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Enhancement of x-ray line emission from plasmas produced by short high-intensity
laser double pulses
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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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I. INTRODUCTION

The advanced technology of short pulse lasers now p
vides the opportunity to build sufficiently compact lase
with moderate and high repetition rates. The laser pulses
be focused to reach high intensities on a solid target and
high-temperature, high-density plasma is produced. A cer
part of the absorbed laser energy is converted into x-ray
diation that might be suitable for various applications,
cluding material science. In particular, using such la
pulses, x-ray pulses with high power and short pulse dura
may be achieved. Such x rays, synchronized by the incid
laser pulse, are extremely important as diagnostic probe
the pump-probe-type experiments for observing the dyna
responses of optically excited materials. The laboratory x-
sources discussed here also offer some specific advantag
comparison with the conventional x-ray sources, e.g., s
chrotrons, such as compactness, easy access, relatively
cost, short pulse length, and small x-ray source size.
efficiency of such sources is, in general, quite high, but i
possible to further increase the x-ray yields for applicatio
using a laser prepulse with suitable parameters.

An amplified spontaneous emission prepulse was pr
ously found@1# to enhance or reduce the x-ray yield depen
ing on experimental conditions. The enhancement of x-
yield by short laser prepulses has been reported in sev
experimental papers@2–5#. However, no detailed theoretica
description has been presented and optimization has not
attempted. The control and optimization of the x-ray em
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sion from high-intensity laser-produced plasmas is a sub
of current interest@6–8# and requires an understanding
laser absorption, thermal transport, and x-ray conversion
cesses. Significant enhancement of the x-ray source pe
mance may be achieved by a careful choice of laser wa
length, pulse duration, intensity, and target material. Us
suitable laser and target parameters, the laser plasma x
source may reach a peak brilliance comparable to a la
synchrotron facilities@9#. This reference demonstrates th
possibility of enhancing line x-ray emission by optimizatio
of foil target parameters. However, using laser prepulse
simpler from the experimental point of view and high repe
tion rates may be achieved more easily.

The choice of parameters depends crucially on a part
lar application of the x-ray source. Aluminum targets seem
be suitable for pulse-probe diagnostics of semiconductor
faces@10#, targets including lithium are promising for mi
crolithography @11#, while carbon targets may be used
biology. The possibilities of source optimization of hig
power picosecond x-ray pulses in ‘‘water window’’ wer
studied in @12#. For certain applications short laser wav
lengths may be beneficial, as laser energy is deposite
higher plasma densities and weaker nonlinear effects
laser-target interaction make it easier to control target h
ing. However, a high repetition rate of the x-ray source
essential for many applications and this is achieved by me
of Ti:sapphire laser or its second harmonics.

In this paper, the possibility of x-ray source optimizatio
using subpicosecond laser pulses with a suitable la
prepulse is studied both theoretically and experimentally.
cent developments in x-ray optics instrumentation@5# make
Ly-a and He-a emission particularly interesting. We sha
concentrate here on the He-a line, since it is the most intens
resonance line for the intensities considered. Laser radia
incident normally on the target is assumed here, although
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efficiency of laser energy transformation into x-ray emiss
is generally higher forp-polarized radiation incident at a
optimum angle. However, problems caused by fast electr
are avoided using normal incidence and the control of la
plasma interaction is improved. The loss in the energy tra
formation efficiency is relatively small when a suitable las
prepulse is used. Recent experimental results@13# indicate
that by using a normally incident laser beam preceded b
suitable prepulse, the energy transformation efficiency i
line x-ray emission may be significantly higher than for
p-polarized laser pulse incident without a prepulse at an
timum angle~no additional optimization is assumed!.

Our paper presents the results of both theoretical and
perimental investigations into the enhancement of x-ray
ergy emitted from aluminum plasma created by a pair
femtosecond laser pulses. Time-integrated x-ray spectra w
measured for various time intervals separating the prep
and the main pulse. The amount of x-ray emission in lin
was greatly enhanced at an optimum temporal pulse sep
tion. One- and two-dimensional~2D! hydrodynamics com-
puter codes are applied for the numerical simulation of
laser pulse absorption and of the plasma dynamics. They
coupled to a post-processor code for a detailed calculatio
the radiation transport in x-ray lines. The computer simu
tions also reveal the temporal and spatial characteristic
the line x-ray source that are difficult to obtain directly fro
the experiment.

II. EXPERIMENT SETUP

The experiments were performed with a Ti:sapphire la
system operating at 10 Hz at a wavelength oflL5790 nm. It
provided laser pulses of energyEL530 mJ, and full width at
half maximum~FWHM! pulse durationtL5100 fs. Using a
Mach-Zehnder-type interferometer, the laser pulse was s
into two parts to form a prepulse and a main pulse with
variable time delay (0<Dt<3 ns). Both pulses were fo
cused on the target at normal incidence with a 200-mm fo
length MgF2 lens, laser beam diameter of focusing lens w
30 mm. The focal spot diameter was about 30mm, and the
peak intensity was 2.331016 W/cm2 ~for details see@4,14#!.
The extinction ratio between the main pulse and undesira
satellite pulses that preceded by more than 1 ns was b
than 106 on the target so that preplasma formation w
avoided. As a target, 4-mm-thick aluminum film deposited on
a silicon wafer was used. A spherically bent mica crys
(2d51.994 nm) with a bend radius of 100 mm was used
measure x-ray emission spectra in the keV range. Using
independent ultrashort laser pulse at smaller intensity a
prepulse makes it easy to adjust the parameters of prefor
plasma. Time-integrated x-ray spectra were measured
varying time intervals separating the prepulse and the m
pulse. At relatively large time separations the amount
x-ray emission was greatly enhanced@15# ~see Fig. 5!.

III. SIMULATION MODEL

The main motivation for our study is the conversion
laser energy into a very narrow region of x-ray spectra, e
02640
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into a single spectral line or a group of neighboring line
When an intense laser beam interacts with a low or med
Z target, the energy emitted in lines is relatively small~less
than a few percent!. Thus, detailed atomic physics and lin
emission may be solved using a post-processor to the c
simulating laser-plasma interaction. Here normally incide
short laser pulses of moderate intensities (&1016 W/cm2)
are considered, and the interaction is tractable using hy
dynamics models.

One-dimensional planar geometry is usually a good
proximation for the interaction of subpicosecond laser pul
with solid targets, the plasma expansion being much sma
than the laser spot diameter. Some one-dimensional hy
dynamics codes@16,17# have been tailored in order to pro
vide a reasonably accurate description of short pulse ta
interactions for low and moderate laser intensities. Howe
in this paper we also model a different situation, when
main pulse delay is so large that the expansion length
plasma formed by the prepulse is much greater than the l
spot diameter. Thus, a combination of one- and tw
dimensional hydrodynamics codes is applied here. The
mary aim of the 2D simulations is to find the profile o
plasma parameters on the laser beam axis at the rise o
main laser pulse. The two-dimensional model is also use
show that the interaction of the main laser pulse with
target and the line x-ray emission from plasma may
treated in 1D geometry with reasonable accuracy.

Both 1D and 2D hydrodynamics codes used here are o
fluid two-temperature Lagrangian codes. The hydrodynam
code used for a one-dimensional description of the las
plasma interaction and of the plasma dynamics is descr
in detail in Ref.@16#. Laser absorption is calculated by nu
merical solution of Maxwell’s equations for boths- and
p-polarized laser radiation. A simplified model of atom
physics is included in the hydrodynamics model in order
calculate the average ion chargeZ and the averaged ion
charge squaredZ2. The populations of the ion charge stat
are calculated from the set of atomic rate equations. T
rates of collisional ionization, radiative, and three-body
combination, taken from the paper@18#, include the depres-
sion of the ionization potential in dense plasmas.

The laser radiation is incident normally on the target
the present experiments and it is absorbed mainly collisi
ally. Thus, a detailed model of complex dielectric consta
in dense plasma is essential for an accurate calculatio
absorption efficiency; the model proposed in Ref.@19# is
applied here. Laser absorption is calculated by solving M
well’s equations on fine spatial grid; no additional ener
damping at the critical surface is added. Due to the largf
number f /7 of the focusing optics, resonance absorption
rather small. One expects an increase in absorption du
nonlinear collisionless absorption, but it is hard to estim
for normal incidence and a certain part of the absorbed
ergy is transported deep into the target by fast electrons w
minimum influence on the corona dynamics and on re
nance line emission.

The theory described in@20# is used for the rate of tun
neling ionization by laser radiation. However, the density
free electrons in solid aluminum is high and the critical s
3-2
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face coincides with the target surface before laser pulse
rival. Thus, tunneling ionization is not as important here a
is for dielectrics. The maximum laser intensities here
substantially below the threshold for ionization to ion char
Z55.

The two-dimensional hydrodynamics simulations are c
ducted with the cylindrical version of the codeATLANT @21#.
This is a Lagrangian code with natural and artificial visco
ity, electron and ion heat conductivity. The heat flux limit
tion is included via flux limiterf. Plasma atomic physics i
described here via average atom approximation. A r
tracing algorithm is used for laser propagation; collision
laser absorption in underdense plasma is included. Howe
the spatial resolution is insufficient to calculate the laser
flection near the critical surface in detail; therefore, a spe
fied portion of laser energy is dumped in the hydrodynam
cell, where the laser reflection occurs. The overall absorp
efficiency of the prepulse and of the main pulse is taken fr
the one-dimensional model.

When plasma line x-ray emission is calculated, the
sumption of the local thermodynamic equilibrium cannot
used, due to both the insufficient thickness and the fast t
sient nature of the source. On the other hand, the impac
the reabsorption of the emitted line radiation on the io
populations has to be taken into account, at least for the m
intense resonance lines. Previously@22#, selected methods
from astrophysics were modified for model studies of hom
geneous and static laboratory plasmas. For laboratory p
mas a model of radiation transfer based on escape fac
was developed in Ref.@23#. However, the macroscopic Dop
pler shift was not taken into account when the escape fac
were derived and this was the main drawback of this
proach. Alternatively, Sobolev escape factors were used
modeling @24# of x-ray emission from a short-pulse lase
produced plasma. These escape factors take into accoun
macroscopic Doppler shift; however, only Doppler broade
ing is included. A ‘‘localized’’ Newton-Raphson method
proposed in@25#, has the capability to include a macroscop
Doppler shift simultaneously with the general line profi
When the rate equations are solved, the spectral inten
dependence on populations is limited to one Lagrangian
in each iteration step of the rate equations and then radia
transfer through the entire grid is evaluated after each it
tion step. We have adopted this method, and a reason
fast convergence of this scheme has been confirmed.

Radiation transport in x-ray lines is solved here in 1
planar geometry. The plasma parameters~density, velocity,
electron and ion temperature! are taken from the hydrocod
output, where they are represented in a grid of Lagrang
cells. The radiative field is calculated only for the selec
bound-bound transitions, which can be optically thick a
can influence the populations significantly. The spectral
diation intensity for these lines is characterized in a f
quency grid. The 1D radiation transfer equation is solved
the planar geometry,

1

c

]I n
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1m

]I n

]x
5 j n2knI n , ~1!
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wherem5cosu, u is the propagation angle of radiation wit
respect to the target normal,j n andkn are the spectral emis
sion and the absorption coefficients, respectively. As the tr
sit time of radiation through plasma is negligible, radiati
transfer is solved in the approximation of the infinite spe
of light, i.e., neglecting the first term of the above equatio

The atomic physics model is designed forK-shell spec-
troscopy and it includes a detailed system of resonance le
for Li-, He-, and H-like states, as well as several dielectro
states important for x-ray diagnostics, so that the emissio
satellite lines to Ly-a and He-a lines may be calculated. Th
number of states included is limited by the lowering of t
ionization potential in dense plasma or for lower densities
the atomic physics database. The database is impleme
for aluminum and carbon ions, and includes all the co
sional and radiation processes, but in the present versio
assumes Maxwellian electron distribution. The rate equa
governing the population of the levelk is written, as follows:

]Nk

]t
5(

l
F2NkAkl1~BlkNl2BklNk!

4p

c
J̄klG

2(
n

Ckn~ne ,Te!Nk1(
m

FNmAmk2~BkmNk

2BmkNm!
4p

c
J̄mkG1(

n
Cnk~ne ,Te!Nn , ~2!

whereNk is the population density of the levelk and Akl ,
Blk , andBkl are Einstein coefficients of spontaneous em
sion, absorption, and stimulated emission, respectively.
first term represents radiative bound-bound transitions
tween the levelk and the lower levell, while the third term
stands for radiative bound-bound transitions between
level k and upper levelm. The sum of all possible collisiona
transitions from and to levelk is described by the second an
fourth terms. The collisional rate coefficientsCnk depend
generally on electron densityne and temperatureTe and in-
clude collisional excitation and deexcitation, collisional io
ization, radiative and three-body recombination, autoioni
tion, and dielectronic recombination. Photoionization is n
included, as plasma is assumed to be optically thin for c
tinuum radiation. The absorption and the stimulated emiss
of the spectral lines are the only nonlinear terms in the r
equations. Their nonlinearity arises from the dependenc
the mean integrated intensityJ̄kl ,

J̄kl5
1
2 E

21

1

dmE
0

`

I n~x,m!Fn
kl~x,m!dn, ~3!

on the population densities. The integration is perform
over angle and frequency, and identical emission and abs
tion line shapeFn

kl is assumed.
The coefficient of spontaneous emissionj n and the coef-

ficientkn of absorption and stimulated emission for transiti
between an upper levelk and a lower levell are specified by
the following expressions:
3-3
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j n
kl~x,m!5

hnkl

4p
AklNk~x!Fn

kl~x,m!, ~4!

kn
kl~x,m!5

c2

8pnkl
2

gk

gl
S Nl~x!2

gl

gk
Nk~x! DFn

kl~x,m!,

wherenkl is the frequency of thekl transition andgk is the
degeneracy of the levelk.

In the implemented model, the nonequilibrium line tran
fer is computed within the core saturation approximat
@26#. This approach is used both for the acceleration of
convergence and for better description of the variation of
radiative intensity within each hydrodynamic cell. We a
sume a Voigt profile of emission and absorption line

Fn
kl~x,m!

5
Gkl~x!

4p5/2 ln 2 E2`

` exp~2y2!dy

Gkl~x!2

16p2 1F n2nkl~x,m!2
nD

kl~x!

2Aln 2
yG 2 ,

~5!

wherenD is the Doppler width, whileG is the Lorentz width,
taking into account natural, lifetime, and electron impa
Stark broadening. A macroscopic Doppler shift due to
plasma velocity is included in the frequencynkl(x,m) of the
transition, which depends explicitly on the coordinate a
the propagation direction of radiation in the laborato
frame. Quasistatic Stark broadening due to ion microfield
incorporated in a rather crude approximation, using Ho
mark microfield distribution@27#. Only efficient line broad-
ening is included, as a more general form of line profile
needed for a precise description of ion Stark broaden
This is a serious drawback, especially for line shape m
surements. However, the exact shape of the emission
may not be crucially important here for the energy emit
~observation angle 45°!, as the line reabsorption is substa
tially reduced due to the macroscopic Doppler shift in t
expanding plasma. Moreover, we shall concentrate mainly
He-a line emission, and the impact of ion microfields
much less important for this line than it is for the emission
H-like ions. The generalization of the line profile is plann
to be incorporated into the code in the near future. The eq
tions for radiative transfer are solved together with the le
populations only for potentially optically thick lines.

1D planar geometry is assumed in the post-proces
even when a laser prepulse is present. This assumptio
substantiated by 2D hydrodynamics simulations show
that only a relatively thin layer~typically 10–20mm for 2 ns
delay! behind the critical surface is ionized up to the He-li
state and this region is responsible for most of theK-shell
line emission. During the x-ray emission this layer is plac
typically only 0–30mm away from the original target sur
face for 2 ns delay. This is comparable to the size of the fo
radius, and thus the plasma expansion is very close to pl
here. The importance of deviations from the planar exp
02640
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sion far from the target is further reduced since the b
Doppler shift due to plasma motion suppresses the reabs
tion of spectral lines.

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

Fkl~m!5E dtE
nkl

I n~xb ,m!dn, ~6!

wherexb is the plasma vacuum boundary and the integrat
over frequency is restricted to the given line.

IV. ANALYTICAL MODEL

We have developed an approximate analytical mode
laser-target interaction and He-like resonance line emiss
This model reveals basic qualitative scaling relations of
emitted energy on prepulse and main pulse parameters.
model was introduced in our earlier work@15#. However, it
was explained very briefly there and it contained some m
prints. The model estimates the dependence of the flue
emitted in He-a resonance line on laser and target para
eters.

Simple models are used for the description of the prin
pal processes during the interaction of the prepulse and
the main pulse with target. Laser prepulse heats a part of
target, producing dense plasma of electron densityne0 and
ion sound velocitycs05AZ0Tc0 /AmM p. The characteristic
dimension of the heated region isL05cs0tp , wheretp is the
prepulse duration. We shall develop our model using
above quantities and we shall postpone the detailed des
tion of the prepulse interaction to the end of this section.

The expanding plasma cools down during the gapDt be-
tween the prepulse, and the main pulse. After the la
prepulse, the electron temperature decreases with timet ac-
cording to the relationTe.Te0tp /t. Plasma scale length a
the main pulse rise~i.e., at the end of the gapDt! is ex-
pressed as

L5cs0S tp

Dt D 1/2

Dt5cs0AtpDt5L0S Dt

tp
D 1/2

.

Plasma electron densityne at the main pulse rise depends o
the geometry of plasma expansion during the gapDt be-
tween the prepulse and the main pulse,

ne5ne0S L0

L D x

5ne0S tp

Dt D x/2

,

wherex51,2,3 for planar, cylindrical, and spherical expa
sion geometry, respectively.

The electron temperatureTe of plasma heated by the mai
pulse is found from the energy conservation

neLTe5ALFL ,
3-4
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whereFL is the main pulse fluence andAL is the main pulse
absorption efficiency. The density scale lengthL during the
main pulse is much larger than laser wavelength, and t
the absorption efficiency scalesAL;ZLTe

23/2 and the aver-
age ion charge isZ;Te

1/3 @28#. We assume that this scalin
leads to the absorptionAL,1 and the electron temperature
found as

Te5CTS Dt

tp
D 6x/13S FL

ne0
D 6/13

, ~7!

whereCT is a multiplicative constant depending on the las
wavelength and on the target material.

When the electron density and temperature is kno
atomic physics may be solved. The target ions are gradu
ionized up to the He-like state during the durationtL of the
main pulse. It is assumed that most of the time is spen
collisional ionization from the Li-like to the He-like state
Thus, the concentration of He-like ions created by collisio
ionization of Li-like ions during the main pulse can be wr
ten as

NHe5Clne
2Te

1/2exp~2JLi /Te!tL ,

whereJLi is the ionization potential of Li-like ions andCl is
a constant depending on the target material. As the ioniza
potential of the He-like ion is much larger than that of t
Li-like ion, ionization of He-like ions may be considerab
slower if the target temperature is not too high. Also, t
excitation energy of the He-like ion is much higher thanJLi ,
and thus nearly all ions ionized to the He-like stage stay
the ground state. The concentrationN1 of the He-like ions in
the ground state is thusN1.NHe. The equilibrium popula-
tion of the first excited He-like state 1s2p:1P state is

N25N1

g2

g1
exp~2E21/Te!5NHe

g2

g1
exp~2E21/Te!,

whereg151 andg253 are statistical weights of the respe
tive states,E21 is the energy difference of the respecti
states.

Optically thin plasma is assumed and the emitted flue
is

FX5N2A21E21Ltem,

whereA21 is the Einstein coefficient of spontaneous emiss
andtem is the emission time. The characteristic time of res
nance photodeexcitation isA21

21.36 fs for aluminum. Thus,
fast decay of resonance emission during plasma cooling a
the main pulse is assumed and the emission time is app
mated by the main pulse durationtem.tL . After the substi-
tution for N2 andL, the fluenceFX of He-a emission may be
expressed as

FX5A21E21CT
1/2Cl

g2

g1
cs0tptL

29/13I L
3/13S tp

Dt D ~23x213!/26

3expF2
E211JLi

CT
S ne0

I LtL
D 6/13S tp

Dt D 3x/13G , ~8!
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whereI L5FL /tL is the main pulse intensity.
There exists an optimum delayDtm of the main pulse

when He-a emission is maximum. If we denot
x5Dtm /Dt, then the emitted fluence is

FX5Fmx~23x213!/26exp@2b~x3x/1321!#, ~9!

whereb5(23x213)/6x depends on the geometry of plasm
expansion. The optimum main pulse delay is

Dtm5tptL
22/xS ne0

I L
D 2/xFE211JLi

CTb G13/3x

. ~10!

Experimentally, the easiest way is to make a prepulse of
same length as the main pulsetp5tL and then forx52 the
optimum delayDtm does not explicitly depend on lase
pulse lengths and it decreases with the increasing laser in
sity I L .

The maximum emitted fluenceFm and the optimum pulse
delayDtm may be explicitly expressed when the interacti
of the prepulse with the target is specified in detail. T
electron densityne0 of the prepulse plasma is estimatedne0
5Z0r0 /(AmM p), whereM p is the atomic mass unit,Am is
the target mass number, andr0 is the cold target density. The
average ion chargeZ0 of the prepulse plasma grows with th
plasma electron temperatureTe0 . This is found from the
prepulse absorption as follows:

Te05
AmM p

Z0
S ApI p

r0
D 2/3

,

where I p is the prepulse intensity. The prepulse absorpt
Ap can be expressed for the density scale lengthL0 in the
interval 0.01,L0 /l,0.1 by the scaling formula@30#

Ap50.2S nc

v0
D 0.7S l

L0
D 0.3S ne0

nc
D 0.2

,

wherenc is the electron-ion collision frequency at the critic
surface,v0 and l are the laser frequency and waveleng
andnc is the critical density. The multiplicative constantCT
is the only free parameter of the analytical model that can
varied to a certain extent to match the model results with
experiment.

V. SIMULATION RESULTS AND COMPARISON WITH
EXPERIMENT

In the present experiments, the laser radiation is incid
normally on the target. Without a laser prepulse the abso
tion efficiency of a short intense pulse incident normally on
a perfect solid target is generally rather low, about 15%@29#.
The prepulse forms plasma that is expanding and coo
down before the main pulse arrives. The absorption of
normally incident laser beam depends on the extent and
sity of plasma already present. The absorption efficiency
the normally incident main pulse versus the time separa
between the prepulse and the main pulse for the condit
of the present experiment is displayed in Fig. 1.

It is shown that for rather short pulse separatio
3-5
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Dt&100 ps, the absorption efficiency is even lower than
the case when no prepulse is present. A layer of expan
plasma inhibits laser penetration into dense plasma by
skin effect and the absorption of the normally incident wa
is thus reduced@4,30#. The absorption efficiency rises signifi
cantly for longer pulse separations, as collisional absorp
is efficient in a plasma region with large density scale len
formed by the prepulse. The calculated absorption efficie
is compared with our analytical formula, deduced in pa
@30# for exponential density profile, and a good agreem
between analytical and simulation results is demonstrate
Fig. 1. For pulse separations longer than 1 ns, the densit
plasma formed by the prepulse declines, and, therefore
absorption efficiency gradually decreases.

We note that velocityvosc5eEL /mcv0 of electron oscil-
lation in laser electric fieldEL at the main pulse maximum i
comparable to the electron thermal velocityve
5(kBTe /me)

1/2 and the maximum values of Langdon@31#
parametera5Zvosc

2 /ve
2 up to 5 are reached. An upper es

mate of the decrease in collisional absorption due to the
viations from Maxwellian velocity distribution is obtaine
when in each spatial-temporal point electron distribution
assumed to be equal to the time-asymptotic electron di
bution for local and instant value of parametera. Then the
decrease in electron-ion collision frequency is calculated
cording to the fitting formula derived in@31#. The computed
upper estimates of the decrease in the overall efficienc
the collisional absorption are&20% for the conditions of
experiments@4# and all assumed pulse separations. On
other hand one expects an increase in absorption due to
lisionless effects@29#.

When the pulse separation is short,Dt&100 ps,
p-polarized obliquely incident radiation is absorbed mu
more efficiently, leading to a much higher energy convers
to x-ray emission. For large density scale lengths, co
sponding to pulse separationsDt*500 ps, there is almost n
difference between absorption efficiency fors- and
p-polarized obliquely incident radiation@13#. Thus, it might
be more suitable to use a normally incident laser pulse

FIG. 1. Absorption efficiency of the main laser pulse incide
normally onto a solid Al target vs the pulse separationDt. Gaussian
laser pulses of FWHM lengthtL5100 fs and wavelengthlL

5790 nm are assumed. The main pulse intensity isI L52.3
31016 W/cm2, while the prepulse intensity isI p51015 W/cm2.
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our purposes because generation of fast electrons is m
mized for normal incidence and the control of experiments
improved.

For a significant delay,Dt*500 ps between the prepuls
and the main pulse, the results of two-dimensional hydro
namics simulations show that the main pulse is absorbed
relatively thin dense plasma layer near the surface of
target. Since the multiphoton ionization at laser intensit
1016 W/cm2 is unable to ionize aluminum to the Li-like
stage, the collisional ionization is dominant. It is efficie
mostly in dense plasma, and thus the highest ionizatio
reached in overdense plasma behind the critical surface.
collisional ionization is highly nonstationary and nonequili
rium for 100 fs laser pulses. In our simulations, the high
intensity of the emission in He- and H-like lines is achiev
approximately at 2 ps after the main pulse maximum. T
spatial distributions of electron temperature and of the m
ion charge near the target surface are plotted at that mom
in Fig. 2. The axial dimension of the overall plasma expa
sion is much larger, reaching up to 600mm. Electron tem-
perature on the axis has only one maximum near the orig
surface of the target. In addition to the primary maximu
Z'11 at the axial coordinate'20 mm, there is a secondar
maximum of the average ion chargeZ'7 on the axis at a
distance of approximately 200mm from the target surface
@not seen in Fig. 2~b!# in rarefied plasma. This corresponds
the remnants of the expanding plasma ionized by the la
prepulse. A part of these remnants may be seen in Fig. 2~b! at
the radius.35 mm and the axial coordinate.60 mm. How-
ever, theK-shell emission is generated exclusively in a n
row layer of hot, dense, and highly ionized plasma near
original target surface. The figure clearly depicts the pla

t

FIG. 2. Electron temperature~a! and ion average charge~b!
spatial distributions near the target surface 2 ps after the main l
pulse maximum. The main laser pulse of intensityI L52.3
31016 W/cm2, t5100 fs, andlL5790 nm is incident from the
right onto a solid Al target with the delayDt52 ns after 100 fs
prepulse of intensityI p51015 W/cm2. The laser beam FWHM ra-
dius on the target is 15mm, the axial coordinate of the origina
target surface 15mm.
3-6
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geometry of this layer justifying the planar geometry us
for post-processing of the hydrodynamics results, as alre
mentioned above.

Our simulations do not include self-generated magn
fields that are often important in short-pulse laser-target
teractions at high intensities@32#. Simple estimates, usin
exclusively¹ne3¹Te source term, show that magnetic fie
maximumB&100 kG is reached at the focal spot edge. T
electron cyclotron frequency for the maximum magne
field is consideraby less than electron-ion collision freque
at the critical surface and thus magnetic-field-induced in
bition of thermal transport in negligible. Self-generated ma
netic fields tend to reduce plasma expansion in the transv
direction at low densities but they have a much smaller
pact on the plasma density profile in the focal spot cen
near the target surface.

One-dimensional hydrodynamics simulations are sta
at the rise of the main pulse using the profiles of plas
parameters, obtained in 2D simulations on the axis. The
sults of 1D hydrodynamics simulations are post-processe
order to obtain the populations of excitation states of L
He-, and H-like ions andK-shell emission spectra. The pos
processor results also provide information about the exp
mentally unavailable temporal profile of x-ray emission. T
length of the x-ray pulse may be a very important parame
for certain applications of line x-ray sources. The calcula
temporal profiles of emitted He-a line intensities are plotted
in Fig. 3. The inset displays the shapes of He-a and Ly-a
pulses for the pulse separationDt50 ns. Generally, when no
laser prepulse (Dt50 ns) is present, the pulses of H-lik
resonance lines are subpicosecond; however, their integr
energy is rather small for intensities considered here. Pu
of He-like lines are generally longer; here a subpicosec
pulse of He-a emission is accompanied by an energetic
approximately 3 ps long. When a laser prepulse is used,

FIG. 3. Temporal intensity profiles of He-a emission in a direc-
tion 45° from the target normal for various time separationsDt
between the prepulse and the main pulse. Timet50 corresponds to
the main laser pulse maximum. In the inset Ly-a and He-a emission
intensities are plotted, when no prepulse (Dt50) is present. Iden-
tical experimental conditions as in Fig. 2.
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energy conversion into line x-rays is considerably increas
however, the pulses of x-ray resonance lines become in
tably somewhat longer. Here, He-a emission pulse of'5 ps
FWHM length is followed by a'30 ps long tail. The dura-
tion of x-ray line emission may be varied to a certain exte
by variable laser pulse separation.

The x-ray spectrum emitted in a direction 45° from t
target normal is measured in the experiment. The compu
and experimental spectra in the neighborhood of the Ha
line are plotted in Fig. 4 for the laser pulse separationDt
52 ns. The ratios of resonance, intercombination, and sa
lite lines compare favorably. The widths of the satellite lin
seem to be underestimated to a certain extent in the sim
tions, probably because a rather simple model of the
shapes is used in the post-processor. The figure demonst
the ability of our approach to compute emission x-ray spec
for the assumed experimental conditions with reasonable
curacy.

One of the main goals of this work is to improve the las
energy transfer to He-a line emission by a laser prepulse
X-ray line emission increases with laser intensity, since
follows plasma temperature. However, when the plasma t
perature is too high, the plasma may be ionized up to
H-like stage and the emission of He-like ions may be
duced. Another condition for the optimum x-ray line emi
sion from a bulk target is the requirement that plasma sho
not be optically thick for the desired x-ray line, since th
reabsorption reduces the amount of emission escaping f
the plasma. The assumptions of the present model d
from those of Ref.@5#, where a small pulse separation w
assumed and thus the plasma corona average density
assumed higher than the critical density.

The enhancement of integrated line emission energy
the laser prepulse versus the laser pulse separationDt is
shown in Fig. 5. Both the experiment and the simulatio
clearly demonstrate maximum energy of He-a line at the
optimum pulse separationDtm'1.5– 2 ns. A satisfactory
agreement between the experimental results and nume
simulations for He-a line emission is also apparent in th

FIG. 4. Comparison of the calculated and experimentally m
sured x-ray spectra near He-a line, emitted in direction a 45° from
the target normal. Time separation between the prepulse and
main pulse isDt52 ns. Identical experimental conditions as in Fi
2.
3-7
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shape of the curve. The expansion of prepulse-gener
plasma is close to planar (x51) for small pulse separation
while it is close to spherical (x53) for large separation
times, so no single value ofx is appropriate for all separatio
times. As a compromise, the results of the analytical mo
are plotted forx52 in Fig. 5 and this choice ofx leads to a
certain underestimation of resonance line emission for sh
pulse separations. Due to the lack of absolute calibratio
the experiment, arbitrary units are used in Fig. 5. The ca
lated maximum He-a emission energy~emission angle 45° to
the target normal! is 0.034 J/cm2/sterad. When this is multi-
plied by the solid angle 2p, laser energy transformation e
ficiency 5.931025 into He-a emission is obtained.

The dependence of x-ray line emission energy on
pulse separationDt, plotted in Fig. 5, demonstrates the po
sibility of substantial improvement in the efficiency of e
ergy transformation into a particular x-ray line. For the re
tively low laser intensity used in our experiment@4#, the
optimum pulse separationsDtm'1 ns are much larger tha
in @5#, where the optimum pulse separation of approximat
20 ps was determined for'1 ps laser pulses and the ma
pulse intensity.331017 W/cm2. This difference in the op-
timum pulse separation is reproduced well by our scali
Eq. ~9!, which predicts an increase in the optimum pu
separationDtm with decreasing energy of incident las
pulses.

In order to check the scaling of the optimum pulse se
ration with laser intensity and pulse length, we have p
formed our simulations for the conditions taken from@3#. In
this experiment, the effect of a short prepulse~0.5 ps! on soft
x-ray spectra from a plasma produced by a high-inten
KrF laser pulse of intensityI L55.331015 W/cm2 and pulse
length tm50.5 ps was studied. Both integrated emission
the spectral range 30–170 Å and the x-ray line emission
Li-like Al ~transition 1s23p-1s22s! are enhanced by lase
prepulse and have a maximum at pulse separationDt
.150 ps. Since here we are interested in emission of hig
energy photons, approximately ten times higher laser in
sity is assumed. The integrated energies of x-ray line em

FIG. 5. The energy emitted in He-a and in the intercombination
line vs the laser pulse separationDt in the present experiment
Identical experimental conditions as in Fig. 2. Analytical mod
data are plotted forx52.
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sions from plasma are plotted in Fig. 6 versus the laser p
separationDt. The optimum pulse separation of about 100
compares well with the scaling formula of our analytic
model. The computed maximum value of the emitted ene
corresponds to the efficiency 6.231024 of laser energy con-
version into the He-a line.

It is deduced from the comparison of energy convers
efficiencies calculated for the conditions of Figs. 5 and 6 t
short laser wavelengths are favorable for the x-ray energ
the assumed spectral range due to a higher laser absorp
The estimated maximum peak brilliance
.1021 photons/(s mrad2 mm2) in 0.1% of the relative band-
width for laser intensity 531017 W/cm2, which is the upper
limit of the applicability of our model. Such a brilliance i
comparable to the brilliance of the accelerator Bessy
~quoted in Ref.@9#!, but it is smaller than the brilliance tha
can be reached using the optimal foil target@9#. However,
using a prepulse is much simpler and high repetition rates
easily achieved. Therefore, it may be interesting for cert
applications. To our knowledge, possible further enhan
ment of line x-ray emission by using both laser prepulse a
foil target has not yet been studied and we plan to cons
such an option in future.

VI. CONCLUSIONS

A simple method of enhancement of line x-ray emissi
using subpicosecond laser pulses with a suitable la
prepulse has been studied. A satisfactory agreement of
perimental results, analytical scalings, and numerical sim
tions has been obtained. Our numerical simulations rev
detailed spatial and temporal characteristics of the x-ray
source that may be important for applications.

Our scaling formulas show the dependence of He-a emis-
sion on experimental conditions. The emitted energy is ma

l FIG. 6. The fluence emitted from an Al target in He-a, He-b,
and Ly-a lines vs the pulse separationDt, calculated for the follow-
ing laser parameters: laser wavelengthlL5248 nm, pulse length
tL5600 fs, main pulse intensityI L5531016 W/cm2, and prepulse
intensity I p5331015 W/cm2. For the He-a line, the simulation
results are compared to the analytical model (x52).
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mal for an optimum pulse separation that increases when
main pulse intensity is decreasing.

A special shape laser pulse~two pulses with the same
pulse duration, different intensities, and long pulse sep
tion! is shown to be capable of increasing the intensity o
suitable x-ray line more than ten times. The length of
x-ray pulse may be varied by laser pulse separation. W
the energy of the He-a emission is maximal, its pulse dura
tion is '10 ps.

Experimental implementation of laser double pulses w
variable pulse separation is simple and high repetition ra
are easily achievable. Thus, using laser double pulses
in
es

to

s
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dr
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pears to be a viable option for improving the efficiency of
ultrashort-pulse laser-produced line x-ray source.
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