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In experiments, the feasibility was demonstrated of generating multi-MeV electrons in a form of a
collimated beam utilizing a table-top laser system delivering 200 fs pulseyithl.2 TW and 10

Hz capability. The method uses the process of relativistic self-channeling in a high-density gas jet
producing electron densities in the range of B0*-6x 10°° cm 3. In a thorough investigation,
angularly resolved and absolutely calibrated electron spectra were measured and their dependence
on the plasma density, laser intensity, and gas medium was studied. For the optimum electron
density ofn,=2x10?° cm™ 2 the effective temperature of the electron energy distribution and the
channel length exhibit a maximum of 5 MeV and 4Q@0n respectively. The laser-energy-
to-MeV-electron efficiency is estimated to be 5%. In a second step, utilizing the multi-MeV electron
beam anti-particles, namely positrons, were successfully generat@®imm Pbconverter. The
average intensity of this new source of positrons is estimated to be equivalent to a radioactivity of
2% 10° Bq and it exhibits a very favorable scaling for higher laser intensities 2002 American
Institute of Physics.[DOI: 10.1063/1.1446879

I. INTRODUCTION accompanied process of electron acceleration is of particular
interest for three main reason(®) It is intimately connected
Present-day high-repetition-rate table-top laser systemg the physics of the plasma based accelerators that can sus-
deliver focused intensities approachingd@/cn? while  tain extremely large acceleration gradients of the order of
large-scale petawatt class lasers pledge intensities beyondj Gv/cm. Because this is four orders of magnitude higher
10%* W/cn? for the foreseeable future. These technologicakhan in conventional accelerators, they hold out the promise
advances in the development of multi-terawatt short pulsgg replace the large scale rf linacs with more compact
lasers have spurred research activities in a new intensity refeyicest! (b) In the advanced inertial confinement fusion
gime of laser matter interaction identified as high-intensityscheme known as “fast ignitor,” the laser accelerated elec-
physics! Appealingly, a number of experiments in this vig- tons play an important role in transporting the energy
orously pursued new area of physics indicate that moderat@,rough an overdense plasma to the fifelc) Laser based
size table-top laser systems could conceivably replace thﬁroduction of nuclear radiatiofy-rays, neutrons, positrons,

large acc_elerator facilities for a number of application;. '”‘pions) or laser induced nuclear reactions require large fluxes
deed, using 10 Hz, TW table-top lasers the generation Ofs re|ativistic electrond314

MeV +y-rays in the interaction of solid targets with
femtosecond-laser pulses has been repdrid@eneration of
XUV radiation in form of harmonics of the fundamental has
also been demonstratéd® Furthermore, fusion neutrons us-

In this report we give a comprehensive account of the
work we have performed on the generation of a relativistic
electron beam employing a table-top laser system delivering

_ : i femtosecond pulses at the rate of 10 Hz. Also, of an appli-
ing either deuterated planar tardets deuterium clustefs  caiion in which, using the laser accelerated electrons, we

heated with femtosecond laser pulses have been Observeﬂ'oduced 10 positrons &) per laser pulse with a mean
More recen_tly, 18P eIectroqs per laser pulseiwere producedenergy of~2 MeV. The measured electron energy spectra,
in a low emittance beam with average energies of 5 MeV anglagglved in angle and absolutely calibrated, pertain to elec-
maximum extending to over 12 .I\/Ieg\/.lln a miniaturized  yon acceleration during self-channeling in a previously un-
scheme analogous to the one utilized in linear accelerator\%,prred regime, characterized by fs-laser pulses of rela-
these MeV laser accelerated electrons were used to generqlf\(;ew low energy(<1J) interacting with anigh-densitygas
anti-particles, namely positrors. _ _jet producing electron densities,~0.3n, where n

. Independently, the propagation of ultrashort high-_ ,,2/(47e?) is the plasma critical density corresponding
intensity laser pulses through fully ionized plasma and thgg ne |aser frequency, . A brief account of this work has
already been communicated in Refs. 9 and 10. Even though
3Electronic mail: tsakiris@mpg.mpg.de the generation of relativistic electrons with short laser pulses
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in gas-jet targets has been reported in a number of similaGiven thatw§~ne, one sees that the ionization of the me-
investigations?*8to our knowledge this is the first experi- dium at the high-intensity region results in a decrease of the
ment in which an 1-TW table-top laser system operating aindex of refraction, but at the same time the higher value of
10 Hz was utilized for that purpose. Recently, similar mea-a; counteracts this increase via the facfowith a decrease.
surements were reported using the same type of laser but i the case of high intensities and low Z gases, the medium
higher intensities? In this context, our work represents a ionizes completely so that the pulse propagates through a
further development toward a particle source of table-tothomogeneous plasma of constant electron density. Under
size. When operating at 10 Hz, radiation safety rules conthese circumstances, there are no contributions from the ion-
cerning the personnel performing the experiment requirgzation defocusing term in Eq1) and the relativistic self-
careful shielding of the area around the gas-jet target in ordepcusing has to compete with diffraction orff/For the rela-

to reduce the radiation dosage to acceptable level. Thigyistic self-focusing to dominate over diffraction the well
makes the experimental setup inflexible and the experimengoyn conditionP, > P, has to be fulfilled withP,_the laser
tation cumbersome. To avoid this compllcz_itlon,_we haveyeam power andP ~ 16_4((05/&)5) GW the critical power
chosen to perform the measurements using single lasgg. 4 given electron density and laser frequeff&?26The
pulses. It should be stressed here though that there are o, jeromotive contribution to self-focusing is generally
technical constrains hindering the operation of the source gl o, or than the relativistic but not instantaneous. This is

the laser rgpetmon_rate, .e., 10 Hz. Under the;e CIrCUMpacause it is associated with charge displacement which in-

stances, this experiment demonstrates the realization of Bives an inertial response

ivvligéhgble e’ source with an equivalent activity of 2 Theoretical analysis has shown that depending on the
Afte?.an epigrammatic review of the interaction IohysiCSinitial laser and plasma conditions, the intense short-pulse

of TW laser pulses with gas-jet targets and of the electroﬁmdergone relativistic self-focusing can propagate either in a

. . . stable single channel mode or can break up in filaments thus
acceleration mechanisms in Sec. Il, we present the experi- g de b up € u

mental setup along with the main experimental results frorﬁ3Xhibiting unstable .behavié?. Receqtly, the tr.ansitior! from
the fast electron generation in Sec. lll. The application ofWhOIe tt))eam gg’cus'”g tp hstronrg]] f|Iamentat|fCJPI regime has
positron generation and detection is described in Sec. IV. Theen observed. More insight in the process of filamentation

conclusions and some potential prospects are given in Sec. {2S been gzime_d by three-dimensional Particle-In-(RIC)
simulations™ It is believed that the filamentation is seeded

1I. HIGH-INTENSITY LASER PULSE INTERACTION by the Weibel |nStab|l|ty OCCUrring in the flow of energetic
WITH UNDERDENSE PLASMA electrons produced by, e.g., stimulated Raman scattering and
propagating in the laser direction. The current filamentation
is accompanied by light filamentation and strong quasi-static
The first phase of the interaction of a high-intensity magnetic fields. However, the three-dimensional PIC simula-
pulse with neutral gas is the rapid medium ionization by itstions have revealed a new phenomenon in which after the
leading edge so that the subsequent interaction is that of dmeam passes through an unstable filamentary phase it shrinks
intense pulse with an underdense plasma. A Gaussian-liketo a single channel having a diameter of a few
radial intensity profile would produce via ionization an ex- wavelengths! The coalescence of the light and current fila-
cess of electrons around the beam axis, which would lead tments into a single channel fa, >1 is attributed to the
defocusing because of the lensing effect associated with su¢hutual attraction of nearby located current filaments and it is
a density profile. In addition, the diffraction of the beam accompanied by a factor 10 enhancement of the on-axis
leads to defocusing independently of density or intensity. Aight intensity. The plasma channel acts as a dielectric light
counteracting process is the relativistically induced selfguiding waveguide which can transport the high-intensity
focusing due to the electron mass increase in high-intensitjulse over considerable distances. This effect of relativistic

regions followed by the ponderomotive self-focusing as aself-channeling leading to the formation of a single channel
result of the expulsion of electrons from the region arounchas been observed experimentafly.

the propagation axis. .
In the limit where the laser pulse contains many lasef®- El€ctron acceleration

A. Self-focusing and channel formation

oscillations, the refractive index of the plasmgis given Concomitant to the self-focusing is the generation of
by?0-% relativistic electrons with energies of several tens of MeVs.
1 w2 These energies greatly exceed the maximum kinetic energy
n~1— > y—;z (1) afmczlz acquired by a single electron in the focused laser
L

beam, which fora, ~1 would be 250 keV only. Obviously,
where wp=(47-re2ne/m) V2 is the plasma frequency, the  collective effects associated with the plasma through which
electron density, and, the laser frequency. The factgrin  the laser plasma propagates are responsible for the observed
Eqg. (1) is due to relativistic mass increase of the electronrelativistic electron energies. Two mechanisms are currently
executing a quiver motion in the laser field and in terms ofunder scrutiny: The Laser Wakefield AcceleratidWFA)
the normalized vector potential =eE, /mcw, is given by  and the Direct Laser AcceleratidbLA).
y=(1+af/2)1’2 with E, the peak electric field. For low In the LWFA, a short laser pulse excites an electron
(nonrelativistig intensitiesafwo thus its effect diminishes. plasma wave by expelling the electrons from the space that it
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occupies. This is due to the ponderomotive force associatetthe self-generated quasi-static electric and magnetic fields in
with the pulse envelope and it is optimally driven when thethe channef!#°

pulse lengthL=c7_ matches half the plasma wavelength It should be noted here that no delimitation for the va-
\p/2=mclw, . **3This process combined with the restoring lidity of the two mechanisms in the pertinent parameter
force due to ion inertia leads to the creation of a longitudinalspace(laser intensity, plasma density, pulse duration, focus-
electrostatic wake field propagating with a phase velocitying geometry is available. However, three-dimensional PIC
equal to the group velocity of the laser pulse in the plasmacode simulations indicate that for high plasma densities and
Background electrons are trapped in the potential well ofelatively long laser pulses where the conditign> 7/ w, is
such a wave and they are accelerated in the direction dfatisfied, the DLA is most likely the dominant mechanism.
propagation. When the amplitude of the electron oscillation$n the other hand, for short laser pulses and low plasma
in the plasma well becomes comparable with the plasmaensities the LWFA appears to be the main acceleration
wavelength, wave-breaking occurs in which the plasma waveechanism.

looses its coherent nature. The trapped electrons damp the

wave irreversibly and appear as a collimated relativistic elecHl. GENERATION AND CHARACTERIZATION OF THE

tron beamt®3*3*The maximum energy to which the self- RELATIVISTIC ELECTRON BEAM

trapped electron can be accelerated depends primarily on two The experimental setup

factors. First, on the maximum possible acceleration gradient ) ) ]

before wave-breaking occurs and second, on the phase slip- 1he experiment was performed with the first module of
page between electron plasma wave and accelerated p:ﬁﬂ—e 10 Hz advanced Ti:sapphire laser ATLAS at Max-
ticles. The last factor is referred to as “dephasing limit” and Planck-Institut fu Quantenoptik that delivers pulses at 790
it corresponds to the case where the electron has acquired 88" @s shortas 130 fs and with a maximum energy of 250 mJ.
much energy that it moves ahead of the accelerating flank of"€ Whole laser chain consisting of the oscillator, stretcher,
the potential well and starts de-accelerafihghe maximum  tWo amplification stagegegenerative plus multi-pass ampli-
electron energy gain through this process has been shown 6", and compressor is assembled on two optical tables. To
be Vmax=2w2/wﬁ,35 which indicates that lower plasma densi- avoid deterioration of the high-intensity pulse, the beam after

ties favor high energy gain, but this presumes long acceler2°mpPression is transported to the experimental chamber in
tion lengths which is difficult to produce in practice. In the Y&Cuum. The main experimental setup is shown in the per-

high density regime in which the laser pulse duration encomSPective view of Fig. 1. _ _ _
passes several plasma periods, g2/ w,, the laser The laser beam was focused with p=3 high-quality
envelope undergoes an instability and becomes use”_qff-axs para_bohc mirror, yvh|ch ensures high focal |nt_en3|-
modulated” at the plasma periG8.The pulse breaks up into t|es._ The radial beam profile Qt foc_us was meag,ured using the
multiple pulses each having the optimum length and thus igduivalent focal plane technique in which a high resolution
resonantly drives large-amplitude plasma waves. The assodpultiple element objective witlF,=2.5 andf=10 cm is

ated process of electron acceleration in the wake field thugMPloyed to image the focal spot plane into a charge-
created is referred to as Self-Modulated Laser Wakefield Accoupled devicé CCD) camera with a magpnification factor of
celeration(SM-LWFA). ~50 and a spatial resolution of1 um. The overall dy-

The second mechanism of Direct Laser Accelerdfion namic range of the CCD camera was extended using several

presumes the existence of strong quasi-static fields inheref{P filtérs and numerically combining records taken under
to the formation of the channel. A part of the initial electron différent exposure conditions. The thus obtained radial beam

population occupying the channel volume is displaced peProfile was numerically integrated to obtain the azimuthally

cause of the radial ponderomotive force exerted by the |aséq.verra%?d power within a radiusr, ie., P(r)
pulse. As a result of the charge separation, a strong radiafJo/o"! (,#)pdpdé. The result is given in Fig. 2. One
electric field is generated. Another part of the initial numbermmediate observation is that 86% of the beam energy is
of electrons is pre-accelerated in the axial direction by th¢onfined in a spot size having a radius ®f7.5 um. The
excitation of a plasma wave in the leading edge of the lasefzimuthally gveraged_rgmal intensity dlstrlbguon is approxi-
pulse via the forward Raman instability. These energetich@tely obtained by fitting a double Gaussian of the form
electrons carry an electric current which produces an aziP(r) =P [A(1—e (") + (1-A)(1-e 2] to the
muthal magnetic field. A relativistic electron moving in the experimental data for the power. This corresponds to a
combined radial electric and azimuthal magnetic field ex-double Gaussian intensity profile of the forifr)=1,+1,
ecutes a motion which is similar to the one in a wiggler field =P [ (2A/ 7r2)e207% + (2(1— A)/ r)e 20,

of a free electron laséf. It oscillates in the transverse direc- The relative amplitude of the two Gaussian profikes
tion at the betatron frequencyb~wp/(2y)1’2in these fields and their 1¢2 intensity radiir,,r,, are the free parameters
while drifting along the channel together with the laser pulseused for the fitting. The fitted poweP(r) and the corre-
When the frequency of betatron oscillations coincides withsponding intensity distributioh(r) are included in Fig. 2. As
the Doppler shifted laser frequency, as seen by the relativistiit can be seen, the focal spot profile consists of a narrower
electron, a resonance occurs, leading to an effective energyeak with a 1¢? intensity radius ofr ,=3.0 um superim-
exchange between the laser and the electron. As describedposed on a low level broad background with radiusr gf
Ref. 37, this mechanism is similar to that of inverse free=10.0 um. Furthermore, foA=0.46 the relative contribu-
electron lasergIFEL),*® with the wiggler field replaced by tion to the peak intensity of the two Gaussians is 9:1 result-
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laser

jet . .
gasJe FIG. 1. Schematic of the experimental arrangement

lens ) showing two of the diagnostics used. The side view
lo interference-filter CCD camera for the self-scattered image with which
CCD-camera the channel forma_tion was established an_d _its _Iength
nozzle measured(lower right insert and the scintillating

screen used for the visualization and optimization of the
generated electron. The appearance of MeV electrons is
demonstrated by utilizing a magnetic field that deflects
the electron according to their ener@ipp left inser}.

electron
beam Al-filter

scintillating screen laser

e —

400 pm

ing in a combined peak intensity at focus bf0)~4.5 orifice of 500um in diametef**! The gas density profile
X 10* W/cn?. The data presented here were acquired over avas measured interferometrically for the different gases used
number of experimental series during which the peak intenin the present experiment including, hydrogen, argon and
sity fluctuated between 4010 W/cn? and 6.5 nitrogen. The density profiles at a distance of 100— 400
x 10'® W/cm? mainly due to replacement of optical compo- from the nozzle outlet can be adequately characterized by a
nents in the laser system. This results in a normalized vect@imple Gaussian radial profile and an exponential density fall
potential range of ~1.4—1.7. Of importance here is the off with distance from the nozzle orifice. The accuracy of the
confocal parameter defined for a single Gaussian beam atensity measurements was estimated ta-l286%. As shown
twice the Rayleigh length 2=27r3/\ with r, the 182  in Fig. 3, the radialalong the laser directiordensity profile
intensity radius. The high-intensity Gaussian peak is resporin the interaction region located 100 um above the nozzle
sible for the self-focusing and channeling of the laser beantip corresponds to a Gaussian profile with half the peak den-
and hence, it is reasonable to compare the channel length gity at the edge of the orifice. The peak molecular density at
the confocal parameterzg~70 um corresponding to its this position is linearly proportional to the backing pressure
1/e? intensity radiusry=r,~3.0 um. The observed axial up to a maximum value of 8 10?°° cm 3 (see Fig. 3. Most
profile of the vacuum focus confirms this estimétee Fig. 4  of the measurements reported here were made using helium
below). As discussed in Ref. 24, the focal spot profile plays aproducing electron densities in the rangg'n.~0.05-0.3.
decisive role on the beam interaction processes with a gas In order to diagnose self-focusing and channel forma-
jet. In the early stages of the interaction when refractive detion, a side-scattering imaging system at 90° to the laser
focusing is important, the double Gaussian profile might bebeam direction was utilize¢see Fig. 1. Using an interfer-
of advantage as it provides an environment of fully ionizedence filter this system took self-scattered time integrated im-
plasma through which the high-intensity peak propagates. ages of the radiation at the fundamental laser wavelength
The focus was placed at the edge of a free expansion gas
jet generated by a high pressure gas nozzle with a circular

axial/radial distance (um)

& 2 I " measurement | L2 "?E 30 250 50({ 0

E 4L \I)~1/r dP(ry/dr \ J1.0 R T
= g ‘© T L ‘@
- o J0.8 =) NI axial 5
= 3 Ia““. o &\1 J?:‘ N ] g
= R 10.6 =~ ‘@ N T {05 ®
> 7,=997 um 0.4 -g 1r “‘.I__’ g
Z qL o A4=0.46 3 ~— radial ™. 2
g I3 2z,=70.9 um 0.2 2 0 l Tt 01 S
o] 22 a— 0.0 g 0 5 10 15 20 25 30

0 2 4 6 8 10
radius 7 (um) back pressure (bar)

FIG. 2. Radial beam profile at focus. Squares: measured radial power diFIG. 3. Interferometrically measured molecular density dependence on the
tribution. Dashed line: double Gaussian fit. Solid line: The total focal inten-nozzle back pressuresolid line). The normalized axial and radial density
sity distribution resulting from the sum of the two Gaussian profileand profile at a distance of-100 um above the nozzle orifice are also shown

I, (thin dotted lineg (dotted lines.
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200

100

intensity (a.u.)

0 1 L 1
-20 -10 0 10 20
angle (grad)
FIG. 5. Radial electron beam profile as obtained from a line-out of the spot

image (insey on the phosphorescent screen fy=1.3x 10 cm 3. The
image includes all electron energies above 200 KeV.

20

electron density (10” cm™)

line-out of the electron spot on the phosphorescent screen is
given in Fig. 5. This gives an approximate estimate of the
overall electron beam divergence asl5° FWHM (full
width at half maximum This is an upper limit because the
low energy electrons suffer multi-Coulomb scattering in the
aluminum foil and thus increase the size of the spot.

The main electron diagnostic was a compact 45-channel
FIG. 4. Side view image of the channel due to self-scattef@glet orifice  agnetic spectromet&f,which after beam optimization re-
with a 400um wire inserted in its openingb) Vacuum focus obtained in a . . . s
static filled chamber with 10 mbar nitrogeft) Image of the channel indi-  Placed the filter and screen and with which quantitative mea-
cating its position relative to the gas density profitetted ling. surements of the electron energy distribution in a range from

500 keV up to 12.5 MeV were performed. Figure 6 illustrates

the setup for the electron spectrum measurements. The elec-
with a spatial resolution of um. The same setup was also trons were collimated by an aperture of 5 mm in diameter,
used to precisely position the vacuum focus of the lasedlispersed by a permanent dipole magnet and finally detected
beam relative to the gas plume emanating from the nozzl®y scintillating/light-guiding plastic fibers which were
orifice. First, by static fill of the experimental chamber with coupled via a fiber optics to a cooled CCD camera. Subse-
10 mbar nitrogen the vacuum focus was localized. This igjuently, from the recorded image of the fiber array the en-
shown in Fig. 4b) where also the confocal parameter of the ergy spectrum was deduced. The aperture was located 14 cm
focusing optics is seen to be in good agreement with th@way from the laser focus resulting in 1 msr collection angle
estimate obtained from the focal spot sizee Fig. 2 The for the spectrometer.
position of the nozzle orifice and the exact magnification of ~ The spectrometer was absolutely calibrated using vari-
the setup was obtained by back-lighting a 40® diameter ous S-emitters. The detailed description and operational
wire inserted in the opening of the nozEig. 4@)]. This  characteristics of this novel spectrometer are given in Ref.
way the position of the vacuum focus could be varied in the42. The compact size of the spectrometer and its flexible
laser beam direction relative to the peak of the density proconnection via the plastic fiber bundle to the detector made
file. It was found experimentally that the longest channelgpossible the rotation of the whole permanent magnet unit
are formed when the vacuum focus is at the position wher@orizontally as well as vertically around the interaction re-
the density is about half maximum independently of peakgion up to an angle of 10° relative to the laser beam direc-
density value. This is depicted in Fig.(c4 where a tion. Aschematic of this arrangement is shown in Fig. 7. This
~400 um long channel is shown relative to the radial den-
sity profile.

Two different diagnostics for electron detection were
employed. The first one is shown schematically in Fig. 1 and fiber optics
consists of a phosphorescent screen placed behind a 100- scintillating/lightguiding fibers
pm-thick aluminum foil that blocked the laser light and elec-
trons with energies less than 200 keV. The purpose of this
device was to visualize the relativistic electrons and qualita-
tively optimize their production. At an electron density of
3% 10 cm™ 2 a faint round spot appeared on the screen cen-
tered on the laser axis and it became brighter at higher den-
sities. When a static magnetic field of 1 kG was applied
between the filter and the screen, this spot moved in theig 6. schematic showing the 45-channel electron spectrometer using scin-
direction expected for a beam of electrofsee Fig. 1L A tillating fibers(see Ref. 42

CCD-camera

dipole magnet

B~1.5kG
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/3 Oft-Axis
parabolic mirror

electron number/MeV/msr

objective CCD-camera
laser } \’7

lo-filter 0 2 4 6 8 10 12
kinetic energy (MeV)

FIG. 9. Experimentally determined electron-spectrum dependence on differ-
ent electron densitiegabeled by normal letteysBold letters give the effec-
tive temperatures of thenot shown exponential fits.

can be readily generated at the rate of 10 Hz. In what follows
the results of the experimental investigation of the electron

FIG. 7. Schematic diagram illustrating the method used to measure thgnergy d'Str'bUt'on dependenge on den5|ty, angle, laser inten-
angular dependence of the electron spectrum. The spectrometer was pivotsity and gas medium are outlined.
around the gas jet in steps of 2.5°.

2. Electron density dependence
way measurement of the angular dependence of the electron For a given laser power and frequency, the threshold for

energy distribution was made feasible. relativistic self-focusingPgrse= P~ 16.4(w{/w}) GW can
be traversed by lowering the critical power via density varia-
B. Experimental results tion. The onset of self-focusing can be observed experimen-

tally this way and it is depicted in Figs. 9 and 10 where the
parallel evolution of the channel length and that of the effec-

Atypical energy spectrum that was measured in the lasetive electron temperature is given. As seen from Fig. 10, at
beam direction(from now on denoted by Q°at the maxi- an electron density of 810° cm™3, i.e., slightly above the
mum laser intensitysee Fig. 2and at an electron density of threshold for self-focusing the channel length starts to be-
2x10%° cm™3 is shown in Fig. 8. As has already been estab-come longer than the confocal parametaiice the Rayleigh
lished in experiments with longer laser pul$&si®the high  length 22,~70 wm) and the first relativistic electrons appear
energy electrons>1 MeV), exhibit a Boltzmann-like dis- (see Fig. 9 When the density is increased to 5
tribution N(E) = Nge ™ F'Teft with an effective temperature of x 10 cm™3, a self-focused channel of 22m is observed
Te=5 MeV. The maximum energy detected is 12.5 MeV, and the temperature of the fast electrons measured at 0° rises
which was the spectrometer limit. It should be pointed outstrikingly from 300 keV to 1 MeV(see Fig. 9. This ten-
here that the sensitivity of the electron detector allows thelency continues under further density increase until a density
acquisition of this spectrum in a single laser pulse. It wasof 2x10?°° cm™2 where the maximum temperature of 5.0
found that for the same set of parameters the energy spedeV and the longest channel of 400 um are detected.
trum is very reproducible. Thus, as seen from Fig. 8, abouSimultaneously, an increase in the total number of MeV-
10® electrons per msr with mean kinetic energy of 5 MeV electrons is perceived reaching a value of>318%/msr at

1. Electron energy distribution

;g 10° JEE T T T T 400 F
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N U T ~5MeV £ 30| =
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5 | e 5 £
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FIG. 10. Dependence of channel lengthamond$ and effective electron

FIG. 8. Typical electron spectrum measured in laser beam direianes temperaturecircles on plasma density. Symbols correspond to the experi-
and exponential fi{dotted ling for the optimum electron densitg,=2 mental data while the solid and dotted line are to guide the eye. The vertical
X107 cm 3, dashed line shows the theoretical threshold for relativistic self-focusing.
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FIG. 11. Measured electron energy distribution within the solid angle OfFIG. 12. Angular dependence of the electron emission within an energy bin

AQ=1 msr for the in the inset indicated angles relative to the laser axis anq)f +1 MeV around the indicated energies. The experimental @gtabol3
for ng=10"° cm™. The effective temperature corresponding to each distri- ;.o for the optimum density,=2x 10?0 cm™ 3. The lines are Gaussian fits
bution is noted on the curve. to the data. €

optimum density(see Sec. IlIB R As can be seen from Fig. made up of a hot component of 5 MeV in the center of the
10, additional increase in density reverses this trend and Seam at 0° and colder components in the outer parts, namely
sults in a drop of the effective temperature and channe), MeV at 5° and finally 2 MeV at 10°. This indicates that

length. the very fast electrons with energies exceeding 10 MeV are

As the plasma density increases, the self-focusing powet, e collimated than the less energetic ones. An analysis of
threshold drops, and the effective raRQ /P rises. Alarger - o gata at various angles in which the electron energy is

portion of the laser beam is trappgd in the Charz)nel _asnd Jivided into bins of+ 1 MeV illustrates this behavior and is
length grows. At the plasma density of=2x 107 cm .given in Fig. 12. Here, the angular spread of electrons in five
we observe an optimum at which most of the laser energy igjigerent energy ranges is shown. It diminishes from 16.5°
trapped in the channdFig. 10. Both channel length and gy for 1-MeV-electrons to 9° for 11-MeV-electrons.

effective temperature of fast electrons are maximized heregjmijar measurements in the perpendicular direction show
At higher densities, the number of electrons still increasesyat within the accuracy of the measurements, the electron
but the temperature as well as the channel length decreagg ., is azimuthally symmetric. This confirms the resuilt ob-

again. This is attributed to higher energy losses due 10 eleGzjineq with the phosphorescent screen and shown in Fig. 5.
tron heating as, approachesi. . Losses to ionization and The angle integrated spectra for various densities are

ionization defocusing occur at the channel boundaries, but shown in Fig. 13. They represent the electron distribution

play no role ir_l the channel center, where electron_ trappingvithin a cone with angle of 20° corresponding to a solid
and acceleration takes place. It appears that this optimal, e of 100 msr. Here similar tendency is observed as in the

effective temperature with density at lower densiffes. for higher densities. Since the outer parts of the beam are

somewhat “colder,” the angle averaged temperatures are
. ) generally lower.
The emittance of electron beam emerging from the  The total number of all electrons emitted with energy

plasma channel has been studied using the setup shown in>1 MeV inside the 20° cone along the laser axis is given
Fig. 7. By keeping constant the distance to the focus at 14

cm and the angle subtended/f) =1 msr, the spectrometer

was rotated in the horizontal plane in stepsAaf=2.5° up B B B
to a maximum angle of=10°. In Fig. 11, the spectra for N
three different angles and for an electron density of
10%° cm 2 are given. The form of the off axis spectrum re-
mains more or less Boltzmann like, but the effective tem-
perature is strongly reduced at larger angles. The full angle at
which the number of all electrons with energy greater than 1
MeV is reduced to half is found to beryuy=13°, some- E02 N o v
what smaller than the value obtain from the phosphorescent '3X‘1(y{|9 \5x107 -~ 10 .
screen(see Fig. $. This divergence appears to be in agree- 107, 9 4 6 g 10 12
ment with the results from similar experiments at lower den- electron kinetic energy (MeV)

sity and higher power obtained with a completely different _
18 FIG. 13. Dependence of the electron-spectrum integrated av@r
method: . . .
. o =100 msr solid angle on different electron densititzbeled by normal
Measurements at optimum electron density=2 letters. Bold letters give the effective temperatures of thet shown ex-

x10?° cm™2 reveal that the hottest electron spectrum isponential fits.

3. Angular dependence

electron number/MeV
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in Fig. 14 as a function of electron density. It is seen that the E PN Jon <
number of fast electrons increases sharply with density in 8 " Tl 1107 2
accordance with the results in Fig. 10 and once more con- g NN o N
firming that efficient acceleration is only possible whn 3 i [T T ~1 106§

> P.. Although it exhibits a saturation tendency at high den- 07 10 20 30 40 50

sities, the fast electron number increases further beyond the intensity 7 (10" W/em?)
optimum density of X10?°° cm™3 to a maximum value of
3x 10'°-MeV electrons. This corresponds to a laser-energyf!C: 15. Scaling of the effective electron temperat(squares and total

) . .. 0 . h h g number of MeV electrongcircles with intensity. Top: variation of the in-
tQ MeV-electron efficiency of 5%. Assuming that the er_nls tensity with the laser pulse energy. Bottom: variation of the intensity with
sion of electron lasts for=300 fs then the corresponding the laser pulse duration. In both cases, Thg=12 and theN 13?2 fits to
current is of the order of-10 kA. The duration of electron the data are shown by the dashed lines.
emission is estimated as the sum of the laser pulse duration

and of the time difference between a 10-MeV electron and an )
1-MeV electron to travel the length of the channel. It is in-  1he dependence of the effective temperature and of the

teresting to note that the beam current at laser power of 5Ptal number of MeV electrons on vacuum focus intensity is
TW, but with longer laser pulses was estimated to be only byPnown for both cases in Fig. 15. The electron density was
a factor of 6 highet® The electron beam current is reason- Kept at its optimum value of 2 16%° cm™* and the intensity

ably close to the Alfve limit, which for 5-MeV electrons is  Was reduced from its maximum value by a factor of 5 at

180 kA indicating that propagation might be affected by self-most so that even for the lowest intensity the self-focusing
generated magnetic fields. condition P > Prgr was satisfied. This was controlled by

recording the channel length which was 2p@n for the

minimum intensity. Despite the limited variation range of the
4. Intensity dependence intensity, the experimental results show a clear scaling with

the intensity of the fornT |2~ a, for the effective tem-

" ';H:el scallrk;g offt't\w/le sﬁe;ctl\t/e eIec'F[r(])r:hterfnpe:allture "_intd herature and within the accuracy of the experimental data, of
e total number of MeV electrons with the focal laser inten- 3
the formNo 12~ a? for the total number of MeV electrons.

sity is an important piece of information for two reaso(s: Furthermore, this scaling of .« and N, on the intensityl

It can provide insight and help in the identification of the ;041 10 be independent of whether the intensity is varied
dominant electron acceleration mechanism émdor appli- i3 pyise width adjustment or pulse energy variation as long
cation purposes of the relativistic electron beam where ag 5 channel is created. The observed scaling for the effective
Iargg num_ber_of MeV electrons are requilesde S?C' V. !n temperature with the electric field of the laser has been pre-
the investigations we have performed, the focal intensity Wagjicteq in three-dimensional PIC code simulations with an
varied in two different ways. First, while keeping the pUIseexponentiaI density profil¥. The same behavior fF. has

duration constant the energy was reduced by varying the degs, heen observed in an experiment at higher intensities and
lay between seed pulse and pump laser pulse in the multipags, ar densitied?

amplifier of the ATLAS laser system. In the second method

the energy was kept constant, but the pulse duration was )

varied by changing the grating distance in the pulse compres2: Gas medium dependence

sor. In both cases, the pulse duration and energy output was The effective temperature and channel length were mea-
monitored using accordingly a single shot autocorrelator angured for different gases shown in Fig. 16. As can be seen,
a calorimeter. For each intensity value, the electron spectrurtie results for hydrogen and helium are practically the same
was measured in absolute numbers and two quantities werghereas for nitrogen and even more so for Ar a lower effec-

thus deduced; the effective temperatdrg; and the total tive temperature and shorter channel length is observed. This
number of MeV electrondl, . is attributed to refraction in multi-ionized mediuthAt laser
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P TrET N —% p,(E,E,) =0 (E)o,(E,)N3I?/2, @)
é 5| e----e. : SRR g whereo , the Bremsstrahlung cross sectier}, the y-photon
& 1x10% em® N, 1350 =) pair-production cross sectiok, the electron kinetic energy,
£ 4t Pel0Tem™ 5 andE,, the energy of the intermediate photon. The Brems-
2 7 e 2107 ey -_ Té strahlung cross sectionr, for electron kinetic energie§
S gL = i4>
£3 o f E >E,=1.022 MeV ié
© r g

1 1 1 1 E E

= ay~1122[o.8a(f°—1) ~In=| mb. 3
2 2
gas medium

For E~3 MeV, Eq.(3) yields o~ 6Z2 mb. The cross sec-

FIG. 16. Effective electron temperature and channel length observed for thtion for the generation of an electron-positron pair via the

indicated gas media. The corresponding atomic or molecular density is a'SBremsstrathng photons increases linearly for photon ener-

indicated. giesE, <5 MeV but only as~In E, for higher energies. Tak-
ing into account the values given in Ref. 46 for the appro-
priate energy range, we have calculategE,) and used it

intensities!; >10'® W/cn?, hydrogen and helium are fully in Eq. (2). In the energy range of interest,~ 222 mb.

ionized so that the main interaction volume does not possess Similarly, the probability for the trident process to occur

any density gradients and refraction has little or no effect. Ong

the other hand, for nitrogen ionization states 6ft6 7* and

for argon 8" to 15" are expected to be present. This results ~ Pt(E)=~0(E)Nol 4

in strong density gradients which in turn lead to ionizationyith ¢, the trident pair-production cross section. The depen-

induced defocusing of larger fraction of the laser pulse. Thejence ofe, on the electron energg exhibits a strong in-

loss of energy and the lower peak intensities bring about thgrease fole <6 MeV according to the expressidh,
deterioration in the formation of the channel.
o~5x10622(y—3)3®mb for y<13, (5)

whereas for higher energies the increase is modéfate:
0~1.6x103Z?(In y)® mb for y>13. (6)

IV. PAIR CREATION AND POSITRON DETECTION

In this section, we describe an application for the laser
accelerated MeV electrons in which bursts of positrons wer& he relativistic factory corresponding to the electron kinetic
generated. The scheme we have employed is analogous émergyE is y=(E+mc®)/mc.
the one used for the generation of positrons from high-Z In using Egs.(2), (4), it has been assumed that
moderators in linear electron accelerators. The electrons ger<R,, 1~ 1, whereR, the electron range andthe absorption
erated in the gas-jet target collide with a 2-mm-thick Pb slakcoefficient fory's in the converter material. As all cross sec-
where there is a finite probability of generating electron-tions have &2 dependence on the nuclear charg& ~*'the
positron pairs as long as the beam comprises electrons wiihdirect process scales @8(Nyl)? while the direct is linear
kinetic energies=1.02 MeV. The question that arises is if with Z2Ngl. Therefore, for a given electron energyhigh-Z
the number of positrons thus produced can be unequivocallgnaterial and thick converter favor the indirect process.
detected. There is a distinct peculiarity associated with this An estimate of the fraction of primary electrons con-
new source of nuclear radiation. Unlike the common sourceserted into positron®.+ /Ne- as a function of the electron
from the decay of radioactive isotopes which emit at a giverprimary energy can be obtained if one assurigs-E/2
rate continuously for long period of time, this laser based+m.c? for the energy of those~photons appropriate for
source emits highly intense bursts of nuclear radiation in gair productiorf”® For al=2 mm thick lead converter with
very short time interval. Although this represents basically arN,=3.3x 10?2 cm™ 3, using the expressions for the cross
advantage since the source can be turned “on” and “off” at sections given in Eqg2)—(6) one finds the results depicted
will, the known coincidence techniques normally employedin Fig. 17. It is seen thafi) in the electron energy range of
for the detection of nuclear radiation are not applicable inE<15 MeV, the indirect process is dominant afiid for 3
this case. Positron emission has also been reported from tideV electrons, a fraction of 1G will be converted into
direct interaction of petawatt laser pulses with solid Aupositrons.
targets®® However, petawatt lasers operating at high- While this method of pair production is straight forward,
repetition rate are not yet available and such experiments adetection of the positrons is difficult. As already mentioned,

currently restricted to large-scale facilities. the standard method of detecting 512-keV annihilation pho-
For few-MeV electrons interacting with high-Z material tons(e.g., with coincidence counteérs precluded due to the
the most efficient processes for pair production gagindi- intense burst of MeV photons which makes the detection of

rectly via Bremsstrahlung photons afio) directly in elec- single photon particularly impossible. Therefore, a more di-
tron nucleus collisiongthe trident procegs**° Assuming a  rect way was chosen here and it is schematically depicted in
converter with nuclear densiti}{y, nuclear chargeZ and  Fig. 18. It uses a single thick scintillator that had to be care-
thicknessl, the probability for pair production via process fully shielded to suppress the background signal due to stray
(@ is s to a minimum on account of the weak positron signal. To
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FIG. 17. Variation of the electron to positron conversion efficiency for a

2-mm-thick Pb converte(rsplid ling) and'of the probe}bility ratio of indirect FIG. 19. Measured energy distribution of the primary electi@micircles,
to direct proces¢dashed lingas a function of the primary electron energy. o, nonential fit as dashed lineised to produce positrons. The calculated

spectrum of the generategs and the expected positron spectrum is also
) ] ] ] shown. The calculation assumes a 2-mm-thick Pb converter and is based on
this effect, the separation of the positrons from the primarythe cross-sections given in Eq&)—(6). The stripe denotes the energy range

electrons emanating from the converter by a magnetic fielgovered by the detector. It encompasses% of the total number of posi-
and the heavy shielding with lead bricks of the scintillator ™"
detector were crucial to the detection of the positrons. The
primary electrons were collimated in a plastic block with a
1-cm-diameter hole. The low-Z material stops electrongoerature ofT +=2.7+0.1 MeV. It should be noted here that
without producing undue Bremsstrahlung. The converter waduring this experimental series, the laser system characteris-
a 2-mm-thick lead disk positioned inside the collimateee  tics had changed slightly compare to those described in Sec.
Fig. 18 at a distance of 16 cm from the gas-jet where thelll and under which the electron acceleration measurements
laser beam was focused. The collimation of the beam resuliwere performed. This had as a consequence a lower effective
in reducing the number of MeV electrons to£8.7)x10°  electron temperature. The feasibility of the positron detection
(from a total of 2x 10'9) for performing a clean demonstra- was checked as follows: For the measured electron distribu-
tion experiment. The positrons emanating from the convertetion and for the converter employed, the energy distribution
have a quasi-isotropic distributidf.Those traveling in the of the y-photons was calculated using the cross section in
laser direction are collimated by another 2 cm in the plasticEq. (3). This is illustrated in Fig. 19. Moreover, assuming
collimator before they enter the region where a magneti¢hat the positron-electron pair shares the energy of the
field of B~1.50 kG from two permanent magnets is present.y-photon or primary electron, Eqé2) and (4) give an esti-
Due to the magnetic field, positrons describe a 180° orbitmate of the expected positron spectrum due to both pro-
and are detected by a light tight, 1.5-cm-thick plastic scintil-cesses. As is shown in Fig. 19, it peaks in the energy range of
lator coupled to a photomultiplier tube. The absolutely cali-1-2 MeV and drops rapidly at higher energies. The latter is
brated detector covers the positron energy rangd®B2  due to the converter thickness that becomes more transmis-
+0.08 MeV and subtends a solid angle&f).-=7 msr to  sive for the high energys and electrons. The number of
the converter. positrons generate+ per laser shot can be estimated now
The electron energy distribution was carefully characterbased on the valu&Ng+ /AE~3X10°e"/MeV obtained
ized at the beginning of the experiment with the help of thefrom the spectrum in Fig. 19 for 2 MeV positrons as follows:
multi-channel electron spectroméfeand its reproducibility ~Ne+~(ANg+ /AE)(AQg+/47) AE~27€" /shot.
was established. The spectrum is given in Fig. 19 and it can Indeed, the measurements confirmed the presence of 30
be fitted to a Boltzmann distribution with an effective tem- =15 positrons per shot. It should be mentioned here that
despite the careful shielding of the detector, the signal due to
the energy deposited by the 30 positrons per pulse amounts
to only 6% of the background signal. This difficulty was
circumvented by performing a difference measurement, i.e.,
with and without positrons and statistically analyzing the re-
sults over a large number of shots. A detailed description of
the experimental procedure and analysis is given in Ref. 10.
In order to further substantiate our experimental result, we
scintillator+PMT have performed detailed Monte Carlo-type simulations using
the codecEANT.*® This code allows the user to exactly simu-
late the experimental setup, i.e., collimator, converter, shield-
FIG. 18. Schematic of the miniaturized arrangement used for the productiofng, magnet, vacuum chamber wall, and detector. Two sys-
of positrons. The MeV electrons produced in the gas jet are collimated anematic variations were undertaken. At first for a fixed

converted intoy's and pairs in the 2-mm-thick Pb converter. The positrons lectron temperature dt..=3 MeV. the converter thickness
are separated from the primary and secondary electrons via a static magneﬁc eff ’

field and detected by the thick scintillator. Not shown is the heavy lead brickVaS varied |eadin_g to an Optimumpt: 2 mm. Second, for
shielding used to reduce the signal background due to the generated  fixed converter thickness,;, the primary electron tempera-

collimator lead gas jet
converter

electron beam

B-field
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E’ 150 T of the primary electrons leads to a sharp rise of the positron
= ® GEANT-similation output. This is depicted in Fig. 21 where the predictions of
£ " 0 measurement . the GEANT code for constant number (_)f MeV eIect_roNg

§ 100 d and the same type of converter as in the experiment are
‘g [ 20, given. If one takes into consideration that the number of
; i \ = 1 MeV electrons also irslcreases with the intensity according to
2 sof ® ] the scahng\lefxl3/2c>cTeff (see Fig. 15 the positron output is

& [ )_%_{ ] expected to increase nearly three orders of magnitude for
“§ L . T T.~15 MeV. These estimates assume that the scaling laws
g ol ] of Fig. 15 continue to be valid for higher intensities. As can
§ 20 25 3.0 3.5 4.0 be seen from Fig. 21, the positron yield for a given converter

glectron temperature T (MEY) thickness and forN.,=constant exhibits a saturation for

FIG. 20. Number of positrons seen by the detector as a function of th@igherTeﬁ values. This is attributed to the larger range in the

effective electron temperaturé) GEANT simulation(circles, (i) measure- ~ converter material of the more energetic electrons and gen-

ment(square. The shaded area indicates the uncertairné/associated with eratedy’s_ Indeed, forTeﬁ~15 MeV and twice as thick lead

the fluctuation in the total number of measured electrons. converter a factor of 2 increase in the positron yield is ob-
served. Therefore, by optimizing the converter thickness for
a given electron temperature, one can expect even higher

ture was varied betwe€ef,s=2-5 MeV. The simulations re- yields approaching equivalent activities Bf10'* Bq.

sults for selected electron temperatures along with the ex-

perimental value forT.4x=2.7+0.1 MeV are presented in

Fig. 20 where the number of positrons expected within theV' DISCUSSION

2+0.08 MeV channel is given. As can be seen, the simula- In the interaction of ultra-high-intensity pulses with solid

tions predict the experimentally measured number of positargets the fast electron distribution is characterized by an

trons for the geometry used. effective temperature given by the quiver energy of that elec-

Scaling the number of positrons detected within 0.16tron in the laser field, i.€.Eqs= (Vosc— 1)MeC? With vy
MeV energy range and 7.0 msr solid angle to full energy=\/1+af.49 For laser intensities in the range of
spreadsee Fig. 19and solid angle, one obtains a total num- 10*%-10!° W/cn?, the corresponding effective temperature
ber of 1@ positrons per laser pulse. Using the full uncolli- is Te~0.2—1 MeV. However, experiments with gas jet tar-
mated electron beam gives a positron number-@x 10"  gets consistently produce a fast electron spectrum with a
per laser pulse, which for 10 Hz operation corresponds to agonsiderably higher effective temperature, from a few MeV
activity of 2x10° Bg. These values pertain to the ATLAS to over 10 Me\?*5-12333%oreover, it was experimentally
laser system which for the experiments presented here wadsund that about 5% of the laser energy appears in the form
delivering P, ~1.2 TW per pulse producing a maximum of a beam of collimated relativistic electronst is apparent
Te#~5 MeV. However, table-top laser systems with powerthat an acceleration mechanism due to collective effects is
output of P, >15 TW are already reality. In this case accord- responsible for this rather efficient laser energy transfer to
ing to the scaling lawT .z<1*? given in Fig. 15, one would plasma electrons. Two mechanisms, i.e., the Laser Wakefield
expect an electron temperature Dfz~17 MeV. Then, at Acceleration (L(WFA) and the Direct Laser Acceleration
these higher attainable laser intensities the increase ifigghe (DLA) have been outlined in Sec. Il B.

Given the potential applications envisaged for these
electronst?>® the interest is high in discerning under which
conditions a particular mechanism is dominant. Unfortu-
nately, no “footprint” which is uniquely associated with a
particular acceleration mechanism and which can be experi-
mentally verified has been yet found. The claims over domi-
. nance of one or the other acceleration mechanism are made
on the basis of detailed comparison with relativistic PIC
3 codes>?®

In this context, we have also performed a detailed com-
parison with a full-scale three-dimensional PIC simulation
] code® the detailed results of which have been reported
elsewheré. The three-dimensional capability of this code al-

number of 2-MeV positrons in 47

3 H
10 : : : lows the treatment of the experimental geometry in a realistic
0 5 10 15 20 way and it uses as input the experimental profiles for the
electron temperature T, (MeV) laser pulse and gas target density. For the optimal experimen-

o _ tal parameters, i.e.n,=2x10?°cm 3, corresponding to
FIG. 21. GeanT simulation for the number of 20.1 MeV positrons pro-

duced in 47 as a function of the effective electron temperature for a 2—mm—e!‘:‘10tr0r_]S generate_d Wl_th hlgheSt energy, the i three-
thick Pb converter. For constant number of MeV electrdws=const ~ dimensional PIC simulations reproduce the experimental

(circles and dotted lineand for Noo 132 (squares and solid line measurements reliably not only qualitatively but also in the

Downloaded 04 Jul 2011 to 130.235.188.104. Redistribution subject to AIP license or copyright; see http:/pop.aip.org/about/rights_and_permissions



998 Phys. Plasmas, Vol. 9, No. 3, March 2002 Gahn et al.

absolute number of accelerated electrons in a given energesults presented in Ref. 10 and here demonstrate that a 10
range and solid angle cofiéd more detailed analysis of the Hz laser driven positron source is indeed realizable. Given
electron dynamics as obtained from the code odtphbws  the prodigious technological advances in laser technoidgy,
that for the parameters of our experiménigh density, laser it is almost certain that in the near future there will be laser
pulse larger than plasma wavelengthe laser wakefield ex- systems delivering pulsed power of 100 TW or more at rep-
ists only for short time at the leading edge of the laser pulsegtition rates of 1 kHz. The fluxes of positrons that can be
Furthermore, it is found that most of the electron energy gairgenerated by such lasers would then be comparable to those
is due to the transverse laser electric field with the lasefrom electron linear accelerators using a facility that can fit
magnetic field converting the transverse momentum into lonin a normal size room. Other obvious advantages of laser
gitudinal one®’*8 driven positron sources is the fact that they can be turned off
More recently, a similar analysis has been performed fokvhen they are not needed thus reducing considerably the
the experiment described in Ref. 19, which in contrast to oufadiation hazards associated with radioactive sources. The
results indicates that most of the fast electrons are produceRilsed character of the source with the immense peak inten-
via longitudinal acceleration due to the plasma wakefieldSities, can be exploited in positron-annihilation spectroscopy
Furthermore, it was found that the maximum energy acl(? simplify the cumbersome timing electronigs since the start
quired by the electrons varies with density ﬂﬁawaE/w,zj signal is W¢II defined b_y the Ia;er pulse. It is beyond dout_)t
~1/n, as one would expect from the LWFA mechani&m. that the unique properties of this pulsed positron source will

This behavior is opposite to our experimental finding in be of advantage to other applications as well
which the effective electron temperature increases with denACKNOWLEDGMENTS
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