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Spatial characteristics of Ka x-ray emission from relativistic femtosecond laser plasmas
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The spatial structure of thed& emission from Ti targets irradiated with a high intensity femtosecond laser
has been studied using a two-dimensional monochromatic imaging technique. For laser inténadities
X 10" W/cn?, the observed spatial structure of the: Kmission can be explained by the scattering of the hot
electrons inside the solid with the help of a hybrid particle-in-cell/Monte Carlo model. By contrast, at the
maximum laser intensity=7x 10" W/cn? the half-width of the kr emission was 7Qum compared to a
laser-focus half-width of 3um. Moreover, the main Kk peak was surrounded by a halo of weak Emission
with a diameter of 40Qum and the Ky intensity at the source center did not increase with increasing laser
intensity. These three features point to the existence of strong self-induced fields, which redirect the hot
electrons over the target surface.
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I. INTRODUCTION is determined by the extension of the laser focus and by the
lateral scattering of the hot electrons inside the solid.

High intensity, femtosecond lasers are now routinely used The numerical implementation of such a model can be
to produce energetic particles and photons via their interacealized by combining a particle-in-celPIC) code for the
tion with solid targets[1]. In particular, the suprathermal laser absorption with a Monte Car{C) code for the sub-
electrons generated near the target surface can be exploitsdquent generation ofKradiation in a solid. We have pre-
to produce short-pulse, characteristier Kadiation as they Vviously applied this model to calculate the yield ratios from
penetrate the cold bulk material inside. Since the hot elecmultilayer targets and to estimate hot electron temperatures
trons are only produced during the laser irradiationy K from femtosecond laser-solid interactidr2].
sources with sizes comparable to the laser focus [§Z3] Recently Edeet al. [12] estimated the size and the total
and femtosecond duratig—6] can in principle be realized. yield of a Cu Ka source in the intensity range>&L0"-2
Such x-ray sources have high potential for applications inx 10" W/cn? by knife-edge measurement. Combining a
time-resolved x-ray diffractio7,8] and medical imaging Monte Carlo electron transport code with a simple scaling
[9,10], both of which depend critically on the source size tolaw for the hot electron temperature, they were able to repro-
achieve high spatial resolution and contrast. duce the total k yield for the different laser intensities, but

A widely used method to measure the size of the K predicted much smaller source sizes than measured, imply-
emission from a laser-produced plasma is one-dimensionaihg that additional mechanisms were affecting the electron
x-ray shadowgraphy at a knife edfl]. In this technique transport. One possibility is that the hot electrons perform
the x-ray intensity is spatially integrated parallel to the knifecomplex orbits in self-generated electric and magnetic fields
edge. Nevertheless, theelidth of a Gaussian x-ray source in front of the target before they enter into the sqii@,21].
is retained in the integration, so that the method is widelySuch behavior was studied 20 years ago for solid targets
used to estimate the half-width of laser plasma Bources irradiated by the laser systems at that time= (0"
[2,3,11-15. — 10 W/cn? and pulse durations of several 10 to 100 ps

The spatial distribution of the & emission reflects the [22—-24. Another possibility is that the hot electrons do not
trajectories of the hot electrons, along which the ghotons  enter the solid unidirectionally but with some angular spread.
are generated. In a simplified description the electron dynamAuthors who studied the size of theakemission from fluo-
ics can be reduced to two stages: the generation of the hogscence layers buried behind another material found that the
electrons in the plasma and the scattering of the electrons imeasured l& emission sizes and their dependence on target
the solid. The electrons are assumed to move in a straiglitepth can be reproduced by assuming that the hot electron
line from the acceleration point to the solid, and in the sim-beams have half-cone angles between 15° and 88~15.
plest modeling each electron enters the solid perpendicular tbhese observations contradict the theoretical considerations
the surface. In a more sophisticated modeling the conservan the hot electron entrance angle mentioned above, and
tion of momentum between the laser photons and the genepose the question how the hot electrons achieve such an an-
ated hot electron is taken into account, with the consequenagular spread.
that the electron enters the solid in a direction, which de- For high laser intensitied 10" W/cn?) a general pic-
pends on its energy: for low electron energies the electroture is thus beginning to emerge in whicheksource sizes
moves in the direction of the target normal, for high energiesare found to be much larger than expected by simple model-
in that of the laser beaifi6—-19. Thus, the kv source size ing. It is therefore natural to aswherethe Ka emission
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In the present paper we present the systematic study of th
spatial distribution of the K radiation from a laser plasma oE ~ ] E- T T T T T3,
source. The & emission from laser-irradiated bulk Titargets ¢ 10°F 1 r 1107 g
was measured with two-dimensional resolution, using a tor- 2 1| 1 [ 410" §
oidally bent crystal as the imaging x-ray optics. The Iaser§ . E F E I <
parameters and the imaging properties of the crystal werey 10°F E E 10 2
carefully determined, so that the experimental situation could 10|, 1 [ 410" g
be reproduced with high accuracy by a PIC-MC simulation s W] R e
model. For low laser intensities € 3% 10 W/cn?), the 107020 80 120 0 20 80 120
simulations proved to be in agreement with the measure- y (um) z (um)

ments. At high intensitiesl &7 x 10 W/cn?), distinct de- _ _ _

viations in the spatial distribution between the modeling and FIG- 2. Laser beam profiles at different distances from the
the measurements occurred, indicating that self-induce§€st focus position.

fields have played an important role in our experiment.

3—5x 10 W/cn?. To estimate the laser intensity at greater

Il. EXPERIMENTAL SETUP defocusing distances the laser intensity profile was approxi-

The experiment(Fig. 1) was performed with the Jena mated by a Gaussian profile with a half-width ofy3n at

Ti:sapphire laser =800 nm, pulse duration 90 )iswhich best focus.

delivered an energy of 240 mJ onto a bulk Ti target. The45;l'h_erhlas$r wag ?olf;rlzed afntcliq thle angle ?f incidence was d
laser was focused with an off-axis parabofa=(120 mm), - 'he temporal shape of the faser pulse was measure

giving a half-width of 24 um? at best focusFig. 2). The with a third-order multishot autocorrelator. The pulse dura-

intensity distribution of the laser focus was measured with 40N (full width at half maximum was 90 fs. Two intrinsic
microscope and a charge-coupled devi€€D) camera. A prepul_s4es were fc_nsmd with intensity contrast ratios _of
dynamic range of Towas achieved by superimposing two 310 " and 310"~ at 4 ps and 600 fs before the main
CCD images, taken with and without gray filters in front of Pulse, respectively.
the camera. These images were taken at the same laser en-The Ti target was polished to ensure a good shot-to-shot
ergy as used for the measurements and with an attenuattgproducibility. After each shot, the target was moved 500
being introduced into the laser beam in front of the compresum to an unused part.
sor. It was checked that the attenuator did not affect the beam A toroidally bent S{311) crystal delivered a two-
profile. The nominal laser intensity was identified with the dimensional, magnified image of theaKemission onto a
mean intensity in the area, where the laser intensity wa€CD camerd25,26. A magnification of 7 was used, which
above 1¢ of its maximum value. At best focus the nominal gave together with the CCD pixel size of 24m a resolution
laser intensity was % 10'® W/cn? and 47% of the laser en- of 6 um. Each Kx photon reflected by the crystal onto the
ergy was within the ¥ width. CCD corresponded to 2<410° photons emitted from the
The laser was defocused by moving the parabola alongarget in 1 sr. A similar imaging was performed for ther K
the focal axis toward the target or away from it. The intensityemission from the target side perpendicular to the laser irra-
distribution of the focus was measured in a defocus rangdiated side. The results of this imaging were published else-
—400 um=<Ax<+400 um, limited by the size of the focus where[27].
image on the CCD camera. At a defocus distance of The x-ray images delivered by the bent crystal differ from
|[AX|=400 um the nominal laser intensity was the true shape of the & emission due to aberrations. The
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influence of the aberrations for the experimental conditions
was studied at an x-ray tube and via ray tracing. It was found
that a sharp edge of the x-ray source is broadened to
~10 um in the image. As the experimentalaKemission
does not have a sharp edge but decreases continuously to-
wards the borders, ray-tracing calculations for a Bource

with a Gaussian shape were performed. It was found that in
the direction perpendicular to the dispersion plane the shape
and size of such a source are preserved. In the results section
the extension of the & images in this direction is used to
estimate the half-width of the & emission. In the direction

of the dispersion plane the half-width of a Gaussian source
experiences a broadening, which depends on the source size.
The broadening is-2 for a source size of wm and~1.2
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for 50 wm. . ) . FIG. 3. Direction of the generated hot electrons for a laser in-
From the Ko images the properties of the correspondmgtemity of 3x 108" W/en? as simulated with the PIC code.

Ka sources were derived, such as the total iteld, the

spatial half-width, and the & intensity at the source center. [14,20,33. We find a temperature scaling of the “hotter”

Two sources of error were taken into account: the noise opart of the electron spectrum according to

the CCD camera and the uncertainty of where exactly the

source center is. The noise of the camera was estimated from ({ A2 12

Thor~11

keV. (GN]

a part of the images, which was far away from the &ignal.
From that error bars for the totalKyield were derived. A
range for the position of the source center was estimated
taking the 20 CCD pixels with the highestaKsignals as
possible candidates. The range of half-widths correspondin
to these pixels was then used as error bars for the half-widt
of the Ka: source. Finally, for the error bars of the centrat K
emission both the camera noise and the standard deviation
the 20 pixels with the highest & signals were taken into
account.

107 Wem 2 pum?

b¥his scaling of the hot electron temperature with irradiance

\2) agrees with the values given in the literature, where a
ﬁependence OT o (IN2) Y3125 found[1]. The abso-
ute values ofT,.; given by Eq.(1) agree within a factor of
8f3’ .. .,2with the hot electron temperatures found in recent
experiment§14,31,33.

The scattering of the hot electrons in the solid and tlae K
generation were simulated with a three-dimensiof&)
Monte Carlo code, which calculates the 2D distribution of
Ill. MODELING OF THE K« EMISSION the emitted kv radiation. The code is extensively described
. . . in Ref. [27]. The accuracy of the MC simulations was
A combined PIC-MC simulation mode| was used to Cal'checked by comparison with the experimental data on the

culate spatially resolved & em|s§|ons._The S'”?”'a“o.” .Ka yield from monoenergetic electron beams penetrating
model uses the one-and-a-half-dimensional oblique inci-

dence, particle-in-cell codgors[28,29 with one space co- Into cold solids given by Diclet al.[34].
Ice, P ' P The simulation of the spatially resolvedaKemissions
ordinate(parallel to the target normednd two velocity com-

onents[parallel (,) and perpendiculary(,) to the target started with combined PIC-MC calculations for a range of
P pare Ux). Perp Y 9 laser intensities, giving the spatiabKdistributions resulting
normall. Oblique incidence of the laser is handled via the

boost frame method. The calculations were performed for thgom pointlike laser spotgFig. 4@]. Then, these K emis-

: . : . ._sions were summed up according to the measured laser in-
experimental laser parameters given in the preceding sectio

An exponentially decreasing plasma density with a normaI—Pens'ty distribution in the focubFig. 4(b)]. For the summa-

. - . tion a grid of irradiated points within the focal area was used
ized scale length./\ =0.3 was used, appropriate to the pre- with each grid point representing an arda 1 wm?. This
formed plasma generated by the experimental prep(Bfs . . T pm
The maximum plasma density wasriOwith n, being the gives the calculated intensity distribution of thexksource
critical density P y ¢ 9 for the experimental laser conditions.
A phase space of the generated hot electrons as calculatear; el b) laseri .
by the PIC code is shown in Fig. 3. The ratio of the compo- representec area aser intensity
nents of the hot electron momergg@/p, gives the simulated Ko - ‘_ - ‘. _ TImax
entrance angles of the electrons. The PIC simulations repro 7 S
duce the theoretical energy dependefid®17] with the low e [ e Imax/10
energy electrons moving parallel_ to the 'Farge_t normal while ik e e 1max/100
the high energy electrons enter in the direction of the lasePomt-ike
beam. laser
The energy distributions of the hot electrons simulated by FIG. 4. Schematic illustration of calculating spatiak Kistri-
the PIC code show a bi-Maxwellian shape as it was als®utions:(a) Ka emission for a “pointlike” laser spot representing
found in experiment§31,32,14 and further PIC simulations an irradiated ared. (b) Summation grid for a circular laser spot.
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FIG. 5. Change of the total & yield when the laser is defo-

cused. The I yield is maximum for a nominal laser intensity in

the range 1¥-10" W/cn?. This is two orders of magnitude lower
than the maximum laser intensity in the experiment.

FIG. 6. Full width at half maximum of the laser focus, the
measured and the simulatedkemission depending on the distance
from the best focus position. The half-width of thexksource is
basically constant at 7am. At the best focus it is 23 times larger

To derive Ko images, which can be directly compared than that of the laser focus.

with the experimental images, the imaging process in the . | . .

experiment was simulated with ray tracifigs] using the emission at a glven_dlstance from the focus center was f_ound
calculated x-ray emissions as an input. by angular integration of the 4 emission from concentric
rings. Then, the integrateddemissions were normalized by
the area of the corresponding ring. This procedure gaxve K
emission profiles with a dynamic range of two orders of

In the experiment, images of theakemission were taken magnitude(Fig. 7). AS the pr_ocgdure is_ based on circular
for constant laser energy. By changing the distataebe- symmetry, the resulting & emission profiles are an average
tween the target and the best laser focus the intensity distri-
bution in the focus was varied. The defocusing distafize
was varied betweert 1100 um.

The total K yield in these images shows a characteristic
dependence oax with two maxima symmetrical around the
highest laser intensityFig. 5. The yield maxima occur in
the rangg Ax|~300-500um, which corresponds to a nomi-
nal laser intensity between ¥oand 13" W/cn?. This opti-
mal laser intensity for & yield is two orders of magnitude
lower than the laser intensity at the best focus position.

The Ka emission from the center of thedKsource shows
a dependence on laser intensity which is similar to that of the
total Ke yield, with maxima on both sides of the best focus

IV. RESULTS
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The spatial half-width of the emission is basically inde- z

pendent of the laser focus size over the whole investigated§ 0

defocus rangéFig. 6). It is about 70um, which is 23 times al0F 1
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larger than the half-width of the best laser focus.

For the highest laser intensities, thexKnain peak is sur-
rounded by a wide halo of weakd<emission, which is only
little above the noise level of the images. The size of the halo
increaseswvhen the laser intensity is increased. At best focus,
the halo has a diameter of 4Q0m. In this case, two-thirds
of the Kar emission come from outside the spatial half-width.  FiG. 7. Ka emission profiles for low I(<5x 1017 W/cn?) and

This large extension of the & emission was also found in  high laser intensities! &5 x 101 Wicn?). For low intensities the
the imaging from the target sid&7]. emission profile is reproduced by the PIC-MC simulations. For high
Ka emission profiles which resolve the intensity distribu- intensities the central & emission is lower and the & source is

tion in the halo were derived in two steps. First, the totad K larger than simulated.
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FIG. 8. Series of Kk images taken at different laser intensities.
For the highest intensities ¥ 5% 10" W/cn?) the Ka emission
from the center of the source is reduced compared to lower laser
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of the emission profiles of all directions.
These profiles exhibit two distinct intensity regimes for  FIG. 9. Dependence of the totalaKyield on defocus distance
the Ka emission. For laser intensitiés:5x 107 W/cn? the  (same data as in Fig.)5The top axis shows the corresponding
emission profile shows a superexponential dependence of tii@minal laser intensities. The general tendency of the measured
Ka emission on the distance from the emission ce(fg. data is well reproduced by the simulations. For the highest laser
7, top. Thus, the emission consists of one broad peak. Fointensities the measuredakyield remains constant, while the simu-
high laser intensities! (~5x 10" W/cn?), the central k lations predict a decrease.
peak is surrounded by a weak halo with ther kmission
decreasing almost exponentially with distance from the emisintensities, the hot electron temperature is low, so that only
sion center(Fig. 7, bottom. For these laser intensities, the few electrons have energies high enough to ionizetisgell
Ka emission from the center of the source decreases withf the target atoms. When the laser is focused to higher in-
increasing laser intensit{Figs. 8, 7, and 10 tensities, the hot electron temperature increases and more K
To compare the measurectkimages with the predictions photons are generated. At even higher laser intensities, the
of the simulation model, the intensities of the simulated im-K« yield decreases again, because the generated hot elec-
ages were normalized to the measured ones. For the imag&sns now penetrate deeply beyond the Ebsorption length
at Ax=—400 um, the calculated K yield is 40% lower and most of the generated photons are reabsorbed on their
than measured while the relative distribution of the Emis-  way to the target surface.
sion is well reproduced. For the medium laser intensity at This explanation for the yield maximum with bulk targets
this defocus distancel € 3x 10'® W/cn?) the influence of is different from that for the & radiation from thin foils.
self-induced fields is expected to be negligible and the nuAlthough reabsorption plays no role in thin foils, thexK
merical model to be in agreement with the experimentemission from such targets also shows a yield maximum at
Therefore, the calculatelda emissions were normalized in medium laser intensities, together with a second increase of
such a way that the simulated and measured totali¢lds  the yield above intensities of ¥dW/cn?. This intensity de-
of the images atAx=—400um are the same. With this pendence results from the dependence ofttehell ioniza-
normalization the simulation quantitatively reproduces thetion cross section on the energy of the hot electi@.
measured l& distribution of this image. The difference in For bulk targets, Reiclet al. [4] predict an optimal laser
total Ka yield between simulation and experiment can beintensity of I ,,,=10" W/cn? for the generation of Ti &
accounted for by the uncertainty in the experimental plasm&mission, WhICh is at the lower limit of the measured opti-
parameters: a variation of the plasma density scale lengtihum intensity range. The slight difference might be due to
L/\ of 0.1 can, for example, change thexkield by a  the approximation of the laser intensity distribution in the
factor of 2 or morg 36]. focus by a single nominal intensity. In PIC-MC simulations
The calculations reproduce theaKemission profiles at taking into account the full experimental laser beam profile
low and moderate laser intensiti@&g. 7, top as well as the the dependence of theaKyield on the defocus distance and
dependence of the totalyield on laser intensityFig. 9.  its two maxima are well reproduce@ig. 9. The optimum
At high intensities the calculated emission profiles are veryaser intensity lies well within the low intensity domain,
different from the measured onésig. 7, botton: the calcu- where the experimental behavior is reproduced by the nu-
lated Ko emission from the source center is several timegnerical model.
higher than measured and thertalo iscompletely absent When the laser is focused to higher intensities, the elec-
in the simulations. tron flux density increases. Therefore, the simulation model
predicts that the number of K photons generated in the
V. DISCUSSION focus center increasddashed line in Fig. 10 Such an in-
crease of the peak & emission isnot observed in the mea-
A dependence of the total Kyield on the defocus dis- surements. In fact, right at best focus, the central émis-
tance similar to that in Fig. 5 was also measured fof33],  sion even dropstriangles in Fig. 1D
Cu[12], and Ti foil targetd38]. In a previous pap€]| we The extension of the & source is expected to be larger
explain the existence of akyield maximum by means of than that of the laser focus due to the entrance angles of the
the reabsorption of K photons inside the target. At low laser hot electrons and their lateral scattering in the solid. To esti-
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NE 3x10'® 1x10Y7 7x10'® 3x10'7 5x10'® W/cm? three self-induced fields and how they influence the hot elec-
2 ' e CoEOMe tron trajectories. We found that the interplay of these three
g 20r . fields modifies the calculated spatiakidistribution into the
g direction of the experimental observations, such as lower

02“ 15 7 peak Ka emission, greater half-width, and larger total exten-
Z sion of the source, thus, giving a better agreement between
§ 10r 44;/ 4 A 4A‘};\ i modeling and measurement than without these fields.

é’ S_A a--Taak A A_.A A We took into account the ponderomotive field of the laser,
s 4 the space charge field developing at the critical density, and
o . . .
£ ! . . . . the thermoelectric magnetic field generated by the noncol-
8 —400  -200 0 200 400 linear temperature and density gradients in the expanding

distance Ax from best laser focus (Lm) plasma[39] created by the prepulses. We used an idealized

focal spot with a Gaussian shape and a half-width qfr8

on defocus distance. The top axis shows the corresponding nomingpd computeq abqut 900 sample trajectories of hot electrons
laser intensities. For intensities abovel0*” W/cn? the measured ' .the resulting fields. The Fes!“ta,“t electron data were
emission from the center of the source is several times lower thati'€ighted by the hot electron distribution from the PIC simu-

FIG. 10. Dependence of thedkemission from the source center

predicted by the simulations. lations and again used as an input to the Monte Carlo trans-
port code.
mate which relative broadening of theaKsource with re- Hydrodynamic simulations using thepusa code[40]

spect to the laser focus can be expected due to these tveyggest the presence of a thin magnetic .fi.eld of several tens
factors, we performed a series of PIC-MC simulations forof megagausses situated between the critical plasma_densny
laser foci with Gaussian shapes, having different intensitie@"d the solid. It was found that the lower energy fraction of
and focus sizes. As stated in the numerics section, thed@® hot electrons was reflected by the magnetic field and
simulations assume entrance angles of the hot electrofy€vented from entering the solid at the center of the laser
given by their energy(Fig. 3. We found that the relative [0cUS. This reduces the centratemission by a factor of 4
broadening of the K emission area is less than a factor of 2 COmMpared to the calculations without field, which is similar
for any combination of laser intensity and focus sizeto the_ reductlo_n in the experlme_nt._AS|m|Iar reduct!on occurs
(Fig. 11). Here, “broadening” is defined as the ratio of the €VeN if saturation of the_ magnetic fidldil] at a magnitude of
half-width of the Ko emission to that of the laser focus. ~ S€Veral megagausses is taken into account.

For higher laser intensities, the observed relative broaden- '€ reflected electrons could then traverse the space
ing of the Ka source is much larger than a factor of 2. The Charge fleld'at the critical density and bg distributed t_>y 'the
measured broadening is comparable to the experimentgpnderomotlve field of the Ia:;,er. Both fields have similar
results by other authors, who found an increase of th&n@Ximum strengths 0f-2x 10'? V/m for our laser param-
relative broadening with increasing laser intensity, from Jeters. Since the ponderomotive field is also d|rected laterally,
15X broadening at X10' Wicn? [2] over 3x at it can spread reflected hot electro'ns over aW|d§r area of the
5% 1017 W/cn? [25] to 25X at 2x 101 W/cn? [15]. target s_urface. In_deedz the half?W|dth of the emission calcu-

As mentioned in the Introduction, self-induced electric!ated with these fields included is im, which is 2.5 times
and magnetic fields are often invoked to explain measurelf9€r than simulated without them, but still a factor &
Ka source sizes which are larger than can be explaine§maller than measured. o
solely by electron scattering in the solid. To gain insight, The hot electrons Wh'Ch pass the magnetlc_fleld are de-
how these fields could affect theakemission, we estimated flected and enter the solid at shallow angles. This provides an

for our experimental conditions the shape and magnitude O??(plangtion fqr the increased yield co_mpared to t.he PIC-MC
simulations(Fig. 9). It could also explain observations made

— — by other groups, such as the angular spreb4l, anoma-
J lously low penetration deptH42], and unexpected low tem-
] perature§43,44] of the hot electrons.

The crucial point in our estimate of self-induced fields is
the presence of a magnetic field, generated by prepulses,
which reflects a large portion of the hot electrons. The

—_
e
T

=2

laser

FWHMKO‘/FW HM

0 10° W | ] strength of this field is related to the prepulse parameters via
o 1013 W/cmz ] the temperature and density gradients of the produced pre-
Z Z iglﬁ gﬁcmz I plasma. We found a scaling of the field strength proportional
cm

halfwidth of Ko emission (um)
)
T

o to the square root of the prepulse intensity and to the recip-
0 E—— — rocal of the focus diameter. This scaling implies that the
10 10 10 P ; ;
halfwidth of the laser focus (1tm) magnetic field quickly decreases when the laser is defocused.
The discrepancies between modeling and experiment
FIG. 11. Simulated spatial half-width&ll width at half maxi- ~ point to other(or much stronger self-induced fields than
mum) of the Ka emission resulting from Gaussian laser foci with those used in the above estimate. Possible candidates are the
different sizes and intensities. magnetic fields generated due to the space and time depen-

056408-6



SPATIAL CHARACTERISTICS OF ke X-RAY EMISSION . .. PHYSICAL REVIEW EG68, 056408 (2003

dence of the ponderomotive forf45], by the surface plasma sjze of 3um. The peak K emission(coming from the
electrons acquiring a net lateral momentum due to the obsource centérdoes not increase with increasing laser inten-
lique incidence of the laser bed6], and the resistive elec- sity, or even decreases.
tric field and magnetic field set up by the hot electron current  The experimental findings were compared with the pre-
[47,48. Also, experiments point to the importance of electric dictions of a PIC-MC simulation model, which calculates the
fields inside the bulk material on the transport of the hotspatial structure of the & emission resulting from the phys-
electrond49-51. Moreover, the generation and propagationics of laser absorption and hot electron scattering in the solid.
phases of the hot electrons cannot be completely separatedfise comparison shows that the physics included in the
was done in our modeling. Clearly, more sophisticated twomodel is sufficient to explain the spatialaKdistribution at
and three-dimensional modeling is needed to identify the imiow laser intensities. For high intensities, the measured peak
portant electric- and magnetic-field generation mechanismg o emission is only one-third of that expected from the
and provide a self-consistent picture of hot electron transpofihodel and the observeddKhalo is not reproduced by the
in relatiViStiC, femtosecond laser interactions with hlgh- simulations. Both observations indicate the presence of
density targets. mechanisms, not included in the model, which redirect the
hot electrons away from the laser focus towards the fringes.
VI. CONCLUSIONS An estimate of the hot electron trajectories in self-induced
fields suggests that the electrons are reflected in the focus
enter by a thermoelectric magnetic field generated by
repulses, while the large extension of the Bource may be
due to the lateral component of the ponderomotive force.

We have measured the spatial distribution of the K c
emission from femtosecond laser-produced Ti plasmas witIB
two-dimensional 6gem spatial resolution. We found qualita-
tively different spatial structures of thedkemission for high
and low laser intensitieg@bove and below 0 W/cn?). At
low intensities the K& emission consists of one broad peak,
while at high intensities the centraldKpeak is surrounded
by a large halo of weak K emission, which delivers two- The authors wish to thank O. Wehrhan and T. Haertling
thirds of the total emission. For a laser intensity of for the support in preparing the experiments. This work was
7x 10" Wicn? the Ka radiation originates from an area supported by the German Science CouriBiFG), Contract
with a total diameter of 40@.m compared to a laser focus No. Gl 300/1-2, and by the BMBF, Contract No. 13N 7921.
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