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Simulation study of a Ne-like Ti x-ray laser at 32.6 nm driven by femtosecond laser pulses
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A femtosecond laser driven collisional Ne-like Ti x-ray laser at 32.6 nm is numerically investigated using a
hydrodynamic code coupled with an atomic data package for a 100-mm-thick Ti planar target irradiated by a
single or double prepulse followed by an intense femtosecond laser pulse. By using an optimized drive pulse
configuration, a gain of 40 cm21 can be generated from a 5 mm350 mm line focus using only about 1 J pump
energy.
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I. INTRODUCTION

One of the main objectives in enhancing the efficiency
x-ray lasers is to develop ‘‘table-top’’ x-ray lasers for app
cations in university laboratories. In the ‘‘traditional’’ quas
steady–state scheme, the prepulse is used only to cre
preplasma. Delay is used to make a longer scale length.
main pulse then serves not only for heating the plasma
reach the electron temperature required by population in
sion, but also for ionizing the plasma to the correct ionizat
state of Ne-like~Ni-like! ions @1,2#. By comparison, the
prepulse and main pulse serve different functions in the tr
sient collisional excitation~TCE! scheme. The prepulse i
needed to prepare an optimized preplasma with a rich
like ~Ni-like! population. Then the main pulse heats t
plasma rapidly to reach the required conditions with h
electron temperature while keeping the ion temperature
This is beneficial for forming a high gain in transient pop
lation inversion@3–10#.

In this paper we numerically investigate the possibility
generating a Ne-like Ti x-ray laser from the 3p→3s, J50
→1 transition at 32.6 nm driven by femtosecond Ti:sapph
lasers, which are widely available at university laboratori
The pump geometry was set to be the standard line focu
a 100-mm-thick slab target. The one-dimensional~1D! La-
grangian hydrodynamic codeMED103 @11# coupled with an
atomic physics code and an atomic data package was us
predict the time evolution of laser-plasma interactions and
calculate the gain coefficient. The Ne-like Ti ion state w
modeled for the ground state 2p6, all 26 excited levels of
2p53s1, 2p53p1, and 2p53d1 states, and the next ionizatio
stage (F-like states!. The atomic physics code includes a
possible radiative and collisional transitions between any
energy levels. Three different drive pulse configuratio
were studied: single prepulse, and double prepulse with s
intervals~hundreds of picoseconds! and long intervals~nano-
seconds!. Detailed simulations were performed to optimi
the drive pulse configurations.
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II. SIMULATIONS FOR SINGLE PREPULSE
CONFIGURATION

The plasma modeling aims to find the optimum intens
and temporal delay between drive pulses. The prepulse
assumed to be from the chirped pulse before final comp
sion. Such chirped pulses usually have durations of a
hundreds of picoseconds. The main pulse duration can
regulated from tens of femtosecond to a few picoseconds
changing the distance between the gratings in the comp
sor. In our simulations the durations of prepulse and m
pulse were set to be 300 ps and 300 fs full width at h
maximum, respectively. The main drive pulse of tens of fe
toseconds duration is not suitable for collisional x-ray la
excitation because of its low energy absorption@12#. Both
the prepulse and the main pulse have Gaussian profiles.
peak intensity of the main pulse at the line focus was fixed
1015 W/cm2.

It is well known that for ultrashort pulse driven collisiona
Ne-like x-ray lasers, the prepulse~s! should make the fraction
of Ne-like ions in the preplasma as high as possible.
modeled the preplasma conditions produced by a sin
prepulse with different intensities. The optimum peak inte
sity of a 300 ps prepulse was found to be 331011 W/cm2.
Figure 1~a! shows the spatiotemporal profile of the grou
state Ne-like ion fraction in the plasma produced by an
timized prepulse. The horizontal axis presents the spatial
tance in the direction of plasma expansion. The initial po
tion of the target surface is located at 100mm. The prepulse
reaches its peak at 720 ps on the time scale used in Fig.~a!.
The maximum fraction of the ground state Ne-like ions c
be higher than 80%, but the high fraction region has a n
row spatial extent. From Fig. 1~a! we can also get the bes
starting time of the main pulse. Obviously, the main pu
should turn on in the time interval from 850 ps to 1 ns. T
contours of the electron temperature and gain at 32.6
versus space and time for a 130 ps delay between prep
and main pulse are shown in Fig. 1~b! and Fig. 1~c!, respec-
tively. We can see that the gain region has a small space-
extent, because after prepulse irradiation the preplasma is
well expanded. Figure 1~d! shows the spatial profile of the
ic
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FIG. 1. ~a! The ground state
Ne-like Ti ion fraction versus
space and time in the plasma ge
erated by a 300 ps prepulse with
peak intensity of 331011 W/cm2.
The fraction in the plot is from
80% ~black! to 40% ~white! by
steps of 20%.~b! Contours of
electron temperature in the plasm
after the main pulse irradiation
The temperature in the plot is
from 400 eV ~black! to 100 eV
~white! by steps of 100 eV.~c!
Contours of Ne-like Ti laser gain
at 32.6 nm generated by a 300
main pulse. The gain in the plot is
from 40 cm21 ~black! to 10 cm21

~white! by steps of 10 cm21. ~d!
The spatial profiles of the loca
gain coefficient and electron den
sity at the peak gain time.
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local gain coefficient and electron density at the mom
when the highest gain exists. The maximum local gain
44 cm21. The critical density surface is located at 112mm,
where the electron density curve crosses the top frame o
figure. We can see that the gain region is located close to
critical density surface and has a high gradient of elect
density. So this case is disadvantageous for the amplifica
of x-ray lasers.

III. DOUBLE PREPULSE WITH A SHORT INTERVAL

In order to improve the characteristics of the preplasm
double prepulse configuration was considered. Earlier
periments showed that the double prepulse technique i
effective method to make a long scale and low density g
dient preplasma@13#. In our simulations we used two 300 p
prepulses with 360 ps time delay. The first prepulse with
31011 W/cm2 peak intensity can generate a Ne-like pr
plasma. The second prepulse is used to hold the ioniza
stage of the preplasma and give it more time to expand. T
pulse configuration is equivalent to using a nanosec
prepulse followed by an ultrashort main pulse. The op
mized peak intensity of the second prepulse was found to
231011 W/cm2. Figure 2~a! shows the much improved dis
tribution of the ground state Ne-like ion fraction in the pr
plasma generated by such a double prepulse. Figures~b!
and 2~c! show the electron temperature and gain genera
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by a 300 fs, 1015 W/cm2 main pulse, which reaches its pea
intensity 120 ps later than the second prepulse. The sp
profiles of the local gain coefficients and electron density
the time for the highest gain are given in Fig. 2~d!. The
maximum local gain was 40 cm21. From Fig. 2~d! we can
see that the gain extent is about twice as wide as in the
of single prepulse pumping, and the density gradient in
gain region becomes much lower.

IV. DOUBLE PREPULSE WITH A LONG INTERVAL

A different drive configuration was also investigated wi
a double prepulse with a long delay. The time interval b
tween two prepulses was increased up to 3 ns. A sim
pump scheme was successfully used in some earlier x
laser experiments@14,15#. After 3 ns expansion, the ioniza
tion degree of the preplasma will fall due to the long cooli
interval. The second prepulse with 5.331011 W/cm2 peak
intensity is used to ionize the preplasma to the Ne-like s
again. The fraction of the ground state Ne-like ions in t
plasma produced by this double prepulse is shown in F
3~a!. By irradiating the plasma with the 300 fs, 1015 W/cm2

main pulse 300 ps later than the second prepulse, we
tained the electron temperature and gain contours show
Figs. 3~b! and 3~c!. The spatial profiles of the gain and th
electron density at the peak gain time are shown in Fig. 3~d!.
For a longer interval between prepulses, the maximum g
0-2
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FIG. 2. ~a! The ground state
Ne-like Ti ion fraction versus
space and time in the plasma ge
erated by a double 300 ps prepuls
with an interval of 360 ps. The
fraction in the plot is from 80%
~black! to 40%~white! by steps of
20%. ~b! Contours of electron
temperature in plasma after mai
pulse irradiation. The temperatur
in the plot is from 400 eV~black!
to 100 eV~white! by steps of 100
eV. ~c! Contours of Ne-like Ti la-
ser gain at 32.6 nm generated b
main pulse. The gain in the plot is
from 30 cm21 ~black! to 10 cm21

~white! by steps of 10 cm21. ~d!
The spatial profiles of the loca
gain coefficient and electron den
sity at the peak gain time.

FIG. 3. ~a! The ground state
Ne-like Ti ion fraction versus
space and time in the plasma ge
erated by a double 300 ps prepuls
with an interval of 3 ns. The frac-
tion in the plot is from 80%
~black! to 40%~white! by steps of
20%. ~b! Contours of electron
temperature in plasma after mai
pulse irradiation. The temperatur
in the plot is from 300 eV~black!
to 100 eV~white! by steps of 100
eV. ~c! Contours of Ne-like Ti la-
ser gain at 32.6 nm generated b
main pulse. The gain in the plot is
from 30 cm21 ~black! to
10 cm21~white! by steps of
10 cm21. ~d! The spatial profiles
of the local gain coefficient and
electron density at the peak gai
time.
013810-3
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falls to 36cm21, but the gain region has a broader spat
extent and lower density gradient.

In experiments, if we use a 5 mm350 mm line focus, the
total pump energy for the three pump schemes descr
above will be 1 J, 1.2 J, and 1.4 J, respectively. We have
performed optimization for the Nd:glass laser wavelen
using the same pump schemes; the gain coefficient is a
twice as high. This situation is caused by the relatively lo
wavelength of the pump laser pulses, because the efficie
of the inverse bremsstralung absorption is inversely prop
tional to the square of the laser wavelength.

V. RAY TRACING CALCULATIONS

It is difficult to compare the efficiency of the pum
schemes using a double prepulse with short and long de
only by looking at Fig. 2 and Fig. 3. In order to illustrate th
role of refraction, we developed a 2D ray tracing postproc
sor to calculate the relative output intensity of the x-ray la
for each pump scheme. The line focus was set to be 5
long. The plasma expansion during the short pulse pump
can be ignored. We assumed that traveling wave excitatio
used, so the spatial profiles of gain and electron density
keep their form unchanged along the line focus. For sim
fication, the time evolution of the x-ray laser output was n
included. In our ray tracing calculations the spatial profi
of gain and electron density are taken from Figs. 1~d!, 2~d!,
and 3~d!. Figure 4 shows the ray integrated output intens
of the 32.6 nm laser line in the near~a! and far~b! fields. The
intensity of each ray is weighted by the upper-level popu

FIG. 4. The 32.6 nm x-ray laser output versus the source p
tion ~a! and the distribution angle~b! for single prepulse pumping
~1!, and double prepulse with short interval~2! and long interval
~3!.
01381
l

ed
so
h
ut

g
cy
r-

ys

s-
r
m
g
is

an
i-
t
s

y

-

tion of the laser transition at the beginning of the ray. T
result shows that the output intensity of single prepu
pumping is very small, and strong x-ray laser output can
obtained by using double prepulse schemes. When usin
double prepulse with a short delay, the laser starts at 50mm
from the target surface and has; 13 mrad tilt angle. When
using a double prepulse with a long delay, the laser start
110mm from the target surface and has; 7 mrad tilt angle.
Here we can see that using a double prepulse with long s
ration can really reduce the refraction, but the dou
prepulse with short delay produces the highest output in
sity due to the relatively high gain coefficient. Altogether, t
drive configuration of a double prepulse with a long del
does not have advantages in comparison with the case
short delay beetween the prepulses. However, in some
periments with Ne-like Ge, the double prepulse with a lo
delay time was found to be a substantial improvement ov
single nanosecond prepulse@14,15#. We believe that for ul-
trashort pulse pumping x-ray lasers, to use a double prep
with a long delay is more effective for highly ionized ion
like Ne-like Ge, Ni-like Sn, etc. But, for relatively low
ionized ions like Ne-like Ti or Ni-like Mo, the single nano
second prepulse works best. The reason is that, in x-ray l
generation of highly ionized ions, most of the pump ene
is spent on preparation of a properly ionized preplasma w
a large scale length, using a double prepulse with a lo
delay can increase the efficiency of energy absorption of
prepulse, and finally save some total pump energy. X-
lasers with low-ionized ions do not need much energy in
prepulse, so using a single nanosecond prepulse and a
second main pulse is a better choice.

VI. CONCLUSIONS

In conclusion, we have investigated a Ne-like Ti x-ra
laser at 32.6 nm numerically using the one-dimensional
drodynamic codeMED103 coupled with an atomic data pack
age for a 100-mm-thick Ti planar target irradiated by a sing
or double 300 ps prepulse followed by a 300 fs, 1015 W/cm2

drive pulse from a Ti:sapphire laser. The optimization calc
lations were performed for various drive pulse combinatio
single prepulse, and double prepulse with short~360 ps! and
long ~3 ns! intervals. The optimum intensity of the prepuls
for each pump scheme was found. By using an optimiz
drive pulse configuration, an x-ray laser gain of about
cm21 can be generated over a 5 mm350 mm line focus
using a pump energy of only; 1 J. We demonstrated th
possibility of generating a Ne-like Ti soft x-ray laser at 32
nm using a table-top Ti:sapphire laser system. We a
showed that the use of a double prepulse with a long de
time does not have any advantage for ultrashort pulse pu
ing of a Ne-like Ti x-ray laser.
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