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Optimization of K bursts for photon energies between 1.7 and 7 keV produced
by femtosecond-laser-produced plasmas of different scale length
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The conversion efficiency of a 90 fs high-power laser pulse focused onto a solid target intdx-riye
emission was measured. By using three different elements as target méderidl, and C9, interesting
candidates for fast x-ray diffraction applications were selected.Kidaeoutput was measured with toroidally
bent crystal monochromators combined with a GaAsP Schottky diode. Optimization was performed for differ-
ent laser intensities as well as for different density scale lengths of a preformed plasma. These different scale
lengths were realized by prepulses of different intensities and delay times with respect to the main pulse.
Whereas th& « yield varied by a factor of 1.8 for different laser intensities, the variation of the density scale
length could provide a gain factor up to 4.6 for ther output.

DOI: 10.1103/PhysRevE.65.066411 PACS nunifer52.38-r, 52.25.0s, 52.70.La, 41.56h

[. INTRODUCTION into the plasma mainly by collisional absorptidmverse
bremsstrahlung for the short-pulse laser interaction at
X-ray bursts from subpicosecond-laser plasmas were didiigher intensities ¥ 10 W/cn?) collective processes like
cussed many years ago as a probe source to study fast pig@sonance absorption or vacuum heating become more im-
cesses in mattdd,2]. It has been successfully demonstratedportant[8—10]. A detailed theoretical analysis of the differ-
that K a bursts of femtosecond-laser plasmas can be used i@nt absorption mechanism is given by Gibbon andstén
fast x-ray diffraction experiments to study the temporal re-l11]. The kind of mechanism that dominates and how effi-
sponse of x-ray diffraction from crystal8—6]. For investi- ciently the laser pulse is coupled into the plasma depend

gations of fast temporal processes like chemical reactions, [fainly on the electron density gradient in front of the solid
is essential to develop an efficient, bright x-ray source in théa"9et, the so-called density scale length:
usual photon energy region used for structural analysis be-
tween 4 and 20 keV. This is particularly important for ex-
tending this method to a higher sensitivity and to other
sgmples like mplecules and clusters. In. contrast to lasefg§gre generally used is the reduced scale lerigth L/, ,
with pulse durations of several hundred picoseconds or eveRith \, being the laser wavelength.
nanoseconds, the focused laser intensities of current short- A significant amount of the absorbed laser energy can be
pulse lasers can easily reach values abovec3@’ W/icn?  converted to accelerated electrons with energies of up to
[7]. Such intensities are many orders of magnitude above the MeV [12]. These electrons lose their energy in the solid
plasma formation threshold of a solid, and thus a plasma isarget, producing bremsstrahlung and characteristic line ra-
created in front of the solid target. The thickness of the crediation. The conversion of laser light into x-ray line radiation
ated plasma layer is of the order of the penetration depth ofK«) produced by hot electrons depends on the interaction
the laser radiation in the target material, which ranges from af the subpicosecond laser pulse with the solid target. Such
few tens up to a few hundreds of nanometers. Since a typicdiehavior has been studied experimentally for medium inten-
plasma expansion velocity is 0.1 nm/fs, no significant hydro-sities of 4.0< 10'® W/cnm?, showing that the absorption of
dynamic motion occurs during the laser pulse for pulse duthe laser pulse, the production of the hot electrons as well as
rations shorter than 100 fs. This means that the laser interactse production of the silicoiK« line depend on the plasma
with a plasma of almost solid density and the plasma densitgcale length created by a prepuldg]. Other influences for
gradient is much smaller than the laser wavelength. There atbe conversion of a 100 fs laser pulse irar radiation
different absorption mechanisms for these very high intensibetween 4 and 50 keV have been studied via detailed theo-
ties. While for lower intensities the laser pulse is coupledretical analysis by Reickt al. [14]. They conclude that the
conversion efficiency depends on the laser intensity, i.e.,
there is an optimal hot electron temperature for creating ef-
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Ka line which has the longest wavelength undergoes high

absorption and therefore has a small penetration depth o P
about 1um compared t « lines with shorter wavelengths. X ]
. . . . S PR
This property is essential to match the small interaction Ti:sapphire m
[we 1] ]

depth(skin or absorption depjhof the pumping laser with  laser
the x-ray penetration depth, when, for instance, a crystalline ™"
sample is heated by a laser. Furthermore, such soft x-ra)
lines are standard sources for x-ray-induced photoelectror
spectroscopy of surfaces. On the other hand, thi€ &line
can only be used for a few selected crystalline materials,
because the double lattice plane distance has to be great
than the wavelength in order to fulfill the Bragg condition.
Therefore x-ray lines at shorter wavelengths are essential fo
time-resolved diffraction. To work with almost all crystalline
samples &« line from heavier elements like titanium or vacuum chamber
cobalt has to be used.

For the optimization of the electron energy it is important

polarizer

multipass
amplifier +

to consider that theK-shell cross section of electrons is off-axis

maximal if the electron energy is about three times the bind- per e vacuum
ing energy of theK-shell electron. These binding energies compressor
are 1.74, 4.51, and 6.93 keV for the case of Si, Ti, and Co,

respectively. This means that most of the hot electrons pro-

duced by the laser should have their energy in the range

6—-28 keV. The fluorescence yield, which gives the ratio be-

tween fluorescence radiation and Auger decay processe: foroidal Q

strongly increases with atomic numh2r(Z=14, 0.0504;Z bent crystal GaAE:

=21, 0.225;Z=27, 0.388 and should yield a similaK« photodiode
conversion, despite the fact that a much higher energy is

needed foiK-shell excitation of highZ elements. FIG. 1. Experimental setup for the measurement ofKhera-

In this paper we have measured the emitted photon nungiation, showing the unit for the generation of a defined prepulse
bers of the threeka lines mentioned above. The plasma and the focusing arrangement in the target chamber with the x-ray
scale length was modified by a laser prepulse at various déPptics and the detector.
lay times relative to the laser main pulse. For th&&i line
the conversion was measured for different main pulse inten-
sities as well as different prepulse intensities as a function of dynamic range of four orders of magnitude. There are two
the delay between prepulse and main pulse. For th€di prepulses at 4 ps and 600 fs before the main pulse, having an
and the CoKa lines the intensity of the main pulse was intensity contrast ratio of 10 * and 5<10 3, respec-
varied, keeping the prepulse intensity fixed at its highestively. No other prepulses with a contrast ratio bigger than
value. 10" * were detected within 200 ps before the main pulse. The
contrast ratio in the time domain 2 ns and more before the
main pulse was measured using a fast photodiode with fil-
ters. Parasitic prepulses were measured to be less than 5

A schematic drawing of the main parts of the experimen-x10 ¢ times the energy of the main pulse. The energy
tal setup(the prepulse unit together with the focusing and thewithin the focal spot was measured in two steps. First the
X-ray opticg is shown in Fig. 1. focused beam was sent through a pinhole with a diameter of

The experiment was performed with the Jena multitera50 um and the transmitted energy was measured. Following
watt Ti:sapphire laser. This chirped-pulse-amplification lasethat a region of size 100100xm? around the focus was
system consists of an oscillator, a stretcher, a regeneratiiemaged onto a 16-bit charge-coupled device camera. 35% of
amplifier, two additional multipass amplifiers, and a vacuumthe energy incident on the parabolic mirror was within a spot
compressor. The maximum energy is 1.3 J before the conmef 10X 12 um?, giving an intensity of 5.8 10" W/cn? for
pressor. This leads to abol J after the compressor with a a laser energy of 240 mJ.
pulse duration of 80 fs at a repetition rate of 10 Hz. After the In order to investigate the interaction of the high-intensity
vacuum compressor the laser beam is guided to the targéser pulses with a plasma of a certain scale length, one
chamber inside a vacuum beamline. In the vacuum chambereeds an additional laser pulse to create the preplasma. For
the beam is focused by an off-axis parabolic mirror ontothis purpose we implemented a prepulse device in our laser
various solid targets. In our experiment we used a maximunamplifier chain. Details of the setup are described elsewhere
energy of 240 mJ with a pulse durati¢full width at half  [15]. The prepulse device is located between the regenerative
maximur) of 90 fs. The temporal structure of the laser pulseand the first multipass amplifier. The beam leaving the regen-
was measured by a third-order multishot autocorrelator witterative amplifier is split into two beams at the beam splitter

Il. EXPERIMENTAL SETUP
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TABLE I. Important parameters of th€ « measurement for target materials with different atomic num-
bersZ: crystal reflection of the toroidally bent crystals, the Bragg angle, and the integrated reflectivity.

Photon energy Integrated reflectivity
4 (keV) Crystal reflection Bragg angle (urad)
14 1.740 Quartz (1&)) 56.9° 55.0
22 4.505 Silicon(31Y) 57.0° 28.9
27 6.930 Quartz (40_©) 57.2° 11.2

(BS1) so that 90% of the energy is reflected as the mairthe source from the number of photons detected one can use
beam. Both beams are then sent through rotatable half-wavbe following equatiorf16]:

plates(WP1 and WP2and superimposed on a second beam

splitter (BS2), which is identical to the first one. The maxi- Nee N A AN
mum energy of the prepulse is about 2% of the maximum ST del() R cot@g”
energy of the main pulse. The plane of polarization of both

beams after the first beam splitter can be adjusted by turninghe solid angle covered by the bent crysta(ind AN\ is
the respective half-wave plate by means of stepping motor§€ relativeKa linewidth. The integrated reflectiviti; of
(SM1 and SM2. A polarizer after the prepulse unit transmits the various bgnt crystals was measured with synchrotron ra-
only the part of the beam with horizontal polarization. In this diation and with an x-ray tube. Table | shows the data for the

way the main pulse as well as the prepulse can be attenuat§§/Stals used in our experiment. The responsiveness of the
by more than one order of magnitude. The energies of botR! otodiode was compar_ed with the known quantum effi-
pulses can be varied independently. The prepulse is sefitency of a N&TI) ‘] Scintillator. .

through an optical delay line giving a temporal distance Polished massive targets were used Wh'Ch could be
between prepulse and main pulse in the range-850 to movgd from shot to shot to use _fresh material for each s?ot.
100 ps with an accuracy of 6 fs. This accuracy is determine he incident _angle of the-polarized laser pulse Waos 45°.
by the step size of stepping motor SM5 which drives the he observation angle of the crystals was about 40°.
translation stage. A negative delay means that the prepulse

arrives on target before the main pulse. To get a good spatial ll. RESULTS

overlap of both focused laser beams one mirror in the optical
delay line can be turned around the horizontal and vertica})\II
axes by means of two stepping moté&vVi3 and SM4. The
spatial overlap is automatically corrected over the whol
range of the translation stage with an accuracy better than 1.
um if the laser beam is focused by an off-axis parabolic
mirror with a focal length of 102 mm. All stepping motors
are controlled by a computer by means of a stepping mot

control unit(SM-CU). The programs are written imsviEw It is possible to determine the absolute photon number or

(National Instruments : - . _
The Ka radiation was selected and refocused by theconversion efficiency with the help of EQ). The error in

. : determining the absolut photon number is rather ldegmut
Bragg reflection off toroidally bent crystdl$6]. The crystals. ?0%), and thus we did not do it for each experiment. Since

. . - - e wanted to show the dependence of khe signal on the
bending radius IOf 106.4 mm. F(?r silicoNa radiation a main pulse delay, we preferred to show the diode signal with
quartz crystal with (10@) orientation was used. The same the errors explained above. In the discussion we calculated

crystal but in a fourth-order reflection was used to measurgne apsolute photon numbers in the case of the best conver-
cobaltK a radiation. For the titaniurK a radiation a Si crys-  sjon efficiency.

tal with (311 orientation was used. For all cases the Bragg
angle was between 56.8° and 57.4°. Considering the focal
length in the horizontal and vertical directions and the Bragg
angle, almost no astigmatism occurs for the Bragg angles For the highest achievable main laser intensity of 5.0
used[17]. The focus size of th&« source produced by the X107 W/cn? the SiKa line radiation was measured for
bent crystals is therefore about 1p@n. The x-ray detector four different prepulse intensities between 2 B0 and
consisted of a GaAsP Schottky photodiode protected with 4.0x 10'® W/cn? (Fig. 2). At the lowest prepulse intensity of
7 wm Be window[18]. The x-ray source and the photodiode 2.5x 10 W/cn? a small maximal gain of 1.16 was mea-
were placed on the Rowland circle of the crystals. The specsured at a time delay of 70 ps as well as at-175 ps. We
tral range covered by the crystal is then of the order of thelefine gain as the efficiency da production with a
Ka linewidth. To calculate the number of photons emitted byprepulse divided by the efficiency without a prepulse. Al-

@)

The experimental data are presented in the following way.
measured results present tKex signal per laser shot as

a function of the delay time between the pre- and the main
ser pulse. For better statistics all measurements were re-
eated five times. The minimum and the maximum were
removed from the analysis and the remaining three values
owere used to determine the mean value. The error bars in the
ﬁgures are the mean error.

A. Prepulse intensity for the SiKea line
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FIG. 2. Ka signal as a function of the prepulse delay for vagious FIG. 3. Ka signal as a function of the prepulse delay for various
prepulse intensities and a main pulse intensity of Xa.0* main pulse intensities and a prepulse intensity of X110
W/cn? for silicon as target material. W/cn? for silicon as target material.

- to see the two clear maxima at a main pulse intensity of
though the reproducibility of the measurement was VeNYs 0% 108 W/en?. There is also a clear minimum of théw
good (the error bars are smaller than the data points in thesi'gnal for delayé around- 50 ps

figure) this gain might not be significant. However, for
higher prepulse intensities the two significant maxima are
considerably enhanced. The enhancement is greater for the
maximum at—175 ps than for the maximum at70 ps. A The main intensity was varied in the same way as for the
maximum gain of 2 was measured for prepulse intensities oBi Ka measurement. Comparing tkex photon number ob-
5.0 10'° and 1.0< 10'® W/cn?. Given the fact that for a served without prepulse for laser intensities increasing by a
decreasing prepulse intensity the output of théGiradia-  factor of 3.3, one can see that the x-ray line output increases
tion could not be enhanced, the measurements for the othly a factor of 6(see Fig. 4 Notably, for the two highest
Ka lines at higher photon energies were performed only foiintensities the conversion efficiency of laser energy Kte

2. Titanium Ka (4.505 keV)

the highest prepulse intensity of X0 W/cn?. energy increases from 5210 ° to 8.2x10 6. Again, the
influence of the prepulse with an intensity of 1.0
B. Main pulse intensity X 10'® W/cn? is much more significant for higher main
pulse intensities. While no positive gain can be seen for the
1. Silicon Ker (1.740 keV) lowest main pulse intensity of 15101 W/cn?, a signifi-

The intensity of the main pulse was varied between 1.3ant enhancement up to 1.9 is visible for the higher intensi-
% 107 and 5.0< 1017 W/cn? by changing the laser energy. ties. Depending on the delay between the prepulse and the
The Ka photon numbers observed without prepulse at these

different laser intensities increase by a factor of &ig. 3. — 14 main pulse intensity 14 nsin pulse infensity
This means that the conversion efficiency of laser energy>, 2 1.5x10" Wion? 12 3x10" Wicr?
into Ka energy does not vary significantly. Varying the & ; It "
prepulse results in different changes of e line output at .2 ¢ gwse 06 ] prepuise
different main pulse intensities. For the lowest intensity of @ o4 | 04 rf\\(-’h\\!
1.5x 10 W/cn? a slight enhancement of the Ria radia- g 02 ey 02

0. 0.

tion was observed if the prepulse arrives at the same time a 06250 206 150 -100 60 0 50 100 300250200 150700 50 0 50 100

the main pulse. This can be explained by a significar &i — 14 : M 14 without

. . . > main pulse intensity |
production of the prepulse. For a prepulse intensity of 1.0Z. 12 43107 Wien? 12 /"\ prepuise
X 10 W/cn? the fraction of laser energy of the prepulse is 8 ™ vt | "© I _\/‘L!
7%. Increasing the delay at the lowest main pulse intensity-3 22 f\ /--\hpre"’”'se gz
results in a reduction of thK« line output down to 25% of & o4 v .\I 04]  main pulse intensity
the output without prepulse at220 ps delay time. By con- % 02 02 5x10” W om®
trast, a clear enhancement of tke line emission was mea- 0 250200150 100 %0 020 100 300250 20 750106 50 0 50 100
sured for larger main pulse intensities. The highest gain of delay[ps] delay[ps]

about 2 was determined for the main intensity of 5.0

X 10" W/cn? at —150 ps delay time. For these parameters a FIG. 4. K« signal as a function of the prepulse delay for various
maximum absolute conversion of laser energy it@ line  main pulse intensites and a prepulse intensity of X110
radiation energy of 1.8 10 > was measured. It is interesting W/cn? for titanium as target material.
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main pulse, th& « signal shows two maxima at arourB0  proximated with an exponential decay or was calculated di-
and —120 ps and a minimum at aroune?5 ps. Comparing rectly with the hydrodynamic cod@ebusa [19]. By means

the conversion of laser energy inkox energy, a maximum of a Monte Carlo transport cod@0] the electron trajectories
absolute conversion of 1210°° was measured for the inside the target were calculated. These simulations were
highest main pulse intensity of 5QL0 W/cn? and a made by taking into consideration thé ionization cross

prepulse delay of-100 ps. sections[21] as well as fluorescence yield, relative line in-
tensities, and self-absorption lengths o« radiation[22].
3. Cobalt K (6.930 keV) The results of the simulations are shown in Fig. 6. Param-

eters used were a laser energy of 240 mJ, an intensity of
5.0x 10" Wicn?, pulse length of 60 fs, ang polarization.
he angle of incidence was 45°. The program package al-
ows for the calculation of absolute photon numbers; there-
re the calculated efficiency plotted in Fig. 6 is shown as

For the CoKa line measurement two main pulse intensi-
ties were used with 3010 and 5.0< 10 W/cn?. TheKa
photon number increases by a factor of 2.9 while the lase
intensity was increased only by a factor of 1.7, if no prepuls
was used. Because the bremsstrahlung yield increases wi )
Z? (Z being the atomic number of the elemgnthe K« a photons per steradian. . '
signal of the diode was superimposed on a continuum of X. One can clearly see that for all target materials the effi-
rays. To remove the influence of the bremsstrahlung backE'€ncy of theKa production is a maximum for a reduced

ground the signal was measured twice, first at the Brag cgl_e Ieng_th (_)f about 0.2. A remarkable fact is that khe
position of theKa line and second nearby the peak when fficiency is highest for cobalt, although the number of elec-

only bremsstrahlung was reflected onto the diode Thdrons with sufficient energy to creakeshell holes decreases
bremsstrahlung signal comprised up to 50% of the total sig\—"”th mcrgasmgKa energy. The increase in efficiency is due
nal. The difference of the two signals, which is tKex sig- to the h|gher reabsorpnon c.)f thea radl;':ltlon for smaller
nal, is presented in Fig. 5. A significant gain of 3.44 wasK @ energies. For an intensity .Of 50" _W/(_:mz the Ka
measured for the higher intensity of %0 Wicn? at a production is therefore least efficient for tltan!um and nqt for
delay time of—50 ps. Furthermore, a gain of 4.64 was de-C0Palt as expected from the pukew generation. The dis-
termined for the intensity of 3}@1’017 Wicn? at —25 ps crepancy with our measurements will be explained in the
delay. The maximum absolute conversion is then 0.7418Xt section.

X105 at 5.0< 107 W/cn? and a delay of-50 ps. For an estimation of the scale lengths during our experi-
ments the inherent prepulses of our laser system are impor-

tant. By means of the hydrodynamic cosleDusA, the re-

C. Discussion duced electron density scale length was calculated after the

It was shown in Ref{13] that it is possible to increase the
efficiency of theKa production of a silicon target by using 8x10°
an artificial prepulse some picoseconds before the main laser AL .,'\ —a— silicon
pulse. For longer prepulse delays the efficiency drops — edcth / . 12?5‘;};"‘
steadily. This behavior was explained by the dependence of © sl b
resonance absorption on the electron density scale length. 8 s ¢ \

Our experiments, however, show a completely different o * o N
dependence of th&« yield on the prepulse delay. For the 5 ¥ 4 e \
smallest main pulse intensity of 8.0'" W/cn? there is no g 0 SR, “o.g0—® o
enhancement with an additional prepulse. For an explanation 5 1x10°F 'i;i;
we need to know the exact temporal structure of our laser 05 05 10 5 20

pulse and the resulting plasma scale lengths to undertake
simulations of the plasma expansion and subsedkanpro-
duction. FIG. 6. Calculated absolute photon numbers as a function of the

We did such simulations in several steps. First, a onereduced electron density scale length for the three investigated tar-
dimensional particle-in-cellPIC) code was used to deter- get materials. Parameters are a laser energy of 240 mJ, an intensity
mine the electron energy spectrum. As input for the PICof 5.0x 10" W/cn?, a pulse length of 60 fs, an angle of incidence
calculations the scale length of the electron density was apsf 45°, andp polarization.
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FIG. 7. Reduced electron density scale lengths for large prepuls_et FlG_t' 8f' Co_lr_lver5|?_P e_fﬂmenugs ats) alttfunctlon of the main pulse
delays, calculated WitiEDUSA. intensity for silicon, titanium, and cobalt.

interaction of two prepulses with 1010 and 2.5 decreases with increasing electron density. In our experi-
% 10" W/en? and delavs of-4.1 and—0.6 os. respectively  MENtS the extension of the preplasma should be large enough
with a solid target. Thye scalé Iengths.arF()a b.15pfor siligé)nto enable relativistic self-focusing as demonstrated previ-

0.11 for titanium, and 0.1 for cobalt. Compared with Fig. 6 it ously by Borghesiet al. [27]. In this paper it was shown

is evident that the prepulse structure of our laser pulse is iﬁaxpenmentally and in simulations that, for plasma densities,

fact already optimal for efficienk a production. This one- scale lengths, and laser power very similar to those used in

dimensional hydrodynamic code can be used despite fneur experiment, relativistic self-focusing takes place over

relatively small focal spot diametefl0 xm), because the §istances of several tens of wavelengths. There are a number

expansign of the pIasFr)na is for thes’leL s’hort times mucr(l)f experiments in which the electron density_ of an expanding

smaller than the lateral plasma diameter plasma was measured some hundreds of picose¢@gdzd
However, the increase i yield for pr.epulse delays of or several nanosecond80] after the heating prepulse. In

several tens of picoseconds cannot be explained by the cr 29] Fuchset al. measured that for a prepulse intensity of

. . . X102 W/cn? the preplasma with a density above
ation of an optimal scale length for resonance absorption 5020 cm-3 was extended over more than 306n after 500

shown in Fig. 7. For prepulse delays of several tens of pico: s. These measurements show that in our case the preplasma
seconds the scale length is more than a factor of 10 Iargé)r ) brep

. X o Should be extended over at least some tens of micrometers,
than the optimum predicted in Fig. 6. Due to the three- . L .
. . ) us allowing for relativistic self-focusing.
dimensional expansion of the plasma, the actual scale leng s . . .
. In the case of relativistic self-focusing the laser intensity
might be smaller by a factor of 3, but even then the scale

length would be much too large for prepulse delays in exces& be amplified by at least an order of magnityge|.
of 300 ps 9 prep y STherefore the resulting ponderomotive steepening of the

electron density profil¢32] would be much higher than in
the “normal” case and the coupling of the laser light into the
plasma is enhanced at the critical density. Also possible is

One possible explanation for the increas&ia yield for
large prepulse delays is relativistic self-focusifg], for
which there is a well-known critical poweP.,, given by

[24] acceleration of additional electrons within the relativistic
10 2.5¢10°
Po17(w, lwp)? GW, 3 of 0y
. 8t 42.0x10° |_|_|Si
with o the laser and, the plasma frequency. That is, for a o 7t ~
laser power of about 2.5 TW, relativistic self-focusing should B el a 11.5x10° u_fg
be possible for electron densities 100 times smaller than the c °r c
critical density, which for Ti:sapphire lasers is about 2 '@ 4 . 11.0x10° .©
X 10% cm 3. O 3 / A %
The “self-focusing length’z; is the distance over which 2r m e gain 150x10° 2
the laser beam will reduce its diameter to about the laser 1t —a— efficiency 8
wavelength[ 25,26: 0] 5 " T = 00
2 " photon energy [ keV ]
Z.= ,
¢ (PL/Pg—1)* FIG. 9. Potential increase of théa yield due to an artificial

. _ . prepulse and optimized laser intensity and the maximum absolute
with zg being the Rayleigh length of the focused laser beamconversion efficiency from laser-intéa energy for different «
Obviously,z, depends on the electron density throu. It lines (target materials
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channel in the underdense plasf8a], which would also be for silicon and not for cobalt as predicted by the simulations

capable of producinga radiation. in the previous section.
Comparing the gain curves and the conversion efficien-
IV. CONCLUSION cies produced with a prepulse for the three differ&nt

lines, a clear enhancement is visible for all elements investi-

\.Ne. investigated _the efficiency of the producti-on ok ._gated. The maximum gain was determined for Co with 4.6
radiation as a function of prepulse delay and main pulse in: ' o

. . : . for Ti with 1.9, and for Si with 1.8. At the laser intensities
tensity for three different target materials e energies. used the maximum gain seems to be more sianificant for
If the main pulse laser intensity was increased withou 9 9

using a prepulse the conversi@y, /E s did increase for igher photon_e_nergie;. Considering bOth e_ffects, the higher
titanium and cobalt but not for silicotFig. 8. This agrees Cconversion efficiency induced by the optimized main pulse
qualitatively with the results of Edest al. [34] and with the laser intensity gnd the gain due to the scale length variation,
model proposed by Reichkt al. [14], who both found an @ mMaximum gain of 7.8 was measured for Ka. Compar-
optimal intensity forkK & production. In our experiment the iNg the maximal conversioBy,/Ejase for the differentk o
optimal intensity is probably reached for silicon, not for ti- energies, its value decreases for higheslements by a fac-
tanium and cobalt. The reason that the intensity proposed it9r of 2 (Fig. 9). Comparing the gain curves of the different
[14] is smaller than the one measured by us can be explaingfla energies, the time delay for the maximum gain is shifted
by the intensity distribution in the present experiment. Onlytoward shorter delays between prepulse and main pulse for
50% of the laser energy is focused within the focal spot, theelements with a largez. In summary, for highe? elements
remaining part is focused to a lower intensity but over athe conversion decreases but the optimization by main pulse
larger area, producing lower-energy electrons. This mighintensity and scale length variation becomes much more im-
also explain the fact that the conversion efficiency is highesportant(Fig. 9).
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