−1/4, with 
re = 2.8 × 10−13 cm being the classical electron radius.) In our experi-
mental conditions, rm = 45 µm, and the laser spot size at focus was 
w0 = 18 µm, leading to mismatched propagation and, hence, to varying 
peak intensities and wakefield strengths along the capillary. The char-
acteristic oscillation length of the laser spot size is given by λOS = πzRM, 
where π λ= /z rmRM

2 , and λ = 0.8 µm is the central wavelength of the 
laser. For our parameters, λOS = 25 mm. Wake excitation under these 
conditions was confirmed by measuring optical spectra of the trans-
mitted laser pulse, showing an increasing redshift with increasing 
plasma density in the channel. Quantitative analysis of the spectra 
revealed a maximum relative redshift of 3% with respect to the central 
wavelength of the laser at a density of 2 × 1018 cm−3. This corresponds 
to an average field amplitude of about 17 MV mm−1 if wake excitation 
occurs over the full length of the capillary26.

To control the phasing of the electron beam in the plasma wake of 
the second-stage LPA, we varied the delay between the laser pulses 
that drive the first and second stages, with femtosecond precision, 
with an optical-delay stage in the laser beam line of the injector stage. 
Electron spectra were recorded as a function of the delay between the 
two laser pulses. In the case of a positive delay, the first-stage elec-
trons propagated without the influence of the second laser pulse. After 
the second laser pulse arrived (negative delay), the electron spectra 
were periodically modulated in energy (Fig. 2a). The period of the 
modulation was 80 ± 6 femtoseconds, consistent with a plasma wave-
length λp of 24 µm, at a density of (1.9 ± 0.3) × 1018 cm−3. The constant 
periodicity of the observed modulation as a function of delay behind 
the driver pulse further indicates a quasilinear wake, consistent with 

expectations for the experimental parameters, including laser intensity 
and plasma density.

To investigate the influence of the second-stage wakefield on the 
electron beam in detail, we subtracted the reference spectrum result-
ing from an unperturbed beam (positive delay) from the spectrum 
at each delay, to emphasize the effect of the second laser pulse while 
maintaining absolute charge information. The resulting electron dis-
tributions are plotted in Fig. 2b in the form of a waterfall plot of elec-
tron spectra, where each horizontal line corresponds to an energy 
spectrum that is averaged over five shots. Background-subtracted 
two-dimensional charge maps for the first two peaks and valleys of 
the blue curve in Fig. 2a, also averaged over five shots, are shown 
in Fig. 2d–g. The presence of the second-stage laser results in a 
reduction in total beam charge by up to a factor of three (Fig. 2a). 
For appropriate timing of the second-stage laser, however, charge 
was detected beyond the energy cut-off of the input electron spec-
trum, that is, >200 MeV. This charge accelerated beyond the cut-off 
of the input spectrum (red and yellow areas in Fig. 2b, d, f), which 
indicates acceleration in the second stage. The integrated charge of 
1.2 pC in this region represents the charge trapped in the acceler-
ating phase of the wake, corresponding to a trapping efficiency of 
3.5%. At delays of λp/2 after the times of maximum energy gain, 
roughly 1 pC of additional charge was detected around 110–150 MeV  
(Fig. 2e,g). This could correspond to electrons that have deceler-
ated, or to electrons that have been deflected by the transverse wake 
fields into the spectrometer acceptance. The broad energy spread of  
the first-stage electron beam prevents unambiguous observation of the 
decelerating phase of the wake under these conditions.

Numerical modelling performed with the code INF&RNO28,29 
allows detailed analysis of the interaction. Figure 3a shows reference- 
subtracted electron spectra as a function of the delay between the 
arrival of the electron bunch and the laser pulse. The simulations 
show that the observed energy modulations depend on the phasing 
of the electron bunch within the wake. The periodicity of the modu-
lation is determined by the plasma density and is consistent with the 
experimental observation. However, the amount of post-accelerated  
charge decreases in the later accelerating phases of the wake as a result 
of increasing wake curvature. The fact that the linearity of the wake 
appears to be preserved in the experimental results could be attributed 
to a deviation from the parabolic plasma channel. We have found that, 
for example, simulating a quartic plasma density profile yields a charge 
distribution similar to that obtained in the experiment (Extended Data 
Fig. 1). Simulations performed assuming matched guiding conditions, 
and a more-energetic injector beam with reduced energy spread, indi-
cate that roughly 90% trapping can be achieved (Extended Data Fig. 2).

Figure 1 | The experimental set-up. In stage I, a pulse of laser light is 
focused on a gas jet, producing an electron beam. This beam is then 
transported to the entrance of stage II by a discharge capillary, which 
is acting as an active plasma lens. In stage II, the beam enters a second 
discharge capillary. A second laser pulse further accelerates the electrons; 
this laser is coupled to the second discharge capillary via a plasma-mirror 
tape. Lanex screens are used to detect the energy integrated and  

energy-dispersed (as part of a dipole spectrometer) electron profiles. The 
inset shows how the diameter of the waist (the ‘spot size’) of the electron 
beam evolves along the beam path (z), simulated for different electron-
beam energies produced by the first stage, according to ref. 8. Energies 
in the interval 75–125 MeV are focused at the entrance of the stage II 
capillary to spot sizes of the order of the input-laser spot size (18 µm).
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Multistage coupling of independent laser-plasma 
accelerators
S. Steinke1, J. van Tilborg1, C. Benedetti1, C. G. R. Geddes1, C. B. Schroeder1, J. Daniels1,3, K. K. Swanson1,2, A. J. Gonsalves1,  
K. Nakamura1, N. H. Matlis1, B. H. Shaw1,2, E. Esarey1 & W. P. Leemans1,2

Laser-plasma accelerators (LPAs) are capable of accelerating charged 
particles to very high energies in very compact structures1. In theory, 
therefore, they offer advantages over conventional, large-scale 
particle accelerators. However, the energy gain in a single-stage LPA 
can be limited by laser diffraction, dephasing, electron-beam loading 
and laser-energy depletion1. The problem of laser diffraction can 
be addressed by using laser-pulse guiding2 and preformed plasma 
waveguides to maintain the required laser intensity over distances of 
many Rayleigh lengths3; dephasing can be mitigated by longitudinal 
tailoring of the plasma density4; and beam loading can be controlled 
by proper shaping of the electron beam5. To increase the beam energy 
further, it is necessary to tackle the problem of the depletion of laser 
energy, by sequencing the accelerator into stages, each powered by 
a separate laser pulse6. Here, we present results from an experiment 
that demonstrates such staging. Two LPA stages were coupled over 
a short distance (as is needed to preserve the average acceleration 
gradient) by a plasma mirror. Stable electron beams from a first 
LPA were focused to a twenty-micrometre radius—by a discharge 
capillary-based7 active plasma lens8—into a second LPA, such that 
the beams interacted with the wakefield excited by a separate laser. 
Staged acceleration by the wakefield of the second stage is detected 
via an energy gain of 100 megaelectronvolts for a subset of the 
electron beam. Changing the arrival time of the electron beam with 
respect to the second-stage laser pulse allowed us to reconstruct the 
temporal wakefield structure and to determine the plasma density. 
Our results indicate that the fundamental limitation to energy 
gain presented by laser depletion can be overcome by using staged 
acceleration, suggesting a way of reaching the electron energies 
required for collider applications6,9.

The limitations of conventional particle-accelerator technology10 are 
motivating the development of advanced particle-acceleration tech-
niques, such as laser-plasma acceleration, which could see a broad 
range of applications—ranging from particle colliders that produce 
energies beyond 1012 electronvolts (TeV)9 to compact free-electron 
lasers and Thomson γ-ray sources. Within the past few years, tre-
mendous progress in LPA development has been made. After the first 
demonstration of per-cent-level energy spread and small divergence 
in millimetre-scale plasmas in 2004 (refs 11–13), electron beams with 
energies of 109 eV (GeV) were obtained with 40-terawatt laser pulses14. 
Subsequently, electron beams with multi-GeV energies were reported 
with petawatt-class laser systems and plasmas of a few centimetres in 
length15–17. Controlling the injection of electrons into plasma waves 
enables the accelerator to be precisely tuned18–21.

The accelerating gradient, Ez, of a single-stage LPA scales with the 
plasma density, ne, as ∝ /E nz e

1 2. The single-stage length, Lstage, is given 
by the laser-depletion length, Ldeplete: ≈ ∝ − /L L nstage deplete e

3 2. Thus, the 
energy gain per stage scales as ∝W nstage

1
e
. With the help of particle- 

in-cell simulations, it has been shown22 that, in order to reach an energy 

of 1 TeV in a single stage, a plasma density of about 1015 cm−3 is 
required. This would result in an acceleration length of 1 km, a low 
acceleration gradient, 10 kJ of required laser pulse energy, and an elec-
tron bunch that is not suitable for collider applications9. However, 
staging using multiple petawatt laser systems would allow for the use 
of much higher plasma densities, and hence the generation of higher 
accelerating gradients; this would result in a reduction in the total 
LPA-based linear-accelerator length to a few hundred metres, as well 
as more favourable laser parameters and electron-bunch charges9. To 
obtain such a compact set-up, coupling distances of the order of the laser- 
depletion length, at the 1-metre scale, are assumed. Because the flu-
ence restrictions of conventional laser optics require them to be posi-
tioned several metres away from the focal plane of the laser, plasma 
mirrors23 have been proposed instead as the final steering optics24. 
Such a compact staging set-up is also important to photon sources (for 
example when using γ-rays to inspect materials)25, where it can be 
used to decelerate electrons after photon production to mitigate shield-
ing needs.

Here we demonstrate coupling of, and acceleration in, two sepa-
rately powered LPA stages. Two synchronized laser pulses were applied 
to drive two acceleration stages in series (Fig. 1). The first stage gen-
erated electron beams from a gas-jet target with a central energy of 
120 MeV (see Methods). To maximize the coupling efficiency to the 
second stage, these electron beams were refocused by a first discharge 
capillary, acting as an active plasma lens8, to the entrance of a second 
discharge capillary, serving as the second-stage target. The acceler-
ation fields in the second capillary were excited by the second laser 
pulse, reflected by a tape-based plasma-mirror a few centimetres away. 
Depending upon the relative timing of the two laser pulses, an energy 
gain of about 100 MeV might be observed, with a charge-coupling 
efficiency of 3.5%. Continuous scanning of the relative timing of the 
laser pulses allowed us to reconstruct the femtosecond-scale temporal 
field structure of the second-stage wake, providing an important wake 
diagnostic. Numerical modelling confirms the effective trapping of the 
electron beam in the second-stage wake structure, and provides evi-
dence for the femtosecond duration of the first-stage electron beams.

The electron beams generated in the first stage were transported to 
the second-stage target using a pulsed active plasma lens8. Radially 
symmetrical focusing was achieved in a gas-filled, 15-mm-long cap-
illary with a diameter of 500 µm, using an axial discharge current of 
650 A, which produced an azimuthal focusing magnetic field. The 
high field strengths produced (∼0.5 tesla) re-focused electrons with 
energies of 75–125 MeV within a distance of 25 mm through the  
plasma-mirror tape to an energy-dependent spot size of 20–30 µm 
(r.m.s.) at the second plasma stage (Fig. 1 inset). The divergence 
acceptance of the lens was 5 mrad.

The second-stage LPA target was formed by a separate discharge 
capillary structure (see Methods). The discharge current created a 
pre-formed plasma that served as a waveguide, guiding the driving 
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particles to very high energies in very compact structures1. In theory, 
therefore, they offer advantages over conventional, large-scale 
particle accelerators. However, the energy gain in a single-stage LPA 
can be limited by laser diffraction, dephasing, electron-beam loading 
and laser-energy depletion1. The problem of laser diffraction can 
be addressed by using laser-pulse guiding2 and preformed plasma 
waveguides to maintain the required laser intensity over distances of 
many Rayleigh lengths3; dephasing can be mitigated by longitudinal 
tailoring of the plasma density4; and beam loading can be controlled 
by proper shaping of the electron beam5. To increase the beam energy 
further, it is necessary to tackle the problem of the depletion of laser 
energy, by sequencing the accelerator into stages, each powered by 
a separate laser pulse6. Here, we present results from an experiment 
that demonstrates such staging. Two LPA stages were coupled over 
a short distance (as is needed to preserve the average acceleration 
gradient) by a plasma mirror. Stable electron beams from a first 
LPA were focused to a twenty-micrometre radius—by a discharge 
capillary-based7 active plasma lens8—into a second LPA, such that 
the beams interacted with the wakefield excited by a separate laser. 
Staged acceleration by the wakefield of the second stage is detected 
via an energy gain of 100 megaelectronvolts for a subset of the 
electron beam. Changing the arrival time of the electron beam with 
respect to the second-stage laser pulse allowed us to reconstruct the 
temporal wakefield structure and to determine the plasma density. 
Our results indicate that the fundamental limitation to energy 
gain presented by laser depletion can be overcome by using staged 
acceleration, suggesting a way of reaching the electron energies 
required for collider applications6,9.

The limitations of conventional particle-accelerator technology10 are 
motivating the development of advanced particle-acceleration tech-
niques, such as laser-plasma acceleration, which could see a broad 
range of applications—ranging from particle colliders that produce 
energies beyond 1012 electronvolts (TeV)9 to compact free-electron 
lasers and Thomson γ-ray sources. Within the past few years, tre-
mendous progress in LPA development has been made. After the first 
demonstration of per-cent-level energy spread and small divergence 
in millimetre-scale plasmas in 2004 (refs 11–13), electron beams with 
energies of 109 eV (GeV) were obtained with 40-terawatt laser pulses14. 
Subsequently, electron beams with multi-GeV energies were reported 
with petawatt-class laser systems and plasmas of a few centimetres in 
length15–17. Controlling the injection of electrons into plasma waves 
enables the accelerator to be precisely tuned18–21.
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of 1 TeV in a single stage, a plasma density of about 1015 cm−3 is 
required. This would result in an acceleration length of 1 km, a low 
acceleration gradient, 10 kJ of required laser pulse energy, and an elec-
tron bunch that is not suitable for collider applications9. However, 
staging using multiple petawatt laser systems would allow for the use 
of much higher plasma densities, and hence the generation of higher 
accelerating gradients; this would result in a reduction in the total 
LPA-based linear-accelerator length to a few hundred metres, as well 
as more favourable laser parameters and electron-bunch charges9. To 
obtain such a compact set-up, coupling distances of the order of the laser- 
depletion length, at the 1-metre scale, are assumed. Because the flu-
ence restrictions of conventional laser optics require them to be posi-
tioned several metres away from the focal plane of the laser, plasma 
mirrors23 have been proposed instead as the final steering optics24. 
Such a compact staging set-up is also important to photon sources (for 
example when using γ-rays to inspect materials)25, where it can be 
used to decelerate electrons after photon production to mitigate shield-
ing needs.

Here we demonstrate coupling of, and acceleration in, two sepa-
rately powered LPA stages. Two synchronized laser pulses were applied 
to drive two acceleration stages in series (Fig. 1). The first stage gen-
erated electron beams from a gas-jet target with a central energy of 
120 MeV (see Methods). To maximize the coupling efficiency to the 
second stage, these electron beams were refocused by a first discharge 
capillary, acting as an active plasma lens8, to the entrance of a second 
discharge capillary, serving as the second-stage target. The acceler-
ation fields in the second capillary were excited by the second laser 
pulse, reflected by a tape-based plasma-mirror a few centimetres away. 
Depending upon the relative timing of the two laser pulses, an energy 
gain of about 100 MeV might be observed, with a charge-coupling 
efficiency of 3.5%. Continuous scanning of the relative timing of the 
laser pulses allowed us to reconstruct the femtosecond-scale temporal 
field structure of the second-stage wake, providing an important wake 
diagnostic. Numerical modelling confirms the effective trapping of the 
electron beam in the second-stage wake structure, and provides evi-
dence for the femtosecond duration of the first-stage electron beams.

The electron beams generated in the first stage were transported to 
the second-stage target using a pulsed active plasma lens8. Radially 
symmetrical focusing was achieved in a gas-filled, 15-mm-long cap-
illary with a diameter of 500 µm, using an axial discharge current of 
650 A, which produced an azimuthal focusing magnetic field. The 
high field strengths produced (∼0.5 tesla) re-focused electrons with 
energies of 75–125 MeV within a distance of 25 mm through the  
plasma-mirror tape to an energy-dependent spot size of 20–30 µm 
(r.m.s.) at the second plasma stage (Fig. 1 inset). The divergence 
acceptance of the lens was 5 mrad.

The second-stage LPA target was formed by a separate discharge 
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therefore, they offer advantages over conventional, large-scale 
particle accelerators. However, the energy gain in a single-stage LPA 
can be limited by laser diffraction, dephasing, electron-beam loading 
and laser-energy depletion1. The problem of laser diffraction can 
be addressed by using laser-pulse guiding2 and preformed plasma 
waveguides to maintain the required laser intensity over distances of 
many Rayleigh lengths3; dephasing can be mitigated by longitudinal 
tailoring of the plasma density4; and beam loading can be controlled 
by proper shaping of the electron beam5. To increase the beam energy 
further, it is necessary to tackle the problem of the depletion of laser 
energy, by sequencing the accelerator into stages, each powered by 
a separate laser pulse6. Here, we present results from an experiment 
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via an energy gain of 100 megaelectronvolts for a subset of the 
electron beam. Changing the arrival time of the electron beam with 
respect to the second-stage laser pulse allowed us to reconstruct the 
temporal wakefield structure and to determine the plasma density. 
Our results indicate that the fundamental limitation to energy 
gain presented by laser depletion can be overcome by using staged 
acceleration, suggesting a way of reaching the electron energies 
required for collider applications6,9.
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as more favourable laser parameters and electron-bunch charges9. To 
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depletion length, at the 1-metre scale, are assumed. Because the flu-
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example when using γ-rays to inspect materials)25, where it can be 
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to drive two acceleration stages in series (Fig. 1). The first stage gen-
erated electron beams from a gas-jet target with a central energy of 
120 MeV (see Methods). To maximize the coupling efficiency to the 
second stage, these electron beams were refocused by a first discharge 
capillary, acting as an active plasma lens8, to the entrance of a second 
discharge capillary, serving as the second-stage target. The acceler-
ation fields in the second capillary were excited by the second laser 
pulse, reflected by a tape-based plasma-mirror a few centimetres away. 
Depending upon the relative timing of the two laser pulses, an energy 
gain of about 100 MeV might be observed, with a charge-coupling 
efficiency of 3.5%. Continuous scanning of the relative timing of the 
laser pulses allowed us to reconstruct the femtosecond-scale temporal 
field structure of the second-stage wake, providing an important wake 
diagnostic. Numerical modelling confirms the effective trapping of the 
electron beam in the second-stage wake structure, and provides evi-
dence for the femtosecond duration of the first-stage electron beams.

The electron beams generated in the first stage were transported to 
the second-stage target using a pulsed active plasma lens8. Radially 
symmetrical focusing was achieved in a gas-filled, 15-mm-long cap-
illary with a diameter of 500 µm, using an axial discharge current of 
650 A, which produced an azimuthal focusing magnetic field. The 
high field strengths produced (∼0.5 tesla) re-focused electrons with 
energies of 75–125 MeV within a distance of 25 mm through the  
plasma-mirror tape to an energy-dependent spot size of 20–30 µm 
(r.m.s.) at the second plasma stage (Fig. 1 inset). The divergence 
acceptance of the lens was 5 mrad.

The second-stage LPA target was formed by a separate discharge 
capillary structure (see Methods). The discharge current created a 
pre-formed plasma that served as a waveguide, guiding the driving 
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E lectron–positron (e! /eþ ) plasmas are emitted, in the form
of ultra-relativistic winds or collimated jets, by some of the
most energetic or powerful objects in the Universe, such as

black holes 1,2, pulsars3 and quasars4. These plasmas are
associated with violent emission of gamma-rays in the form of
short-lived (milliseconds up to a few minutes) bursts, which are
among the most luminous events ever observed in the Universe.
These phenomena represent an unmatched astrophysical
laboratory to test physics at its limit and, given their immense
distance from Earth (some more distant than several billion light
years), they also provide a unique window on the very early stages
of our Universe5–7. Arguably, one of the most intriguing
questions is how these gamma-ray bursts are produced. It is
generally accepted that gamma-ray bursts should arise from
synchrotron emission of relativistic shocks generated within an
electron–positron beam8,9. This radiative mechanism requires a
strong and long-lived (t # 1; 000o! 1

p , with op being the
electron–positron plasma frequency) magnetic field; however,
Weibel-mediated shocks generate magnetic fields that should
decay on a fast timescale ðt ’ o! 1

p Þ due to phase-space mixing9.
Also, diffusive Fermi acceleration, a proposed candidate for the
acceleration of cosmic rays9, requires magnetic field strengths that
are much higher than the average intergalactic magnetic field
(CnT)10. These and other questions could be addressed by ad
hoc laboratory experiments; however, the extreme difficulty in
generating e! /eþ populations that are dense enough to permit
collective behaviour11,12 is still preventing laboratory studies and
the properties of this peculiar state of matter are only inferred
from the indirect interpretation of its radiative signatures and
from matching numerical models. The intrinsic symmetry
between negatively charged (e! ) and positively charged (eþ )
particles within the plasma makes their dynamics significantly
different from that of an electron-ion plasma or from a purely
electronic beam. In the first case, the mass symmetry of the
oppositely charged species induces different growth rates for a
series of kinetic and fluid instabilities13, and significantly affects
the possibility of generating acoustic or drift waves. In the second
case, the overall beam neutrality forbids the generation of
current-driven magnetic fields that would hamper the onset of
transverse instabilities.

Different schemes have been proposed for the laboratory
generation of e! /eþ plasmas: in large-scale conventional
accelerators, the possibility of recombining high-quality electron
and positron beams via magnetic chicanes14 is envisaged and a

different approach is foreseen in confining low-energy positrons
using radioactive sources with Penning traps11,15. The proposed
APEX experiment12 builds on this idea, accumulating a large
number of positrons in a multicell Penning trap, before injection
into a stellarator plasma confinement device. The major challenge
of these schemes is the recombination of these separate electron
and positron populations. Alternative schemes have been
proposed in which electrons and positrons are generated
in situ16–21, thus avoiding the aforementioned recombination
issues. Despite the intrinsic interest of these results, the low
percentage of positrons in the electron–positron beam (of the
order, if not o10%) and the low-density reported (collision-less
skin depth much greater than the beam size, forbidding plasma-
like behaviour) prevent their application to the laboratory study
of e! /eþ plasmas. All these previous experimental attempts have
thus not been able to generate e! /eþ beams that present charge
neutrality and a plasma-like behaviour, both fundamental pre-
requisites for the laboratory study of this state of matter14.

We report here on the first experimental evidence of the
generation of a high-density and neutral electron–positron plasma
in the laboratory. Its high density ne! =eþ ’ 1016cm! 3

! "
implies

that the collision-less skin depth in the plasma is smaller than the
plasma transverse size effectively allowing for collective effects to
occur. These characteristics, together with the charge neutrality,
small divergence ye! =eþ & 10! 20 mrad

! "
, and high average

Lorentz factor (gAVE15 with a power-law spectral distribution,
comparable to what observed in astrophysical jets22) finally open
up the possibility of studying the dynamics of e! /eþ plasmas in a
controlled laboratory environment.

Results
Experimental setup. The experiment (shown schematically in
Fig. 1a) was carried out using the ASTRA-GEMINI laser system
at the Rutherford Appleton Laboratory23, which delivered a laser
beam with a central wavelength lL¼ 0.8 mm, energy on target
ELE14 J and a duration of tL¼ 42±4 fs. An f/20 off-axis
parabola focussed this laser beam (focal spot with full-width
half-maximum (27±3 mm) containing B60% of the laser energy,
resulting in a peak intensity of C3( 1019 W cm! 2) onto the
edge of a 20-mm-wide supersonic He gas jet doped with 3.5% of
N2. A backing pressure of 45 bar was found to be optimum in
terms of maximum electron energy and charge of the accelerated
electron beam as resulting from ionization injection24,25 in the
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Figure 1 | Experimental setup. (a) The laser wakefield-accelerated electrons (green spheres) impact onto a solid target, initiating a quantum
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spectrally resolved using a magnetic spectrometer (details in the text) and a pair of LANEX screens. Plastic and lead shielding was inserted to reduce
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positron-electron showers

orders-of-magnitude
roll-off at 

high-energies

Maxwellian spectrum§ showers – > MeV electrons on converter 
target

§ although “some” authors have claimed so:  

§ positrons NOT isolated

§ positrons still divergent

§ un-localized in momentum space

shower  ≠  beam
pair-plasma ≠  beam
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Fig. 2. Positron flux in tungsten per incident electron vs z for incident energy of 
33 GeV. The different curves are for successively bigger cutoffs in maximum positron 
energy of 5, 10,20, 50, and 100 MeV. The minimum energy cutoff is 2 MeV. The z 
bins are one radiation length. Note the shower maximum is around seven radiation 
lengths for this energy. The calculation covers the first eleven radiation lengths. 
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2

scheme-A) or a high-temperature quasi-monoenergetic

distribution [25] (in scheme-B) is coupled into the second

stage. In this positron-acceleration stage, a significant

number of particles of the diverging shower are trapped in

a large incident spot-size laser-driven plasma-wave [28].

An ultra-relativistic quasi-monoenergetic e+-“beam” is

accelerated by the plasma fields. This ultra-short e+-
beam can be further accelerated to higher energies using

more stages [29, 30].

Earlier works have modeled the trapping of plasma

electrons with high temperatures [32] in a laser-driven

plasma-wave, unlike the injection of particle-showers

with MeV-scale temperatures considered here. This

work di↵ers significantly from positron acceleration us-

ing beam-driven plasma-waves [33, 34] in essential wave-

particle interaction physics, while crucially eliminating

the dependence on GeV-scale RF accelerators. Although

sheath-acceleration which uses the thermal expansion of

an electron-ion sheath [25] at the sound speed, has driven

a few 10s of MeV quasi-monoenergetic beams, scaling it

to GeV-energies has not been shown. Lastly, produc-

ing e+ � e� particle showers di↵ers from accelerating a

e+-“beam”. The energy distribution of e+ � e� show-

ers peaks around a few MeV [10, 24] with an order-of-

magnitude roll-o↵ in positron number every 10 MeV.

The characteristics of laser-driven e+ � e� shower are

dictated by the parameters of the first-stage. These in-

clude the peak electron energy and charge in scheme-A,

the kJ laser energy and intensity in scheme-B in addition

to the target composition and dimensions.

In scheme-A, the shower has an anisotropic relativistic

Maxwellian momentum distribution function in p-space
where p = (p?, pk) and pk is parallel to the laser propa-

gation axis [26, 27],

f(p) = C (p2? + p2k) exp
h
��?

q
1 + p2? +A p2k

i
(1)

where �? = mec2 T�1
? , �k = mec2 T�1

k , A = TkT
�1
? =

��1
k �?, longitudinal pk and transverse p? momenta are

normalized to mec, transverse T? and longitudinal Tk
temperatures are in eV and C is the normalization con-

stant [26, 27]. As defining an average drift velocity di-

verges from a kinetic theory approach, a drifting rela-

tivistic bi-Maxwellian is not applied here [27]. The peak

particle number is at an energy of 2.3 MeV corresponding

to df(p)/dpk = 0 with Tk = 5.0 MeV and a transverse

temperature, T? = 0.2 MeV. The opening angle of the

particle shower is 6
�
. The e+ � e� showers are modeled

with electron densities between 10
15
cm

�3
and 10

17
cm

�3

with fe+/fe� -ratio between 0.1 to 0.4.

The above laser-driven particle-shower parameters are

modeled after experimental data [24]. Positron number

of 10
9
over 1 MeV with 10

15
cm

�3
density were mea-

sured with an anisotropic relativistic Maxwellian dis-

tribution. These showers are produced by 10
9
laser-

plasma accelerated electrons with a 0.6 GeV peak en-

ergy interacting with a 5-10 mm thick Pb target. From

GEANT4 / FLUKA simulations of laser-plasma accel-

erated multi-GeV electrons [31], an order-of-magnitude

higher positron number per electron [35] is observed.

Increasing the electron energy produces higher positron

number per incident electron, but the showers retain their

spectral characteristics peaking at a few MeV [10]

In scheme-B, the sheath-accelerated quasi-

monoenergetic spectrum e+�e� shower is modeled with

a drifting Maxwellian with ⇠ 10 MeV kinetic energy

and 200 keV temperature and 10
16
cm

�3
density. This

models the experimentally observed 10
10

positrons [25]

(shot C) where a 305 J, �0 = 1.054µm, ⌧p ⇠ 10ps,

8 � 50µm FWHM spot-size laser was incident on a

1mm-thick 2mm diameter Au target.
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scheme-A) or a high-temperature quasi-monoenergetic

distribution [25] (in scheme-B) is coupled into the second

stage. In this positron-acceleration stage, a significant

number of particles of the diverging shower are trapped in

a large incident spot-size laser-driven plasma-wave [28].

An ultra-relativistic quasi-monoenergetic e+-“beam” is

accelerated by the plasma fields. This ultra-short e+-
beam can be further accelerated to higher energies using

more stages [29, 30].

Earlier works have modeled the trapping of plasma

electrons with high temperatures [32] in a laser-driven

plasma-wave, unlike the injection of particle-showers

with MeV-scale temperatures considered here. This

work di↵ers significantly from positron acceleration us-

ing beam-driven plasma-waves [33, 34] in essential wave-

particle interaction physics, while crucially eliminating

the dependence on GeV-scale RF accelerators. Although

sheath-acceleration which uses the thermal expansion of

an electron-ion sheath [25] at the sound speed, has driven

a few 10s of MeV quasi-monoenergetic beams, scaling it

to GeV-energies has not been shown. Lastly, produc-

ing e+ � e� particle showers di↵ers from accelerating a

e+-“beam”. The energy distribution of e+ � e� show-

ers peaks around a few MeV [10, 24] with an order-of-

magnitude roll-o↵ in positron number every 10 MeV.

The characteristics of laser-driven e+ � e� shower are

dictated by the parameters of the first-stage. These in-

clude the peak electron energy and charge in scheme-A,

the kJ laser energy and intensity in scheme-B in addition

to the target composition and dimensions.

In scheme-A, the shower has an anisotropic relativistic

Maxwellian momentum distribution function in p-space
where p = (p?, pk) and pk is parallel to the laser propa-

gation axis [26, 27],

f(p) = C (p2? + p2k) exp
h
��?
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where �? = mec2 T�1
? , A = TkT

�1
? , longitudinal pk and

transverse p? momenta are normalized to mec, trans-

verse T? and longitudinal Tk temperatures are in eV and

C is the normalization constant [26, 27]. As defining

an average drift velocity diverges from a kinetic theory

approach, a drifting relativistic bi-Maxwellian is not ap-

plied here [27]. The peak particle number is at an energy

of 2.3 MeV corresponding to df(p)/dpk = 0 with Tk =

5.0 MeV and a transverse temperature, T? = 0.2 MeV.

The opening angle of the particle shower is 6
�
. The

e+ � e� showers are modeled with electron densities be-

tween 10
15
cm

�3
and 10

17
cm

�3
with fe+/fe� -ratio be-

tween 0.1 to 0.4.

The above laser-driven particle-shower parameters are

modeled after experimental data [24]. Positron number

of 10
9
over 1 MeV with 10

15
cm

�3
density were mea-

sured with an anisotropic relativistic Maxwellian dis-

tribution. These showers are produced by 10
9
laser-

plasma accelerated electrons with a 0.6 GeV peak en-

ergy interacting with a 5-10 mm thick Pb target. From

GEANT4 / FLUKA simulations of laser-plasma accel-

erated multi-GeV electrons [31], an order-of-magnitude

higher positron number per electron [35] is observed.

Increasing the electron energy produces higher positron

number per incident electron, but the showers retain their

spectral characteristics peaking at a few MeV [10]

In scheme-B, the sheath-accelerated quasi-

monoenergetic spectrum e+�e� shower is modeled with

a drifting Maxwellian with ⇠ 10 MeV kinetic energy

and 200 keV temperature and 10
16
cm

�3
density. This

models the experimentally observed 10
10

positrons [25]

(shot C) where a 305 J, �0 = 1.054µm, ⌧p ⇠ 10ps,

8 � 50µm FWHM spot-size laser was incident on a

1mm-thick 2mm diameter Au target.
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Numerically solving the Poisson equation # 20 with a0 = 1.5, all the plasma wave 
characteristic properties are shown in the figure below and compared to PIC simulations. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
Excellent agreement is seen between numerical solution and PIC simulation for the same 
set of laser and plasma parameters (slight mismatch is due to the numerical solution being 
in a 1D approximation whereas PIC simulations are in 2D).   

electron compression phase  
of the plasma-wave 

potential in the  
electron compression phase 

Numerical Simulation 

PIC Simulations 

electron compression phase  
of the plasma-wave 

potential in the  
electron compression phase 

 
Dr. Aakash A. Sahai 
Dept. of Physics  
& John Adams Institute for Accelerator Science  

Page 8 of 33 
 

The peak shape of the potential depends upon the amplitude of the potential which is 
shown to depend upon the value of a0. In the figure below the variation of the numerically 
obtained potential profile plotted along the longitudinal coordinate co-moving with laser 
is presented (dot located at the peak of the field in the electron compression phase). 
 

 
 

The rest of the properties of the plasma-wave also change with the amplitude of the 
potential and a0. In the figure below all these properties are presented for the referee to 
further understand the ground-work of the analytical model developed by the author. 
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Detailed derivation of these fluid equations can be found in - 
A. A. Sahai PhD thesis (Appendix) 
On certain non-linear and relativistic effects in plasma-based particle accelerators. 
ProQuest Dissertations Publishing, 2015. 3719664. 
 
 
Poisson equation – modified based upon constants of motion from 1D fluid theory. 

 
 
 

Equation for plasma-wave density from 1D fluid theory. 
 

 
  

cur increases. Wake excitation in a plasma channel also
leads to damping of the plasma wave !Andreev et al.,
1997; Shvets and Li, 1999". For a wide !kprch!1" para-
bolic, n=n0!1+r2 /rch

2 ", plasma channel the amplitude of
the plasma wave on axis decreases as "n!#" /"n!0"=1
−2#2 /kp

2rch
4 , where #=z−ct is the distance behind the la-

ser pulse !Andreev et al., 1997".

C. Nonlinear plasma waves

In the linear regime, E$E0, the plasma wave is a
simple sinusoidal oscillation with frequency %p and a
wave phase velocity vp !the phase velocity is determined
by the driver", e.g., &=&0 cos#%p!z /vp− t"$. When E
'E0, the plasma wave becomes highly nonlinear. Wake-
field generation in the nonlinear 1D regime can be ex-
amined by assuming that the drive beam is nonevolving,
i.e., the drive beam is a function of only the coordinate
(=z−vpt, where vp)c is the phase velocity of the
plasma wave. For laser drivers, vp%vg, where vg is the
laser pulse group velocity. The quasistatic approximation
!Sprangle et al., 1990a, 1990b" can be applied such that
the plasma fluid quantities are also assumed to be func-
tions only of the comoving variable (. The 1D limit ap-
plies to broad drivers, kpr!!1, where r! is the charac-
teristic radial dimension of the drive beam. The 1D
quasistatic fluid momentum and continuity equations
give

u! − a! = 0, !13"

* − +puz − & = 1, !14"

n!+p − +z" = +pn0. !15"

The Poisson equation !2& /!(2=kp
2!n /n0−1" can be writ-

ten as !Berezhiani and Murusidze 1992; Esarey, Ting, et
al., 1993; Teychenné et al., 1993"
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!(2 = *p
2&+p'1 −
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2!1 + &"2(−1/2

− 1) , !16"

where *!
2 =1+u!

2 =1+a2, *p= !1−+p
2"−1/2, and +p=vp /c.

The axial electric field of the wake is Ez=−E0!& /!( and
the plasma fluid quantities are

n/n0 = *p
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2
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− +p( , !17"
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2!1 + &"2+1/2( , !18"

* = *p
2!1 + &"'1 − +p*1 −

*!
2

*p
2!1 + &"2+1/2( . !19"

In the limit *p
2 !1, Eq. !16" simplifies to !Bulanov et al.,

1989; Berezhiani and Murusidze, 1990; Sprangle et al.,
1990a, 1990b"

kp
−2!2&

!(2 =
!1 + a2"

2!1 + &"2 −
1
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, !20"

and the plasma fluid quantities are
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The above expressions for the cold fluid motion u and *
also describe the single particle motion of an electron !p̃
and *̃, initially at rest" in the potentials a!(" and &!(".

Analytical solutions to Eq. !20" in terms of elliptic in-
tegrals can be found for square laser pulse profiles !Bu-
lanov et al., 1989; Berezhiani and Murusidze 1990;
Sprangle et al., 1990a, 1990b". As the plasma wave am-
plitude becomes nonlinear, the plasma wave steepens
and its period lengthens.

In the region behind the drive beam, a2=0, an analysis
of Eq. !16" indicates that the electrostatic potential os-
cillates in the range &min)&)&max and the axial electric
field oscillates in the range −Emax)E)Emax. The values
&min and &max, denoted by &m, are !Esarey and Pilloff,
1995"

&m = Êmax
2 /2 ± +p#!1 + Êmax

2 /2"2 − 1$1/2, !24"

where Êmax=Emax/E0 and the , give &max and &min, re-
spectively. For Emax/E0'1, Eq. !16" indicates that the
electric field departs from a simple sinusoidal form
!Akhiezer and Polovin, 1956; Bulanov et al., 1989; Be-
rezhiani and Murusidze, 1990; Sprangle et al., 1990a,
1990b". In particular, the electric field exhibits the char-
acteristic “sawtooth” profile associated with wave steep-
ening and the density oscillations become highly peaked
!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
= !2/."-p!1+&max"1/2E2!!", where E2!!"=,0

./2d/!1
−!2sin2/"1/2 is the complete elliptic integral of the sec-
ond kind with argument !2=1− !1+&max"−2 or

-Np = -p&1 + 3!Emax/E0"2/16, Emax/E0 $ 1
!2/."!Emax/E0 + E0/Emax" , Emax/E0 ! 1,)

!25"

where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in
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field oscillates in the range −Emax)E)Emax. The values
&min and &max, denoted by &m, are !Esarey and Pilloff,
1995"
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2 /2 ± +p#!1 + Êmax
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where Êmax=Emax/E0 and the , give &max and &min, re-
spectively. For Emax/E0'1, Eq. !16" indicates that the
electric field departs from a simple sinusoidal form
!Akhiezer and Polovin, 1956; Bulanov et al., 1989; Be-
rezhiani and Murusidze, 1990; Sprangle et al., 1990a,
1990b". In particular, the electric field exhibits the char-
acteristic “sawtooth” profile associated with wave steep-
ening and the density oscillations become highly peaked
!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
= !2/."-p!1+&max"1/2E2!!", where E2!!"=,0
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where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in
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cur increases. Wake excitation in a plasma channel also
leads to damping of the plasma wave !Andreev et al.,
1997; Shvets and Li, 1999". For a wide !kprch!1" para-
bolic, n=n0!1+r2 /rch

2 ", plasma channel the amplitude of
the plasma wave on axis decreases as "n!#" /"n!0"=1
−2#2 /kp

2rch
4 , where #=z−ct is the distance behind the la-

ser pulse !Andreev et al., 1997".

C. Nonlinear plasma waves

In the linear regime, E$E0, the plasma wave is a
simple sinusoidal oscillation with frequency %p and a
wave phase velocity vp !the phase velocity is determined
by the driver", e.g., &=&0 cos#%p!z /vp− t"$. When E
'E0, the plasma wave becomes highly nonlinear. Wake-
field generation in the nonlinear 1D regime can be ex-
amined by assuming that the drive beam is nonevolving,
i.e., the drive beam is a function of only the coordinate
(=z−vpt, where vp)c is the phase velocity of the
plasma wave. For laser drivers, vp%vg, where vg is the
laser pulse group velocity. The quasistatic approximation
!Sprangle et al., 1990a, 1990b" can be applied such that
the plasma fluid quantities are also assumed to be func-
tions only of the comoving variable (. The 1D limit ap-
plies to broad drivers, kpr!!1, where r! is the charac-
teristic radial dimension of the drive beam. The 1D
quasistatic fluid momentum and continuity equations
give
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The above expressions for the cold fluid motion u and *
also describe the single particle motion of an electron !p̃
and *̃, initially at rest" in the potentials a!(" and &!(".

Analytical solutions to Eq. !20" in terms of elliptic in-
tegrals can be found for square laser pulse profiles !Bu-
lanov et al., 1989; Berezhiani and Murusidze 1990;
Sprangle et al., 1990a, 1990b". As the plasma wave am-
plitude becomes nonlinear, the plasma wave steepens
and its period lengthens.

In the region behind the drive beam, a2=0, an analysis
of Eq. !16" indicates that the electrostatic potential os-
cillates in the range &min)&)&max and the axial electric
field oscillates in the range −Emax)E)Emax. The values
&min and &max, denoted by &m, are !Esarey and Pilloff,
1995"

&m = Êmax
2 /2 ± +p#!1 + Êmax
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where Êmax=Emax/E0 and the , give &max and &min, re-
spectively. For Emax/E0'1, Eq. !16" indicates that the
electric field departs from a simple sinusoidal form
!Akhiezer and Polovin, 1956; Bulanov et al., 1989; Be-
rezhiani and Murusidze, 1990; Sprangle et al., 1990a,
1990b". In particular, the electric field exhibits the char-
acteristic “sawtooth” profile associated with wave steep-
ening and the density oscillations become highly peaked
!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
= !2/."-p!1+&max"1/2E2!!", where E2!!"=,0
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−!2sin2/"1/2 is the complete elliptic integral of the sec-
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where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in
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The above expressions for the cold fluid motion u and *
also describe the single particle motion of an electron !p̃
and *̃, initially at rest" in the potentials a!(" and &!(".

Analytical solutions to Eq. !20" in terms of elliptic in-
tegrals can be found for square laser pulse profiles !Bu-
lanov et al., 1989; Berezhiani and Murusidze 1990;
Sprangle et al., 1990a, 1990b". As the plasma wave am-
plitude becomes nonlinear, the plasma wave steepens
and its period lengthens.

In the region behind the drive beam, a2=0, an analysis
of Eq. !16" indicates that the electrostatic potential os-
cillates in the range &min)&)&max and the axial electric
field oscillates in the range −Emax)E)Emax. The values
&min and &max, denoted by &m, are !Esarey and Pilloff,
1995"

&m = Êmax
2 /2 ± +p#!1 + Êmax

2 /2"2 − 1$1/2, !24"

where Êmax=Emax/E0 and the , give &max and &min, re-
spectively. For Emax/E0'1, Eq. !16" indicates that the
electric field departs from a simple sinusoidal form
!Akhiezer and Polovin, 1956; Bulanov et al., 1989; Be-
rezhiani and Murusidze, 1990; Sprangle et al., 1990a,
1990b". In particular, the electric field exhibits the char-
acteristic “sawtooth” profile associated with wave steep-
ening and the density oscillations become highly peaked
!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
= !2/."-p!1+&max"1/2E2!!", where E2!!"=,0
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where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in
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Numerically solving the Poisson equation # 20 with a0 = 1.5, all the plasma wave 
characteristic properties are shown in the figure below and compared to PIC simulations. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
Excellent agreement is seen between numerical solution and PIC simulation for the same 
set of laser and plasma parameters (slight mismatch is due to the numerical solution being 
in a 1D approximation whereas PIC simulations are in 2D).   
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The peak shape of the potential depends upon the amplitude of the potential which is 
shown to depend upon the value of a0. In the figure below the variation of the numerically 
obtained potential profile plotted along the longitudinal coordinate co-moving with laser 
is presented (dot located at the peak of the field in the electron compression phase). 
 

 
 

The rest of the properties of the plasma-wave also change with the amplitude of the 
potential and a0. In the figure below all these properties are presented for the referee to 
further understand the ground-work of the analytical model developed by the author. 
 

 

 
Dr. Aakash A. Sahai 
Dept. of Physics  
& John Adams Institute for Accelerator Science  

Page 5 of 33 
 

Detailed derivation of these fluid equations can be found in - 
A. A. Sahai PhD thesis (Appendix) 
On certain non-linear and relativistic effects in plasma-based particle accelerators. 
ProQuest Dissertations Publishing, 2015. 3719664. 
 
 
Poisson equation – modified based upon constants of motion from 1D fluid theory. 

 
 
 

Equation for plasma-wave density from 1D fluid theory. 
 

 
  

cur increases. Wake excitation in a plasma channel also
leads to damping of the plasma wave !Andreev et al.,
1997; Shvets and Li, 1999". For a wide !kprch!1" para-
bolic, n=n0!1+r2 /rch

2 ", plasma channel the amplitude of
the plasma wave on axis decreases as "n!#" /"n!0"=1
−2#2 /kp

2rch
4 , where #=z−ct is the distance behind the la-

ser pulse !Andreev et al., 1997".

C. Nonlinear plasma waves

In the linear regime, E$E0, the plasma wave is a
simple sinusoidal oscillation with frequency %p and a
wave phase velocity vp !the phase velocity is determined
by the driver", e.g., &=&0 cos#%p!z /vp− t"$. When E
'E0, the plasma wave becomes highly nonlinear. Wake-
field generation in the nonlinear 1D regime can be ex-
amined by assuming that the drive beam is nonevolving,
i.e., the drive beam is a function of only the coordinate
(=z−vpt, where vp)c is the phase velocity of the
plasma wave. For laser drivers, vp%vg, where vg is the
laser pulse group velocity. The quasistatic approximation
!Sprangle et al., 1990a, 1990b" can be applied such that
the plasma fluid quantities are also assumed to be func-
tions only of the comoving variable (. The 1D limit ap-
plies to broad drivers, kpr!!1, where r! is the charac-
teristic radial dimension of the drive beam. The 1D
quasistatic fluid momentum and continuity equations
give

u! − a! = 0, !13"

* − +puz − & = 1, !14"

n!+p − +z" = +pn0. !15"

The Poisson equation !2& /!(2=kp
2!n /n0−1" can be writ-

ten as !Berezhiani and Murusidze 1992; Esarey, Ting, et
al., 1993; Teychenné et al., 1993"
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where *!
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The axial electric field of the wake is Ez=−E0!& /!( and
the plasma fluid quantities are
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In the limit *p
2 !1, Eq. !16" simplifies to !Bulanov et al.,

1989; Berezhiani and Murusidze, 1990; Sprangle et al.,
1990a, 1990b"
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The above expressions for the cold fluid motion u and *
also describe the single particle motion of an electron !p̃
and *̃, initially at rest" in the potentials a!(" and &!(".

Analytical solutions to Eq. !20" in terms of elliptic in-
tegrals can be found for square laser pulse profiles !Bu-
lanov et al., 1989; Berezhiani and Murusidze 1990;
Sprangle et al., 1990a, 1990b". As the plasma wave am-
plitude becomes nonlinear, the plasma wave steepens
and its period lengthens.

In the region behind the drive beam, a2=0, an analysis
of Eq. !16" indicates that the electrostatic potential os-
cillates in the range &min)&)&max and the axial electric
field oscillates in the range −Emax)E)Emax. The values
&min and &max, denoted by &m, are !Esarey and Pilloff,
1995"

&m = Êmax
2 /2 ± +p#!1 + Êmax

2 /2"2 − 1$1/2, !24"

where Êmax=Emax/E0 and the , give &max and &min, re-
spectively. For Emax/E0'1, Eq. !16" indicates that the
electric field departs from a simple sinusoidal form
!Akhiezer and Polovin, 1956; Bulanov et al., 1989; Be-
rezhiani and Murusidze, 1990; Sprangle et al., 1990a,
1990b". In particular, the electric field exhibits the char-
acteristic “sawtooth” profile associated with wave steep-
ening and the density oscillations become highly peaked
!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
= !2/."-p!1+&max"1/2E2!!", where E2!!"=,0

./2d/!1
−!2sin2/"1/2 is the complete elliptic integral of the sec-
ond kind with argument !2=1− !1+&max"−2 or

-Np = -p&1 + 3!Emax/E0"2/16, Emax/E0 $ 1
!2/."!Emax/E0 + E0/Emax" , Emax/E0 ! 1,)

!25"

where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in
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The above expressions for the cold fluid motion u and *
also describe the single particle motion of an electron !p̃
and *̃, initially at rest" in the potentials a!(" and &!(".

Analytical solutions to Eq. !20" in terms of elliptic in-
tegrals can be found for square laser pulse profiles !Bu-
lanov et al., 1989; Berezhiani and Murusidze 1990;
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plitude becomes nonlinear, the plasma wave steepens
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!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
= !2/."-p!1+&max"1/2E2!!", where E2!!"=,0

./2d/!1
−!2sin2/"1/2 is the complete elliptic integral of the sec-
ond kind with argument !2=1− !1+&max"−2 or

-Np = -p&1 + 3!Emax/E0"2/16, Emax/E0 $ 1
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where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in
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cur increases. Wake excitation in a plasma channel also
leads to damping of the plasma wave !Andreev et al.,
1997; Shvets and Li, 1999". For a wide !kprch!1" para-
bolic, n=n0!1+r2 /rch

2 ", plasma channel the amplitude of
the plasma wave on axis decreases as "n!#" /"n!0"=1
−2#2 /kp

2rch
4 , where #=z−ct is the distance behind the la-

ser pulse !Andreev et al., 1997".

C. Nonlinear plasma waves

In the linear regime, E$E0, the plasma wave is a
simple sinusoidal oscillation with frequency %p and a
wave phase velocity vp !the phase velocity is determined
by the driver", e.g., &=&0 cos#%p!z /vp− t"$. When E
'E0, the plasma wave becomes highly nonlinear. Wake-
field generation in the nonlinear 1D regime can be ex-
amined by assuming that the drive beam is nonevolving,
i.e., the drive beam is a function of only the coordinate
(=z−vpt, where vp)c is the phase velocity of the
plasma wave. For laser drivers, vp%vg, where vg is the
laser pulse group velocity. The quasistatic approximation
!Sprangle et al., 1990a, 1990b" can be applied such that
the plasma fluid quantities are also assumed to be func-
tions only of the comoving variable (. The 1D limit ap-
plies to broad drivers, kpr!!1, where r! is the charac-
teristic radial dimension of the drive beam. The 1D
quasistatic fluid momentum and continuity equations
give

u! − a! = 0, !13"

* − +puz − & = 1, !14"

n!+p − +z" = +pn0. !15"

The Poisson equation !2& /!(2=kp
2!n /n0−1" can be writ-
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In the limit *p
2 !1, Eq. !16" simplifies to !Bulanov et al.,

1989; Berezhiani and Murusidze, 1990; Sprangle et al.,
1990a, 1990b"

kp
−2!2&

!(2 =
!1 + a2"

2!1 + &"2 −
1
2

, !20"

and the plasma fluid quantities are

n/n0 =
*!

2 + !1 + &"2

2!1 + &"2 , !21"

uz =
*!

2 − !1 + &"2

2!1 + &"
, !22"

* =
*!

2 + !1 + &"2

2!1 + &"
. !23"

The above expressions for the cold fluid motion u and *
also describe the single particle motion of an electron !p̃
and *̃, initially at rest" in the potentials a!(" and &!(".

Analytical solutions to Eq. !20" in terms of elliptic in-
tegrals can be found for square laser pulse profiles !Bu-
lanov et al., 1989; Berezhiani and Murusidze 1990;
Sprangle et al., 1990a, 1990b". As the plasma wave am-
plitude becomes nonlinear, the plasma wave steepens
and its period lengthens.

In the region behind the drive beam, a2=0, an analysis
of Eq. !16" indicates that the electrostatic potential os-
cillates in the range &min)&)&max and the axial electric
field oscillates in the range −Emax)E)Emax. The values
&min and &max, denoted by &m, are !Esarey and Pilloff,
1995"

&m = Êmax
2 /2 ± +p#!1 + Êmax

2 /2"2 − 1$1/2, !24"

where Êmax=Emax/E0 and the , give &max and &min, re-
spectively. For Emax/E0'1, Eq. !16" indicates that the
electric field departs from a simple sinusoidal form
!Akhiezer and Polovin, 1956; Bulanov et al., 1989; Be-
rezhiani and Murusidze, 1990; Sprangle et al., 1990a,
1990b". In particular, the electric field exhibits the char-
acteristic “sawtooth” profile associated with wave steep-
ening and the density oscillations become highly peaked
!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
= !2/."-p!1+&max"1/2E2!!", where E2!!"=,0

./2d/!1
−!2sin2/"1/2 is the complete elliptic integral of the sec-
ond kind with argument !2=1− !1+&max"−2 or

-Np = -p&1 + 3!Emax/E0"2/16, Emax/E0 $ 1
!2/."!Emax/E0 + E0/Emax" , Emax/E0 ! 1,)
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where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in
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The above expressions for the cold fluid motion u and *
also describe the single particle motion of an electron !p̃
and *̃, initially at rest" in the potentials a!(" and &!(".

Analytical solutions to Eq. !20" in terms of elliptic in-
tegrals can be found for square laser pulse profiles !Bu-
lanov et al., 1989; Berezhiani and Murusidze 1990;
Sprangle et al., 1990a, 1990b". As the plasma wave am-
plitude becomes nonlinear, the plasma wave steepens
and its period lengthens.

In the region behind the drive beam, a2=0, an analysis
of Eq. !16" indicates that the electrostatic potential os-
cillates in the range &min)&)&max and the axial electric
field oscillates in the range −Emax)E)Emax. The values
&min and &max, denoted by &m, are !Esarey and Pilloff,
1995"

&m = Êmax
2 /2 ± +p#!1 + Êmax

2 /2"2 − 1$1/2, !24"

where Êmax=Emax/E0 and the , give &max and &min, re-
spectively. For Emax/E0'1, Eq. !16" indicates that the
electric field departs from a simple sinusoidal form
!Akhiezer and Polovin, 1956; Bulanov et al., 1989; Be-
rezhiani and Murusidze, 1990; Sprangle et al., 1990a,
1990b". In particular, the electric field exhibits the char-
acteristic “sawtooth” profile associated with wave steep-
ening and the density oscillations become highly peaked
!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
= !2/."-p!1+&max"1/2E2!!", where E2!!"=,0

./2d/!1
−!2sin2/"1/2 is the complete elliptic integral of the sec-
ond kind with argument !2=1− !1+&max"−2 or

-Np = -p&1 + 3!Emax/E0"2/16, Emax/E0 $ 1
!2/."!Emax/E0 + E0/Emax" , Emax/E0 ! 1,)
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where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in
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Numerically solving the Poisson equation # 20 with a0 = 1.5, all the plasma wave 
characteristic properties are shown in the figure below and compared to PIC simulations. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
Excellent agreement is seen between numerical solution and PIC simulation for the same 
set of laser and plasma parameters (slight mismatch is due to the numerical solution being 
in a 1D approximation whereas PIC simulations are in 2D).   
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The peak shape of the potential depends upon the amplitude of the potential which is 
shown to depend upon the value of a0. In the figure below the variation of the numerically 
obtained potential profile plotted along the longitudinal coordinate co-moving with laser 
is presented (dot located at the peak of the field in the electron compression phase). 
 

 
 

The rest of the properties of the plasma-wave also change with the amplitude of the 
potential and a0. In the figure below all these properties are presented for the referee to 
further understand the ground-work of the analytical model developed by the author. 
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cur increases. Wake excitation in a plasma channel also
leads to damping of the plasma wave !Andreev et al.,
1997; Shvets and Li, 1999". For a wide !kprch!1" para-
bolic, n=n0!1+r2 /rch

2 ", plasma channel the amplitude of
the plasma wave on axis decreases as "n!#" /"n!0"=1
−2#2 /kp

2rch
4 , where #=z−ct is the distance behind the la-

ser pulse !Andreev et al., 1997".

C. Nonlinear plasma waves

In the linear regime, E$E0, the plasma wave is a
simple sinusoidal oscillation with frequency %p and a
wave phase velocity vp !the phase velocity is determined
by the driver", e.g., &=&0 cos#%p!z /vp− t"$. When E
'E0, the plasma wave becomes highly nonlinear. Wake-
field generation in the nonlinear 1D regime can be ex-
amined by assuming that the drive beam is nonevolving,
i.e., the drive beam is a function of only the coordinate
(=z−vpt, where vp)c is the phase velocity of the
plasma wave. For laser drivers, vp%vg, where vg is the
laser pulse group velocity. The quasistatic approximation
!Sprangle et al., 1990a, 1990b" can be applied such that
the plasma fluid quantities are also assumed to be func-
tions only of the comoving variable (. The 1D limit ap-
plies to broad drivers, kpr!!1, where r! is the charac-
teristic radial dimension of the drive beam. The 1D
quasistatic fluid momentum and continuity equations
give

u! − a! = 0, !13"

* − +puz − & = 1, !14"

n!+p − +z" = +pn0. !15"

The Poisson equation !2& /!(2=kp
2!n /n0−1" can be writ-

ten as !Berezhiani and Murusidze 1992; Esarey, Ting, et
al., 1993; Teychenné et al., 1993"
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where *!
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2"−1/2, and +p=vp /c.

The axial electric field of the wake is Ez=−E0!& /!( and
the plasma fluid quantities are
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In the limit *p
2 !1, Eq. !16" simplifies to !Bulanov et al.,

1989; Berezhiani and Murusidze, 1990; Sprangle et al.,
1990a, 1990b"
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and the plasma fluid quantities are
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The above expressions for the cold fluid motion u and *
also describe the single particle motion of an electron !p̃
and *̃, initially at rest" in the potentials a!(" and &!(".

Analytical solutions to Eq. !20" in terms of elliptic in-
tegrals can be found for square laser pulse profiles !Bu-
lanov et al., 1989; Berezhiani and Murusidze 1990;
Sprangle et al., 1990a, 1990b". As the plasma wave am-
plitude becomes nonlinear, the plasma wave steepens
and its period lengthens.

In the region behind the drive beam, a2=0, an analysis
of Eq. !16" indicates that the electrostatic potential os-
cillates in the range &min)&)&max and the axial electric
field oscillates in the range −Emax)E)Emax. The values
&min and &max, denoted by &m, are !Esarey and Pilloff,
1995"

&m = Êmax
2 /2 ± +p#!1 + Êmax

2 /2"2 − 1$1/2, !24"

where Êmax=Emax/E0 and the , give &max and &min, re-
spectively. For Emax/E0'1, Eq. !16" indicates that the
electric field departs from a simple sinusoidal form
!Akhiezer and Polovin, 1956; Bulanov et al., 1989; Be-
rezhiani and Murusidze, 1990; Sprangle et al., 1990a,
1990b". In particular, the electric field exhibits the char-
acteristic “sawtooth” profile associated with wave steep-
ening and the density oscillations become highly peaked
!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
= !2/."-p!1+&max"1/2E2!!", where E2!!"=,0

./2d/!1
−!2sin2/"1/2 is the complete elliptic integral of the sec-
ond kind with argument !2=1− !1+&max"−2 or

-Np = -p&1 + 3!Emax/E0"2/16, Emax/E0 $ 1
!2/."!Emax/E0 + E0/Emax" , Emax/E0 ! 1,)

!25"

where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in
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i.e., the drive beam is a function of only the coordinate
(=z−vpt, where vp)c is the phase velocity of the
plasma wave. For laser drivers, vp%vg, where vg is the
laser pulse group velocity. The quasistatic approximation
!Sprangle et al., 1990a, 1990b" can be applied such that
the plasma fluid quantities are also assumed to be func-
tions only of the comoving variable (. The 1D limit ap-
plies to broad drivers, kpr!!1, where r! is the charac-
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The above expressions for the cold fluid motion u and *
also describe the single particle motion of an electron !p̃
and *̃, initially at rest" in the potentials a!(" and &!(".

Analytical solutions to Eq. !20" in terms of elliptic in-
tegrals can be found for square laser pulse profiles !Bu-
lanov et al., 1989; Berezhiani and Murusidze 1990;
Sprangle et al., 1990a, 1990b". As the plasma wave am-
plitude becomes nonlinear, the plasma wave steepens
and its period lengthens.

In the region behind the drive beam, a2=0, an analysis
of Eq. !16" indicates that the electrostatic potential os-
cillates in the range &min)&)&max and the axial electric
field oscillates in the range −Emax)E)Emax. The values
&min and &max, denoted by &m, are !Esarey and Pilloff,
1995"

&m = Êmax
2 /2 ± +p#!1 + Êmax

2 /2"2 − 1$1/2, !24"

where Êmax=Emax/E0 and the , give &max and &min, re-
spectively. For Emax/E0'1, Eq. !16" indicates that the
electric field departs from a simple sinusoidal form
!Akhiezer and Polovin, 1956; Bulanov et al., 1989; Be-
rezhiani and Murusidze, 1990; Sprangle et al., 1990a,
1990b". In particular, the electric field exhibits the char-
acteristic “sawtooth” profile associated with wave steep-
ening and the density oscillations become highly peaked
!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
= !2/."-p!1+&max"1/2E2!!", where E2!!"=,0

./2d/!1
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where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in
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cur increases. Wake excitation in a plasma channel also
leads to damping of the plasma wave !Andreev et al.,
1997; Shvets and Li, 1999". For a wide !kprch!1" para-
bolic, n=n0!1+r2 /rch

2 ", plasma channel the amplitude of
the plasma wave on axis decreases as "n!#" /"n!0"=1
−2#2 /kp

2rch
4 , where #=z−ct is the distance behind the la-

ser pulse !Andreev et al., 1997".

C. Nonlinear plasma waves

In the linear regime, E$E0, the plasma wave is a
simple sinusoidal oscillation with frequency %p and a
wave phase velocity vp !the phase velocity is determined
by the driver", e.g., &=&0 cos#%p!z /vp− t"$. When E
'E0, the plasma wave becomes highly nonlinear. Wake-
field generation in the nonlinear 1D regime can be ex-
amined by assuming that the drive beam is nonevolving,
i.e., the drive beam is a function of only the coordinate
(=z−vpt, where vp)c is the phase velocity of the
plasma wave. For laser drivers, vp%vg, where vg is the
laser pulse group velocity. The quasistatic approximation
!Sprangle et al., 1990a, 1990b" can be applied such that
the plasma fluid quantities are also assumed to be func-
tions only of the comoving variable (. The 1D limit ap-
plies to broad drivers, kpr!!1, where r! is the charac-
teristic radial dimension of the drive beam. The 1D
quasistatic fluid momentum and continuity equations
give

u! − a! = 0, !13"

* − +puz − & = 1, !14"

n!+p − +z" = +pn0. !15"

The Poisson equation !2& /!(2=kp
2!n /n0−1" can be writ-
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The above expressions for the cold fluid motion u and *
also describe the single particle motion of an electron !p̃
and *̃, initially at rest" in the potentials a!(" and &!(".

Analytical solutions to Eq. !20" in terms of elliptic in-
tegrals can be found for square laser pulse profiles !Bu-
lanov et al., 1989; Berezhiani and Murusidze 1990;
Sprangle et al., 1990a, 1990b". As the plasma wave am-
plitude becomes nonlinear, the plasma wave steepens
and its period lengthens.

In the region behind the drive beam, a2=0, an analysis
of Eq. !16" indicates that the electrostatic potential os-
cillates in the range &min)&)&max and the axial electric
field oscillates in the range −Emax)E)Emax. The values
&min and &max, denoted by &m, are !Esarey and Pilloff,
1995"
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spectively. For Emax/E0'1, Eq. !16" indicates that the
electric field departs from a simple sinusoidal form
!Akhiezer and Polovin, 1956; Bulanov et al., 1989; Be-
rezhiani and Murusidze, 1990; Sprangle et al., 1990a,
1990b". In particular, the electric field exhibits the char-
acteristic “sawtooth” profile associated with wave steep-
ening and the density oscillations become highly peaked
!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
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where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in

1234 Esarey, Schroeder, and Leemans: Physics of laser-driven plasma-based electron …

Rev. Mod. Phys., Vol. 81, No. 3, July–September 2009

cur increases. Wake excitation in a plasma channel also
leads to damping of the plasma wave !Andreev et al.,
1997; Shvets and Li, 1999". For a wide !kprch!1" para-
bolic, n=n0!1+r2 /rch

2 ", plasma channel the amplitude of
the plasma wave on axis decreases as "n!#" /"n!0"=1
−2#2 /kp

2rch
4 , where #=z−ct is the distance behind the la-

ser pulse !Andreev et al., 1997".

C. Nonlinear plasma waves

In the linear regime, E$E0, the plasma wave is a
simple sinusoidal oscillation with frequency %p and a
wave phase velocity vp !the phase velocity is determined
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The above expressions for the cold fluid motion u and *
also describe the single particle motion of an electron !p̃
and *̃, initially at rest" in the potentials a!(" and &!(".

Analytical solutions to Eq. !20" in terms of elliptic in-
tegrals can be found for square laser pulse profiles !Bu-
lanov et al., 1989; Berezhiani and Murusidze 1990;
Sprangle et al., 1990a, 1990b". As the plasma wave am-
plitude becomes nonlinear, the plasma wave steepens
and its period lengthens.

In the region behind the drive beam, a2=0, an analysis
of Eq. !16" indicates that the electrostatic potential os-
cillates in the range &min)&)&max and the axial electric
field oscillates in the range −Emax)E)Emax. The values
&min and &max, denoted by &m, are !Esarey and Pilloff,
1995"

&m = Êmax
2 /2 ± +p#!1 + Êmax

2 /2"2 − 1$1/2, !24"

where Êmax=Emax/E0 and the , give &max and &min, re-
spectively. For Emax/E0'1, Eq. !16" indicates that the
electric field departs from a simple sinusoidal form
!Akhiezer and Polovin, 1956; Bulanov et al., 1989; Be-
rezhiani and Murusidze, 1990; Sprangle et al., 1990a,
1990b". In particular, the electric field exhibits the char-
acteristic “sawtooth” profile associated with wave steep-
ening and the density oscillations become highly peaked
!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
= !2/."-p!1+&max"1/2E2!!", where E2!!"=,0
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−!2sin2/"1/2 is the complete elliptic integral of the sec-
ond kind with argument !2=1− !1+&max"−2 or

-Np = -p&1 + 3!Emax/E0"2/16, Emax/E0 $ 1
!2/."!Emax/E0 + E0/Emax" , Emax/E0 ! 1,)
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where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in
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Numerically solving the Poisson equation # 20 with a0 = 1.5, all the plasma wave 
characteristic properties are shown in the figure below and compared to PIC simulations. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
Excellent agreement is seen between numerical solution and PIC simulation for the same 
set of laser and plasma parameters (slight mismatch is due to the numerical solution being 
in a 1D approximation whereas PIC simulations are in 2D).   
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The peak shape of the potential depends upon the amplitude of the potential which is 
shown to depend upon the value of a0. In the figure below the variation of the numerically 
obtained potential profile plotted along the longitudinal coordinate co-moving with laser 
is presented (dot located at the peak of the field in the electron compression phase). 
 

 
 

The rest of the properties of the plasma-wave also change with the amplitude of the 
potential and a0. In the figure below all these properties are presented for the referee to 
further understand the ground-work of the analytical model developed by the author. 
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cur increases. Wake excitation in a plasma channel also
leads to damping of the plasma wave !Andreev et al.,
1997; Shvets and Li, 1999". For a wide !kprch!1" para-
bolic, n=n0!1+r2 /rch

2 ", plasma channel the amplitude of
the plasma wave on axis decreases as "n!#" /"n!0"=1
−2#2 /kp

2rch
4 , where #=z−ct is the distance behind the la-

ser pulse !Andreev et al., 1997".

C. Nonlinear plasma waves

In the linear regime, E$E0, the plasma wave is a
simple sinusoidal oscillation with frequency %p and a
wave phase velocity vp !the phase velocity is determined
by the driver", e.g., &=&0 cos#%p!z /vp− t"$. When E
'E0, the plasma wave becomes highly nonlinear. Wake-
field generation in the nonlinear 1D regime can be ex-
amined by assuming that the drive beam is nonevolving,
i.e., the drive beam is a function of only the coordinate
(=z−vpt, where vp)c is the phase velocity of the
plasma wave. For laser drivers, vp%vg, where vg is the
laser pulse group velocity. The quasistatic approximation
!Sprangle et al., 1990a, 1990b" can be applied such that
the plasma fluid quantities are also assumed to be func-
tions only of the comoving variable (. The 1D limit ap-
plies to broad drivers, kpr!!1, where r! is the charac-
teristic radial dimension of the drive beam. The 1D
quasistatic fluid momentum and continuity equations
give

u! − a! = 0, !13"

* − +puz − & = 1, !14"

n!+p − +z" = +pn0. !15"

The Poisson equation !2& /!(2=kp
2!n /n0−1" can be writ-

ten as !Berezhiani and Murusidze 1992; Esarey, Ting, et
al., 1993; Teychenné et al., 1993"
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where *!
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2"−1/2, and +p=vp /c.

The axial electric field of the wake is Ez=−E0!& /!( and
the plasma fluid quantities are
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In the limit *p
2 !1, Eq. !16" simplifies to !Bulanov et al.,

1989; Berezhiani and Murusidze, 1990; Sprangle et al.,
1990a, 1990b"
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and the plasma fluid quantities are
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The above expressions for the cold fluid motion u and *
also describe the single particle motion of an electron !p̃
and *̃, initially at rest" in the potentials a!(" and &!(".

Analytical solutions to Eq. !20" in terms of elliptic in-
tegrals can be found for square laser pulse profiles !Bu-
lanov et al., 1989; Berezhiani and Murusidze 1990;
Sprangle et al., 1990a, 1990b". As the plasma wave am-
plitude becomes nonlinear, the plasma wave steepens
and its period lengthens.

In the region behind the drive beam, a2=0, an analysis
of Eq. !16" indicates that the electrostatic potential os-
cillates in the range &min)&)&max and the axial electric
field oscillates in the range −Emax)E)Emax. The values
&min and &max, denoted by &m, are !Esarey and Pilloff,
1995"

&m = Êmax
2 /2 ± +p#!1 + Êmax

2 /2"2 − 1$1/2, !24"

where Êmax=Emax/E0 and the , give &max and &min, re-
spectively. For Emax/E0'1, Eq. !16" indicates that the
electric field departs from a simple sinusoidal form
!Akhiezer and Polovin, 1956; Bulanov et al., 1989; Be-
rezhiani and Murusidze, 1990; Sprangle et al., 1990a,
1990b". In particular, the electric field exhibits the char-
acteristic “sawtooth” profile associated with wave steep-
ening and the density oscillations become highly peaked
!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
= !2/."-p!1+&max"1/2E2!!", where E2!!"=,0

./2d/!1
−!2sin2/"1/2 is the complete elliptic integral of the sec-
ond kind with argument !2=1− !1+&max"−2 or

-Np = -p&1 + 3!Emax/E0"2/16, Emax/E0 $ 1
!2/."!Emax/E0 + E0/Emax" , Emax/E0 ! 1,)

!25"

where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in
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i.e., the drive beam is a function of only the coordinate
(=z−vpt, where vp)c is the phase velocity of the
plasma wave. For laser drivers, vp%vg, where vg is the
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!Sprangle et al., 1990a, 1990b" can be applied such that
the plasma fluid quantities are also assumed to be func-
tions only of the comoving variable (. The 1D limit ap-
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The above expressions for the cold fluid motion u and *
also describe the single particle motion of an electron !p̃
and *̃, initially at rest" in the potentials a!(" and &!(".

Analytical solutions to Eq. !20" in terms of elliptic in-
tegrals can be found for square laser pulse profiles !Bu-
lanov et al., 1989; Berezhiani and Murusidze 1990;
Sprangle et al., 1990a, 1990b". As the plasma wave am-
plitude becomes nonlinear, the plasma wave steepens
and its period lengthens.

In the region behind the drive beam, a2=0, an analysis
of Eq. !16" indicates that the electrostatic potential os-
cillates in the range &min)&)&max and the axial electric
field oscillates in the range −Emax)E)Emax. The values
&min and &max, denoted by &m, are !Esarey and Pilloff,
1995"

&m = Êmax
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2 /2"2 − 1$1/2, !24"

where Êmax=Emax/E0 and the , give &max and &min, re-
spectively. For Emax/E0'1, Eq. !16" indicates that the
electric field departs from a simple sinusoidal form
!Akhiezer and Polovin, 1956; Bulanov et al., 1989; Be-
rezhiani and Murusidze, 1990; Sprangle et al., 1990a,
1990b". In particular, the electric field exhibits the char-
acteristic “sawtooth” profile associated with wave steep-
ening and the density oscillations become highly peaked
!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
= !2/."-p!1+&max"1/2E2!!", where E2!!"=,0
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ond kind with argument !2=1− !1+&max"−2 or
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where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in
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cur increases. Wake excitation in a plasma channel also
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C. Nonlinear plasma waves
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wave phase velocity vp !the phase velocity is determined
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'E0, the plasma wave becomes highly nonlinear. Wake-
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i.e., the drive beam is a function of only the coordinate
(=z−vpt, where vp)c is the phase velocity of the
plasma wave. For laser drivers, vp%vg, where vg is the
laser pulse group velocity. The quasistatic approximation
!Sprangle et al., 1990a, 1990b" can be applied such that
the plasma fluid quantities are also assumed to be func-
tions only of the comoving variable (. The 1D limit ap-
plies to broad drivers, kpr!!1, where r! is the charac-
teristic radial dimension of the drive beam. The 1D
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The above expressions for the cold fluid motion u and *
also describe the single particle motion of an electron !p̃
and *̃, initially at rest" in the potentials a!(" and &!(".

Analytical solutions to Eq. !20" in terms of elliptic in-
tegrals can be found for square laser pulse profiles !Bu-
lanov et al., 1989; Berezhiani and Murusidze 1990;
Sprangle et al., 1990a, 1990b". As the plasma wave am-
plitude becomes nonlinear, the plasma wave steepens
and its period lengthens.

In the region behind the drive beam, a2=0, an analysis
of Eq. !16" indicates that the electrostatic potential os-
cillates in the range &min)&)&max and the axial electric
field oscillates in the range −Emax)E)Emax. The values
&min and &max, denoted by &m, are !Esarey and Pilloff,
1995"
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where Êmax=Emax/E0 and the , give &max and &min, re-
spectively. For Emax/E0'1, Eq. !16" indicates that the
electric field departs from a simple sinusoidal form
!Akhiezer and Polovin, 1956; Bulanov et al., 1989; Be-
rezhiani and Murusidze, 1990; Sprangle et al., 1990a,
1990b". In particular, the electric field exhibits the char-
acteristic “sawtooth” profile associated with wave steep-
ening and the density oscillations become highly peaked
!as illustrated in Fig. 8 in Sec. III.A". Furthermore, the
period of the nonlinear plasma wave increases as the
amplitude increases. The nonlinear plasma wavelength
in the limit *p!1 is !Bulanov et al., 1989; Berezhiani and
Murusidze, 1990; Sprangle et al., 1990a, 1990b" -Np
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where Emax is the peak electric field of the plasma wave
and -p=2. /kp=2.c /%p. For a square laser pulse profile,
with optimal length for plasma wave excitation !L
%-Np /2", Emax/E0= !a2 /2"!1+a2 /2"−1/2 for a linearly po-
larized laser.

The lengthening of the plasma wave period can be
important in plasma-based accelerators. For example, in
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PIC-based – e+ acceleration results

n0 = 1018 cm-3, EL ~ 5-10J, w0 = 40um, a0 ~ 1.5

Strong Optical Shock excitation in the mismatched regime of bubble plasma-wave based
LWFA

A. A. Sahai1

1Department of Physics and John Adams Institute for Accelerator Science,
Blackett Laboratory, Imperial College London, SW7 2AZ, United Kingdom⇤

A strongly mismatched regime of laser-plasma acceleration using a self-guided laser-driven bubble-
shaped nonlinear plasma electron wave is introduced and modeled. In this regime the radial envelope
of a laser-pulse incident at the plasma entrance is mismatched to the nonlinear electron response
excited by it, in contrast to the established understanding. A nonlinear laser envelope equation is
derived to show that as the strength of the mismatch is increased, the envelope oscillations steepen and
become increasingly asymmetric, exhibiting shorter and tighter radial squeeze phases. The sharply
increasing intensity in a shortened squeeze phase results in the slicing of the longitudinal laser
envelope, driving a strong optical-shock. The optical shock results in an elongating bubble shape with
significantly higher peak plasma fields and a novel self-injection mechanism which produces beams
of high transverse qualities. The behavior of peak beam energies from Particle-In-Cell simulations and
self-guided multi-GeV experimental data are in good agreement with the predictions of an adjusted-a0
model and significantly exceed the matched regime predictions.

I. INTRODUCTION

The laser strength parameter in eq.1, is its value in vac-
uum as it is launched or incident at the plasma entrance.
In plasma, the value of a0 is known to significantly vary
over the acceleration length due to several non-linear
laser-plasma interactions e↵ects such as the localized
variation of the wavelength profile, group velocity pro-
file and pump depletion of the laser pulse. Thus, this
equation best models a scenario where a0 is relatively
constant over the acceleration length, as is argued to be
the case under a matched spot-size.

Energy Spectrum� dN / [dE/E] (arb. units)
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= 5.6%
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E
= 6.3%
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E
= 4.1%
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It is important to note that in the GeV-scale energy gain
experiments that our analysis is based on [14, 15], dur-
ing fixed incident spot-size density scans the maximum
beam energy gains are observed within a density range
for which the interaction is in the mismatched regime.
We show below that at these higher intensities, the mis-
match exaggerates the di↵erence between eq.1 and the
experimental data.

It is also important to note the pertinence of this work
on mismatched regime to the first results on self-guided
laser-driven plasma-based quasi-mono-energetic elec-
tron acceleration. In [3], the incident laser intensity

⇤ corresponding author: a.sahai@imperial.ac.uk

was 2.5 ⇥ 1018Wcm�2 (a0=1.1) at n0 = 2 ⇥ 1019cm�3, the
matched spot-size is ' 3µm whereas the launched spot-
size was ' 12µm (FWHM ' 20µm). The predicted en-
ergy from eq.1 is 40 MeV but experiments obtained a
spectral peak at 70 MeV. Similarly in [4], the intensity
was 3.2 ⇥ 1018Wcm�2 (a0=1.3) at n0 = 6 ⇥ 1018cm�3, the
matched spot-size is ' 5µm whereas the launched spot-
size of 12.5µm (FWHM ' 21µm). The expected beam
energy is 155 MeV but the spectral peak was at 175 MeV.

The analysis in our work gains additional signifi-
cance due to its relevance to many other self-guiding
results. Some examples are, Austin-2 GeV data [16]:
W0 = 275µm, a0 = 0.6, n0 = 5 ⇥ 1017 cm�3 matched-w0 '

12µm; Nebraska-0.3 GeV data [17]: W0 = 17µm, a0 = 2.2,
n0 = 2.5 ⇥ 1018 cm�3 matched-w0 ' 10µm; Gwangju-3
GeV data [18]: W0 = 25.5µm, a0 = 5.0, n0 = 5⇥ 1017 cm�3

matched-w0 ' 20µm and Strathclyde-125MeV data [19]:
W0 = 20µm, a0 = 1.5, n0 = 1 ⇥ 1019 cm�3 matched-
w0 ' 5µm.

A non-uniform laser focal-spot (a large M2-number)
a↵ects the transverse characteristics of the plasma wave
[20], leading to non-optimal acceleration and focusing
field profiles apart from faster laser energy loss due to
the tendency for faster di↵raction of the higher modes.
A reduction in experimental artifacts for a larger than
matched spot-size focal spots would lead to higher qual-
ity of the plasma wave. The quality of the plasma wave
has been indirectly inferred using the laser focal profile
at the plasma entrance [16] and exit [15]. The presence
of multiple hot-spots in the incident focal spot may be
inferred by observing the laser exit mode, as seen in
Fig.3(c)-(h) in [15].

We show using a nonlinear envelope equation of a
self-guided laser driving a bubble plasma wave that the
oscillations of the spot-size become increasingly asym-
metric in response to an increasing degree of mismatch,
with shorter (and tighter) “squeeze” phases and longer
“relaxation” phases of the laser spot-size. This behavior
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are transversely lost as they interact with corresponding defocusing regions of the plasma 
wave. 
 
Electrons are lost in the electron compression region of the plasma wave, where positrons 
are focused. Positrons are lost in the ion cavity region of the plasma wave, where electrons 
are focused. 
 
This is reason why the electrons and positrons get separated out. 
 
The p1p2 and p1x2 phase-spaces of this process of the separation of the shower electrons 
and shower positrons are now presented using time evolution of the transverse 
momentum and transverse displacement presented as movies in the Supplementary 
Materials. 
 
However, following this valid criticism from the referee a comment is now added in the 
manuscript to explicitly state this point - 
The wave focusing fields longitudinally segregate the e+-beam from electrons (see Supplementary 
Materials). 

For the convenience of the referee a snapshot of the p1p2 phase space is presented in the 
figure below. This shows the transverse dispersion of the accelerated particles (once again 
the full movie of both the p1p2 phase space and the p1p2 phase space are in the 
Supplementary Material) 

 

 
 

shower-e+ shower-e- 

plasma-e- 
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Tunability - PIC-based parameter scan

tuning of 

e+-beam
spectral characteristics

with laser and plasma properties

critical to understand 
shower-wave interactions
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PIC-based - positron beam characteristics 

~ 107-8 - e+ / bunch

long. dim ~ 5 – 7.5 μm

tran. dim ~  5 – 7.5 μm

open. angle ~ 5 – 10 mrad  

(b)(a)

(c) (d)

ultra-short 
positron bunch
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Experimental challenges

§ characterize ultrashort positron-electron shower produced by BNL-ATF beam

§ control the interaction of shower and wave (coupling the laser)

Physics challenges

§ Extending trapped charge – from shower to the beam

§ Cooling the positron beam etc. – shower particles are divergent

Technological challenges

§ Channeling undulators – couple the beam into sample

§ Annihilation spectroscopy etc. - can the beam help in material science

Primary Challenges
15



Yr. 1 – demonstration of positron-electron jet production in metal target, its 
characterization over the sub-ps electron beam parameter-space (spot-size, charge, 
current) and its interaction with laser-ionized plasma

Yr. 2 – demonstration of coupling high-power CO2 laser pulse within the plasma-cell 
simultaneously with positron-electron jets

Yr. 3 – demonstration of tuning of the characteristics of the positron beam by scanning 
over electron beam, CO2 laser and plasma properties.

Proposed Milestones
16



§ BNL-ATF facility is uniquely poised for the first demonstration of laser-
driven tunable positron beam

§ Applications of ultrashort positron beams can benefit atomic-scale 
material characterization.

§ Collaboration between CUD, Tech-X, UMich, UCI, Fermilab, LLNL, 
LANL has been setup. 
Each collaborator brings a unique set of capabilities.

Conclusions
17



Parameter Units Typical Values Comments Requested Values

Beam Energy MeV 50-65 Full range is ~15-75 MeV with highest beam quality at nominal values 60-80

Bunch Charge nC 0.1-2.0 Bunch length & emittance vary with charge 0.1-2.0

Compression fs Down to 100 fs 
(up to 1 kA peak 

current)

A magnetic bunch compressor available to compress bunch down to 
~100 fs. Beam quality is variable depending on charge and amount of 
compression required. 

NOTE:  Further compression options are being developed to provide 
bunch lengths down to the ~10 fs level

100-250, 500

Transverse size at IP (s) µm 30 – 100 
(dependent on IP 

position)

It is possible to achieve transverse sizes below 10 um with special 
permanent magnet optics.

5-100

Normalized Emittance µm 1 (at 0.3 nC) Variable with bunch charge 1-3

Rep. Rate (Hz) Hz 1.5 3 Hz also available if needed 1.5

Trains mode --- Single bunch Multi-bunch mode available. Trains of 24 or 48 ns spaced bunches. Single bunch

Electron Beam Requirements



Configuration Parameter Units Typical Values Comments Requested Values

CO2 Regenerative Amplifier Beam Wavelength µm 9.2 Wavelength determined by mixed isotope gain media

Peak Power GW ~3

Pulse Mode --- Single

Pulse Length ps 2

Pulse Energy mJ 6

M2 --- ~1.5

Repetition Rate Hz 1.5 3 Hz also available if needed

Polarization --- Linear Circular polarization available at slightly reduced power

CO2 CPA Beam Wavelength µm 9.2 Wavelength determined by mixed isotope gain media 9.2

Note that delivery of full power 
pulses to the Experimental Hall is 
presently limited to Beamline #1 
only.

Peak Power TW 5-10 ~5 TW operation is planned for FY21 (requires further 
in-vacuum transport upgrade).  A 3-year development 
effort to achieve >10 TW and deliver to users is in 
progress.

0.1-10

Pulse Mode --- Single

Pulse Length ps < 2 2-0.5

Pulse Energy J ~5 Maximum pulse energies of >10 J will become available 
in FY20

0.1-2.5J (y1, y2),
5J (y3)

M2 --- ~2 2

Repetition Rate Hz 0.05 0.05

Polarization Linear Adjustable linear polarization along with circular 
polarization will become available in FY20

linear

CO2 Laser Requirements



Ti:Sapphire Laser System Units
Stage I 
Values

Stage II 
Values Comments Requested Values

Central Wavelength nm 800 800 Stage I parameters should be achieved by mid-2020, while Stage II 
parameters are planned for late-2020.

FWHM Bandwidth nm 20 13

Compressed FWHM Pulse 
Width fs <50 <75

Transport of compressed pulses will initially include a very limited 
number of experimental interaction points.  Please consult with the 
ATF Team if you need this capability.

Chirped FWHM Pulse Width ps ³50 ³50

Chirped Energy mJ 10 200

Compressed Energy mJ 7 100

Energy to Experiments mJ >4.9 >80

Power to Experiments GW >98 >1067

Other Experimental Laser Requirements

Nd:YAG Laser System Units Typical Values Comments Requested Values

Wavelength nm 1064 Single pulse

Energy mJ 5

Pulse Width ps 14

Wavelength nm 532 Frequency doubled

Energy mJ 0.5

Pulse Width ps 10



Special Equipment Requirements and Hazards

• Electron Beam
• Plasma capillary discharge system – laser 
• Transverse deflecting cavity
• Permanent magnet quadrupole
• Stark-line shift measurement setup (plasma density vs. gas pressure)
• Mask for beam splitting (beam-driven active plasma beam dump)

• CO2 Laser
• Mirror with hole delivery (5 J, sync. with e-beam) into the capillary / gas-jet
• Tape reflector delivery (5 J, sync. with e-beam) into the capillary / gas-jet

• Superconducting Magnetic field
• Can a superconducting magnet be setup on the beamline ?



Experimental Time Request

Capability Setup Hours Running Hours

Electron Beam Only

Laser* Only (in FEL Room)

Laser* + Electron Beam 24 120

CY2020 Time Request

Capability Setup Hours Running Hours

Electron Beam Only

Laser* Only (in FEL Room)

Laser* + Electron Beam 72 360

* Laser = Near-IR or LWIR (CO2)  Laser

Time Estimate for Full 3-year Experiment (including CY2020)

can run in time-shared mode with plasma beam dump experiment



1 mm-thick tantalum foil. For this setup, we added an extra
4 mm-thick tungsten filter to block X rays below 240 keV (<1%
transmission below 240 keV). Hence, the 67 and 210 keV X-ray
peaks are missing in Figure 3a–c. One-dimensional HELIOS rad-
hydro (MacFarlane et al., 2006) simulation showed that these pre-
pulses produce a pre-plasma density gradient of only a few
microns at the front surface of the target due to lower sound
speed of the heavier ions. Also here we use s-polarized laser
where the laser E-field has no component along the pre-plasma
gradient that could reduce the vacuum heating in the pre-plasma
(Brunel, 1987).

Figure 4a shows the electron spectrum (dashed red line) from
the 110 nm aluminum foil measured using the magnetic spec-
trometer. The electron spectrum peaks around 12 MeV. The
instrument had a lower (higher) energy cut-off of 0.2 (28.2)
MeV. It is possible that the low-energy electrons below 3 MeV
do not escape the target (Cobble et al., 2016). The measured elec-
tron spectrum matches well with a Maxwell–Jüttner distribution f
(E) = (E2β/θK2(1/θ))exp(-E/θ) with θ = kT/mc2 = 12, where β = v/c,
and kT is the electron temperature. Figure 4b shows the typical
X-ray spectrum retrieved from the measured X-ray transmission
data from the double-foil targets with ∼200 µm spacing between
them via Expectation-Maximization ation algorithm (Lange and
Carson, 1984; Zhang et al., 2007). Varying the distance between
foils from 50 to 400 µm did not seem to affect the X-ray spectra
and yield in any consistent manner. The X-ray spectrum
peaks at 210 keV and 2.9 MeV with a temperature of 2.1 MeV.
Additionally, the X-ray spectrum shows a tantalum kα peak at
67 keV (Fig. 4c). However, the 67 and 210 keV X-ray peaks have
negligible X-ray energy content compared with the broader
2.9 MeV peak. It is most likely that the 210 keV X-ray peak is
an apparent peak due to significant X-ray filtering from the
0.5 mm-thick tantalum foil.

Figure 4d shows the simulation results when an electron beam
with the measured electron spectrum in Figure 4a traverses
through a 1 mm-thick tantalum converter foil using the code
Monte Carlo N-Particle (MCNP) (Forster and Godfrey, 1985).
The simulation results show a two temperature (1 and 4 MeV)
X-ray spectrum that has no obvious spectral peaks. The fact
that the X-ray spectrum from the MCNPX simulation (Fig. 4d)
is much hotter than the measured X-ray distribution (Fig. 4b)
seems to provide evidence that there may be issues in the trans-
port of the hot electrons from the thin foil to the converter foil.

We believe that better understanding of the hot electron transport
from the thin foil to the converter foil could help optimize the
double-foil scheme. Also, reducing the gap between the two
foils down to 20 µm or lower as indicated in Sefkow et al.
(2011) could help mitigate the hot electron transport issues.
The integrated X-ray spectrum from the double-foil scheme yields
3.6 × 1010 photons/sr per shot. However, the yield varied by more
than one order of magnitude from shot-to-shot.

Figure 5a shows the R2DTO object, a 10 cm × 10 cm × 6 mm
tungsten object with radial slots, used for quantifying the MeV
X-ray source size from the X-ray radiograph of the object using
the Bayesian-Inference-Engine (BIE) analysis. Figure 5b shows
R2DTO radiograph using the X rays from the double-foil source
with 1:1 magnification. Figure 5c shows the same radiograph
using the X rays from the single-foil source with 6.2 ×magnifica-
tion. The images show that the edges of the radial slots are blurred
when using the double-foil X-ray source. The BIE analysis of these
images shows that the MeV X-ray source size was 35–195 and 270–
600 µm in the single-foil and double-foil schemes, respectively. The
details of the BIE analysis is discussed elsewhere (Tobias et al.,
2017). The larger source size in the double-foil scheme could
come form the hot electron transport issues that could increase
the size of the electron beam reaching the converter foil.

Conclusions

In conclusion, we have characterized MeV bremsstrahlung X-ray
source from 120 TW (80 J, 650 fs) Trident laser interaction with a
1 mm-thick tantalum foil. Our measurements show X-ray tem-
perature of 2.5 MeV, flux of 3 × 1012 photons/sr/shot, beam diver-
gence of ∼0.1 sr, conversion efficiency of ∼1%, that is, ∼1 J of
MeV X rays out of 80 J incident laser, and source size of
80 µm. Our measurement also shows that MeV X-ray yield and
temperature is largely insensitive to nanosecond laser contrast
up to 10−5. Also, preliminary measurements of similar MeV
X-ray source using a double-foil scheme, where the laser-driven
hot electrons from a thin foil undergoing relativistic transparency
impinging onto a second high-Z converter foil separated by 50–
400 µm, show MeV X-ray yield more than an order of magnitude
lower compared with the single-foil results. Despite the interest,
further optimization and complete understanding of the double-
foil scheme using comprehensive Particle-In-Cell (PIC) simula-
tions is beyond the scope of the work presented here.

Fig. 5. MeV X-ray radiograph. (a) 10 cm × 10 cm × 6 mm tungsten object called “R2DTO” with radial slots used for measuring the MeV X-ray source size, (b) radio-
graph of R2DTO taken using MeV X rays from the double-foil scheme with 1:1 magnification, (c) radiograph of the same object using MeV X rays from the single-foil
scheme with 6.2 ×magnification.
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Figure 8: positron spectrometer & 
gamma-ray diagnostics

Laser and Particle Beams

cambridge.org/lpb

Research Article

Cite this article: Palaniyappan S et al (2018).
MeV bremsstrahlung X rays from intense laser
interaction with solid foils. Laser and Particle
Beams 36, 502–506. https://doi.org/10.1017/
S0263034618000551

Received: 16 November 2018
Revised: 5 December 2018
Accepted: 6 December 2018

Key words:
Intense laser–plasma; MeV X-ray radiography

Author for correspondence:
S. Palaniyappan, Los Alamos National
Laboratory, Los Alamos, NM-87545, USA,
E-mail: sasi@lanl.gov

© Cambridge University Press 2019

MeV bremsstrahlung X rays from intense laser
interaction with solid foils

S. Palaniyappan1, D. C. Gautier1, B. J. Tobias1, J. C. Fernandez1, J. Mendez1,

T. Burris-Mog1, C. K. Huang1, A. Favalli1, J. F. Hunter1, M. E. Espy1, D. W. Schmidt1,

R. O. Nelson1, A. Sefkow2, T. Shimada1 and R. P. Johnson1

1Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA and 2University of Rochester, New York
14627, USA

Abstract

Laser-based compact MeV X-ray sources are useful for a variety of applications such as radi-
ography and active interrogation of nuclear materials. MeV X rays are typically generated by
impinging the intense laser onto ∼mm-thick high-Z foil. Here, we have characterized such a
MeV X-ray source from 120 TW (80 J, 650 fs) laser interaction with a 1 mm-thick tantalum
foil. Our measurements show X-ray temperature of 2.5 MeV, flux of 3 × 1012 photons/sr/shot,
beam divergence of ∼0.1 sr, conversion efficiency of ∼1%, that is, ∼1 J of MeV X rays out of
80 J incident laser, and source size of 80 m. Our measurement also shows that MeV X-ray
yield and temperature is largely insensitive to nanosecond laser contrasts up to 10−5. Also,
preliminary measurements of similar MeV X-ray source using a double-foil scheme, where
the laser-driven hot electrons from a thin foil undergoing relativistic transparency impinging
onto a second high-Z converter foil separated by 50–400 m, show MeV X-ray yield more than
an order of magnitude lower compared with the single-foil results.

Introduction

Compact MeV X-ray sources are useful for several applications such as radiography and active
interrogation of nuclear materials (Courtois et al., 2011). Intense lasers can generate
multi-MeV hot electrons when interacting with a ∼mm-thick high-Z foils such as tungsten
or tantalum. In these targets, the laser couples its energy to the hot electrons mainly on the
target surface via several physical processes (Malka and Miquel, 1996; Wilks and Kruer,
1997; Santala et al., 2000). Subsequently, the hot electrons generate MeV bremsstrahlung X
rays as they traverse through the rest of the high-Z foil. Several experiments have characterized
such intense laser-driven bremsstrahlung X-ray sources (Perry et al., 1999; Edwards et al.,
2002; Clarke et al., 2006; Hayashi et al., 2006; Galy et al., 2007; Courtois et al., 2011;
Courtois et al., 2013; La Fontaine, 2014; Liang et al., 2016; Chen et al., 2017; Yang et al., 2017).

Here, we have characterized such a MeV bremsstrahlung X-ray source from 120 TW (80 J,
650 fs) Trident laser at the Los Alamos National Laboratory interacting with a 1 mm-thick
tantalum foil. Our measurements show X-ray temperature of 2.5 MeV, flux of 3 × 1012 pho-
tons/sr/shot, beam divergence of ∼0.1 sr, conversion efficiency of ∼1%, that is, ∼1 J of MeV
X rays out of 80 J incident laser, and source size of 80 µm. Our measurement also shows
that MeV X-ray yield and temperature is largely insensitive to nanosecond laser contrast up
to 10−5.

In contrast, numerical simulations have shown that a double-foil scheme, where laser-
driven hot electrons from a thin foil that undergoes relativistic transparency (Kaw and
Dawson, 1970; Palaniyappan et al., 2012, 2015) impinging onto a separate high-Z converter
foil, could generate more efficient Kα X rays than the single-foil scheme (Sefkow et al.,
2011). The same reasoning can also be extended to MeV X-ray generation. Our preliminary
measurements of MeV X-ray source using the double-foil scheme, where the laser-driven
hot electrons from a thin foil (110 nm aluminum foil) undergoing relativistic transparency
(Kaw and Dawson, 1970; Palaniyappan et al., 2012, 2015; Cobble et al., 2016) impinging
onto a second high-Z converter foil separated by 50–400 µm, show MeV X-ray yield more
than an order of magnitude lower compared with the single-foil results discussed above.
We believe that a better understanding of the hot electron transport in vacuum from the
thin foil to the converter foil could help optimize the double-foil scheme. Also, reducing
the gap between the two foils down to 20 µm or lower as indicated in Sefkow et al. (2011)
could also help mitigate the hot electron transport issues. Although understanding and opti-
mizing the double-foil scheme could potentially yield a better MeV bremsstrahlung X-ray
source, it is beyond the scope of the present work.
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