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Observations of the filamentation of high-intensity laser-produced electron beams

M. S. Weil F. N. Beg-* E. L. Clark>? A. E. Dangor* R. G. Evans;” A. Gopal® K. W. D. Ledinghant?
P. McKenna P. A. Norreys' M. Tatarakis®" M. Zepf> and K. Krushelnick
The Blackett Laboratory, Imperial College London SW7 2BZ, United Kingdom
%Plasma Physics Department, AWE plc, Aldermaston, Reading RG7 4PR, United Kingdom
3Department of Physics, University of Strathclyde, Glasgow G4 ONG, United Kingdom
“Central Laser Facility, Rutherford Appleton Laboratory, Chilton, Oxon OX11 OQX, United Kingdom
5Department of Physics, The Queen’s University, University Road, Belfast BT7 1NN, United Kingdom
(Received 16 July 2003; revised manuscript received 30 July 2004; published 23 Novembger 2004

Filamented electron beams have been observed to be emitted from the rear of thin solid targets irradiated by
a high-intensity short-pulse laser when there is low-density plasma present at the back of the target. These
observations are consistent with a laser-generated beam of relativistic electrons propagating through the target,
which is subsequently fragmented by a Weibel-like instability in the low-density plasma at the rear. These
measurements are in agreement with particle-in-cell simulations and theory, since the filamentation instability
is predicted to be dramatically enhanced when the electron beam density approaches that of the background
plasma.
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I. INTRODUCTION (Ia~17By kA) to propagate. Such counterpropagating elec-

tron streams are subject to the two-stream instability and a

The st_udy .Of laser-generated h.Ot electror_l beams and th_e\'/(/eibel-like filamentation instability7]. The two-stream in-
propagation in plasma has received considerable attentiof,pjjiry results in the generation of longitudinal Langmuir
recently because of potentially important applications—ing 4 jence and the filamentation instability produces strong
particular, the *fast ignition” scheme for inertial fusion en- ., qnetic fields transverse to the fast electron beam, causing
ergy [1,2]. In this concept, a relativistic electron beam pro- e glectron beam to break up into small beamlets with a

duced by a picosecond-duration, high-intensity petawatt 1asqq ic4| transverse dimension of the order of the collisionless
pg!se penetrates into the co_mp_ressed core of a deuteriurgf;, depth,c/ w, (wherec is the speed of light and, is the
tritium pellet where it deposits its energy and generates @actron plasm% frequengy P

fusion spark. Compared to conventional inertial confinement g, instabilities have been the subject of theoretical in-

fusion, fast ignition is predicted to significantly reduce theegtigations. The growth rate of the Weibel instability has
energy required for the initial compression and relax the,een stydied by linear analysis of the two-fluid equations
stringent symmetry requirements for irradiation of the pellet.[&g]_ In addition, many computational simulations have
Recent cone-guided fast-ignition experiments are particulariyeen performed and a characteristic result is the breakup of
encouraging in this respe¢g]. However, since all of the o heam into many current filaments in the plasma, the fila-
previous experiments have been performed with laser SySyents being guided by quasistatic magnetic fields. These

tems much smaller than those which would be necessary fQin 5| filaments have been subsequently observed to coalesce
actual ignition experiments, the required laser needs to havigy_4

energies of tens of kJ with a pulse duration of about 10 psec. |, ‘high-intensity laser-solid interaction experiments, col-

There are many issues with regard to the transport of highyaeq electron beams have been observed in the interior of
current - multi-Mega-Ampere (multi-MA) laser-produced yanqparent glass targes2] and at the rear surface of thin
electron beams in plasma which remain to be investigated. )iq targets with optical probgd.3]. Measurements of pro-

_ During intense laser-solid interactions highly directional, o emission at the rear of the target have also been used to
high-current electron beani8,4] can be generated via clas- gy amine indirectly electron beam propagation effects in solid
sical and Brunel-type resonance absorpfiohas well as via  gensity plasmagl4,15. However, filamentary structures in
ponderomotive] X B acceleration{6]. As such beams pen- e electron beams leaving the target plasma have not been

etrate into high-density plasma, a return current is induced IReported previously and the experimental regimes in which
the cold background plasma to compensate for space charggis instapility is important have not been explored.
and to allow beams with currents larger than the Alfvén limit | +his paper, we present the first direct experimental ob-

servation of the structure of the hot electron beam emitted in

laser-solid target interactions. We have found that large num-
*Present address: Department of Mechanical and Aerospace Ebers of small-scale filamenthaving a dimension approxi-
gineering, University of California, San Diego, San Diego, CA mately that of the plasma skin deptim the electron beam

92093-0411, USA. are always present when the electron beam propagates
TPresent address: Institute of Matter Structure and Laser Physictrough a relatively long-scale-length, low-density plasma.
Technical University of Crete, 73100 Chania, Crete, Greece. This plasma was created at the rear surface of the target by a
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was used to protect the front piece of RCF from the low-
energy ablated plasma. This layer also functioned as a filter
o ) to stop low energy particle®.g., electrons with energy less
Main interaction than 35 keV will be stoppedThe stacks were positioned on
beam 1 Beam 2 both sides of the target, 5 cm from the target, and aligned so
that the faces of the detectors were parallel to the target
surface. The main results presented in this paper were ob-
'H’ - D' -- O tained from the detector stack at the back side of the target.
/ The energy spectrum of the electrons was deduced from
Electron RCF data. The integrated energy deposited on each layer was
RCF&CR39 spectrometer obtained by converting the optical density of the exposed
stacks Probe film to absorbed dose. The response of each RCF layer as a
beam function of incident electron energy was modeled by a
Monte Carlo electron-photon transport coae [16]. Then,

FIG. 1. (Color onling The experimental setup and main @n unfolding technique based on tveci code[17] was
diagnostics. used to give the electron energy spectrum.

Set-up (top view)

second laser beam. When there is no low-density plasma at . RESULTS

the target rear surface, the electron beam is very uniform and _ i i i

no filamentary structure can be observed. The different beam Figure 22 shows a typical RCF image of the energetic
structures can be most easily explained by the Weibel-lik€'ectron beam observed at the back side of the target when
instability which can occur in the low-density plasma pro- €ré was a plasma generated at rear surface by beam 2. The
duced at the rear of the target. Two-dimensiogaD) Intensity of the main beam and heating beam were

9 —2 8 —2 & :
particle-in-cell (PIC) simulations were also implemented to 10" W em® and 5x<10'® W cm?, respectively. This RCF

examine the formation of the magnetic channels in laser?Vas at a depth of 1240m in the stack. No associated ion

plasma interactions using different plasma density scald@cks were found on the CR39 detectors, which indicates
lengths at the target rear surface. The simulation results agré@@t the signals on the RCF are E)grely due to electrons. The
qualitatively with the experimental observations. el_ectron beam was emitted at 20° in the_ off-nor_mal direction
with an 11° half cone angle. The most interesting character-
istic of this beam is that it shows very fine filamentary struc-
Il EXPERIMENTAL SETUP tures Which are 80+2@:m in diameter. All of the other RCF
images in the stack show identical structures. The spectrum
The experiments were performed at the Rutherford Appleof the electron beam deduced from RCF images is shown in
ton Laboratory using the Vulcan Nd:glass laser operating irFig. 2b). The total number of electrons in this beam having
the chirped pulse amplification mode. This laser has a wavean energy greater than 100 keV was abowut'? and the
length of 1.054um, a pulse length of 0.9—1.2 psec, and atotal energy in this beam was0.4 J or about 2% of the
pulse energy between 18 J and 40 J. In order to generateiacident laser energy.
plasma on the rear surface of the target, a second beam was Off-normal electron beams with similar filamentary struc-
used. This was obtained by splitting the laser pulse into twdures were also observed when the timing of beam 2 was
parts: the main interaction beam irradiating the target fronvaried by +2 ps with respect to beam 1—which implies that
surface and a heating beaimeam 2 creating plasma at the the existence of plasmas produced by beam 2 prepulse and/or
target rear surface. The layout is shown in Fig. 1. Bothmain pulse at the rear surface with density scale length less
beams werg polarized and focused to 1@m-diam spots at than 10um [4,13 is the important aspect of this interaction.
40° and 20° to the front and rear surfaces of the foil target byt should be noted that the observed electron beam was not
off-axis parabolic mirrors and overlapped to within &t generated by beam 2 since no similar electron beams were
using obscuration techniques. The temporal overlap betweesver observed in that direction with beam 1 switched off.
the laser pulses was measured using a fast-streak camera andThe origin of the observed electron beam must be from
was found to be less than 1 psec. The targets used wetke interaction of the main laser beam with the solid target.
5 mmx8 mm gold foils with a thickness of 20m. A  This is based on observations made from the experiments
frequency-doubled laser beaf527 nm was used to probe using only the main laser beam. Without the heating beam,
the plasma transversely using shadowgraphy. even though there is no long scale length plasma created
The main diagnostics used in the experiment wereat the target rear surface, off-normal electron beams were
multilayer stacks consisting of radiochromic filflRCP in-  consistently observed on RCF detectors in the back side
terleaved with CR39 particle track detectors. The absolutelptack. However, the electron beam in this case is very
calibrated RCF detector is sensitive to any ionizing radiationuniform and no filamentary structure was observable
CR39 nuclear track detectors are only sensitive to energetiduring high-intensity interactions. Figurga is an image
ions, so the principal benefit of the multilayer alternatingof the electron beam from a typical high intensity shot
stack is that signals due to electrons and ions can be diffefd ~2x 10" W cm™). It should be noted that the electron
entiated unambiguously. A single 12/8n aluminum foil beam was emitted at the same angle and with the same beam
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FIG. 2. (Color) Off-normal filamentary electron beam from two laser beam experiméatss a typical electron filamented beam
recorded on a RCF layer at the depth of 1240 in the rear stack(b) is the energy spectrum of the off-normal electron beam. The
intensities of the main interaction beam and beaheting beamare 16° W cm 2 and 5x 108 W cm™?, respectively. The two beams were
coincident in time.

divergence as that in the two laser case. Electron beam emibeam centered on target normal and an off-normal, less in-
sion at an angle between the laser direction and the targétnse beam at 20° off-normal with angular spread of 11° half
normal has been observed previously and was attributed tcone angldas marked in Figs.(®) and 3c)]. From a com-
effects due to the plasma scale length at the front surface gfarison with CR39 images, the signal in the direction of
the target caused by laser prepuldg target normal is primarily due to protons while the off-
Only very occasionally(once during this experimental normal beam is due to electrons. The off-normal electron
run) could filamentary structure in the electron beam be obbeam consists of many well-separated electron beamlets such
served with a single-sided shot on the rear side RCF/CR3fhat the beamlet at the center has a size-8mm (equiva-
detectors and this was observed to occur at a lower intensitient to a divergence of 0.04 racand is surrounded by
Figures 8b) and 3c) show the RCF images of this particular smaller beamlets with diameters of the order of 260 (less
shot. Figures @) and 3c) are at different depths in the stack than 0.01 ragl There are fewer beamlets at greater depths
and the laser intensity is aboutx@0'® W cm™. Signals into the stack, indicating that higher-energy components of
from two separate regions are clearly visible: an intensehe electron beam may be less filamented. The total number
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FIG. 3. (Color) Scanned RCF images showing different electron beam structures at different interaction situations with only the main
interaction beam(a) is an RCF image at depths of 22@0n in the stack showing a uniform off-normal electron beam at the laser intensity
of 2X 10 W cm 2. (b) and(c) at depths of 68Qum and 1240um inside the stack, show the large electron filaments 20° off-normal
direction(marked by dotted circheat a laser intensity-9x 108 W cm™2,

of electrons with energy greater than 100 keV is significantly0.75+0.25um in our experiments. It should be noted that
less than that from the two-beam case. This difference ithis is approximately the collisionless skin depth at an elec-
likely due to the lack of low-density, long-scale-length tron density in the range of #cm 3, which is the estimated
plasma at the rear surface of the target which may enhandéensity of the electron beam.

the amount of target charging and reduce the number of elec- To examine this further we performed 2D PIC simulations
trons which can escape from the target. Once again, the simitSing theosiris code[19], with uniform laser irradiation of
larity of the electrons beams shown in Figs. 2 and.8., @& uniform overdense plasma with density of 2.2

. oF -9 . 2 a3 havi
having the same emission angle and similar beam diver= 1072 cm® having a sharp boundary at the front surface.

gencg of these off-normal electron beams is clear evidence WO differen't density profiles at the target rear surface were
ssumed: i.e., a sharp boundary and a longer plasma scale

that the off-normal electron beams observed with heatin . ; e
ngth. The laser was linearly polarized and was incident

laser beam originate from the interactions of the main lase A . : X
beam. along the normal direction, rising to a constant intensity of

Note that in our experiments we are only measuring th 10 W o™ in 6 fsec. The system size wasun square
P y 9 "M% nd the plasma length wasbn. Our simulation results sug-

minority of energetic electrons which are able to escape fronyaqt that shallow discrete magnetic channels not only occur
the plasma formed during the interaction. As the targgg_t the critical density surface at the front surface, but also
charges up because of the escape of these electrons the emyspear with much larger spatial scale at the rear surface
sion of the remamd_er of the hot e_Iectron population will be\yhen the beam density is comparable to the background
affected(especially in the cases without an extended plasm@lasma density. Figure 4 shows the quasistatic magnetic

at the rear surfage{18]. fields at a time of 144 fs for two different density profiles at
the rear surface. Figure(d is the result of a simulation
IV. ELECTRON BEAM FILAMENTATION DUE using a target with a very sharp rear boundary, and Kig. 4
TO THE WEIBEL-LIKE INSTABILITY is the result of a simulation which uses a much longer den-

sity scale length such that the plasma density drops linearly

The finer-scale filamentation in the electron beams alway$rom 20n. to n, in a distance of 1&/ w, along the direction of
observed in the two-beam experiments is clearly caused bser propagation. With a long plasma scale length at the rear
the long plasma density scale length at the rear surface of thsurface, the Weibel instability at the rear region is much
target. As the plasma density at the back of the foil variesnore pronounced, showing maximum growth at scale sizes
from solid density(10°® cm™3) to vacuum(10'® cm™3), there  of 3-5 times larger than that at the front surface. This is in
exists a significant region over which the beam densityreasonable agreement with our experimental observations.
(<10?*cm™) is comparable to the background density. As mentioned previously, filamentation of electron beams
Simple theory suggests that the growth rate of the Weibeldue to Weibel-like instabilities has been studied numerically
like instability increases dramatically when the backgroundusing both PIC and Fokker-Planck hybrid cod@s11]. Lin-
density is similar to the electron beam density. Simultaneousar analysis of the Weibel instability based on relativistic
optical transition radiatiofiOTR) measurements using gated two-stream or relativistic Vlasov mode[9,11,14 suggests
optical imaging showed that the diameter of the intense selfthat plasma kinetic effectécollisional dissipation play an
emission signal due to the electron beam exiting the targamportant role in its evolution. It was found that the growth
rear surface in single-beam experiments is about 4080 rate of large wavelength modes in the collisional case is
Consequently, given the number of the electron filament$igher than that in the collisionless case. 2D PIC simulations
recorded on the RCF images, it is estimated that the wavg9] have also shown that the spectral peak of the growth rate
length associated with the instability is approximatelyshifts to longer-wavelength modes in the more collisional

056412-4



OBSERVATIONS OF THE FILAMENTATION OF HIGH-.. PHYSICAL REVIEW E 70, 056412(2004)

3 n 2
- ()
—_ = e |
? 40 — =, wheren, is the beam density;, is the background plasma
S :‘; ( a) density, y, is the relativistic factor of the electron beam, and
S . - p, and p, are the electron beam momenta along the beam
N - direction and transverse to the beam, respectively. This indi-
= 20 - cates that the threshold for the Weibel instability is increased
g [ at higher laser intensities due to the larger valugyds well
T i ” as a possible increase in the transverse temperature of the
c>\‘< = o beam. In addition, the growth rate may be decreased because
0 — = Lo of reduced collisionality if the target is heated to higher tem-
ot —~  peratures. The combination of these effects may explain why
0 20 40 O this instability was almost never observed in our experiments
x1 (units of C/(D()) o g using single beam at high intensities. Indeed, the “coarse”
™ electron filaments without target rear surface heating were
m only observed once in the experiments, while off-normal
“uniform beams” were usually observed. Further experi-
| - - o ments are required to determine conclusively whether the
= Te) observed filaments in the single-beam case were due to laser
> 40 — - : ' intensity, prepulse levels, or target conditions.
cC] - Besides the well-known Weibel-like instability, there are
o - - other mechanisms which may also produce filamented elec-
B ] T tron beams at the laser-plasma interface. For example, the
0 20 — = (b) s_urface instability[21], whi_ch is associa}ted_with qleforma-
:‘é’ - s tions at the laser-plasma interface at high intensity, can po-
S . —-— tentially generate fast electron filaments. It has been sug-
~ N o - gested that a “smooth” density deformation as wide as the
c>\1< ’ an laser spot, such as that produced during hole boring process,
0 - f I f | f leads to high absorption and to collimation of fast electrons
0 20 40 due to a geometrical “fgnnel” effect_. Due_to the appearance
. of small-scale deformations at high intensity, several electron
x1 (Umts of C/U)O) filaments, each of them correlated with a small-scale defor-

) ) ~ mation, may appeatr. It is possible that the surface instability
FIG. 4. (Colon) Simulation results of the structure of the time 5y cause the large-scale structure observed in the single-
averaged quasistatic magnetic fields at. 144 fs with different dens'%eam case. However, considering the consistent observation
scale lengths at the target rear surfa@gis with a very sharp drop ¢ hitorm off-normal electron beams using only main inter-
from 2(n; to .O W'th'n 0.2/ wo and(.b) Is with a .Slow ramp from action laser beam, it is quite likely that this instability
20n; 10 N within 14c/wo. Herex, is the coordinate along laser mechanism does not play a significant role in the observed
direction of propagation. A linearly polarized laser pulse with an ) . h -
intensity ~10'° W/cn? is incident from the left boundary. The electron filaments in our expenment;. Indegd, the fine-scale
plasma and laser light are uniform in tlRg direction. One unit in structure O_bserved in the two-k_)eam In_teractlons is not due to
space corresponds to 0.16n. a change in the Iaser-plgsma interaction but rather a change
in the parameters of the interaction of the electron beam with
case. In our experiments, the background plasma can be ahe plasma.
sumed to be cold and highly collisional—note that-ifL0%
of the laser energy is deposited in the interior, the internal
plasma temperature is likely to be less than 100 eV. Conse- V. CONCLUSIONS
quently, plasma kinetic effects may be important in the evo- Electron beam oroduction and br tion have been
lution of this instability, which may result in the rapid growth ; . production and propagation have bee
of longer wavelength modes. The large electron beamlet§tUdIeOI W'Fh 1-p_s;_ec laser pulses |nte8ract|ng W't.h thin gold
observed occasionally in the single-beam experiments af'9€ts at Intensities greater than 80 W/cn. Filamen-
lower intensity may be as a result of the growth of Ionger-tary emission of relativistic electron peams leaving the rear
wavelength modes in a colder, more collisional plasma. _surface.of the target has peen experimentally observed. This
Recently, Silvaet al. [20] showed that the growth rate of IS the first such. obsfervatllon. It was shown that the most
the Weibel |nstab|||ty is dependent on the ratio of the beammportant condition in which electron beam filamentation
density to background plasma density, the perpendicular tenfiue to Weibel-like instabilities becomes a factor are situa-
perature of the beam, and the beam energy. The threshold ftiens where large regions of low-density plasma exist.,
the Weibel instability to occur for a cold relativistic beam in with the plasma density comparable to the beam density
a cold plasmap,/mec<1, p,/me>1) was derived from Electron beam propagation in cold collisional plasmas may
relativistic kinetic theory to be also enhance this instability. These observations are in agree-
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