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Femtosecond laser-produced plasmas are bright ultrafast line x-ray sources potentially suitable for different
applications including material science and biology. The conversion efficiency of the laser energy incident onto
a solid target into the x-ray emission is significantly enhanced when a laser prepulse precedes the main pulse.
The details of x-ray line emission from solid targets irradiated by a pair of ultrashort laser pulses are investi-
gated both theoretically and experimentally. Insight into spatial and temporal characteristics of the line x-ray
source is provided by numerical simulations and a simplified analytical model. Optimal time separation of the
laser pulses is searched for in order to reach the maximum conversion of laser energy into the emission of
selected x-ray lines. We deduced how the optimal pulse separation scales with laser and target parameters.
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[. INTRODUCTION sion from high-intensity laser-produced plasmas is a subject
of current interesf6—8] and requires an understanding of
The advanced technology of short pulse lasers now prolaser absorption, thermal transport, and x-ray conversion pro-
vides the opportunity to build sufficiently compact laserscesses. Significant enhancement of the x-ray source perfor-
with moderate and high repetition rates. The laser pulses camance may be achieved by a careful choice of laser wave-
be focused to reach high intensities on a solid target and thuength, pulse duration, intensity, and target material. Using
high-temperature, high-density plasma is produced. A certaisuitable laser and target parameters, the laser plasma x-ray
part of the absorbed laser energy is converted into x-ray rasource may reach a peak brilliance comparable to a large
diation that might be suitable for various applications, in-synchrotron facilities[9]. This reference demonstrates the
cluding material science. In particular, using such lasepossibility of enhancing line x-ray emission by optimization
pulses, x-ray pulses with high power and short pulse durationf foil target parameters. However, using laser prepulse is
may be achieved. Such x rays, synchronized by the incidergimpler from the experimental point of view and high repeti-
laser pulse, are extremely important as diagnostic probes ition rates may be achieved more easily.
the pump-probe-type experiments for observing the dynamic The choice of parameters depends crucially on a particu-
responses of optically excited materials. The laboratory x-rayar application of the x-ray source. Aluminum targets seem to
sources discussed here also offer some specific advantagesbi@ suitable for pulse-probe diagnostics of semiconductor sur-
comparison with the conventional x-ray sources, e.g., synfaces[10], targets including lithium are promising for mi-
chrotrons, such as compactness, easy access, relatively l@molithography[11], while carbon targets may be used in
cost, short pulse length, and small x-ray source size. Theiology. The possibilities of source optimization of high
efficiency of such sources is, in general, quite high, but it ispower picosecond x-ray pulses in “water window” were
possible to further increase the x-ray yields for applicationsstudied in[12]. For certain applications short laser wave-
using a laser prepulse with suitable parameters. lengths may be beneficial, as laser energy is deposited at
An amplified spontaneous emission prepulse was previhigher plasma densities and weaker nonlinear effects in
ously found[1] to enhance or reduce the x-ray yield depend-laser-target interaction make it easier to control target heat-
ing on experimental conditions. The enhancement of x-rayng. However, a high repetition rate of the x-ray source is
yield by short laser prepulses has been reported in severabsential for many applications and this is achieved by means
experimental paperi2—5]. However, no detailed theoretical of Ti:sapphire laser or its second harmonics.
description has been presented and optimization has not beenIn this paper, the possibility of x-ray source optimization
attempted. The control and optimization of the x-ray emis-using subpicosecond laser pulses with a suitable laser
prepulse is studied both theoretically and experimentally. Re-
cent developments in x-ray optics instrumentatjish make
* Author to whom correspondence should be sent; email addresgy-a and Hee emission particularly interesting. We shall
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efficiency of laser energy transformation into x-ray emissioninto a single spectral line or a group of neighboring lines.
is generally higher fop-polarized radiation incident at an When an intense laser beam interacts with a low or medium
optimum angle. However, problems caused by fast electron target, the energy emitted in lines is relatively snisbs
are avoided using normal incidence and the control of laseithan a few perceint Thus, detailed atomic physics and line
plasma interaction is improved. The loss in the energy transemission may be solved using a post-processor to the code
formation efficiency is relatively small when a suitable lasersimulating laser-plasma interaction. Here normally incident
prepulse is used. Recent experimental resul® indicate  short laser pulses of moderate intensities10'® W/cn?)
that by using a normally incident laser beam preceded by @re considered, and the interaction is tractable using hydro-
suitable prepulse, the energy transformation efficiency intqjynamics models.
line X-ray emission may be Significantly hlgher than for a One-dimensional p|anar geometry is usua”y a good ap-
p-polarized laser pulse incident without a prepulse at an opproximation for the interaction of subpicosecond laser pulses
timum angle(no additional optimization is assumed with solid targets, the plasma expansion being much smaller
Our paper presents the results of both theoretical and exthan the laser spot diameter. Some one-dimensional hydro-
perimental inveStigationS into the enhancement of X-ray endynamics CodeélG,lﬂ have been tailored in order to pro-
ergy emitted from aluminum plasma created by a pair ofide a reasonably accurate description of short pulse target
femtosecond laser pulses. Time-integrated Xx-ray spectra Wefgteractions for low and moderate laser intensities. However,
measured for various time intervals separating the prepuls@ this paper we also model a different situation, when the
and the main pulse. The amount of x-ray emission in linesnain pulse delay is so large that the expansion length of
was greatly enhanced at an optimum temporal pulse separgtasma formed by the prepulse is much greater than the laser
tion. One- and two-dimension&PD) hydrodynamics com- spot diameter. Thus, a combination of one- and two-
puter codes are applled for the numerical simulation of th%imension&ﬂ hydrodynamics codes is app“ed here. The pri-
laser pulse absorption and of the plasma dynamics. They aifiary aim of the 2D simulations is to find the profile of
coupled to a post-processor code for a detailed calculation qflasma parameters on the laser beam axis at the rise of the
the radiation transport in x-ray lines. The computer simulamain laser pulse. The two-dimensional model is also used to
tions also reveal the temporal and spatial characteristics afhow that the interaction of the main laser pulse with the
the line X-ray source that are difficult to obtain diYECﬂy from target and the line X-ray emission from p|asma may be
the experiment. treated in 1D geometry with reasonable accuracy.
Both 1D and 2D hydrodynamics codes used here are one-
Il. EXPERIMENT SETUP fluid two-temperature La.grang.ian codes. '_rhg hydrodynamics
code used for a one-dimensional description of the laser-
The experiments were performed with a Ti:sapphire laseplasma interaction and of the plasma dynamics is described
system operating at 10 Hz at a wavelengtihpE790 nm. It in detail in Ref.[16]. Laser absorption is calculated by nu-
provided laser pulses of ener§y =30 mJ, and full width at merical solution of Maxwell's equations for bots and
half maximum(FWHM) pulse durationr, =100 fs. Using a p-polarized laser radiation. A simplified model of atomic
Mach-Zehnder-type interferometer, the laser pulse was spliphysics is included in the hydrodynamics model in order to
into two parts to form a prepulse and a main pulse with acalculate the average ion chargeand the averaged ion
variable time delay (&A7<3ns). Both pulses were fo- charge squared?. The populations of the ion charge states
cused on the target at normal incidence with a 200-mm focare calculated from the set of atomic rate equations. The
length MgF; lens, laser beam diameter of focusing lens wasates of collisional ionization, radiative, and three-body re-
30 mm. The focal spot diameter was about/a®, and the  combination, taken from the papft8], include the depres-
peak intensity was 23310 W/cn? (for details se¢4,14]).  sjon of the ionization potential in dense plasmas.
The extinction ratio between the main pulse and undesirable The laser radiation is incident normally on the target in
satellite pulses that preceded by more than 1 ns was betteie present experiments and it is absorbed mainly collision-
than 16 on the target so that preplasma formation wasally. Thus, a detailed model of complex dielectric constants
avoided. As a target, #&m-thick aluminum film deposited on in dense plasma is essential for an accurate calculation of
a silicon wafer was used. A spherically bent mica crystalabsorption efficiency; the model proposed in Rgf9] is
(2d=1.994 nm) with a bend radius of 100 mm was used toapplied here. Laser absorption is calculated by solving Max-
measure x-ray emission spectra in the keV range. Using afell’s equations on fine spatial grid; no additional energy
independent ultrashort laser pulse at smaller intensity as @amping at the critical surface is added. Due to the ldrge
prepulse makes it easy to adjust the parameters of preformefimberf/7 of the focusing optics, resonance absorption is
plasma. Time-integrated x-ray spectra were measured fa@ther small. One expects an increase in absorption due to
varying time intervals separating the prepulse and the mainonlinear collisionless absorption, but it is hard to estimate
pulse. At relatively large time separations the amount offor normal incidence and a certain part of the absorbed en-
x-ray emission was greatly enhandéd] (see Fig. . ergy is transported deep into the target by fast electrons with
minimum influence on the corona dynamics and on reso-
nance line emission.
The theory described if20] is used for the rate of tun-
The main motivation for our study is the conversion of neling ionization by laser radiation. However, the density of
laser energy into a very narrow region of x-ray spectra, e.gfree electrons in solid aluminum is high and the critical sur-

Ill. SIMULATION MODEL
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face coincides with the target surface before laser pulse awhereu=cosé, 6 is the propagation angle of radiation with
rival. Thus, tunneling ionization is not as important here as irespect to the target normgl, andk, are the spectral emis-

is for dielectrics. The maximum laser intensities here aresion and the absorption coefficients, respectively. As the tran-
substantially below the threshold for ionization to ion chargesit time of radiation through plasma is negligible, radiative

Z=5. transfer is solved in the approximation of the infinite speed
The two-dimensional hydrodynamics simulations are con-of light, i.e., neglecting the first term of the above equation.
ducted with the cylindrical version of the codeLANT [21]. The atomic physics model is designed f¢shell spec-

This is a Lagrangian code with natural and artificial viscos-troscopy and it includes a detailed system of resonance levels
ity, electron and ion heat conductivity. The heat flux limita- for Li-, He-, and H-like states, as well as several dielectronic
tion is included via flux limiterf. Plasma atomic physics is states important for x-ray diagnostics, so that the emission of
described here via average atom approximation. A raysatellite lines to Lya and Hee lines may be calculated. The
tracing algorithm is used for laser propagation; collisionalnumber of states included is limited by the lowering of the
laser absorption in underdense plasma is included. Howeveignization potential in dense plasma or for lower densities by
the spatial resolution is insufficient to calculate the laser rethe atomic physics database. The database is implemented
flection near the critical surface in detail; therefore, a specifor aluminum and carbon ions, and includes all the colli-
fied portion of laser energy is dumped in the hydrodynamicsional and radiation processes, but in the present version it
cell, where the laser reflection occurs. The overall absorptiomssumes Maxwellian electron distribution. The rate equation
efficiency of the prepulse and of the main pulse is taken frongoverning the population of the levkls written, as follows:

the one-dimensional model.

When plasma line x-ray emission is calculated, the as- N,
sumption of the local thermodynamic equilibrium cannot be ot
used, due to both the insufficient thickness and the fast tran-
sient nature of the source. On the other hand, the impact of
the reabsorption of the emitted line radiation on the ionic —2 Ckn(ne,Te)NkJrE [NmAmk—(Bkme
populations has to be taken into account, at least for the most n m
intense resonance lines. Previou$B2], selected methods Ao
from astrophysics were modified for model studies of homo- —ByiNm) — Il + > Crk(Ne, TN, (2
geneous and static laboratory plasmas. For laboratory plas- ¢ n
mas a model of radiation transfer based on escape factors
was developed in Ref23]. However, the macroscopic Dop- whereN, is the population density of the levkland A,
pler shift was not taken into account when the escape facto8,,, andB,, are Einstein coefficients of spontaneous emis-
were derived and this was the main drawback of this apsion, absorption, and stimulated emission, respectively. The
proach. Alternatively, Sobolev escape factors were used fdirst term represents radiative bound-bound transitions be-
modeling [24] of x-ray emission from a short-pulse laser- tween the levek and the lower level, while the third term
produced plasma. These escape factors take into account tekands for radiative bound-bound transitions between the
macroscopic Doppler shift; however, only Doppler broadendevel k and upper levein. The sum of all possible collisional
ing is included. A “localized” Newton-Raphson method, transitions from and to levédis described by the second and
proposed irf25], has the capability to include a macroscopic fourth terms. The collisional rate coefficien®,, depend
Doppler shift simultaneously with the general line profile. generally on electron density, and temperatur@, and in-
When the rate equations are solved, the spectral intensitglude collisional excitation and deexcitation, collisional ion-
dependence on populations is limited to one Lagrangian celkation, radiative and three-body recombination, autoioniza-
in each iteration step of the rate equations and then radiativéon, and dielectronic recombination. Photoionization is not
transfer through the entire grid is evaluated after each iteraincluded, as plasma is assumed to be optically thin for con-
tion step. We have adopted this method, and a reasonabtinuum radiation. The absorption and the stimulated emission
fast convergence of this scheme has been confirmed. of the spectral lines are the only nonlinear terms in the rate

Radiation transport in x-ray lines is solved here in 1Dequations. Their nonlinearity arises from the dependence of
planar geometry. The plasma parametgtensity, velocity, the mean integrated intensidy ,
electron and ion temperatyrare taken from the hydrocode
output, where they are represented in a grid of Lagrangian 1 .
cells. The radiative field is calculated only for the selected jklz%j de |V(X,M)‘1"§'(X,M)dv, 3
bound-bound transitions, which can be optically thick and -1 0
can influence the populations significantly. The spectral ra-
diation intensity for these lines is characterized in a fre-on the population densities. The integration is performed
quency grid. The 1D radiation transfer equation is solved irpver angle and frequency, and identical emission and absorp-
the planar geometry, tion line shapebX' is assumed.

The coefficient of spontaneous emissignand the coef-
ficientk,, of absorption and stimulated emission for transition
between an upper levkland a lower level are specified by
the following expressions:

4a—_
= Z —NyAy+ (BN = BiNy) TJkI

L, al,
c ot Poax

jV_kVIV’ (1)
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” hyy " sion far from the target is further reduced since the bulk
3 (6 1) = 7= ANKO) @ (X ), (4)  Doppler shift due to plasma motion suppresses the reabsorp-
tion of spectral lines.

As stated above, the post-processor code calculates
atomic level populations taking into account the impact of
the radiation transfer in selected x-ray lines. Then, using the
populations obtained, the spectra emitted in any direction are
determined. The fluendeX', which may be compared to the
energy emitted in the experiment divided by the focal spot
surface, is given by the integration over frequency and time

© %

8771/% (o]

KKl(x, ) = (N«x)—%wku))ﬂ'(x,m,

where vy, is the frequency of th&l transition andgy is the
degeneracy of the levdl

In the implemented model, the nonequilibrium line trans-
fer is computed within the core saturation approximation
[26]. This approach is used both for the acceleration of the Fk'(,u)=f dtf I, (Xp,u)dv, (6)
convergence and for better description of the variation of the Ykl
radiative intensity within each hydrodynamic cell. We as-

sume a Voigt profile of emission and absorption line wherex, is the plasma vacuum boundary and the integration

over frequency is restricted to the given line.

I
D, (X ) IV. ANALYTICAL MODEL
M) [ exp(—y?)d We have developed an approximate analytical model of
=— yay - laser-target interaction and He-like resonance line emission.
47N 2 J k()2 o) vl(x) This model reveals basic qualitative scaling relations of the
a2 Tl v—ra(Xu)— y i i i
1672 2yIn2 emitted energy on prepulse and main pulse parameters. This

model was introduced in our earlier wofk5]. However, it
(5) - . : X .
was explained very briefly there and it contained some mis-

. ) S i prints. The model estimates the dependence of the fluence
wherewy, is the Doppler width, whild” is the Lorentz width,  emitted in Hea resonance line on laser and target param-
taking into account natural, lifetime, and electron impactgie g

Stark broadening. A macroscopic Doppler shift due to the  gjmple models are used for the description of the princi-
plasma velocity is included in the frequeneyi(x, ) of the a1 processes during the interaction of the prepulse and of
transition, which depends explicitly on the coordinate antpe main pulse with target. Laser prepulse heats a part of the
the propagation direction of radiation in the Iaboratorytarget’ producing dense plasma of electron densigyand
frame. Quasistatic Stark broadening due to ion microfields i?on sound velocitycey = vZoToo/A M. The characteristic
incorporated in a rather crude approximation, using Holtz-y o cion of the hef’ﬂed regi(c)nLign;cp + wherer. is the
mark microfield distributior{27]. Only efficient line broad- prepulse duration. We shall develo?go opl’” modelp using the
ening is included, as a more general form of line profile is ;o quantities and we shall postpone the detailed descrip-
needed for a precise description of ion Stark broadening,, of e prepulse interaction to the end of this section.

This is atselr_:ous dra\’\iﬁaCk’ est|oe(r:]|ally fofr tlr']ne shgpt_a m?a- The expanding plasma cools down during the gatbe-
surements. However, the exact shape of the emission g ean the prepulse, and the main pulse. After the laser

may not be crucially important here for the energy em'ttedprepulse, the electron temperature decreases with ttiage

(observation angle 4%°as the line reabsorption is substan- . :
) . o cording to the relatioM =T /t. Plasma scale length at
tially reduced due to the macroscopic Doppler shift in the 9 e e07p 9

. . the main pulse risdi.e., at the end of the is ex-
expanding plasma. Moreover, we shall concentrate mainly OBressed ag ¢ gap)
He-a line emission, and the impact of ion microfields is
much less important for this line than it is for the emission of

1/2
-
H-like ions. The generalization of the line profile is planned L:Cso(A—r;_

AT) 1/2

Tp

Ar=cgVTpAT= LO(

to be incorporated into the code in the near future. The equa-
tions for radiative transfer are solved together with the levelp|asma electron density, at the main pulse rise depends on
populations only for potentially optically thick lines. the geometry of plasma expansion during the gapbe-

1D planar geometry is assumed in the post-processofyeen the prepulse and the main pulse,
even when a laser prepulse is present. This assumption is
substantiated by 2D hydrodynamics simulations showing Lo\ X T x/2
that only a relatively thin layeftypically 10—20um for 2 ns Ne=Neo f) = neo(E_) ;
delay) behind the critical surface is ionized up to the He-like
state and this region is responsible for most of Kashell  \vhere y=1,2,3 for planar, cylindrical, and spherical expan-
line emission. During the x-ray emission this layer is placedsion geometry, respectively.
typically only 0-30um away from the original target sur-  The electron temperatuf®, of plasma heated by the main
face for 2 ns delay. This is comparable to the size of the focahulse is found from the energy conservation
radius, and thus the plasma expansion is very close to planar
here. The importance of deviations from the planar expan- NLT.=A F,
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whereF | is the main pulse fluence ad{ is the main pulse wherel, =F /7 _is the main pulse intensity.

absorption efficiency. The density scale lengtldluring the There exists an optimum dela¥r,, of the main pulse
main pulse is much larger than laser wavelength, and thushen Hea emission is maximum. If we denote
the absorption efficiency SC&|@S_~ZLT;3/2 and the aver- x=Ar7,/A7, then the emitted fluence is

age ion charge iZ~ T2 [28]. We assume that this scaling

. N — (23y—13)/26 _ 3x/13_
leads to the absorptiofs, <1 and the electron temperature is Fx=Fmx =X exd — B(x Dl ©)

found as whereB=(23y— 13)/6y depends on the geometry of plasma
A7\ B¥/13 F | 6/13 expansion. The optimum main pulse delay is
<
e T Tp Neo L Neo 2lx E21+JLi 13/3y
Ary= TpTL X — (10
whereC+ is a multiplicative constant depending on the laser I CiB

wavelength and on the target material.

When the electron density and temperature is known
atomic physics may be solved. The target ions are graduall
ionized up to the He-like state during the duratignof the
main pulse. It is assumed that most of the time is spent o
collisional ionization from the Li-like to the He-like state.
Thus, the concentration of He-like ions created by collisional
ionization of Li-like ions during the main pulse can be writ-
ten as

Experimentally, the easiest way is to make a prepulse of the
ame length as the main pulsg= 7, and then fory=2 the
ptimum delayAr,, does not explicitly depend on laser

I;;?ulse lengths and it decreases with the increasing laser inten-

Sity I .

| The maximum emitted fluendg,,, and the optimum pulse

delay A 7, may be explicitly expressed when the interaction

of the prepulse with the target is specified in detail. The
electron densityng of the prepulse plasma is estimateg)
Npe= C|n§Ti/29XIi—JLi ITe) T, =Zopo/(AnM,), whereM, is the atomic mass unif\, is
the target mass number, apglis the cold target density. The
whereJ|; is the ionization potential of Li-like ions an@d, is  average ion chargg, of the prepulse plasma grows with the

a constant depending on the target material. As the ionizatioplasma electron temperatuiig,. This is found from the

potential of the He-like ion is much larger than that of the prepulse absorption as follows:

Li-like ion, ionization of He-like ions may be considerably

slower if the target temperature is not too high. Also, the - _AnMp (Aply 2B

excitation energy of the He-like ion is much higher thigp, €0 7, Po '

and thus nearly all ions ionized to the He-like stage stay in

the ground state. The concentratidp of the He-like ions in ~ Wherel, is the prepulse intensity. The prepulse absorption

the ground state is thud;=Ny .. The equilibrium popula- A, can be expressed for the density scale lerigjtin the

tion of the first excited He-like states2p:'P state is interval 0.0k Ly/\<0.1 by the scaling formulg30]
0.7 0.3 0.2
92 92 _odXe] [ M| e
NZ—NlanF(—Eﬂ/Te)—NHeanF(—Eﬂ/Te), Ap—O.Z( wo) (Lo) nc) ,

whereg,; =1 andg,=3 are statistical weights of the respec- wherew; is the electron-ion collision frequency at the critical
tive states,E,; is the energy difference of the respective surface,wy and \ are the laser frequency and wavelength,

states. andn. is the critical density. The multiplicative constaDg
Optically thin plasma is assumed and the emitted fluencés the only free parameter of the analytical model that can be
is varied to a certain extent to match the model results with the
experiment.

Fx=N2Az1EpL Tem,

V. SIMULATION RESULTS AND COMPARISON WITH

whereA,, is the Einstein coefficient of spontaneous emission EXPERIMENT

and 7, is the emission time. The characteristic time of reso-
nance photodeexcitation i,;'=36 fs for aluminum. Thus, In the present experiments, the laser radiation is incident
fast decay of resonance emission during plasma cooling afterormally on the target. Without a laser prepulse the absorp-
the main pulse is assumed and the emission time is approxiion efficiency of a short intense pulse incident normally onto
mated by the main pulse duratieg,= 7. After the substi- a perfect solid target is generally rather low, about 12%.
tution for N, andL, the fluenceéFy of He-a emission may be The prepulse forms plasma that is expanding and cooling
expressed as down before the main pulse arrives. The absorption of the
normally incident laser beam depends on the extent and den-
sity of plasma already present. The absorption efficiency of
the normally incident main pulse versus the time separation
between the prepulse and the main pulse for the conditions
of the present experiment is displayed in Fig. 1.

It is shown that for rather short pulse separations,

9 7o | (2319120
_ 1 20113 3/1
FX_A21E21CT2CIE CsoTpTL b 3(_)

At

6/13 3y/13

Eor+Jdui [ Neo | 7|3
Xexp ———— -
CT ILTL A’T

: 8
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FIG. 1. Absorption efficiency of the main laser pulse incident :::— I:j-
normally onto a solid Al target vs the pulse separathan Gaussian 200 400 600 800 0 5 10
laser pulses of FWHM Iengthr,_=100 fs and Wavelength\L electron temperature [eV] average ion chargez
=790 nm are assumed. The main pulse intensityl,is-2.3
X 10 W/cn?, while the prepulse intensity isp=1015 W/cn?. FIG. 2. Electron temperaturé) and ion average chargé)

spatial distributions near the target surface 2 ps after the main laser

A7=100 ps, the absorption efficiency is even lower than inPulse maximum. The main laser pulse of intensity=2.3
the case when no prepulse is present. A layer of expanding 10°° W/en?, 7=100fs, and\ =790 nm is incident from the
plasma inhibits laser penetration into dense plasma by theght onto a solid Al target with the delaj7=2 ns after 100 fs
skin effect and the absorption of the normally incident waveP'epulse of intensity,=10"> W/cn?. The laser beam FWHM ra-
is thus reducef#,30]. The absorption efficiency rises signifi- dius on the target is 1m, the axial coordinate of the original
cantly for longer pulse separations, as collisional absorptioff"9€t surface 1um.
is efficient in a plasma region with large density scale length
formed by the prepulse. The calculated absorption efficiencpur purposes because generation of fast electrons is mini-
is compared with our analytical formula, deduced in papemized for normal incidence and the control of experiments is
[30] for exponential density profile, and a good agreementmproved.
between analytical and simulation results is demonstrated in For a significant delay 7=500 ps between the prepulse
Fig. 1. For pulse separations longer than 1 ns, the density afnd the main pulse, the results of two-dimensional hydrody-
plasma formed by the prepulse declines, and, therefore, theamics simulations show that the main pulse is absorbed in a
absorption efficiency gradually decreases. relatively thin dense plasma layer near the surface of the

We note that velocity .= €& /m.wq of electron oscil-  target. Since the multiphoton ionization at laser intensities
lation in laser electric field, at the main pulse maximum is 10'® W/cn? is unable to ionize aluminum to the Li-like
comparable to the electron thermal velocity, stage, the collisional ionization is dominant. It is efficient
= (kgTe/mg)? and the maximum values of Langd$81]  mostly in dense plasma, and thus the highest ionization is
parametere=Zv2./v2 up to 5 are reached. An upper esti- reached in overdense plasma behind the critical surface. The
mate of the decrease in collisional absorption due to the desollisional ionization is highly nonstationary and nonequilib-
viations from Maxwellian velocity distribution is obtained rium for 100 fs laser pulses. In our simulations, the highest
when in each spatial-temporal point electron distribution isintensity of the emission in He- and H-like lines is achieved
assumed to be equal to the time-asymptotic electron distriapproximately at 2 ps after the main pulse maximum. The
bution for local and instant value of parameterThen the spatial distributions of electron temperature and of the mean
decrease in electron-ion collision frequency is calculated adon charge near the target surface are plotted at that moment
cording to the fitting formula derived if81]. The computed in Fig. 2. The axial dimension of the overall plasma expan-
upper estimates of the decrease in the overall efficiency ofion is much larger, reaching up to 6@@n. Electron tem-
the collisional absorption ares20% for the conditions of perature on the axis has only one maximum near the original
experimentd4] and all assumed pulse separations. On thesurface of the target. In addition to the primary maximum
other hand one expects an increase in absorption due to cal~11 at the axial coordinate:20 um, there is a secondary
lisionless effect$29]. maximum of the average ion char@e=7 on the axis at a

When the pulse separation is shori7<100ps, distance of approximately 20pm from the target surface
p-polarized obliquely incident radiation is absorbed much[not seen in Fig. @)] in rarefied plasma. This corresponds to
more efficiently, leading to a much higher energy conversiorthe remnants of the expanding plasma ionized by the laser
to x-ray emission. For large density scale lengths, correprepulse. A part of these remnants may be seen in Fiyy.a2
sponding to pulse separatioAs=500 ps, there is almost no the radius=35 um and the axial coordinate 60 um. How-
difference between absorption efficiency fos and  ever, theK-shell emission is generated exclusively in a nar-
p-polarized obliquely incident radiatiori3]. Thus, it might row layer of hot, dense, and highly ionized plasma near the
be more suitable to use a normally incident laser pulse fopriginal target surface. The figure clearly depicts the planar
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é Time [ps] sured x-ray spectra near Heline, emitted in direction a 45° from

the target normal. Time separation between the prepulse and the
FIG. 3. Temporal intensity profiles of He-emission in a direc- main pulse isA 7=2 ns. Identical experimental conditions as in Fig.

tion 45° from the target normal for various time separatidns 2.

between the prepulse and the main pulse. Timé@ corresponds to

the main laser pulse maximum. In the insetdynd Hea emission

intensities are plotted, when no prepulger&0) is present. Iden-

tical experimental conditions as in Fig. 2.

energy conversion into line x-rays is considerably increased,
however, the pulses of x-ray resonance lines become inevi-
tably somewhat longer. Here, Heemission pulse of5 ps
FWHM length is followed by a=30 ps long tail. The dura-
geometry of this layer justifying the planar geometry usedtion of x-ray line emission may be varied to a certain extent
for post-processing of the hydrodynamics results, as alreadyy variable laser pulse separation.
mentioned above. The x-ray spectrum emitted in a direction 45° from the
Our simulations do not include self-generated magnetid¢arget normal is measured in the experiment. The computed
fields that are often important in short-pulse laser-target inand experimental spectra in the neighborhood of theaHe-
teractions at high intensitiel82]. Simple estimates, using line are plotted in Fig. 4 for the laser pulse separation
exclusivelyVngX VT, source term, show that magnetic field =2 ns. The ratios of resonance, intercombination, and satel-
maximumB=100 kG is reached at the focal spot edge. Thelite lines compare favorably. The widths of the satellite lines
electron cyclotron frequency for the maximum magneticseem to be underestimated to a certain extent in the simula-
field is consideraby less than electron-ion collision frequencyions, probably because a rather simple model of the line
at the critical surface and thus magnetic-field-induced inhishapes is used in the post-processor. The figure demonstrates
bition of thermal transport in negligible. Self-generated mag-the ability of our approach to compute emission x-ray spectra
netic fields tend to reduce plasma expansion in the transverser the assumed experimental conditions with reasonable ac-
direction at low densities but they have a much smaller im-curacy.
pact on the plasma density profile in the focal spot center One of the main goals of this work is to improve the laser
near the target surface. energy transfer to He-line emission by a laser prepulse.
One-dimensional hydrodynamics simulations are starteX-ray line emission increases with laser intensity, since it
at the rise of the main pulse using the profiles of plasmdollows plasma temperature. However, when the plasma tem-
parameters, obtained in 2D simulations on the axis. The reperature is too high, the plasma may be ionized up to the
sults of 1D hydrodynamics simulations are post-processed iHl-like stage and the emission of He-like ions may be re-
order to obtain the populations of excitation states of Li-,duced. Another condition for the optimum x-ray line emis-
He-, and H-like ions anék-shell emission spectra. The post- sion from a bulk target is the requirement that plasma should
processor results also provide information about the experirot be optically thick for the desired x-ray line, since the
mentally unavailable temporal profile of x-ray emission. Thereabsorption reduces the amount of emission escaping from
length of the x-ray pulse may be a very important parametethe plasma. The assumptions of the present model differ
for certain applications of line x-ray sources. The calculatedrom those of Ref[5], where a small pulse separation was
temporal profiles of emitted He-line intensities are plotted assumed and thus the plasma corona average density was
in Fig. 3. The inset displays the shapes of &l@nd Ly«  assumed higher than the critical density.
pulses for the pulse separatiarr= 0 ns. Generally, when no The enhancement of integrated line emission energy by
laser prepulse A7=0ns) is present, the pulses of H-like the laser prepulse versus the laser pulse separatiors
resonance lines are subpicosecond; however, their integratstiown in Fig. 5. Both the experiment and the simulations
energy is rather small for intensities considered here. Pulsedearly demonstrate maximum energy of Heine at the
of He-like lines are generally longer; here a subpicosecon@ptimum pulse separationd r,,~1.5—-2 ns. A satisfactory
pulse of Hea emission is accompanied by an energetic tailagreement between the experimental results and numerical
approximately 3 ps long. When a laser prepulse is used, themulations for Hex line emission is also apparent in the
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line vs the laser pulse separatidtr in the present experiment.
Identical experimental conditions as in Fig. 2. Analytical model FIG. 6. The fluence emitted from an Al target in keHe-B,
data are plotted foy=2. and Ly« lines vs the pulse separatid, calculated for the follow-
ing laser parameters: laser wavelengih=248 nm, pulse length
7,=600 fs, main pulse intensity =5x 10'® W/cn?, and prepulse
shape of the curve. The expansion of prepulse-generateatensity I,=3x10" W/cn?. For the Hee line, the simulation
plasma is close to planayE& 1) for small pulse separation, "esults are compared to the analytical moder@).
while it is close to spherical ¥=3) for large separation
times, so no single value gfis appropriate for all separation
times. As a compromise, the results of the analytical modesions from plasma are plotted in Fig. 6 versus the laser pulse
are plotted fory=2 in Fig. 5 and this choice of leads to a separationdr. The optimum pulse separation of about 100 ps
certain underestimation of resonance line emission for shorcompares well with the scaling formula of our analytical
pulse separations. Due to the lack of absolute calibration ifinodel. The computed maximum value of the emitted energy
the experiment, arbitrary units are used in Fig. 5. The calcucorresponds to the efficiency 620 of laser energy con-
lated maximum Hex emission energyemission angle 45° to  version into the Hex line.

the target normalis 0.034 J/crfiisterad. When this is multi- It is deduced from the comparison of energy conversion
plied by the solid angle 2, laser energy transformation ef- efficiencies calculated for the conditions of Figs. 5 and 6 that
ficiency 5.9< 10 ° into He-w emission is obtained. short laser wavelengths are favorable for the x-ray energy in

The dependence of x-ray line emission energy on théhe assumed spectral range due to a higher laser absorption.
pulse separatioAr, plotted in Fig. 5, demonstrates the pos- The  estimated ~ maximum  peak  briliance is
sibility of substantial improvement in the efficiency of en- =10?* photons/(s mradmn?) in 0.1% of the relative band-
ergy transformation into a particular x-ray line. For the rela-width for laser intensity & 10" W/cn¥, which is the upper
tively low laser intensity used in our experimef], the limit of the applicability of our model. Such a brilliance is
optimum pulse separationsr,,~1 ns are much larger than comparable to the brilliance of the accelerator Bessy Il
in [5], where the optimum pulse separation of approximately(quoted in Ref[9]), but it is smaller than the brilliance that
20 ps was determined foel ps laser pulses and the main can be reached using the optimal foil targ@t. However,
pulse intensity=3x 10" W/cn?. This difference in the op- using a prepulse is much simpler and high repetition rates are
timum pulse separation is reproduced well by our scalinggasily achieved. Therefore, it may be interesting for certain
Eqg. (9), which predicts an increase in the optimum pulse&pp”CﬁtiOﬂS. To our knowledge, possible further enhance-
separationA 7, with decreasing energy of incident laser ment of line x-ray emission by using both laser prepulse and
pulses. foil target has not yet been studied and we plan to consider

In order to check the scaling of the optimum pulse sepasuch an option in future.
ration with laser intensity and pulse length, we have per-
formed our simulations for the conditions taken fr¢&j. In
this experiment, the effect of a short prepul®es p3g on soft
x-ray spectra from a plasma produced by a high-intensity A simple method of enhancement of line x-ray emission
KrF laser pulse of intensity, =5.3x 10" W/cn? and pulse  using subpicosecond laser pulses with a suitable laser
length 7,,= 0.5 ps was studied. Both integrated emission inprepulse has been studied. A satisfactory agreement of ex-
the spectral range 30-170 A and the x-ray line emission operimental results, analytical scalings, and numerical simula-
Li-like Al (transition 1?3p-1s22s) are enhanced by laser tions has been obtained. Our numerical simulations reveal
prepulse and have a maximum at pulse separafian detailed spatial and temporal characteristics of the x-ray line
=150 ps. Since here we are interested in emission of highesource that may be important for applications.
energy photons, approximately ten times higher laser inten- Our scaling formulas show the dependence ofdHemis-
sity is assumed. The integrated energies of x-ray line emission on experimental conditions. The emitted energy is maxi-

VI. CONCLUSIONS
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mal for an optimum pulse separation that increases when thgears to be a viable option for improving the efficiency of an

main pulse intensity is decreasing. ultrashort-pulse laser-produced line x-ray source.
A special shape laser pulgéwvo pulses with the same
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