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Experimental measurements of deep directional columnar heating by laser-generated relativistic
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In our experiments, we irradiated solid CH targets with a 400 J, 5 |2151,(1§9W/cm2 laser, and we used
x-ray imaging and spectroscopic diagnostics to monitor the keV x-ray emission from thin Al or Au tracer layers
buried within the targets. The experiments were designed to quantify the spatial distribution of the thermal
electron temperature and density as a function of buried layer depth; these data provide insights into the
behavior of relativistic electron currents which flow within the solid target and are directly and indirectly
responsible for the heating. We measure@00—-350 eV temperatures and near-solid densities at depths
ranging from 5 to 10Qum beneath the target surface. Time-resolved x-ray spectra from Al tracers indicate that
the tracers emit thermal x rays and cool slowly compared to the time scale of the laser pulse. Most intriguingly,
we consistently observe annular x-ray images in all buried tracer-layer experiments, and these data show that
the temperature distribution is columnar, with enhanced heating along the edges of the column. The ring
diameters are much greater than the laser focal spot diameter and do not vary significantly with the depth of the
tracer layer for depths greater than g@th. The local temperatures are 200—350 eV for all tracer depths. We
discuss recent simulations of the evolution of electron currents deep within solid targets irradiated by ultra-
high-intensity lasers, and we discuss how modeling and analytical results suggest that the annular patterns we
observe may be related to locally strong growth of the Weibel instability. We also suggest avenues for future
research in order to further illuminate the complex physics of relativistic electron transport and energy depo-
sition inside ultra-high-intensity laser-irradiated solid targets.
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[. INTRODUCTION some experimentsl 3,14 indicate that the net forward rela-
tivistic electron current becomes collimated due to its self-
Chirped pulse amplificatiofCPA) technique$1] can pro-  generated magnetic field, and this magnetic field may in turn
vide laser irradiances exceedihg 10°°W/cn?, and this en- be modified by conductivity discontinuities in a layered tar-
ables experimental study of relativistic laser-plasma interacget [15]. Particle-in-cell (PIC) simulations show that the
tions. In this regime, electron quiver energies within the laseglectron flow filaments at high densities due to a Weibel-like
field exceed the electron rest enefdy?], and self-focusing  instability [16], and that these filaments subsequently coa-
[3,4], hole boring[5], and critical-density absorption of the Ie_sce, resultlng_m a dramatlc n_onlmear energy loss mecha-
laser beam convert laser energy into an intense directe@iSm [17]. Hybrid three-dimensional3D) PIC codes have
beam of relativistic electrons with a suprathermal tempera@/SO been recently applied to this probl¢8-20. These
ture T, approximately proportional tg1 A2, where\ is the codes treat the relativistic eleg:tror)s 'by PIC method_s but_ trgat
laser wavelengti{6]. These electrons can efficiently heat the_thermal electrons_ as a fluid within a stationary ion distri-
high-density matter. The fast-ignitor schef7g for inertial- bution, thereby allowing more of the relevant physics to be
confinement fusioriICF) [8] proposes to utilize this process mcorpo_rated into tractable. simulations. .I-_|owever, r(_aahstlc
L . simulations of real experimental conditions remain ex-
to ignite precompressed thermonuclear fuel with MeV elec

) ° A tremely challenging or impossible in many cases.
trons produced by a-10 ps, IN*~10"*W um?/cn? laser Many complex processes affect the deep heating of solid

pulse; however, the physics of fast ignition, particularly thematter by laser-generated relativistic electrons and their as-
transport of energy by relativistic electrons, is still at an earlysociated return currents, and the theoretical unraveling of
stage of investigatiof®]. The production of hot, dense mat- these processes is hampered by the difficulties inherent in
ter is also of general interest for laboratory and astrophysicadimulating microscopically detailed behavior over large spa-
plasma physics, particularly if large, long-lived, and reasontial and temporal scales. Experimental data are therefore es-
ably homogeneous volumes can be efficiently created whickential, and often guide research in the field of ultra-high-
would allow plasma properties such as opacity to bentensity laser-matter interactions. Earlier experiments
investigated. investigated thermal21-23 and relativistic[24] heating
Energy transport by intense laser-generated relativistigvithin solid targets by laser-generated electrons; however,
electron beams is complex, since strong induced electric anghe former experiments are not directly relevant to the
magnetic fields modify the current flow. Space-charge elecpresent problem of relativistic electron transport, and the
tric fields reduce electron penetration into dense tafd€ls  depths accessible in the latter experiments did not exceed the
and induce a strong charge-return current which can itselfiepth of the laser ablation zone. Neither set of experiments
heat the target material. Fokker-Planck model[itt, 12 and  utilized x-ray imaging data to show the spatial temperature
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distributions. Previous optical pyrometry measurements have Pinhole
given space resolved heating data from the rear surfaces of ?t‘;‘a"(‘:%a
foil targets[25], and these have been complemented by mea- |
surements of optical probe absorpti®6] and optical tran- . //
sition radiation[27]. However, rear-surface effects compli- 185" g"ggtkrgg] oter
cate the interpretation of these ddth2]. None of these - — = == - P
experiments, therefore, were able to investigate relativistic 45°
electron transport and energy deposition deep within solid [ 30°
targets. ‘
In our experimentg28], we use x-ray spectroscopy of
thin metal tracer layers buried within solid plastic targets to Laser
diagnose the local temperature and density when the surface Pinhole ceb
of the target is irradiated by a petawatt-class 14281. We ?f?cr)?ﬁ)ra Spectrometer

complement these data with x-ray imaging data, which diag-
nose the local temperature spatial distribution and allow us to FIG. 1. Sketch of the experimental geometry for front-view and
extrapolate our spectroscopic temperature measurements rear-view targets. The spectrometers were operated only on front-
greater depths within the targets. Our data show nearlyiew experiments with Al tracers.
depth-independent local temperatures and densities for initial
tracer depths up to 10@m, a distance equivalent to12  x-ray emission by thick CH. The front CH layer was irradi-
times the vacuum laser focus diameter and well beyond thated at 0° or 459 polarized, and each layer covered the full
region where laser ablation might perturb the local densityl.5x 1.5 mnt area of the targets. CH layers greater than 10
Our data also show that the heating is strongly collimatedum thick were polyethylene (CH0.92 g/cni), while thinner
with increased temperatures along the edges of the observe@H layers were evaporated paralyNégCH, 1.1-1.2 g/cr?)_
columnar structure. The data support an emerging picture dfor targets requiring a thick CH layer to be bonded to a thick
magnetically collimated relativistic electron transport andsubstrate, a thii~1 um) diluted PVA (GH,O) glue was
energy deposition in ultra-high-intensity laser-irradiated solidused.
targets, but also pose additional questions for further experi- Three diagnostics viewed the x-ray emission from the Al
mental and theoretical research. or Au tracer layers. The first was a pinhole camera, with a
17X 17 array of 10um pinholes in a 50um Ta substrate
projecting~18X magnification images onto film or an x-ray
charge-coupled devicg€CD) through approximately 3gm
In our experiments, a 1.054m wavelength, 400 J laser of Be filtering. The camera imaged the front or the back of

[29], focused to an &m diameter(full width at half maxi-  the target, depending on the experiment, with a spatial reso-
mum intensity, or FWHNI spot with anf/3 parabolic mirror,  lution of ~10 um for X-ray energies greater than 1.5 keV.
achieved peak vacuum irradiances of 80*W/cn? with 5 The second diagnostic was a concave-spherical mica crystal
ps pulses. Some experiments were also performed using ZPectrometer, which delivered a spectral resolutids/E
ps pulses with proportionally reduced iradiances. The lasex2.5%<10 % onto an x-ray CCD; the optical geometry we
produce a 4 nsduration,~10 * energy-contrast amp||f|ed used [31] precluded simultaneous spatial resolution. The
spontaneous emissiofASE) pedestal and an-3x104  third diagnostic was a convex-cylindrical potassium hydro-
leakage prepulse 2 ns before the main pulse. The ASE ar@en phthalat¢éKAP) crystal spectrometer, which delivered a
prepulse have little effect on the deeply buried tracer layersspectral resolutiorAE/E<5x107° onto a streak camera

as will be discussed below in Sec. IV; however, it is impor-With a time resolution of 25-80 ps depending on the experi-
tant to keep in mind that the main part of the laser pulsenent. The streak camera time resolution was much longer
interacts with a preformed plasma, rather than with a solidthan the laser pulse duration, but was adequate to resolve the
vacuum interface. In separate experimef®8], the elec- main features of the x-ray line emission time histories, as
tron density along the laser axis was measured to bwill be discussed below. The spectrometers were operated on
3x10%cm 2 in a plane 70um from a solid CH target, and front-view Al-tracer experiments only. The geometry of the
the density fell exponentially at greater distances with a scal@xperiments is shown in Fig. 1.
length of 40um.

Il. PETAWATT LASER EXPERIMENTS

Each target was solid CH_ con_taining a QuBn thick tracer Ill. EXPERIMENTAL DATA
layer of Al or Au. The laser-irradiated surface was CH in all
cases, and the tracer layers were buried 5 to 200below X-ray spectroscopy allows us to measure local electron

the front surface. We used two types of target for differenttemperatures and densities for front-view Al-tracer experi-
diagnostic geometries. The first type of target was 5460 ments, where the crystal spectrometers were operated. We
CH, 0.5um Al or Au, and 100um CH; these targets were use the spectrally integrated Al line ratio
diagnosed from the front5—50 um CH sidé. The second (2p? D,—1s2p 'P;)/(1s3p-1s?),He-J/He-B, as a bulk
type of target was 50—-20pm CH, 0.5um Au, and 5um  electron temperatureT() diagnostic by fitting the measured
CH; these targets were diagnosed from the ¥&aum CH  ratios to simulated local thermodynamic equilibri(il E)

sidg in order to minimize attenuation of the metal-tracer optically thin spectra from the codeTAL [32]. Because of
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FIG. 2. KAP spectromet and mica spectrometéb) from 0 40 80 120
p efa) p €b) Depth (um)

an Al layer 10um deep. Time is from right to left ifa), and the
conical shape inb) results from the focusing geometfg1]. A
TOTAL fit [32] to the mica data is shown ifc) along with the
inferred T, and p.

FIG. 3. Spectroscopi€, andp data from the buried Al experi-
ments(depths up to 3Qum) along with inferredT, from the Au
experimentg50 and 100um depth$. Uncertainties are estimated
from known sources of random and systematic errors, and data
the integration over the line profiles, this ratio is independenfrom both spectrometers are included. The pulse durations and the
of bulk electron densityN, and instrument resolution, and target angles of incidence are shown in the legends.
based on scaling from other d4ta3] it is expected to be
valid despite a strong suprathermal electron flwken N,
>2x102cm3. This condition is satisfied in our experi-

than induced by transient relativistic electron currgnasd
that the Al cools gradually by conduction. This conclusion is

. . Iso supported by consideration of the relevant excitation,
”.‘e”t.s' and the h|gh dens!ty also supports the use of LT eexcitation, and collisional stopping rates. Time-dependent
anehps. The_ maximum OF’“C‘?" dgp_th for the I:!eand Hg;@ kinetics modeling withFLy [34] indicates that once the su-
lines is predicted to be 0.6, justifying the optically thin ap- ; aihermal electron flux subsides the Al level populations
proximation in the simulations. The HiHe-f ratio is €x- i achieve a steady-state equilibrium within 10 ps. Supra-

pected to be a more reliable measure of blilkthan the  {hermal electrons will stop in the solid-density CH substrate
He-g/Ly-p ratio [33,24), since it is a direct measure of ther- iy 4 characteristic time on the order of the 5 ps laser pulse

mal electron temperature that is relatively insensitive to anyy,-ation or less[35]; refluxing electrons will be further

high-energy suprathermal electron distribution, and isoelecy|q\eq after removing ions from the target surfaces, and will
tronic lines are more likely to be emitted from the same

) ; S . ' also be redistributed in space. Transient ground- and excited-
spatial regions. For a density diagnostic, we fitted the blue

X ; . ) State population imbalances would therefore be expected to
wing half-width of the Hep line to simulated spectra from

damp over time scales much shorter than the observed emis-

the coderLy [34]. These simulations used steady-state kinetsjqn qurations, and shorter than the 25—80 ps time resolution

ics and realistic opacities derived from a constant 2.74¢ ihe streak camera.

g/cn?’> 0.5um areal density R) at theT, values inferred The Hej linewidth is constant in time, indicating con-
from theTOTAL simulations. Representative data and spectrgqnt density over the emission duration, but it appears
are shown in Fig. 2. All data were corrected for energy-,q_gq ps later than the Haline. Time-varying Hed/He-3
dependent filter transmission, crystal peak reflectivity, andatios from a single experiment with a 30n deep Al layer
detector efficiency, and the simulated spectra were SmOOthe;‘hggest that peak temperatures may be as high4&9 eV,
by the measured spectral resolution prior to comparison withy + the other data do not show any significant time depen-
the data. Analysis_then allows the local bulk electron teM-yence to the measured electron temperatures. We note that
perature and density to be measured. , the Hepl/Ly-B ratio indicates time-integrated temperatures
Self-consistent time-integratel, and mass densityp)  of 450-550 eV, although this ratio is probably less reliable,
data are shown in Fig. 3, along with error bars representings noted above. We also observe the appearance of satellites
the estimated effects of random and possible systematic egy, the red wing of the Ly line at greater depth€Fig. 4.
rors. For Al tracers at 5-3Qum depths, we findTe  These satellite features peak early in time, and are possibly
=270-340 eV a”?:0-325—0-95 gler corresponding 10 epjitted from hole states populated by inner-shell collisional
Ne=(0.7-2.0)< 10?*cm™>. We do not observe any signifi- ionization and excitation[36]: similar features dominate
cant dependence of, or p upon tracer depth, suggesting spectra obtained with fast-rising CPA laser irradiation of
nearly isothermal heating at constant near-solid density. Akqjig Al and Mg target§37]. The appearance of these satel-
spectra from 5Qum depths were also observed, but the datgjtes is consistent with excitation and ionization of near-
were too weak for quantitative analysis. Subsolid Al d_er‘Si'solid-density matter by suprathermal electrons.
ties are expected by pressure-balance argumé(ifs We do not have spectroscopic data for tracer depths
+1)p/A is approximately constant, wherdas the number of  greater than 3Qum, since Al x-ray emission was weak at
electrons/ion and\ is the atomic numbér and the Al layer such depths and Au quasicontinuum x-ray emission cannot
would expand to~1.2 g/cn? when surrounded by isothermal be used directly to diagnose temperature and density. How-
solid-p CH using this simple estimate. ever, consideration of the temperature dependence of the pin-
Streaked spectra show that the Al emission persists lonpole image brightness allows us to infer greater than 200 eV
after the laser pulse, with a duration 6f70 ps FWHM as peak temperatures at depths as great asgiQas will be
determined from the compiled time-resolved data. This supeiscussed below.
ports the conclusion that the Al emissiontiermal (rather Representative x-ray images from the pinhole camera are
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: : pinhole spacing to determine the magnification and image
registration; this process is expected to degrade the object
resolution of the averaged images to no worse tham20
Front-view Al tracers 10—25um deep showed annular
images with 70—12Qum inner diametergFig. 5a)], typi-
cally containing several bright spots along the circumference
and exhibiting a peak-to-center contrast ratio greater than 5;
T T a front-view Au tracer 15um deep showed a similabut
6.5 7 7.5 8 much brighter 70 um diameter rind Fig. 5b)]. Front-view
Wavelength (A) Al tracers 30—50um deep showed~50 um regions of
FIG. 4. Comparison of Al spectra from 10 and an depths. V\{eakly visible arclike structure, which_ we attribu.te to low
The temperatures inferred from the Hé&-le-B ratios are nearly the signal levels that permitted only the brightest portions of the

same, but the deeper spectrum contains numerous satellite featufédS t0 be observed. Rear-view Au tracers 50-4@0deep
which may be caused by suprathermal electrons. showed clear rings 5@m in diameteFigs. Sc) and §d)].
We also obtained a rear-view image from a Au tracer 260

shown in Fig. 5. In every buried-layer experiment Wheredeep, but the exposure was too weak to exhibit structure.

x-rav imaging data was obtained. we observed an annular In order to verify that the ring emission patterns were in
y ging a; S S NUAL et characteristic of the tracer layers, we performed addi-
pattern of emission exhibiting azimuthal structure. The diam,,

eter of the annulus varied from 50 to 126n depending on tional experiments with solid targets. Front-view solid Au
tracer depth(10 to 100 wm) and material(Al or Au), al- and Al targets typically showed bright sub-2@r spotgFig.

o = . 5(e)], in dramatic contrast to the buried-layer data; more im-
though our data set is insufficient to allow correlations to be ortantly, pure CH targets producedt mos} very weak
discerned that might indicate a cause for these variations; tHE Y. P g P y

) . potlike images similar to the solid Al and Au ddtaig.
largest diameters we observed were from shallowly buried AE f)]. These solid-target data show that the annular patterns
tracers. The annulus diameters we observe are much larg ? ’ 9 P

are emitted from the buried tracer layers, and cannot be

than the~8 um laser focal spot diameter in vacuum, and in . ; C )
S .. caused by surface interactions similar to those observed in
some cases are much larger than the initial tracer depth; how-

earlier experiments with laser-irradiated sol{@8]. Finally,
ever, as noted above, the laser ASE and prepulse create sig- ; X
e note that the ring patterns appear to be symmetric about

nificant preformed plasma in front of the target surface onthe target surface normal. Most experiments were performed
the time of peak laser intensity, making this comparison less . 9 s P ; Perie
ith the laser at normal incidence, but a single experiment

relevant. We return to this issue in Sec. V. In each image or . : -
Fig. 5, approximately 20 individual images from the pinhoIeW'th the target rotated 45p polarized produced an ellipti-

. ; . . cal image with an orientation and aspect ratio consistent with
array were averaged to improve the signal-to-noise ratio. Fof
sglmmetry about the target normal vector.

this averaging, we located consistent features in the image The Be filtering on the pinhole camera essentially elimi-

and used their coordinates together with the known constannta,[es x-ray energies below 1.5 keV, but does not provide any

spectral discrimination of x-ray energies above 1.5 keV.
However, the Al-tracer spectra show that the dominant emis-
sion below 2.5 keV is from Al lines. The spectrally and tem-
porally integrated exposures of the x-ray spectra and the
x-ray pinhole images are strongly correlated, indicating that
the Al spectra are emitted from the locations that appear
brightest in the imageésee Fig. 6. We therefore conclude
that our spectrometers measure local temperatures and den-
sities at the spatial locations in the tracer layers that appear
brightest in the x-ray images, i.e., along the circumference of
the annular patterns. Conversely, the time-resolved x-ray
spectra indicate that the x-ray imaging data must be prompt,
since all keV x-ray emissions are observed to occur within a
70 ps time window following the laser pulse, and since there
is no reason to expect significant late-time x-ray emission
outside the temporal range of our streak camera, which was

Ly-a
He-J
He-«

Q@
D
I

30 ym

10 ym

FIG. 5. X-ray pinhole images of an Al tracer 186n deep(a), a

Au tracer 15um deep(b), a Au tracer 5Qum deep(c), a Au tracer as long as 6 ns in some experimenfts. . .
100 um deep(d), a solid Au surfacée), and a solid CH surfacé). The exposures of the Al-tracer pinhole images will scale

The image in(b) is partly saturated due to overexposure of the €Xponentially withT, below ~400 eV, where the emission is
electronic detector. In each case20 individual pinhole images dominated by the optically thick He-line in the Wien re-
from the same experiment were averaged to improve the signal-td@dion of the thermal spectrum. Observable images were ob-
noise ratio, and the results were corrected for a viewing angle alongfined with identical filtering on all the Al experiments over
the target surface normal. Each image shows a AB0square a dynamic range of approximately 5, and the strong scaling
region of the target. of Al-tracer image brightness witfi, (see Fig. 7 supports
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IV. DATA INTERPRETATION AND SUMMARY

2 1 L 1 L 1
@ Pinhole C . . .
® 4 CCD Spectromater The spectroscopic data directly diagnose the plasma con-
1.5 \ & Streaked Spectrometer | ditions in the hot, near-solid-density regions of the tracer

layers, while the x-ray imaging data show that the tempera-
ture distribution in the tracers is annular. The 5:1 dynamic
0.5- | range of the image brightness and the strong scaling of x-ray
image brightness with temperature for both Al and @&ig.
0 —— 7) imply that the annular emission pattern could result from
0 10 20 30 40 50 60 the edges of the column structure being as little as 25%
Depth (um) warmer than the material in the center of the column.

FIG. 6. Relative exposures of Al-tracer data from the pinhole We have considered and ruled out decompression as a
camera, the CCD spectrometer, and the streaked spectrometer f@@ssible cause for the reduced x-ray emissivity at the centers
various tracer depths. All data were temporally and spectrally inteof the rings. Hydrodynamic simulations of the interaction of
grated, and corrected for energy-dependent filter transmission varighe ~150 mJ ASE and prepulse with the buried-Al targets
tions. The strong correlation supports the conclusion that the brighfyredict the on-axis local Al electron density &0 as a
optical!y thick Al resonance Iipes evident in.the spectra are alsGunction of initial layer depth[39]. This density is
primarily responsible for the pinhole camera image exposures. 1 5% 1022cm™2 for an initial depth of 15um, potentially

resulting in a factor of-5 reduction in per atom Al emissiv-
the conclusion of nearly depth-independent heating foity at constantT=300eV [34]; however, layers at initial
depths up to 5um. X-ray emission from a 0.m thick  depths greater than am are totally unaffected by the ASE
Au layer will be optically thick at these temperatures andand prepulse, and the data from these deeply-buried-layer
densities, and therefore the Au-tracer image intensity is exexperiments do not qualitatively differ from the more shal-
pected to be even more temperature sensitive than the Alowly buried tracer-layer data. During the 5 ps main laser
tracer image intensity; by scaling temperature with spectralljpulse, we estimate a peak ponderomotive presdiice
integrated blackbody image brightne@g. 7) and normal-  ~17 Gbar and a front speadP/p~1.3x 10° cmis, resulting
izing the Au image brightness at a 18n depth to the tem- in a hole-boring depth of~6 um; this agrees with other
perature derived from Al tracers at the same depth, we ca@stimates[6], and is too small to reach the buried tracer
estimate the local temperature of the Au tracer layers fotayers. Later ablation of the target would proceed at ion
depths as great as 1Qam. This scaling results in tempera- sound speeds of 2X 10’ cm/s, too slow to reach the deeply
ture estimates of approximately 220 eV for afh and 100 buried tracers in~70 ps.
um depthgFig. 3). We note that it is energetically feasible to ~ Similarly, we have considered and ruled out overioniza-
fully ionize a 50 um diameter, 10Qum deep column of 1 tion of the central portions of the tracer layers as a possible
glcnt CH and heat it to 300 eV, since this would require only cause for the reduced x-ray emissivity at the centers of the
~8 J, or less than 3% of the available laser energy. rings. Overionization of the central portions of the Al tracer
layers would require multi-keV temperatur¢see Fig. 7
which were not seen in similar solid-target experiments mea-

Total Exposure (arb. units)

5
o 104 —ALp = 06 glom® suring thermal B neutrons[40], and overionization of the
o w0 104 ’ | . . .
g= I (much higher areal density and atomic numbgu tracer
;,-,:5 102' [ layers is implausible. Furthermore, we see no evidence for
_gg 101' subsequent cooling and recombination emission, and the lack
> 10° of observed central hot spots in the time-integrated images of
£8q07] the deeply buried tracers is inconsistent with this mechanism.
§.g 102 Finally, the sharp intensity gradient on the inner edge of the
h= 403 . rings is difficult to explain as a consequence of either decom-
100 1000 pression or overionization.

Electron Temperature (eV) To summarize our experimental data, we conclude that in
each of our buried tracer-layer experiments we observe an
annular pattern of heating. The temperature distribution has a

glen?x0.5um (solid line) and for a blackbody radiatofdotted local minimum at tf:jeﬁcenter of th% ”ng’l.alnd thg;g/dgg-tl(_)(;
line), normalized to unity for Al at 300 eV. The emission intensities center temperature difference may be as little as 0. S0lId-

were spectrally integrated over a 1.5-4.0 keV range of x-ray enerl@/get data from Al, Au, and CH show dramatically different
gies, and the spectra were corrected for energy-dependent filtéf"@y images, with sub-2@sm spots and, in the case of CH,
transmission through 38m of Be. Simulated Al x-ray spectra were Wea_k Or nonexistent exposure |eV9|S_- This supports the con-
generated with the coday [34], and the simulations included de- Clusion that the ring patterns are emitted from the tracer lay-
tailed line shapes for all important transitions between 1.5 and £TS themselves, as does the observed correlation between im-
keV. The Al-tracer emission intensity, spectrally integrated from 1.5ag€ exposure and spectra exposure on those experiments that
to 4 keV, will scale with temperature essentially as a blackbody forshowed clear spectral signatures of heated Al tracer material.
T.<400eV. The diameters of the rings are 50—120h for tracer depths

FIG. 7. Relative emission intensity as a function of electron
temperature for a layer of Al ap=0.6g/cn? and pR=2.7
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of 10—-100um, with larger diameters observed at shallowerand current density perturbations, has been shown to cause
depths, and the rings appear symmetric about the target sufitamentation of the opposed hot electron currents and cold
face normal. electron return currents on a time scale equal to the plasma
X-ray spectra from Al tracers buried 5-30n deep show  frequencyw, and on a spatial scale equal to the plasma skin
a time- and space-integrated temperature of 340 eV fam5  depth c/w,. Two-dimensional PIC models with one axial
depth and an essentially depth-independent temperature ghq one transverse dimensici6,45 simulated the develop-
~300 eV for 10—3Qum depths. The3 spectra also show tracerment of these filamentary patterns. In the following discus-
electron densities of (0.7-2.8)10°°cm . Spectra from a = gion, we will use the name Weibel when referring to this
30 um deep Al tracer suggest somewhat higher péak \yeibel-like instability.
time) temperatures of 450 eV, but the other data show no Subsequent to our experimefizg], more detailed studies
significant time dependence to the temperature or densityy the structure of these filaments were made with 2D PIC
The emission duration is-70 ps, much longer than the laser modeling of the beam pattern in a plane perpendicular to the
pulse duration and the relevant excitation, deexcitation, angs|ativistic current axi§17,41. This work showed the non-
collisional stopping time scales; this supports the conclusiofinear development of the Weibel instability, with coales-
of thermal x-ray emission from the tamped, high-densitycence of the filaments and related collisionless heating of the
tracer Iayers_, followed by gradual conductive cooling. F"background plasma. However, pure PIC models are severely
nally, analysis of the temperature dependence of the spegmijted by available computing power, and can only describe
trally integrated 1.5—4.0 keV emission from Al and Au trac- sma|| elements of volume and time with densities much less
ers allows us to infer temperatures from relative pinholegygn gglig, typically~ 10?2cm 3. These models also use pe-
camera image exposure levels, normalized to the spectroniogic houndary conditions, and do not describe a beam of
eter data; this results in a temperature estimate-»20 eV specified transverse shape and net current.
for Au tracers at 50 and 10@m depths. The first indication of a tendency for the relativistic elec-
tron flow to develop an annular pattern was seen in 3D hy-
brid PIC modeling18,19. In this model, a 1Qum diameter
collimated beam of 1 MeV monoenergetic electrons carried 3
Our experimental data suggest collimated energy transMA into solid-density Al for 300 fs. A 25um diameter cur-
port by relativistic electrons within solid CH targets, with rent annulus with azimuthal peaks developed at depths ex-
essentially depth-independent energy deposition and a sliglseeding 5um. These results were later extended to the case
annular peak in the heating of buried Al and Au tracer layerof an electron beam propagating througi2 eV solid-
to ~200-300 eV temperatures at near-solid density. Theoretlensity CH[47]. In this last simulation, relativistic electron
ical predictions[11,12 and experimental evidendd 3,14 energies were related to the local laser intengiaigher than
exist for magnetically collimated relativistic electron flow being monoenergetic and the electron beam had a cone
(and thus nearly depth-independent local temperature distrengle of 30° (rather than being collimatgd the results
butiong, but the annular emission patterns shown in Fig. 5showed an annular pattern developing in the relativistic elec-
were initially unexpected. Prior theoretical modeling, how-tron flow, and also showed a weak annular pattern in the
ever, provides insights into this behavior, and we begin ouheating of the background plasma.
discussion by reviewing these modeling results. Taguchiet al. [20] recently developed a 3D hybrid PIC
The importance of plasma resistivity was shown by planacode with a Darwin approximation to describe essentially the
one-dimensional analytic modeling of relativistic electronsfull range of magneto hydrodynamic phenomena, and used
penetrating a cool plasna0]; this work also provided esti- this code to analyze the propagatioha 1l MeV electron
mates of the electric potential. Later hybrid modeling, with abeam, at 0.1 of the background plasma density, into plasma
Monte Carlo/Fokker-Planck description of the relativistic with an electron density of #8cm™3. The beam diameter
electrons and a fluid description of the cdltiermal back- was circular with a 1.§m diameter super-Gaussian profile.
ground electrons in 2D cylindrical symmetrj11,12 re-  This model also showed that the current density increases to
vealed the important process of self-induced magnetic colliform an annular peak at the edge of the beam, and that the
mation. This collimation is caused by the relativistic electronannulus later breaks up azimuthally into multiple filaments in
current exceeding the cold electron return current, resulting manner qualitatively very similar to our experimental ob-
in a net forward-directed current approximately limited to servations(see Fig. % This model specifically treated the
the Alfven current(~17 y kA, where y is the relativistic  case where the linear growth exponent of the Weibel insta-
Lorentz factof41]). In our experiments we expect 20% con- bility is ~10 at spatial wavelengths corresponding to the
version of the 400 J, 5 ps laser pulse into relativistic elecstrong spatial Fourier components of both the edge of the
trons with mean energy 0.7 MeM,42,43. The relativistic  beam and the growing annular peak. However, the s(fa8e
electron density is then-5x107%cm 3, in a background um), time (14 fs), and density (1¢f cm ®) scales were much
plasma withT,~300 eV andN.~10?2 cm 3. The resulting smaller than in our experiments.
relativistic electron current is 29 MA, which is 770 times the  Due to the limits of available computing power, none of
Alfvén limit; this shows that almost complete return-currentthese models are capable of describing our specific experi-
compensation is required for the relativistic electron beam tanental conditions. We therefore use a simpler theoretical ap-
penetrate into the target. proach[48] to analyze a process similar to that described by
A Weibel-like instability [44], with transverse magnetic Taguchi et al. for the particular space, time, and density

V. THEORETICAL PREDICTIONS
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FIG. 8. Cross sections of a 66m diameter, fourth-power super-Gaussian input relativistic electron current spatial pepfikhe
calculated current profile after 5 ps of Weibel instability growth with a growth exponent of 10 at a wavelengthuof &), and the
calculated current profile with all growth exponents reduced by a factor ¢€)10n each figure, the horizontal axis is the beam radius in
micrometers, and the vertical axis is ttabitrarily scaledl current density.

scales of our experiment. We treat this process as the grow#mnular pattern in the forward current provides the most
of the Fourier components of the relativistic electron currentikely explanation of our experimental data.
spatial pattern at a linear Weibel growth rate. Linear pertur- A much more speculative possibility arises from consid-
bation analysis is used to calculate the wave-number depeeration of the fact that the Alfwecurrent limit for an annular
dence of the Weibel growth rate, and we follow earlier workcurrent pattern increases linearly with increasing diameter-
[46] to solve a dispersion equation including the frefativ-  to-thickness ratio of the annulus. This suggests the possibil-
istic) and cold (background electron temperatures and the ity that in the nonlinear limit, where Weibel filaments have
resistive collision rates. As parameters we assume a coldoalesced until each carriers one Alfveurrent, there may
electron densityN.=3x10?3cm™2 (consistent with highly be a favoredmore rapid evolution of further coalescence
ionized 1 gcm® CH), a cold electron temperatur€,  events into an annular current pattern. This would avoid the
=300eV, a hot electron density,,=5x107%cm 3, a hot  otherwise necessary dissipation of 50% of the current, which
electron average energy of 1 MeV, and a hot electron trands seen in PIC modeling of coalescence events when two
verse temperature of 0.3 MeV. For the specified backgrounéllaments each carry one Alfmecurrent[41]. Development
plasma, the collision frequencjnormalized to the plasma of an explicit physical model of this process would be nec-
frequency is approximately 1.049], while the normalized essary for it to be treated as more than an intriguing
hot beam collision frequency is estimated to b B) ° speculation.
[50]. We note again that the diameters of the annular patterns
For these conditions, the Weibel growth time constant fowe observe in our experiments are much larger than the
a 20 um wavelength perturbation, typical of the width of the nominal laser focal spot diameter, and we do not resolve the
annular rings we observe, is 500 fs. This would allev@0  reasons for this observation here. We know that the vacuum
e-foldings of growth during the 5 ps laser pulse, similar tolaser focal spot had broad wings, with 70% of the energy
the situation analyzed by Taguckt al. [20]. We Fourier  outside the Airy disk29], and we also know that relativistic
analyzed(in one dimensionthe transverse spatial pattern of self-focusing of laser light in preformed plasma strongly
a 60 um diameter, fourth-power super-Gaussian electrormodifies the pattern of laser intensity on the taf@e40]. We
beam[Fig. 8@)], and then imposed exponential growth of speculate that the initial electron beam pattern, which may
the Fourier spectrum using growth exponents from the lineabear little resemblance to the vacuum light intensity pattern
growth rate analysis. This procedure generated a pronounced focus, may have had a relatively sharp discontinuity at the
80 um diameter annular patteffrig. 8b)]; scaling down all  location of the observed annular peak, and that strong har-
growth exponents by a factor of 10 eliminated the effectmonic components were amplified by the Weibel instability
[Fig. 8(c)]. Application of a similar analysis to the case to form the annulus. We further speculate that blocking of the
treated by Taguchet al. showed a similar enhancement of energy transport and trapping of energy at the surface of the
the current density at the edge of the beam to that calculatetdrget by the nonlinear Weibel instabilif¢1] may force an
in their more detailed modeling. increase in the area over which energy enters the target. We
These results suggest that the evolution of an annular patannot, however, draw any definite conclusion on these is-
tern, as we observed in our experiments, may be charactesues without further experimental studies and theoretical
istic of Weibel growth during our 5 ps laser pulses, and thatvork.
it might not be a pronounced feature in other experiments We do not address the question of the relative importance
with subpicosecond pulse durations. We emphasize agaiof return-current heating in our experiments. This is not a
that our experiments show an annular patterhéating and  critical point in our interpretation of the annular patterns,
do not directly measure the spatial pattern of tbeward  however, since the return current will be strongest where the
electron current However, given the theoretical results of relativistic forward current is strongest. This must be the case
Gremillet et al. [18] discussed above, and given that only ain our experiments, where the forward current of hot elec-
small (~25%) temperature variation across the annulus istrons is estimated to be 770 times the Alfveurrent, and
sufficient to explain our observed emissivity variations, welocal neutralization of the hot current by the cold return cur-
believe that the Weibel-instability-driven development of anrent is therefore required.
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To summarize our discussion of theoretical models, weof our observations, and their striking nature, suggest that
believe that our observed annular heating pattern and its azadditional experiments would be valuable. We suggest that
muthal structure may be linked to strong Weibel instability prepulse and intensity parameter scans and space-resolved
growth at locations where the forward-directed current haspectroscopy could be valuable, and, in particular, it would
strong transverse gradients. The net collimation of the energye valuable to directly characterize the spatial distribution of
transport can be linked to the azimuthal magnetic field genforward electron current within the target. This could be ac-
erated by a net forward electron current of close to oneomplished with x-ray imaging at much higher photon ener-
Alfvén current. gies, possibly observing monochromatice x rays from

Collimated energy transport is highly beneficial for fast- higherZ tracer layerg52].
ignition ICF[7]. However, an annular current pattern, with a
diameter large compared with the nominal laser focal spot VI. CONCLUSIONS
diameter, would raise the threshold energy for fast ignition | lusi h b d hiahlv directional heat-
approximately proportionally to the square of the diameter, h conclusion, we have observed highly directional hea

ratio. A recent estimate, using an annular electron beam afY of near-solid-density material induced by relativistic

inner radius 20um and outer radius 5@m, based on the electrons generated by an intense short pulse laser. The heat-
energy transpoﬁ parameters of our experi}n@mﬁ and as- ing is relatively uniform and deep within the solid target, and

; : i it shows a clear, reproducible columnar structure with en-
suming a compressed fuel density of 460 gémput the Lo . .
ignition threshold at 100 kJ in the electron befi]. This hanced heating at the edges of the column. We believe this

compares to the ideal case of 8.3 kJ for a28 diameter annular heating pattern may be related to strong Weibel in-

o oy coSn v e e SO Wt et setn e e
scaling with beam diameter. P 9 : p

A complete understanding of the heating distributions Wefor achieving an understanding of laser-generated relativistic

observe must await significant progress in developing morg_lectron transport in solid matter, especially in light of the

advanced simulations, which at this time cannot satisfacto§|gmﬂcam recent activity in modeling this process. A clear

rily model our experimental conditions. Several other issueyndgrstqndmg of all the physical mechar_nsms |n\_/olved n
relativistic electron transport through solid materials, and

may also need to be addressed in order to obtain a Satisfatcheir successful inclusion in refined models, is essential for
tory theoretical understanding of our data. First, existing 3Dth devel t of the fastianitor fusi ' i d
hybrid simulations do not treat laser propagation within pre- € development of the fastignitor Iusion concept, an
formed underdense plasma, and instead specify as inputs tr:ilghlevmg this understanding will require further improve-

spatial and energy distributions of relativistic electrons at thg"ents in simulation capabilities as well as additional critical

front surface of the target. However, relativistic laser propa_experlmental data.

gation through underdense plasma has been investigated
separately and shown to strongly affect laser intensity pro-
files at critical density[3]; in general, the electron source  We owe special thanks to Y. Sentoku, L. Gremillet, and T.
spatial distribution may bear little resemblance to theTaguchi for valuable discussions and communication of their
vacuum laser intensity distribution at focus. A consistentunpublished modeling results. We also gratefully acknowl-
treatment of laser-generated electron transport through soliedge S. Alvarez, J. Bower, C. Brown, E. M. Campbell, R.
targets, including laser-plasma interactions in plasma create@osta, A. Faenov, B. Hammel, J. Kilkenny, R. Kodama, O.
by realistic levels of laser ASE and prepulse, would be valulLanden, A. MacKinnon, K. Mima, M. Moran, A. Offen-
able; 3D PIC modeling has linked the laser-plasma interacberger, M. Perry, T. Pikuz, R. Robinson, C. Sangster, R. Sna-
tion to the electron source, but not yet for a realistic lasewely, K. Tanaka, M. Tsukamoto, R. Wallace, S. Wilks, and K.
beam or preformed plasma scale length. Second, conductiWasuike for their contributions and support. This work was
ity discontinuities (i.e., metal tracepscould affect energy performed under the auspices of the U.S. Department of En-
deposition in the vicinity of the tracers, as has been note@érgy by the University of California Lawrence Livermore
earlier[15]. In this sense, metal tracer layers may be perturNational Laboratory under Contract No. W-7405-ENG-48,
bative; the effects of these conductivity discontinuities arewith the additional support of General Atomics and the Uni-
not treated in existing simulations. Finally, the repeatabilityversity of California, Davis.
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