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Transverse modulation of an electron beam generated in self-modulated laser wakefield
accelerator experiments
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Low energy electron beam& (- 300 keV) generated in a self-modulated laser wakefield accelerator experi-
ment were observed to filament and be deflected away from the laser axis forming radial jets in the electron
beam profile. At higher energieE 900 keV), the filamentation and jets were suppressed and smooth elec-
tron beams copropagating with the laser were observed. The observed electron beam filamentation likely
results from laser beam filamentation in the plasma due to relativistic self-focusing effects. The radial jets of
low energy electrons are likely caused by transverse ejection of the electrons due to the radial structure of the
wakefield and space charge deflection of electrons as they exit the laser focus.

PACS numbes): 52.40.NKk, 41.75.Lx, 41.75.Fr, 52.35.Qz

Rapid developments in high power laser technology dur=~400fsec). The beam was focused using féh off-axis
ing the past several years have allowed experimental examparabolic mirror into the front of a jet of helium gas. The
nation of new phenomena resulting from the interaction ofhelium was completely ionized by the front part of the pulse
ultrahigh intensity light with plasmd1]. Ponderomotive ~and the main part of the beam interacted with a plasma hav-
forces associated with high intensity laser pulses can produdB9 an electron density of 1}%101 cm® (ne~0.0Incqy) .
larger amplitude plasma waves in the “wake” of the laser |N€ Peak intensity was 810"*W/e when focused in
pulse as it propagates through an underdense plasma and feuum.

L . . he interaction of the high intensity pulse with the gas jet
large electric fields associated with such waves have beeﬁ\asma produced a large number of energetic electrbis (

proposed as a means of accelerating electf@ls There ~1CP) which propagated in the forward directidalong
have been several recent experiments which have measur@gtn the laser pulse This beam of high energy electrons
the temporal evolution of plasma waves in the wakefieldaccelerated from the background plasma was highly direc-
[3,4], as well as the energy of electrons accelerated by thesgonal, although it typically had a large energy spread, with
waves(up to 100 MeV [5-8]. many fewer electrons produced at the highest energies. The
In the self-modulated laser wakefield acceleration schemelectron energy spectrum from 500 keV to 4 MeV is shown
(SM-LWFA) [9], a very high power laser pulse is focused in Fig. 1. This spectrum was measured using an electromag—
into underdense plasma such that an instability is induce@€t to disperse the electrons in energy and using Kodak di-

which modulates the laser pulse envelope at the plasma fr&€Ct exposure fimDEF) fim as the detectof7]. Higher
quency[wpe=(47rnee2/me)1’2]. The subsequent resonant in- energy electrongwhere t.he electron fluence was notllarge
teraction with the plasma can produce large amplitudeenou.g.h.to expose the f|hWere measu_red using a h_|gher
. . .. sensitivity detector consisting of a plastic scintillator directly
plasma waves in the wake of the pulse which have longitu-
: S ) X coupled to a PMT7,8].

dinal electric fields suitable for accelerating electrons.

In this paper, we discuss recent measurements of acceler- 15
ated electrons generated during SM-LWFA experiments at DEF Film
the Naval Research Laborata){RL). The low energy elec-
tron “beam” profiles showed structures characteristic of
filamentation in the center of the profile and radial jets out-
side the laser cone angle. High energy electrons showed rela-
tively weaker jets and no filamentation in the center of the
profiles. The use of circularly polarized light which may
have been expected to axially “guide” the electrons through
the generation of an axial magnetic field via the inverse Far-
aday effect was not found to have a significant effect on
beam propagation.

The experiment was performed using the Table Top Tera- . . . . . . 4
watt (T%) laser facility at NRL. The laser operates at a wave- 0.5 1.0 15 20 25 3.0 35 4.0
length of 1054 nm and a typical power of 2.5 TW (e, Eneray (in MeV)
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FIG. 1. SM-LWFA accelerated electron energy spectrum from

500 keV to 4 MeV measured using DEF film as the detector. The

*Present address: Blackett Laboratory, Imperial Collegedark streak on the film is exposure from electrons with a spatial
London SW7 2BZ, U.K. dependence on energy due to an applied magnetic field.
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FIG. 2. Electron beam profile measurement experimental setup.

The profile of the electron beam accelerated in the laser
plasma interaction was recorded by placing DEF film di-
rectly in the path of the electron beam with no intervening
magnet(see Fig. 2 Three pieces of film were placed in a
“sandwich” with two layers of 1 mil(25 wm) aluminum foil
before each piece of film and black tape surrounding the
entire film pack. In this arrangement each piece of film re-
corded the profile of subsequently higher energy components
of the electron beam. This arrangement was necessary be-
cause of large shot-to-shot fluctuations in the emission of
high energy electrons which required that different energy
components of the electron distribution be observed on a
single shot basis. The energy binning was determined by the
thickness of aluminum, tape, and film in front of each piece
of DEF. For the data shown he(see Fig. 3, we measured
energy components of the beam such tkat>300 keV,
Eg>600keV, andE->900keV. The figures are digitized
images of the film with light areas indicating the highest
fluence of electrons and darker areas indicating lower elec-
tron fluences. The contours are linear steps in relative elec-
tron fluence with 6% increments from 0% to 96% of the
maximum fluence. Each figure has been adjusted for maxi-

mum contrast. FIG. 3. Electron beam profiles for different energy electrons
The film pack was placed at a sufficient distanak ( ysing circularly polarized light(a) E>300keV, (b) E>600 keV,
~20cm) from the interaction region so that the laser beanic) E>900keV. The diameter and position of the laser beam is
did not cause breakdown on the exterior of the film packindicated by the black circles. The arrows(& highlight the elec-
which might generate hard x rays and expose the film. Inron beamlets indicative of filamentation. The arrows(li high-
addition, a control piece of film was placed perpendicular tdight the direction of the electron “jets” radiating outward from the
the beam profile film and out of the electron beam path tdaser cone angle. The contours are linear steps in relative electron
determine if x rays generated in the film pack or elsewherdluence with 6% increments from 0% to 96% of the maximum
were sufficient to expose the “control” film. No exposure of fluence.
the control was observed. A plastic scintillator connected to
a photomultiplier tube was positioned behind the film packwakefield as well as the trapping and acceleration of back-
(Fig. 2) which measured the high energy electrons capable afround electrons by large amplitude plasma waves during
passing completely through the film pack. The scintillator-the interaction are plasma instabilities. This implies that
photomultiplier sensitivity was much higher than the film’s small fluctuations in the incident laser energy, beam profile,
and for a typical shot taken during these experiments, meaand focusing characteristics may lead to large changes in the
surement of a highly saturated PMT signal was necessamumber and energy of accelerated electrid@is
before adequate exposure of the film could be obtained on a The spatial profiles of the accelerated electron beam had
single shot. two significant characteristics. The first was a large number
Typically, we observed large shot-to-shot fluctuations inof electrons outside the laser cone anghe laser cone angle
the emission of energetic electrons which were uncorrelatets represented by the black circle in the three images in Fig.
with laser pulse energyexcept that for low power laser 3), which seemed to radiate outward from the center of the
shots, high energy electrons were never observEde size laser cone angle. This is particularly evident in Figb)3
of the fluctuations was observed to be a few orders of magwhere four of these “jets” have been indicated with arrows.
nitude greater than the noise level. This was somewhat exFhe second characteristic observed was small scale structure
pected since the mechanisms driving the production of thé the low energy electron distributiofisee Fig. 8)], which
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is characteristic of a filamentation instability. This filamen-
tation is most clearly seen in Fig. 3 by comparing the elec-
trons within the circle in the low energy distributidfig.
3(a)], where significant small scale structure is obserted
dicated by the arrowswith the electrons within the circle in
the high energy distributioffig. 3(c)], where only a smooth
intensity distribution with a size on the order of the size of
the laser beam is observed. Both the jet and filamentation
structures were consistently observed on multiple shots, al-
though their locations and intensities were not reproducible.
It is also evident in Fig. 3 that both the jet structures and
small scale structures were suppressed as the electron energy
increased. The suppression of jets is evident by comparing
Fig. 3(@ with Fig. 3(c) and noting that more electrons were
observed to the left of the laser cone angle than within the

laser cone f';mgle in Fig.(8, while more elect_rons were ob- FIG. 4. Profile of laser beam after interaction. This profile ex-
Served. W'thm the laser cone angl,e than OUtS',de the Ia;er CONfhits a depth of intensity modulations of nearly 100%, while pro-
angle in Fig. _3(:)' The suppression of the fllamgptatlor] |_s files without interaction are nearly flat top with less than 10% depth
evident by noting that the small scale structure visible withings moqulation. The contours are linear steps in burn paper exposure

the laser cone angle in Fig(s, is completely absent in Fig. at 109% increments from 0% to 90% of the peak exposure.
3(c). Scattering of the electrons as they pass through the

aluminum and the first layés) of film and the resultant blur- ¢ t6|4ing time of 100 fsec. This growth rate is for filaments
ring may be partially responsible for the lack of f|Iamentat|onwith a characteristic transverse dimension, of approxi-

structures at the higher energies. However, blurring fro”}nately 3um. A substantial growth ratd > 102 sec %) will
electron scatteringwhich we estimate to be less than 30° ;.50 be observed for filaments down to a dimension of ap-

rms [10]) should cause a blurring on the same scale or lesg, ,inately 2,um. These rates and dimensions suggest LFI
than the thickness of material penetrated. For the 900 ke hould play an important role in our experiment which is

piece of film this thickness was approximately 1 mm, whichg,, 5 teq by measurements of the laser beam profile.
is much smaller than the transverse structure in the profiles | - <o\ beam filamentation was always observed in the ex-
(the pictures shown are approximately 9 cm on aJside rﬁeriment when the gas jet was firéa smooth flat top laser

The filamentary structure observed in the electron beal rofile was observed without the gas jet fiingrigure 4
has two possible sources: the laser filamentation instabilitghows a -

(LFI) [11] due to nonlinear atomic self-focusifgSF) [12]

picture” of the filamented laser beam profile that
L i was taken by placing thermal burn paper over the DEF film
anq rellat|V|st|c ;elf-foclusm(g13] (R_SF)’ or the electromag- pack. The contours are linear steps in burn paper exposure at
netic filamentation(Weibe) instability (EFI) [14-18. The 1004 increments from 0% to 90% of the peak exposure. The
LF can cause electron beam filamentati'on by generatingpcored laser filamentation was not due to ASF effects
multiple self-focused laser filaments which subsequently;,.o measurements of the laser profile with hydrogen in the
drive multiple wakefield filaments and electron beams. Thegas jet showed similar profiles to those obtained using he-
EFI can directly drive eIect.ron bg_am filamentation throughyiy,m i the gas jet. If ASF effects played a substantial role in
the electron beam/plasma instability that develops as a Cufpe gpserved filamentation, a significant difference would be
rent neutralized electron beam propagates through a relgs e ted between the hydrogen and helium results since hy-
tively dense plasma. ._drogen is completely ionized at approximately an order of
Ymagnitude lower intensity than helium. The electron beam
and laser beam profiles shown in Figs. 3 and 4 allow only a
qualitative comparison between the electron beam and laser
profiles in the focus. This is because diffractive effects domi-
nate the laser propagation from the focus to the image plane
(the plane of Figs. 3 and)4vhile the electrons travel ballis-
tically with negligible wave properties. Qualitatively, the
. most striking similarity is the presence of small scale struc-
I'=(wpag/8we)(1+3R/2), (1) ture in both images which is likely due to the LFI and its
resultant mapping on the electron distribution. The most
with a characteristic filament dimension aof =(4c/  striking difference is the lack of any jets in the laser profile,
wpdp) (1+ 3R/2)71, wherea, is the normalized vector po- which will be discussed following a discussion of the second
tential of the laser pulseag=eA,/mc?) andRis the ratio of  possible source of the observed electron beam filamentation,
the critical power for RSF to the critical power for ASF. In the electromagnetic filamentation instabiliigFI).
our experiment, R is negligible near focus 15 The EFI arises when a macroscopically current neutral-
x 10 W/cn?) since the helium is completely ionized at ap- ized low density electron beam propagates through a rela-
proximately 18°W/cn? and there are no atoms or ions left tively high density plasmar(;>n,, wheren, is the electron
to be polarized. The growth rate for the laser filamentatiorbeam density The electron beam current generated by the
instability is therefore approximately itsec! or an  wakefield in our experimentalthough on the order of a pi-

dependent polarization of atoms or iorjatomic self-
focusing (ASF)] and /or an intensity dependent variation in
the electron mass due to relativistic effefutslativistic self-
focusing (RSPH] causes an intensity dependent variation in
the medium’s index of refraction. The LFI has a maximum
growth rate of[11]
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cosecond in duratiofd] and approximately 100 ampsan laser axis than the higher energy electrons. In addition, sub-
be effectively neutralized by the plasma since the chargetantial transverse structure was observed in the electron
neutralization timeg,,, is about 100 fsec for a low tempera- beams after leaving the plasma. This change in ejection
ture, high density Te~100 eV, ne~10" cm™3) helium  angle with energy and the transverse structure were attrib-
plasma ¢,= n/4m, where 7 is the Spitzer resistivily A uted by Tzeng to the focusing and defocus[@g] of the
neutralized electron beam propagating in a relatively densglectrons due to the radial structure of the plasma Wagg
plasma is unstable to the EFI whegw?,85/ w3,>1, where  and space charge effects as the electrons exit the plasma. The
the subscripto refers to the electron beam parameters of:radial wakefield structure causes a change in ejection angle
yp=the relativistic factor,w,,=the plasma frequency3,  with energy since electrons on axis will experience the stron-
=the beam velocity normalized 1§ andw.,=€B/mc (the  gest acceleration and least radial for¢essulting in higher
cyclotron frequency in applied magnetic fiel). In this re-  energy, while electrons off-axis will experience weaker ac-
gime, a small scale nonuniformity in current flow will gen- celeration and stronger radial forcé@gsulting in lower en-
erate a local magnetic field resulting in a pinching of theergy but larger transverse momentur8pace charge effects
electron beam or the plasma return current, which furtheas the beam exits the plasma were shown to strongly affect
enhances the nonuniformity, which feeds back and createke electron trajectories resulting in pronounced transverse
the instability. The growth rate of the filamentation instabil- structure in the electron beafsee Fig. 4a of Ref[19]).
ity for small scale transverse perturbations of wave numbelhese effects resulted in electrons ejected at angles up to
k, such thatczkf>w§e is given by[15] ~15° from the laser axis and electron pulses with centroids
off axis. Even though this simulation used a higher laser

T @pbBb wgb 12 @ power and observed a much larger number of accelerated
=T - 7 2 i ; (10
Yo Yo@puBh electrons than observed in our experimemy ¢~ 10! versus

nexpt~108), the transverse distribution of accelerated elec-
The maximum electron beam density,, in our experi- trons are very similar. Our experiment observed the strong
ments was approximately>210'®cm™3. This density was dependence of ejection angle on energy and radial jets ex-
determined by dividing the measured number of electrongending to approximately 17° off the laser axis. These jets are
accelerated above 300 keW{~3x10®%) by the minimum likely the three-dimensional manifestation of the space
beam volume, which assumes the electron beam has a lengtharge induced transverse asymmetries observed in the two-
equal to the laser pulse lengtb=120um) and a radius dimensional simulations. The strongest difference between
equal to the laser spot sizavg~6 um). The maximum the simulation and our experiment is the three orders of mag-
growth rate of the EFI in our experiments was therefore snitude difference in the number of accelerated electrons. This

x 10"%sec! or a minimume-folding time of 200 fs. This difference is likely due to the difference in powers used in
smaller growth rate for the EFI which will be further de- the experiment and simulatiof2.5 TW versus 8 TW In
creased by the high effective temperature of our electroffrevious experiments performed at NR&], we have seen
beam[16] strongly suggests that the EFI is not the dominantelectrons accelerated in the SM-LWFA with no evidence for
source of the filaments observed in the electron beam profil@vavebreaking. In these previous experiments, a small frac-
In addition, we attempted to suppress any EFI induced eledion of electrons were preaccelerated by backward Raman
tron beam filamentation through an applied axial magneti¢catteringBRS), trapped in the wakefield, and further accel-
field. As is apparent in Eq(2), an applied axial magnetic €rated to approximately 100 MeV. The majority of electrons
field of sufficient magnitudé>500 kG for our experimental remained oscillatory in the plasma wave and were not accel-
parameterscan completely suppress the EFI. We attemptecerated. In the higher power simulation by Tzestal., wave-
to generate this large axial magnetic field through the use dpreaking occurs which results in a much larger fraction of
the inverse Faraday effeft7,18. The inverse Faraday ef- accelerated electrons. This larger fraction of accelerated elec-
fect is a magneto-optical phenomenon in which the propagalrons at higher laser powers has also been observed in ex-
tion of a circularly polarized laser beam through a nonlineaPeriments{6].
medium induces a magnetic field along the direction of Another possible candidate for generating the electron jets
propagation. For laser-plasma interactions using the paranis the laser hose instability22]. The laser hose instability
eters of our experiment, theoretical calculations predict th@ccurs when a laser pulse with a slightly tilted centroid rela-
generation of magnetic fields of 1-2 Mgay4§]. From Eg. tive to k propagates in plasma. This tilted centroid will gen-
(2), a magnetic field of this magnitude should greatly inhibiterate an asymmetric plasma density distribution, which will
the growth of the filamentation instability. In our experi- further enhance the centroid displacement providing the
ments, however, we observed no significant change in théeedback necessary for the instability. The laser hose insta-
profile of the accelerated electrons using linearly or circu-bility results in a periodic deflection of the laser pulse trans-
larly polarized light. This suggests either the electron beanverse centroid, which causes the laser pulse to “snake”
filamentation was not caused by the EFI or the inverse Farthrough the plasma. Since the wakefield will follow the laser
aday effect did not produce the predicted axial magnetigulse, this instability will generate a “kinked” wakefield,
field. which will accelerate electrons in a straight line for only
Tzenget al. [19] have performed 2D numerical simula- short distance&esulting in lower energigsnd in directions
tions of a SM-LWFA using parameters very close to thoseother than the initial laser pulse propagation direction. This
used in our experiment, but with higher laser powels ( would explain the observed electron beam profiles that ex-
~8 TW). Their simulations show that lower energy elec-hibit relatively stronger jets at the lower electron energies.
trons in the SM-LWFA are accelerated at larger angles to thélowever, the lack of any associated jets in the laser profile
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(Fig. 4, which should also show jets due to deflection fromthan the LFI and unsuccessful attempts to suppress the EFI
the original laser propagation directiosuggests the laser through application of an axial magnetic field using the in-
hose instability is not significant in these experiments. Thisverse Faraday effect. The electron jets outside the laser cone
is further supported by our unsuccessful attempts to observ&ngle most likely results from a combination of radial ejec-

hosing by |mag|ng the 90° Thomson Scattering of the |asefi0n of the electrons due to the radial structure in the wake-

(relative toIZ) as it passed through the plasma onto achargef-'eld plasma wave and space charge forces exerted on the

coupled-device camera through a 1054 nm interference ﬁlte(?lectrons_as they exit the plasma. It is less probab_le tha_t_the
. electron jets were produced by the laser hose instability,
(bandwidth=10 nm).

. . ince evidence of hosing was not observed in both the trans-
In conclusion, these experiments have measured the e

he | | o bil dial wakefield nitted laser profiles and 90° Thomson scattering images. The
fects of the laser filamentation instability, radial wakefields, ;,seryation that both the filamentation and jet structures are

and space charge effects on the electron beam generated ”él?ppressed for higher energy electrons suggests that these
SM-LWFA. Low energy electrons from the SM-LWFA were yanqyerse asymmetries are not a problem for high energy
observed to filament within the cone angle of the laser and bg,ger wakefield accelerators. In fact, the improved direction-
radially ejected in jets outside the cone angle of the lasefyjiy, of the electron beam with increasing energy shows that

The observed electron beam filamentation results from a pigh energy excellent emittance beam can be generated in a
mapping of the laser beam filamentation due to RSF in th‘?aser wakefield accelerator.

plasma into the electron beam profile. The electromagnetic

filamentation or Weibel instability is not a likely candidate  This work was supported by the Office of Naval Research

for the observed filamentation due to a slower growth rateand the U.S. Department of Energy.
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