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Interaction of intense Ti:sapphire laser with solid targets has been studied experimentally by
measuring hard x-ray and hot electron generation. Hard x8ayL00 keVf emission spectrum and

Ka x-ray conversion efficiencyzy) from plasma have been studied as a function of laser intensity
(10-10"° W/cn?), pulse duration(70—400fs, and laser pulse fluence. For intensity 1

X 10 W/cn?, the Ag 7 increases to reach a maximum value of 20°° at an intensityl =4

X 10*® W/cn?. Hot electron temperatuéT,) and 7« scaling laws have been studied as a function

of the laser parameters. A stronger dependen¢€lgfand 7 as a function of the laser fluence than

on pulse duration or laser intensity has been observed. The contribution of another nonlinear
mechanism, besides resonance absorption, to hard x-ray enhancement has been demonstrated via hot
electron angular distribution and particle-in-cell simulations2@4 American Institute of Physics

[DOI: 10.1063/1.1781625

I. INTRODUCTION Ka conversion yield with 1.3 ps lasin this experiment,
the strong dependence of thexkemission as a function of

Recent developments of the chirped pulse amplificatiorthe incidence angle and the laser polarization is consistent
technique have given access to a new regime of laser-matt@yith the generation of hot electrons by the resonance absorp-
interactions with very intense laser fietighe focusing of  tion mechanism. Teubneet alX° found that additional ab-
an ultraintense laser beam on a solid target produces sorption processes, apart from collisional absorption, are
plasma on its surface. Hot electrons are generated via colleengle and polarization dependent. However, their experiment
tive absorption mechanisms, such as resonant abso?rptiOGid not distinguish resonant absorption from vacuum heat-
(RA) or vacuum heatiné.They penetrate into the solid target ing. Recently, it was shown that the use of shorter laser pulse
because of the charge separation potential and produce x-rayirations involve new x-ray emission processes. Edel.
radiations via K-shell ionizations and bremsstrahlfifithis reported the observation of a maximum invkk-ray emis-
new kind of intense and ultrafast hard x-ray source can bgion when the target is placed away from best fotuEhey
applied to probe matter dynamics on the femtosecond §calequa|itatively explained this result by the reabsorption of the
Moreover, because of its small x-ray emission size, it has @hotons produced inside the target. Redtlal. theoretically
number of interesting applications for medical imagingpresented a scaling law for optimal laser intensity and pre-
technique§’. Further developments of these new x-raydicted a decrease of the hard x-ray yield if the laser intensity
sources are still needed before they can be used in practical too high.12 Zhidkov et al. studied prepulse effect with a
applications. 42 fs lasel® at moderate intensities and low contrast. This

The control and optimization of the x-ray emission of work demonstrated a decrease of the laser energy absorption
plasmas produced by high intensity laser-solid interaction igor this kind of ultrashort pulse durations and also reported
a subject of current interest. This requires an understandintie critical influence of the plasma gradient for hot electron
of several mechanisms: the laser energy absorption, the hgeneration and hard x-ray emission. Schni@teal. also ob-
electron generation, and the x-ray conversion. Several grougained an x-ray emission decreddsy reducing the pulse
have already reported x-ray emission experiments relying oduration to a value smaller than 120 fs at constant laser en-
subpicosecond laser systef$® Earlier works used longer ergy and target position. No explanations were given and it
than several hundreds of femtosecond laser pulses produce@s suggested that it would need more experimental results.
by CO, or Nd laser systems. The ponderomotive force leadg herefore, in the regime of several tens of femtoseconds,
to a plasma gradient steeping or to a plasma confinementiirther studies are still necessary to characterize the hard
satisfying the optimal conditions for resonance absorptionx-ray emission, especially the nature of the energy absorp-
For example, Yet al. systematically studied the hard x-ray tion mechanism.
emission produced by 500 fs laser pulsasd obtained the In this paper, we present and discuss experimental re-
intensity scaling laws. Soorat al. reported high Si and Al sults related to the hard x-ray emission produced by the in-
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teraction of ultrashort laser pulse with solid targets. As laser S
intensity is increasing, the & photon conversion efficiency i = : : :
(7x) keeps on rising and reaches a value as high as 2
X10° for an Ag target at maximum intensity of 4

X 108 W/cnm?. We observe that this parameter exhibits a
stronger dependence as a function of the laser pulse energg
than as a function of the laser pulse duration or intensity. Our §
hot electron measurement proved that other electron heating:g
mechanism, besides resonance absorption, is stimulated an&
contributes to the x-ray emission enhancement.
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Il. EXPERIMENTAL SETUP

The experiments are realized with the high intensity 20 40 60 80 100
INRS Ti:sapphire laser system. The laser delivers maximum Photon Energy (keV)
output energy of 600 mJ after compression at a repetition
rate of 10 Hz and for a 70 fs laser pulse duration. The laseFIG. 1. F:]arcli x-ray sFectra produced by|a70 6fs laser pulsle incgdggto on an Ag
; rget. The laser pulse energy is equal to 4 n circlg an mJ
e e e o s w18 ey irsy oL Wi o
W/cn?.
third-order autocorrelato¢Sequoia and is, respectively, 1
X 10° for nanosecond prepulsés 8 and 16 ns, respectively
and 1x 10* for picosecond pedestal. The pulse duration is
increased by detuning the compressor grating, but then t
uncompensated linear phase, or B integral, reduces the pul
contrast down to X 10° for picosecond pedestal with 400 fs
pulse duration. The P-polarized laser is focused on the targ
material at 56° by arfi/ 3 parabola mirror with a focal length
of 179 mm into a focal spot diameter of 10n [full width at

as used to measure the hot electron angular distribution.
(Ia_Ds were behind a 1 mm thick Al plate facing the laser
?arget. This diagnostic was placed at different angles from
gge target normal in the laser incident plane. The electron
energy reaching the TLDs was controlled by the thickness of
the Al foil before the TLDs and was above 700 keV in our

half maximum(FWHM)]. A maximum laser intensity of 4 experimental conditions. The background of these TLDs

X 10'8 W/cn? is thus achieved. The target is mounted on g(heat treated at 240 9Qwas less than 0.5 nC.
rotary engine to ensure that the laser pulse is incident for

each shot. on a fresh target. Ag and Cu targets were used [} HARD X-RAY EMISSION SPECTRA

the experiments.

The measurement of the x-ray spectrum and the deter- Figure 1 shows the hard x-ray spectra, measured with
mination of 7« are made with Nal(Ti) scintillators coupled Nal scintillators, produced by a laser pulse incident on an Ag
to a photomultiplier(Philips) used with several pairs of Ross bulk target. Spectra have been obtained with 70 fs pulse with
filters.” An oscilloscope records the output signal. The whole460 and 260 mJ corresponding, respectively, to an intensity
hard x-ray spectrometer was calibrated using well knowrl =4x 10" and 2.4x 10" W/cn?. Each spectrum consists of
y-ray radiation source *!Am(13.95,59.54 key and the bremsstrahlung continuous emission and the characteris-
13385(30.97,81.00,356.00 keV Some lead shielding is tic Ka line emission. The two spectra exhibit a hot electron
used to minimize the background radiation and a pine hole itemperature(KT,,), respectively, equal to 40 and 25 keV.
put in front of the detector to collimate the x-ray flux, reduce These values are obtained by fitting the experimental results
scattering and avoid secondary x-ray radiations. A strongvith a Maxwellian distributionf(E) ~ e"¥/KTn,
magnetic field, produced with magnets put in front of the KT, scaling law’s dependence as a function of the laser
detectors, was used to expel electrons from the solid angle afitensity were obtained either by changing the laser energy
the x-ray detection. A detailed description of this setup caror the pulse duration. At constant laser pulse duratinfs),
be found in Ref. 7. Moreover, high-resolution line spectra areKT,, follows an intensity scaling law that corresponds to
measured with a cadmium zinc telluride hard x-rayKT,~ (1) which is very different from typical resonance
spectrometet? absorption scaling law&T,~ (1)23-122 At constant laser

The x-ray emission size is measured with the knife-edgeenergy (420 mJ and for different laser pulse duration, the
imaging techniqué® The image magnification factor is scaling law exhibits weaker intensity dependendet,
equal to 50. The edge-spread function obtained with this~(1)°2 This shows that the intensity scaling law dependence
technique is fitted with a Fermi function. The differentiation of KT, is more important when we vary the laser fluence at
of the Fermi function gives the line-spread function, whichconstant pulse duration than when we vary the pulse duration
can well be fitted by a Gaussian distribution function. Theat constant laser energy. This difference in the scaling laws
FWHM of this function is defined as the x-ray emisison size.indicates a faster change of the plasma density gradient scale

Recent development of ultrasensitive LiF thermolumi-length (and consequently of the energy absorption and
nescent dosimetéiLD) provided thin TLD for hot electron plasma thermal temperatgrevhen the fluence is varied at
detection® A detector array of this kindmodel GR-200F  constant pulse duration.
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FIG. 2. Ag Ka x-ray conversion efficiency as a function of the laser inten- FIG. 3. Ka conversion efficiency dependence as a function of the pulse
sity for a 800 nm laser pulse. 70 fsolid circle) and 400 fs(open circlg ~ duration at(a) constant laser intensity~7x 10"’ W/cn¥) and (b) constant
data are presented. laser energy40 mJ.

IV. Ka X-RAY CONVERSION EFEICIENCY du'rat?on in that case iBa= rﬁ's at a constant Iasgr intgnsity.
It indicates that using longer laser pulse durations increase

Figure 2 represents the &Kconversion efficiency7x)  the plasma scale length and temperature; then it dramatically
that corresponds to the characteristic hard x-ray emitted itmproves the hard x-ray emission. This scaling law is some-
27 sr by an Ag target, as a function of the laser intensitywhat similar to what has been obtained in Ref. 18 for soft
when we change the laser energy at constant pulse duratioaray emission.
of 70 fs (solid circle) or 400 fs(open circlg¢ and constant We also studiedy as a function of the laser pulse du-
focal spot size. We observe an increasergf with laser ration at constant laser fluen€40 mJ instead of constant
energy followed by saturation aroung,=2x 107° for laser  laser intensity. Contrary to what could be expected, we did
pulse intensities abovex10® W/cn?. A similar behavior  not observe any important reduction gf for a 400 fs com-
is observed for both pulse durations. At the intensity correpared to a 70 fs laser pulse; even though the laser pulse
sponding to the maximum afik. we also measured the total intensity is higher by a factor of 6 with the shortest laser
x-ray conversion efficiency integrated over photon energiepulse duration., is roughly constant as a function of the
above 10 keV and found 410 We obtain the following laser pulse duration at constant laser fluence for high laser
scaling law for the kK photon emission as a function of the intensities. The dependence gf as a function of the laser
laser intensity:z¢ ~ (1)22, for an intensityl <10'® W/cn?.  pulse duration at constant laser fluence is weaker than at
We should notice thaiy keeps on increasing even at rela- constant laser intensity. It shows that the tendency of the
tivistic regime where the x-ray emission is much more in-x-ray emission to decrease for the lower laser intensity is
tense than the theoretical predicati&ﬁsi,e., 7k Starts to  greatly compensated for by the use of hundred femtoseconds
drop whenl>10'* W/cn? for Ag target. The observed laser pulse durations. Therefore, in experiments using low
saturation ofp, as a function of the laser pulse intensity is contrast 800 nm laser pulses, increasing the laser pulse du-
directly related to the increase of the hot electron temperaration may be an effective way to delay the saturation of the
ture. At higher laser intensity, the hot electrons penetrate-ray emission.
more deeply into the solid target and produce the émis- Variations of x have also been studied as a function of
sion far from the target surface. Thusek-ray photons are laser intensity, at constant energy and pulse duration, but for
reabsorbed between the production point and the target sudifferent focal spot siz€2° by varying the relative position
face, which leads to a saturation of the emission yt&fd.  of laser focus and target surface. This is another way to study

Figure 3 representgy as a function of the laser pulse the intensity dependence of the x-ray emission. Focal spot
duration at constant spot size: we make a comparison besizes have been measured for each position of the target by
tween 400 fs(open circles in Fig. and 70 fs laser pulse an imaging system that includes a microscope objective and
durations. At constant laser intenslty 7 x 10" W/cn?, our  a visible charge-coupled derive. Figure 4 shows the depen-
experimental results show that a longer pulse duration, cordence ofyk as a function of the laser intensity for 70 fs pulse
responding to a longer interaction time, leads to a non-lineaduration and 420 mJ laser ener@yplid line). The dotted line
increase of the conversion efficiency. The difference be- represents the curve obtained for different laser pulse ener-
tween the two laser pulse duration considered is around gies at minimum focal spot. We find two interesting phenom-
factor of 20, which is more important than the linear incre-ena. First,m does not show any drop when laser intensity
ment due to the pulse duration increase by a factor of 6. Theecomes higher thah >10'® W/cn?, which is different
scaling law dependence afx as a function of the pulse from results presented in Refs. 11 and 12. It implies that, in
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FIG. 4. Ka conversion efficiency as a function of the laser intensity as o . .
constant laser pulse duration and energy. The intensity is modified by chand/G- - Angular distribution O&ghe hor:]Zelectromnh energy higher than
ing the target position along the focal axisolid line). The dashed line 00 k€Y generated by a 410%™ W/cnr laser pulse intensity. The data

allows us to do a comparison af evolution in the case where we modify points(solid circle) show the doses measured by the TLDs detector.
the laser fluence.

stimulated in our experimental conditions and that hot elec-
our experiment, plasma conditions are very different com{ron acceleration is implicated. Similar hot electron emission
pared with those already published. Second, the x-ray yieldistribution was also reported by Schwoeedral®® They
decrease is less important when the intensity is modified bgletected an x-ray temperature peak whose direction obeys
changing the laser focus compared to the case where ttBis law of momentum and energy conservation—free elec-
laser fluence is varied. At constant laser intensityle#  trons ejected by a ponderomotive force in an underdense
X 1017 W/cn?, the difference between the two conversionplasma. Another mechanism such as vacuum hedtifig
efficiency is almost one order of magnitude. This observatior¢ould also accelerate electron in the same direction, but we
can be ascribed with the larger emission size. A larger focallo not need to consider it because the plasma scale léngth
spot size and thus a larger emission volume can somewh#tll be discussed in the following, is much larger than the
compensate the reduction @f caused by a lower laser in- €lectron quiver amplitude in the laser field.
tensity. It shows that they dependence is more important The second peak in the specular direction is more attrac-
on a change of the laser pulse fluence than on its intensitytive because this is the first time it is detected in femtosecond
laser plasma interactions. This peak corresponds to a pos-
sible stimulation of another mechanism that contributes to
the hard x-ray enhancement we observed. The dose value for
The measure of the angular distribution of outgoing hotthis peak is even higher than the resonant one. The reflected
electrons generated by laser plasma interaction is very imlaser beam contains at least 50% of the incident laser
portant to determine hot electron heating mechanfrfieat energﬁ and it can be used to explain the generation of this
a laser intensity of =4x 10 W/cn? the angular distribu- electron peak. This laser pulse is strong enough to stimulate
tion of the hot electron emission out of the target, with anhot electron relativistic ponderomotive acceleratidrx B),
energyE>700 keV, is measured and shown in Fig. 5. Wewhose energy scales as the ponderomotive potemigl.
find the presence of two electron peaks of emission going out (y—1)mc. The value we obtain is almost the same as the
of the target in the incident plane. One peak is close to thelectron energy we measured. Other mechanisms such
target normal with a difference angle of about 20°. as stimulated Raman scatteringSRS instabilityz'26
The other is almost at the laser specular reflection direcmight be stimulated also because the laser intensity
tion. We believe that the first peak is due to the electrorsatisfies the critical intensity for SRS:I>1y,~(4
heating by resonance absorption, i.e., at the laser reflectior 10)/L(um)\(xm) W/cn?P. Especially, relativistic stimu-
point a resonantly enhanced plasma wave accelerates theded Raman scatterinRSRS instability exhibits a high
electrons, through Landon damping or wave breaking, in thgrowth rate even at 0.6, and heats electrons in the longi-
direction of the target normdlThe emission direction for tudinal directior?® However, in this paper, we do not study
electrons at constant energy obey the canonical momentuthese different mechanisms separately. These accelerated hot
conservation laws described as sié’ =[(y-1)/y] sin 6, electrons are then collimated by the quasistatic magnetic
where ¢’ is the electron emission angle with respect to thechannel that occurs simultaneously along the reflected direc-
target normal, is the laser incident angle, ang is the tion in the low-density coronal plastfizand formed electron
relativistic factor for hot electrons. The angle we find in our jet emission.
experimental results for 700 keV hot electrons exactly fit this  Hot electrons injected into the target, which contribute to
formula. It shows that the resonant absorption mechanism ithe hard x-ray emission, are accelerated by the incident laser

V. HOT ELECTRON ANGULAR DISTRIBUTION
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120 . T v r " generated magnetic field in the target with laser intensity as
@ ] low as|~1x 10 W/cn?. According to Refs. 29-32, the
T 100- J maximum self-generated magnetic field:
P T
N g0 - max— S Mo2x1080m/\1ps/\ R /\03
(2]
5 1 2/3 2/3
2 60 E 1 ><< 017' _2> <1’“m> T
‘E | E 10" Wem A
% 40 ] in which plasma resistivityp=[5x 10°(KT) 1+ 170K T)%?
o +3X10°]72Q m and other parameters are defined in Ref. 31.
2 ' ' . ' . In our experiment, it is about 40 MG with the highest laser
0 200 400 600 intensity if we choose an energy absorption of about 30%.
Laser energy (mJ) Therefore, for the electron emission out of target, this multi-
megagauss quasistatic magnetic field excited in front of the
06 — T target pinch the outgoing electron stream. Simulation

resulté® with laser intensityl ~2x10' W/cnm? show that a
low-density plasma coronal plays an important role in form-
ing the electron jet, without which no out-emission jet is

] observed. In our experiment, as laser energy increases, two
_ prepulses with intensity> 10 W/cn? at 8 and 16 ns be-

] fore the main pulse, respectively, start to produce a long
. plasma coronal before main pulse arrives as stated by Ref.
32. Therefore, hard x-ray emission source size reduction
. demonstrates the stimulation of the self-generated magnetic
1 field andthe existence of this long length plasma corongl

the laser intensity drops, the magnetic field quickly de-
creases, which enlarges the emission size, as our experiment
shows.

It is interesting to notice the movement of x-ray emision
FIG. 6. Hard x-ray emission size as a function of laser energy at 70 fs puls€enter as a function of laser pulse energy. As shown in Fig.
duration(a) and source position coordinate on targej 6(b), x-ray emission center displacement on target was

30 um if we compare 460 mJ laser incident energy with
40 mJ case. It shows the critical surface extension is larger
pulse or the coupling of incident and reflected laser part. Théhan 15um. According to scale length definition, the plasma
energy of these hot electrons should be higher than the escale length is larger than 3 if the solid density is 190
ergy of the out-emission electrons because the incident laser
energy is more important than the reflected energy. More-
over, the overcritical plasma density stops the plasma wav¥ll- PIC SIMULATIONS
and allows a more efficient electrahx B ejection. In the Simulations using a 1D fully electromagnetieic+ +

meantime, the surface of the plasma becomes corrugated apgde®® have been performed, where an electromagnetic wave
the plasma interface is accelerated, which increases the lasgriaunched obliquely at 56° onto an over dense plasma. In
energy a.bsorptioﬁ? Other studies by Shergj al. also define  the simulations we use the following parametens/n,
the h_eatlng mechlanlsm Wlth low-density plasma coronal as20,T,=100 eV T/T;=3-5, and themass ratiom/Zm,
possible stochastic heating because the Raman backscatterrg3s. The initial scale lengtfL/\) is varied from O to 10.
ing wave of a driving pulse can serve as the second countefrhe incident laser pulse is a square-sine profile that lasts 30
propagating pulse to trigger the electron stochastic méfion. laser cycles. The dimensionless field amplitude
=eEy,/m.wc=0.9 is used. Typically 50 electrons and ions per
VI. HARD X-RAY EMISSION SOURCE SIZE pells gnd 1790 cells are uged. We consider the initial situqtion
in which the ions are mobile and electrons are pulled out into
We measured the hard x-ray emission size as a functiomacuum by the component of electrical field normal to the
of the laser energy with a knife-edge technidqiéy. 6(a)].  target. Figure 7 shows the integrated electron energy ob-
The x-ray emission size decreases as the laser intensity b&ined as a function of the plasma density gradieft from
comes higher. It clearly shows the presence of electro® to 10(At=30 laser cyclesa=0.9). In this range, there are
pinching at high laser intensities, which contributes to thefour absorption peaks, respectively, at scale lengtix
reduction of the x-ray emission size. A self-generated=0.1,0.25,0.6, and 3—6. The first one corresponds to the
megagauss magnetic fiéddriven by the Weibel instability ~contribution of vacuum heatirfif. According to our optimal
may pinch the energetic electron beam. Tear‘(gal.30 ob-  scale length estimation, the second peak corresponds to reso-
served forward electron jet emission confined by self-nant absorption. The fourth peak, which corresponds to our

Line spread function (Arb. units)

. . —r et
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8(b)], the other laser parameters are kept constant. Although
the energy laser absorption and the electron spectra for both
scale length are almost the sametaB0, the spectrum ob-
tained att=10 for L/A=3 exhibits a much higher electron
heating than in the case &ffA=0.25 which is optimal for
RA. It proves that the stimulation of a resonant plasma wave
takes many laser cycléé,then this large amplitude electric
field localized at the critical surface breaks to accelerate elec-
trons. By the way, if we compare,, the electronic speed
along the plasma surface, in Figgagand &b), this variable

is greatly enhanced in the case of long scale length, which
shows that electron acceleration does not concentrate only in
the target normal directiofv,). This phenomenon confirms
what we found about hot electron jet emission in our experi-
ment.

FIG. 7. Integrated electron energy absorbed as a function of the density

gradient(L/\). The laser pulse iP polarized and is incident on the target at

56°, it contains 30 optical cycles and the dimensionless amplitude is VIIl. DISCUSSION

=0.9.

We have noticed thaf keeps increasing when the laser
intensity becomes higher. This observation does not fit with

experimental conditions, exhibits laser energy absorption a1e theoretical prediction of Ref. 12 for the same target and
strong as the resonant one. Figure 8 shows the electron veulse dugatlon where the intensity at whigjy saturates is
locity distribution att=10 laser cycles for a plasma scale about 16° W/cn? for Ag target. Our experimental data ex-

length, respectively, oL./A=0.25 [Fig. 8a)] and 3 [Fig.
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FIG. 8. Electrons velocity distribution &t 10 laser cycles in the laboratory
frame forL/\=0.25(a) and 3(b). The numbers of electrons as a function of

vy (dotted ling, v, (dashed ling and v=\vi+v’+vZ (solid line) are

presented.

hibit much higher saturation laser intensity above
108 W/cn?. We can explain this discrepancy by using the
plasma scale length because the hot electron generation
will be greatly affected by this parameter when different la-
ser pulse contrasts and energies are considetatie opti-
mal L for resonance absorption is given by
(27L/N)?sirP9~0.6, whered is the incident angle to the
target normal. Parameters of simulation in Ref. 12 satisfy
this formula because a high contrast 60 fs pulse was consid-
ered, and the plasma scale length was fixed to..0The
predictions of this publication were totally based on this as-
sumption. On the contrary in our experimeltat the critical
density is intensity dependent and is superiorXascording
to Refs. 13 and 32 and to our measurements. This value is far
away from the optimal scale length for RA. However, ac-
cording to our simulation and Refs. 13 and 24, this increment
of RA will be greatly reduced by the use of an ultrashort
pulse duration70 fs) because the production of a resonant
plasma wave at the critical surface is a slow many-cycle
buildup which put off the plasma wave to eventually
breaks’*?° On the other hand, the hot electrons produced by
short duration laser pulse exhibits a high temperature that is
not suitable for Kr productior?** if we compare it to 400 fs
laser pulse at constant laser energy. All of these reasons im-
ply Ka emission is not greatly enhanced with relativistic
70 fs laser pulse irradiation. This conclusion is yet contrary
to our experimental results that demonstrate an enhancement
of the x-ray emission at high intensities. Therefore, some
other mechanisms, such as relativistic ponderomotive force
followed by JX B electron forward acceleration or RSRS,
are stimulated and increase the hot electron generation in the
high intensity regime. This conclusion is consistent with the
measurement of hot electron angular distribution.

From the above analysis, it is easy to understand the
second unigue phenomenon observed in our experiments:
KTy, and 7 both depend more importantly on laser fluence
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