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Propagation of hot electrons through high-density plasmas
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Propagation of hot electrons through high-density plasmas generated by femtosecond laser pulses is inves-
tigated using three types of target configurations: Al-coated glass, Al and glass separated by a vacuum gap, and
Al foil alone. Collimated ionization tracks lasting for 60 ps and extending 150+a®0n length and 8um
in cross section are observed via optical probing. For the Al-foil-alone target, a narrow plasma jet is formed at
the rear surface in line with the laser. The collimation of the hot electrons may be attributed to a strong
self-generated magnetic field in the target.
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I. INTRODUCTION to understand the behavior of the hot electrons right after
their generation, the plasma jet at the rear surface of a
With the advent of multiterawatt short pulse lasgis the 20 um Al foil was also analyzed via optical probing. The
“fast ignition” scheme[2] was proposed, by which an in- acceleration and propagation of the electrons may be attrib-
tense short laser pulse is focused onto a high-density prélted to the ponderomotive force and their collimation to the
compressed thermonuclear fuel to generate hot electrons agglf-generated magnetic field inside the target.
create an ignition spark that initiates a propagating thermo-
nuclear burn. This separation of compression and ignition
greatly reduces the driver energy and relaxes the symmetry
requirements for the compression. There are still several The experiment is performed on the Ti:sapphire terawatt
technical challenges to the fast ignition scheme, e.g., “holdaser system “JIGUANG-I"[19] operating at 800 nm at a
boring” of short pulse laser in the low-density plasma regionrepetition rate of 10 Hz based on chirped pulse amplification.
[3], efficient penetration of the laser into the high-density The system delivers up to 36 mJ energy in 25 fs, correspond-
region though self-channelirig], and interaction of the laser INg to a peak power of 1.4 TW. Low-energy equivalent-plane
with the high-density fuel core to generate copious relativis/néasurements show a 10—2@ full width at half maxi-
tic electrong5]. Ideally, the electrons should propagate as d"™M foca'725p°t' giving a maximum intensity of 1
stable beam into the compressed fuel and deposit their en< 10" Wem 2. The targets used are Am-aluminum-
ergy in a small volume and heat the fuel to fusion tempera€0atéd fused glass slide, om aluminum on fused glass
ture locally. Thus, in fast ignition, one of the critical issues isSlide with a vacuum gap, and 20m-thick aluminum foil
the propagation of hot electrons through high-density plas@nly- The roughness of the surfaces is less thaanl. The
mas. mount is controlled by three-dimensional microstep motor, in
Several mechanisms that can transfer laser energy to tfgder to ensure that the laser pulse interacts with a fresh
plasma electrons have been propo$gH One is the pon- farget surface at each shot. o
deromotive acceleration, in which the<B force pondero- The experimental setup is shown in Fig. 1. The laser pulse
motively accelerates the electrons in the direction of laser
propagation[7,8]. Other mechanisms include collisionless
electron acceleration at the critical density, such as vacuun
heating[9,10], resonant absorptiofill], and parametric in- BBO
stabilities[12]. In addition, magnetic and electric fields, vari- >
able resistivity, as well as collisions can all play important
roles on the propagation of hot electrons in a dense plasme
The latter have been studied by many measurements, such i
Ka emission diagnostics[13], y-ray spectra, two- ceb
dimensional(2D) transverse imaging of solid target with a Pin-hole imaging
probe beanm{14-17, and direct imaging of the emission ~\
from the hot electron§18]. Probe beam
In this paper, we present an experimental investigation on ]
the propagation of hot electrons through high-density plas- ¢ N
mas. A bundle of ionization tracks was observed via optical

II. EXPERIMENTAL SETUP
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probing inside two types of Al-coated glass targets. In order Micro-step Fused glass with
translation stage 1pm Al overcoat
*Corresponding author. Email address: jzhang@aphy.iphy.ac.cn FIG. 1. Schematic of the experimental setup.
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is focused onto the target at 10° to the normal. A pinhole — r r 1t - r T r T 1
imaging of x-ray emission monitors the focal spot size for 44, .
each full energy shot. A small fraction of the main beam, 2

after frequency doubling to 400 nm in a BBO crystal, is used el ] u KT, =73KeV
as a temporally independent probe beam. The latter passe§ L gm =

transversely across the target. The front surface and targey; - "
interior are in the field of view. A charge coupled device with Z . "=, -
a 400-nm band transmission filter is used to obtain a sidef 10F = L] "":. -
view of the target at spatial and temporal resolutions of the F - . .
order of 1 «m and 1 ps, respectively. A region that has been *E [ .
ionized up to a fraction of the critical densitpf 400-nm 3 I s m omom
light) becomes opaque to the probe. Refraction of the probeo
light in strong density gradients limits our observation to 1 pm = =oE
regions with electron density less than 8.80°! cm™3. By e S W S W W—
varying the time delay between the probe and the main 0 50 100 150 200 250
beam, we can analyze the ionized channels in the fused glas Energy (KeV)

and the plasma at the rear surface of Al foil. The probe beam

is timed by decreasing the relative delay to a value such that FIG. 2. The bremsstrahlung x-ray radiation from the Al target.
no plasma is seen. This value is taken to be the zero point dfhe solid line in the figure is the Maxwellian distribution fit for the
time. temperature.

A calibratedy-ray spectrometer was also used to monitor

h b h ¢ he | | - compression to expansion of the plasma is due to the laser
the x-ray remsstrg ung from the laser plasma. ¥ ay onderomotive force. Opposite to the direction of the plasma
spectrometer consists of a Nal detector, an electronic gatetl ,ansjon, a nearly isotropic dark region can clearly be seen.
shutter, a photomultiplier, an amplifier, and a multichannel,, view of the velocity (~2x 16° cm/s) of the expansion
energy analyzer. A 20-mm-diameter hole in a 50-mm-th|c§he almost isotropic dark region may be attributed to radia-

Pb block is used to collimate the x-ray radiation and to shield;,\ qriven thermal transport ionization wavigg]. Further-
the detector. The detector response is calibrated using a 51r]n'ore, a few narrow jets above the ionization wave, originat-

22, 7,
keV and 1.274-MeVy-ray **Na source and a 665-ke¥'Cs ing from the interaction region, can be seen. In some images,

source. there are many narrow jets, parallel to each other, with simi-
lar size (8um cross section, 150—3Q@m long and sepa-
ration distance (13:m). These jets in the transparent glass
The bremsstrahlung hard x-ray spectrum has the sanide are opaque to the probe beam, suggesting that they are
Maxwellian distribution as the colliding electrons. The harddense plasma tracks corresponding to local ionization in the
x-ray spectrum is generally dominated by the bremsstrahlunglass.
produced by the high-energy hot electrons colliding with Three mechanisms can induce the ionization tracks in the
atom nuclei. The shape and intensity of the bremsstrahlung @glass: laser light, hard x rays, and hot electrons. During the
the principal diagnostic for the outgoing hot electron flux andinteraction, the laser itself may penetrate into and form fila-
temperature. The hard x-ray spectrum shows a biments within the target. However, thewm-thick Al coating
Maxwellian distribution and the hot electron temperature ison the glass should block the incident laser. The contrast
73 keV, as shown in Fig. 2. However, the space-charge fieldatio of the laser pulse is 2@t 1 ps(measured by a high-
stops hot electrons with energies belev20 keV, so thatthe dynamic third autocorrelatpr A particle-in-cell simulation
outgoing hot electron temperature is about 90 keV. The enfFigs. 4 and bshows that the prepulse at 1 ps does not ablate
ergy spectra of the outgoing and the incomibg the glass  the 1.wm Al, and only after 100 ps a shock wave propagates
hot electrons are the same, hence the incoming hot electrahrough the 1zm Al. On the other hand, prior to that hot
temperature is also 90 keV. Propagation of these hot ele@lectrons produced in the interaction propagate through and
trons through the high-density material is investigated belowout of the Al foil. Therefore, we can rule out the presence of
Shadowgrams of the target are recorded at different timedaser light filaments in the glass. Furthermore, the cross sec-
Figure 3 shows a typical shadowgram for thewd  tion of the target surface was 1 mm, so that there is no
aluminum-coated fused glass slide at different times after thpossibility that light from the outer part of the laser pulse
interaction. In order to enhance the contrast of this particulacould wrap around the side of the target and initiate ioniza-
image, we have subtracted from it the image of the unpertion.
turbed target in the presence of the probe beam. Before the Besides the hot electron beams, strong x-ray bremsstrah-
interaction, the fused glass slide is transparent to the probleng and thermal emission generated by the interaction may
beam. At the interaction, plasma formation can clearly bealso propagate into the target and cause ionization tracks. In
seen at the left edge of the Al-coated fused glass target. Tharder to rule out the latter possibilities, a series of shots on a
dark region corresponds to a plasma density greater thacomposite target were performed. The composite target con-
6.9x 10?t cm™2 ( the critical density of 400-nm lightlt is  sists of a vacuum gap between auBa Al foil and fused
also seen that the plasma expansion into the vacuum is ngtass. For comparison, some shots are also performed on
exactly cone shaped. This shows that the evolution fron20-wm aluminum-foil-only targets.

IIl. RESULTS AND DISCUSSION
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Al glass

Al glass

FIG. 3. Shadowgrams taken during the interaction of a 36-mJ, 25-fs laser withime-Al-coated fused silica targets at three times:
1 ps,(b) 3 ps,(c) 11 ps after the interaction. Note in pictures that the fringes at left of targets are diffraction patterns at the edge of targets.

When the laser pulse hits the Al-glass target with aprobe beam Hence, the cone does not show self-emission,
vacuum gap, it first interacts with the Al foil. The regions of but emission from the plasma at the rear surface. The plasma
hot electron generation in the foil and transport through thdormation at the rear surface could not be due to the laser
glass are thus separated by a vacuum. A space-charge sepight or hard x rays, since the laser is blocked by theu20-
ration field builds up in the vacuum gap when the hot elec-Al foil and hard x raygthat can penetrate the Al fgitlo not
trons move across it. Figure 6 shows a shadowgram taken &irm plasmas in vacuum. Moreover, from the formation
13 ps after the interaction. Formation of the space-chargéme, we can also rule out shock breakout, which would in-
induced plasma in the vacuum gap at the rear surface of Aduce a plasma cloud with much larger diameter. In addition,
foil can be observed together with the jets in the glass slidefast ions can also be ruled out because they cannot pass
However, the length of the jets in Fig. 6 is significantly through thick targets. Therefore, hot electrons are the only
shorter than that in Fig. 3. When the hot electrons exit the Akource to produce the rear plasma. In our case, the average
foil, the space charge separation field is about'0m~1  temperature of the hot electrons is about 93 keV, and their
[13,21], which will stop electrons with energies below 23 spatial range in aluminum is 62m. This is much longer
keV (assuming that sheath width is of the order of the Debyehan the thickness of the Al foil. Thus, the fast electrons,
length. Hot electrons above 23 keV can still go through theoriginated from the interaction area, can penetrate through
space-charge plasma but with somewhat reduced energy, efte solid target. As they leave the rear surface, a space-
ter the glass, and induce ionization. Thus, the length of theharge field is set up, forming an electron sheath with a
jets is shorter, as can be seen in Fig. 6. This supports thimickness of the order of the Debye length. If assuming the
assertion that the ionization tracks in the glass are caused @bsorption into the hot electron is about 20% with a mean
the high-energy electrons, since the length of jets would benergy of 93 keV, and the hot electrons fill the 2&-thick
the same if the ionization were caused by hard x rays. Wearget with a 45° cone angle, we find that the Debye length is
can thus exclude the possibility of hard x-ray induced ion-1.23x10°" m. The electric field (from the expression
ization in the glass. eExp~kT [21]) in the sheath is about 7610 V/m,

We have also performed a series of shots onuP®-Al  which is much higher than the field needed to cause ioniza-
foils without the glass backing. Figure 7 shows the shadowtion in aluminum. Hence, these fast electrons can heat the
gram taken at the same tin{&¢3 p9 as in Fig. 6. We can target and form a plasma on the rear surface of the foil. This
clearly see a dark mushroomlike structure with a diameter ofeature demonstrates that the formation of plasma on the rear
10 wm at the rear surface of the Al foil. It is always in line surface can only be due to the hot electrons. We have also
with the laser focal spot and expands with time. The darkvaried the delay time of the probe beam. The time from
cone does not appear when there is only the main b@@m generation of the plasma on the rear Al surface to its disap-
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FIG. 4. Distribution of electron temperature and density for the 1-ps prepulse.
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FIG. 5. Spatial distributon of electron temperature and density for the 100-ps prepulse.

pearance is about 60 ps, which is the same as the lifetime ¢14]. Magnetic fields, electric fields, and plasma resistivity

the jets in the glass targets. can all play important roles on hot electron transport. The
We propose that the jets in the transparent region are loratio of the magnetic to electric force on the hot electrons is

calized ionization region of hot electrons propagating[24]

through the glass. These hot electrons are generated in the

interaction region, collimated by a strong magnetic field in- vB ( 27_5)

side the target. The average hot electron energy can be ob- Ezlz 1p

10 wm\ (v
2 o

tained by many means, such s spectra,y spectra, and
fast electron spectra, etc. Using the results of R&2] ob-
tained from Ko emission measurements of laser solid experiwhereR is the focal spot sizer is the duration of the laser

ments, the fast electron temperature is pulse, andr is the hot electron speed. Thus, the effect of the
s magnetic field is significant. Simulatiof21,24] has also

I\2 shown that the electric field is not a major effect at an inten-

KTe= 10(( W) keV, (D sity of 10 Wem 2. In the present case, the fast electrons

are pinched inside the target by a strong magnetic field. Fig-
wherel and\ are the intensity and wavelength of the laser,U"® 6 shows that the diameter of the plasma at the rear sur-

respectively. The laser intensity is abouk 80 W/cn?, face of the Al foil is smalll, (_:orresponding to a sprgading
corresponding to an average hot electron energy of about g&dle of 10° over 2Qum. This is comparable to the radius of
keV. From the table of energy losses and ranges of electro}§€ observed plasma. If the fast electrons had prtnggated
and positron$23], we find that the range is 110m for the  Teely, the spread angle would be greater than 32° in the
93-keV hot electrons in the glass. This is shorter than th€0-+m foil target due to collisional scattering of electrons
length of jets observed. The discrepancy may be due to th@ith atom nuclei. Strong magnetic fiel{i5] that are ubig-
existence of strong magnetic fields, which enhances the peH_ItOUS to the interaction of intense lasers with high-density
etration of the hot electrons and reduces their angular spredtf2smas can suppress the radial spread of the hot electron.

Sum Al foil  Fused glass 20um Al foil

50um

Vacuum gap

FIG. 7. Shadowgram taken during the interaction of 36-mJ,
FIG. 6. Shadowgraphic image of the target during interaction of25-fs laser with a 2Qtm Al foil, showing a plasma on the rear
the main pulse with a composite target comprising a vacuum gapsurface.
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vacuum Al Fused glass ionization and recombination time is very short in the dense
plasma of the filaments, so that an accurate measure of the
duration is difficult. Furthermore, the resistive and dielectric
properties of the plasma, as well as the electric and magnetic
fields, play important roles in determining the duration of the
jets. As a rough estimate, the duration can be calculated from
the characteristic time of collisions between the electrons and
ions [30],
76i=3.5X 10°PATLNZ2 3

av’

whereA= 20 is the atomic mass number of the iofgjs the
electron temperature in the unit of ey is the plasma den-

_ ) _ sity, Z,, Is the average charge number of the ions. For the
FIG. 8. Shadowgram taken during the interaction of the 36-mearameterS of our experiment we obtain ~ 22 ps. Since
25-fs laser with a lum-Al-coated fused glass. There are many yne co|jision frequency of charge particles in the presence of

more jets that are parallel to each other and their extension is W'd%agnetic field is smaller than that without the laf@t—33

than the focal spot. the characteristic time of the jets will be longer when a
strong magnetic field is present. Thus the duration of the jets
in the experiment is in reasonable agreement with the esti-

50um

The well collimated fast electrons give indirect evidence for
the presence of such a magnetic field in the target.

It is of interest to note that in Fig. 8 there are o jets at - rpg conversion efficiency of laser energy into that of the
the center of the focal spot, and several jets parallel but away s ejectrons can be estimated from the structure of the

from the axis of laser. This phenomenon is due t0 two reagogely packed bundle of ionized filaments in the glass. From

sons. The first is the fact that the focal spot was determineghe tqta) jonized filament volume and the ionization energy
by low-energy  equivalent-plane measurements, WhiChyt f,seq silica, the number of hot electrons can be estimated
showed a full width at half maximum of 10-20m. When 4 po apoyt 18. Thus, the conversion efficiency of laser
energy is increased, the laser beam quality is strongly modys, gy into hot electrons is about 8%. This can also be ob-
lated by thermal effects and inhomogeneity of the dope cong,i\ad from the energy balance equatig .= 71, where
centration in the Ti:sapphire crystal. Thus there exist hof, i¢ electron densitys, is electron kineticee;ergy;y is the
spots in the laser peam. Wh_en the laser is focused, there aéﬁ‘iciency of laser energy conversion into hot electrons, and
many small local high intensity spots around the focus. Thus is the velocity of hot electrons. For the intensity in our
the effective size of the focal spot is much larger than tha gse, it is estimated tha is in the range of a few to ten

flr_}(]aa_sutred _tby flow-ﬁr;]ertgy etqw;/ﬁlelnt-pla;)ne m_eas%er_ne?lt ercent. This is in accordance with the above estimate as
e intensity of each hot spot in the laser beam is sufficiently, .|, 2< \with some other measuremefad].

high to produce hot electrons to induce ionization in the
fused silica. Thus the jets induced by the hot electrons can
extend far from the axis of laser. This also explains why the

length of jets was also almost the same, since the energy of |n conclusion, the propagation of hot electrons through
each hot spot is almost the same. The second reason is dueHigh-density plasmas has been studied using optical probing
Weibel instability[26], the measured beam size is full width techniques. A number of ionization tracks produced by hot
at half maximum, because the hot electron beam is a Gausgtectrons have been observed inside Al-coated glass targets.
ian distribution, in fact, there are still some electrons near therhe plasma on the rear surface of a 20+ Al foil has also
bottom of the GaUSSIan_ QIStrlbutlon. When filaments Wer%een ana'yzed via 0ptica| probing. The Jet“ke tracks in the
produced due to the splitting of the hot electrons, some hoj|-coated fused glass originate from the focal spot, with
electrons are diffused to two sides and the size of distributiophoyt 150-30Qum in length and 8um in width. These

becomes larger. Thus the jets induced by the hot electrongacks are parallel to each other and separated by a distance
can extend far from the axis of the laser due to Weibel instagf 13 um. The jets have a transverse structure and form
bility too. _ bundles of ionized filaments. The structure is consistent with
Inside the target, the hot electron jets are parallel to thep pic simulation, which shows that the propagation of a
laser axis and they ionize the medium to form a bundle oheam of hot electrons generated in the interaction region and

pargllel _ionized filaments of dens_e plasr_na. The. structure %ropagates through the target is highly collimated by a strong
the jets in the transparent targets is consistent with the fesu'&%lf-generated magnetic field in the target.

of the 2D simulatior{27,28. The filaments are the result of

the splitting of the hot electron beam due to the Weibel in-

stability [26,29, which generates strong magnetic fields ACKNOWLEDGMENTS
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IV. CONCLUSION
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