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Abstract

The propagation of laser-generated hot electrons through matter and across narrow vacuum gaps is studied. We use the
ATLAS titanium—sapphire laser of Max-Planck-Institut fir Quantenoptik to irradiate aluminum and copper foils at
intensities of up to 1& W/cm? generating electrons with temperatures in the megaelectron volt range. After
propagating through the target the electrons are detected by means of visielk6V radiation generated in a dielectric

or hard X-rays emitted from an X-ray “fluor.” These diagnostics allow the electrons to be characterized with respect to
their energy, number, and directionality. We also investigate the propagation of the hot electrons across narrow vacuum
gaps, with a width ranging from 5Q0m down to 50um. The effect of self-generated fields in preventing electrons from
crossing the gap is demonstrated. Implications of these experiments with respect to fast ignitor physics, developing
optics for fourth-generation light sources and X-ray lasers are indicated.
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1. INTRODUCTION (Borghesiet al.,, 1999; Batankt al., 200J), and transition
radiation(Santost al., 2002. More recently a new method

Itis well known that the interaction of an intense laser pulsehas been used to investigate features of the generated elec-
with a solid target generates hot electrgferslundet al,  tron beams, namely, recording the visibler€nkov radia-
1977; Gibbon and Forster, 1996; Borghetial., 1999; tion of the electrons emerging from the rear of the target in
Davieset al.,, 1999; Gremilleet al., 1999; Edeet al., 2000;  a suitable mediun{Brandl et al., 2003. In this way the
Bataniet al, 2001; Feurert al., 200]). These particles spatial features of the generated electrons can be determined
propagate further into the material and can be observed tas well as their numbers.
emerge on the other side of the target. The great interest in In this article we demonstrate the application of the
this effect stems from applications of these electron beam€erenkov method to investigate propagation of the elec-
in a variety of experiments and proposals, such as the hdtons through foils. We further study the propagation of hot
igniter (Tabaket al., 1994, generation of high-energy pro- electrons across narrow vacuum gaps behind the primary
tons and iongSnavelyet al, 2000; Wilkset al, 2001; target by means of X-ray diagnostics.
Hegelichet al., 2002, ultrashort X-ray pulses, and X-ray  Cerenkov radiation is generated by particles exceeding
lasers(Rose-Petruclet al., 1999; Fill, 200b). the velocity of light in a dielectric. The &enkov detector

It is very important to characterize the generated elecwidely used in high-energy physics is based on this effect.
trons with respect to their abundance, energy, and directioriFhe classical theory of &enkov radiatior(laid down by
ality. The latter properties are a function of the mechanisnfrank and Tamm already in 1937, see Jelley, 13®ws
of their generation. Electron diagnostics have relied on thehat the radiation is emitted in a cone of apex half-angle
generated X-raygWilks et al., 1992; Ederet al., 2000;
Pretzleret al., 2000, 200}, backlighting with a visible pulse ¢ = arccosl/Bn), (1)

. _ whereg is the particle velocity divided by the vacuum light
Address correspondence and reprint requests to: Dr. Ernst Fill, Max- loci dnis th f . ind fth di Th
Planck-Institut fir Quantenoptik, Hans—Kopfermann—Str.1,D—857486arch—ve ocity andn Is the refractive index of the medium. €

ing, Germany. E-mail: ernst.fill@mpg.mpg.de intensity of the radiation per electron is given by the equation
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o ) gation of the electrons. In this case self-generated fields stop
o &re LM [1-1/(Bn)*]e dw, @ most of the electrons and prevent them from reaching a
medium behind the gap. We demonstrate the effect of vac-
wherel is the length along the path of the electrerthe ~ UUM 9aps by X-rays generated i_n a suitable “fluor” behind
elementary charge, andthe frequency of the radiation. If e target. The X-ray data are in good agreement with a
the medium is thin enough to kegpunaltered along the simple theory treating self-fields of the electrons.
particle path, the emission is proportional to the length of
the medium. This is in contrast to optical transition radia-
tion, which is generated only at the boundary of a medium?2- EXPERIMENTAL ARRANGEMENT
Radiation is emitted only in the visible and near UV regions
of the spectrum, whene > 1 and where there is only little
absorption. For a medium thin enough f®to be constant
the number of photons emitted per electron at a wavelengt
Ain the intervalA) as derived from Eq(2) is given by

The experimental setup used is shown in Figure 1. Titanium—
sapphire laser pulses from the ATLAS laser of our institute
(Baumhackeret al, 2002 are focused with an off-axis
parabola to a spot 1@m in diameter. The pulses had an
energy of up to 600 mJ and a duration of 150 fs. The
maximum intensities obtained were in the range o#°10
W/cm?. Aluminum and copper foils with thicknesses rang-
ing from 10 to 100wm were used as the targets. The laser
pulses were inciderg-polarized at 45to the target.

The Gerenkov medium used in the present study was a
0-um thin foil of polypropylene. Due to its index of
refraction of 1.48 and an insignificant fluorescence vyield
$his material is well suited as ae@enkov medium. In

N = 27alAA/A%[1— 1/(BN)?], 3

wherea = 1/137 is the fine-structure constant.
Equation(3) shows that @renkov radiation is quite an
efficient process that may result in many photons per elec-
tron. The spectrum emitted sharply rises towards the U
region until anomalous dispersion and absorption eliminat

the possibility of @renkov emission. addition, a 60xm path length of this lowZ substance has a

In the experiments reported in this articlet@nkov radi- nedliaible effect on the enerav and direction of the elec-
ation is used to determine spatial features of the generatee‘qeg 9 ay

: . rons, allowing unaltered detection of the beams emerging
electron pulses. From these the mechanisms generating the . v .
L rom the primary target. The thin&enkov medium also
electrons can be deduced. Furthermore, the radiation can b . . . . .
. ows imaging of the electron pattern with a relatively high
used to determine the number of generated electrons. Note : ; ) : . L2
o . . O ._résolution. With a thicker medium a higher emission is
that Gerenkov diagnostics probes only a certain window in_ " - . .
ST ., ._achieved, but at the expense of smearing the spatial pattern.
the electron energy distribution, the lower end of which is™, . 7. ~ ' o .
. o : Visible Cerenkov radiation was collected behind the tar-
determined byBi, = 1/n (emission on axis, see E(L)). N .
2 : et by means of afy 2 objective and then recorded spatially
The upper limit of the electron energy detected is related t . o : :
. . ...~ ‘resolved by an intensified gated CCD with gate duration of
thef-number of the optics used for collecting the radiation. . : . .
. . o . ns. The CCD image thus gives a two-dimensiof24D)
For electrons propagating on axis and symmetric imaging o . L
- Co2T S Image of the cross section of the electron beam as it arrives
the Gerenkov radiation it is given by

atthe rear side of the target. To block any light from the laser
pulse and its harmonic, a 6-mm Schott BG18 filter and a

Bumax = 1/[n* = sin®(1/2)] ", 4 3-mm VGS8 filter were inserted into the beam path.

wheref# is thef-number of the optics. Far=1.48 and# =

2 one has a relatively small range®4i» = 0.67 andB .=

0.68, corresponding to electron energies of 182 and 190 keV,

respectively. However, if an angular spread of the electron Laserpulse

is taken into accounf,, is still given by I/n, but for Bmax 13'5'6f5
one obtains the expression 4 T'WJ .
108 Wicm? E;ergnknu
1 fi-axi Cerenkov F:EZCS
Bmax = ERR YR . (5  Ofraxis medium
cose[n? — sin?(1/2f#)]Y* — sing sin(1/2f#) parabola / CCD

fi=2 § :'45,, f_,-_ ) -_h—"-——______

. i erenkov —
Here ¢ is half the angular spread of the electron beam light q
propagating in the &enkov medium. As an example, at an XRay el ,/
intensity of 5x 10'® W/cm? the half angle of emission has \ M=4-15
been determined to be 12.8Brandlet al., 2003 resulting ’ég?;'\
iN Bmax= 0.73 and a maximum energy of 236 keV.

. Afurther interesting task of electron diagnostics is inves-rig. 1. Experimental arrangement used for X-ray arer@kov diagnos-
tigation of the effect of narrow vacuum gaps on the propadics of hot electrons.

target
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3. ELECTRONS PROPAGATING for the electrons generated by resonance absorption and
THROUGH FOILS (Malka & Miquel, 1996

Spatial patterns of the radiation detected behind A60of
Al foil are shown in Figure 2. The figure gives two patterns
obtained at intensities 0f810'® and 13° W/cm? Lineouts
along the horizontal direction are also shown. It is strikingfor the electrons heated by ponderomotive acceleration.
that the higher intensity results in the appearance of tW@ere 1,, is the intensity of the laser pulse in units of
distinct maxima, whereas at the lower intensity only a dip in107 wW/cm2
the pattern is discernible. Using these scaling laws for the electron temperatures,
The interpretation of these results invokes two mechapne can evaluate the two peaks seen in the sp&iaﬂr(kov
nisms generating the hot electrons, namely, resonance absofgattern and derive the number of electrons in each electron
tion and ponderomotive accelerati®antaleet al, 2000.  population. For this evaluation it has to be taken into account
The electron population due to resonance absorption proghat the original Boltzmann distribution of the electrons is
agates perpendicularly to the target surface, whereas thgtered by their propagation through the foil. We use the
ponderomotively accelerated electrons are in line with theBethe—Bloch formulésee, e.g., Birkhoff, 19600 calculate
laser radiation. Semi-empirical scaling laws for the electronthe resulting electron energy distributions. Results of such
temperatures obtained with the two processes were derivegalculations are shown in Figure 3, which also gives the

KTpona (keV) = 511[(1+ 1,74%13.9%2 — 1] 7)

yielding (Beget al,, 1997 limits of electron energies contributing to thee@nkov
radiation due to the values 6f.i, andBaxgiven above. The
KTea (keV) = 100(1374%)"2 (6)  electron numbers and conversion efficiencies for the two

Fig. 2. Spatially resolved €renkov radiation behind 10@m aluminum foil at intensities of & 108 and 13° W/cm?2 The two peaks
resulting from electrons propagating perpendicularly to the target surface and in line with the laser radiation are clearly visible.
Lineouts shown are along dashed lines.
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Fig. 3. Electron energy distributions behind 1@@n Al foil, calculated by means of the Bethe—Bloch formula. Input energies are
Boltzmann distributions with temperatures given by Ej.(perpendicular electronsLimits of electron energies contributing to the
detected @renkov radiation due {8,i, andBmaxas defined in the introduction are also shown.

populations obtained in this way are given in Figure 4. It isments and ion acceleration. However, detailed studies of the
seen that the efficiencies in transferring laser energy intaransition of ultrashort high-current electron beams from the
hot-electron energy due to resonance absorption and poreonductor into a vacuum are still lacking. Straightforward
deromotive acceleration are quite different and depend stronglgpplication of the Poisson equation predicts that large elec-
on the intensity of the radiation. The data show that therostatic fields are generated behind the target, slowing
electron numbers detected bye@nkov radiation are not down the electrons or entirely preventing their propagation.
much different for the two populations and that the higherThe question to be answered is how close can one approach
efficiency into ponderomotively accelerated electrons isthe target generating the radiatiohenceforth called pri-
mainly due to the higher temperature generated by thisnary targetand still separate the effects of the X rays from
mechanism. those of the electrons.

The experiments and the theory presented in this article
help to answer the above question. The method of investi-
gation is to record the emission of an X-ray “fluofthe
The physics of electrons crossing thin vacuum gaps hasecondary targetin immediate contact with the primary
important implications relating to X-ray irradiation experi- target and compare it with the emission when the fluor is
placed at a distance behind it.

The targets used in these experiments are shown in Fig-
ure 5. A 10um copper foil is the primary target. The

4. ELECTRONS CROSSING VACUUM GAPS

5 0.35 - . .
] secondary target consists either of a J&2%5-thick plate of
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Fig. 5. Targets used for demonstrating the effect of self-fields of the
Fig. 4. a: Numbers of electrons detected byrénkov radiation as a electrons for preventing them from crossing narrow vacuum gaps. The
function of intensity. b: Conversion efficiencies into hot electrons derived primary target consists of a 10m copper foil. A spacer between primary
from these data. Squares: electrons perpendicular to the target surfae®d secondary targets generates gaps of different widths. The secondary
(resonance absorptigreircles: electrons in line with the lasépondero- targety“fluors”) consist of a 1gum nickel foil or a 125xm-thick molyb-
motive acceleration Dashed and dotted lines display linear fits to the two denum plate. For the experiments with Ni as a fluor, the X rays were

sets of data. detected behind, and for Mo fluor in front of the target.
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molybdenum or of 1Qxm nickel foil. Gaps of 5Qwm up to For an infinitely short electron pulse in one dimension the
500 um were realized by means of a stainless-steel spaceutoff energy can be calculated in the following way. Con-
between the primary and secondary targets. Taking advarsider a one-dimensional electron beam with an areal density
tage of the fact that the 17.4-keV M&x radiation is well N, entering a vacuum from a metallic solid. At a distance
transmitted through the 1@m Cu primary target, the molyb- from the solid a fraction of of the electrons has travelled
denum experiments used the CCD placed in front of théeyond that distance. The quantitgan be considered as a
target. The 20-ke\K-edge of Mo is significantly above Lagrangian coordinate of the electrons. Straightforward inte-
the photon energy of the coppé&t-shell lines and thus gration of the Poisson equation yields the field experienced
the amount of photopumping is expected to be small. For they electrons with the Lagrangian coordingtas given by
experiments with nickel the CCD was placed behind theE(¢) = 4meéN, and thus the electrons experience a decel-
target and the X rays were observed in transmission. Agairgrating force given by-eE(¢). Equating the initial electron
photopumping is small, because the photon energy dd&€u energyU to the work done on these electrons by the decel-
radiation is below the nické{-edge. erating force one obtains the equation

The X rays generated by the electrons were detected by
means of a backside-illuminated, thinned X-ray CCD in the
single-photon mode. In this mode the generated charge is
proportional to the energy of the photon and can thus bavherexis the distance at which electrons with initial energy
used to roughly disperse the detected radiation. The spectrbl(£) are stopped. The Lagrangian coordinat® ) is cal-
resolution is improved by applying numerical event recog-culated by integrating the electron energy distributidh) dU
nition techniques, which discriminate against so-calledfrom U to infinity and U (¢) is just its inverse. Solution of
multipixel events in which the generated charge is distrib-the transcendental E(B) yields the cutoff energy (£) ata
uted among many pixel®©wenset al., 1994. distancex from the solid. We note that with an exponential

The MoKa photon yields for the two gap widths relative electron energy distribution, Eq8) becomes relatively
to the yields for no gap are shown in Figure 6. The strongsimple, becaus&(£) and its inverseé(U) can then be
drop in photon yield already at the smallest gap width ofexpressed as analytical functions. This may work for an
50 um is evident. With increasing gap width the photon ultrathin foil. However, for 10um of copper the Monte
yield is further reduced but at a lesser rate. Figure 6 als@arlo simulations show that the electron distribution behind
shows a theoretical curve obtained by a semi-analyticalhe primary target is considerably altered, reflecting the fact
theory that combines the effect of the self-fie{&l, 2001a)  that fewer electrons with a low energy are transmitted. The
with Monte Carlo simulations of electron propagation throughtheoretical curve is obtained by running the Monte Carlo
solid material. The self-fields induce a cutoff energy of thecode(Seltzer, 1991 with the respective cutoff energy. Two
electrons that is the higher the larger the distance behind thelectron populationgresonance absorption and pondero-
target. Electrons with an initial energy below the cutoff motively scattered electrojare separately taken into account.
energy are pulled back to the target. A more detailed account of the theory is left to a further
publication.

The simulation results agree reasonably well with the
experimental data, the latter consistently exhibiting some-

U (&) = 4me?éN,X, (8)

0.1+ N
L,

relative Ko emission

0.01 T

ga|:| Wldth {prn}

Q 100 200 300 400 500

= Niexpt what higher values. This may be explained by the fact that
T '!I e Moexpt the electron energy distribution is shifted to lower energies
'15 T E,'UITEELF upon propagation, and, owing to the higher cross section for

K-hole generation atlower energies, more X rays are generated.
This study shows that self-fields generated by the elec-
trons are indeed quite effective in stopping the propagation
of a large fraction of them. However, electrons above the
cutoff energy are still able to cross relatively large distances.

5. FUTURE INVESTIGATIONS

The method of @renkov diagnostics allows a number of
further investigations on hot electrons to be made. The first
of these relates to the spectrum of therénkov radiation.
The classical theory predicts a smooth spectrum exhibiting a

Fig. 6. Mo and NiKa photon yield for gap widths ranging from 50 to - yanotonic rise of the emission at shorter wavelengses

500 um relative to the yield with no gaffluor in immediate contact with
primary target The strong reduction in X-ray yield caused by a gap is

Eq.(3)). However, the ponderomotively scattered electrons

evident. Theoretical curves obtained by an analytical theory are als$hould exhibit a component oscillating at the second har-

displayed in the diagram.
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observed using optical transition radiatioBaton et al.,

2003. However, the second-harmonic component should

J. Stein et al.

BATANI, D., GruGLIiaNO, F., HaLL, T. & KoEeNIiG, M. (2001).

Interferometric measurement of preheating in laser shocks.

be absent in the population generated by resonance absorp-Phys. Rev. B4, 047401-047405.

tion, and thus a spatially resolved spectrum of tieeeBkov

radiation should reflect this feature in the two mechanisms

generating the hot electrons. 5
Afurtherinteresting aspectto be investigated leyéhkov

diagnostics is the filamentation of the generated electron

beams. The Weibel instabilityVeibel, 1959 results in the
generation of small current filaments with a diameter given
approximately by the skin deptt/w,, wherew, is the
plasma frequency at the electron density of the sdlek &
Lampe, 1973; Hondat al.,, 2000. This aspect is essential
for relativistic electron transport in fast ignition of targets
for inertial confinement fusiorfifHondaet al,, 2000. The
small skin depth leads to submicron diameters of the fila-

ments in normal solids. However, using a low-density target

material might significantly increase the diameter of the
filaments and allow their detection by optical imaging.
A final example of using €renkov radiation for deter-

BaTON, S.D., SANTOS, J.J., AMIRANOFF, F., POPEscu, H., GREMIL-

LET, L., KOENIG, M., MARTINOLLI, E., GUILBAUD, O., RoUs-
SEAUS, C., RABEC LE GLOAHEC, M., HALL, T., BATANI, D.,
PERELLI, E., SciaNITTI, F. & CowaN, T. (2003. Evidence of
ultrashort electron bunches in laser-plasma interactions at rel-
ativistic intensitiesPhys. Rev. LetB1, 105001-105005.

BAUMHACKER, H., BOswALD, A., Haas, H., WITTE, K.J., ANDIEL,

U., BAYER, J., DONG, X., DREHER, M., EIDMANN, K., FISCHER,
M., HEGELICH, M., KaLuza, M., KarscH, S., KELLER, G.,
PRETZLER, G., STEHBECK, H. & TsAKIRrIS, G. (2002. Advanced
Titanium Sapphire Laser ATLAS, Report: Max-Planck-Institut
fir Quantenoptik.

BeG, EN., BELL, A.R., DANGOR, A.E., DaNsoN, C.N., FEws,

AP, GLINSKY, M.E., HAMMEL, M.E., LEE, P., NORREYS, P.A.
& TATARAKIS, M. (1997). A study of picosecond laser-solid
interactions up to 1¥ W/cm?. Phys. Plasmag, 447—457.

BirkHOFF, R.D. (1960. The passage of fast electrons through

matter Berlin: Springer.

BORGHESI, M., MACKINNON, A.J,, BELL, A.R., MaLka, G.,

m|n|ng e|eCtr0n beam pal’ametel’s I’e|ateS tO the tlme dura' VICHERS, C, WILLI, O’ DAVIES, JR’ PUKHOV, A. & MEYER-
tion of the electron pulse. Theory shows that the emission of ter-VenN, J.(1999. Observation of collimated ionization chan-

Cerenkov radiation is an infinitely short process. In a prac-
tical experiment the temporal resolution is limited by the

nels in aluminum-coated glass targets irradiated by ultraintense
laser pulsesPhys. Rev. LetB3, 4309-4312.

dispersion of the medium, which results in different propa-BranpL, F., PRETZLER, G., HaBs, D. & FiL, E. (2003. Cerenkov
gation velocities of the generated photons and thus spreads radiation diagnostics of hot electrons generated by fs-laser

the emitted light flash. By observing only a limited spectral
region of the radiation this effect is minimized and the
duration of the @renkov radiation pulse should reflect the

duration of the electron pulse. An experiment making use of

interaction with solid target&urophys. Lett61, 632—638.

DaAVIEs, JR., BELL, A.R. & TaTArRAKIS, M. (1999. Magnetic

focusing and trapping of high-intensity laser-generated fast
electrons at the rear of solid targeBhys. Rev. B59, 6032—
6036.

the optical Kerr effectAlbrechtet al., 1992 could establish EpERr, D.C., PRETZLER, G., FILL, E., EIDMANN, K. & SAEMANN,

a cross-correlation between the laser pulse and énertkov

A. (2000. Spatial characteristics of K-alpha radiation from

pulse and clarify if the generated electron pulse is as shortas weakly relativistic laser plasmasppy Phys. B0, 211-217.

the laser pulse.

Measuring the electron pulse duration is a way to deter-

FEURER, T., MORAK, A., USCHMANN, I., ZIENER, C., SCHWOERER,

H., FORSTER, E. & SAUERBREY, R. (2001). An incoherent

mine the duration of X-ray pulses generated by the electrons. sub-picosecond X-ray source for time-resolved X-ray-diffraction
Ultrashort hard X-ray pulses are essential in time-resolved €xperimentsAppl. Phys. B/2, 15-20.

X-ray diffraction experiment$Rose-Petruclet al,, 1999;
Roussetal., 2001; Sokolowski-Tinteatal., 2003, for test-
ing of optics for fourth-generation light sources, and for pump-
ing of inner-shell X-ray laserPretzleret al., 200J).

FiLL, E. (2001a). Analytical theory of pulsed relativistic electrons

beams entering a vacuumhys. Plasmas, 4613—4617.

FiLL, E. (200D). Relativistic electron beams in conducting solids

and dense plasmas: Approximate analytical the@hys. Plas-
mas8, 1441-1444.
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