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Hydrodynamic characteristics of transient Ni-like x-ray lasers
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A simple similarity model is presented to study the hydrodynamics of transient collisional excitation nick-
ellike x-ray lasers. Scaling laws for the temperature, scale length, and electron density are obtained by analytic
derivation. The hydrodynamic characteristics of transient Ni-like Pd x-ray lasers are investigated using this
model. The calculations agree well with Dunn’s experimental results.
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I. INTRODUCTION

Two main objectives on developing x-ray lasers are
deliver a coherent, monochromatic, saturated output at
cessively shorter wavelengths toward, the ‘‘water window
and to provide a ‘‘table-top’’ x-ray laser for application
@1–3#. ‘‘Traditional’’ collisionally pumped Ni-like x-ray la-
sers are believed to be more promising to provide the s
rated output in the spectral band near the ‘‘water windo
@4,5#. However, the efficiency of the ‘‘traditional’’ colli-
sional excitation schemes is still far below the requireme
for the ‘‘table-top’’ operation mode.

Recently, a novel transient collisional excitation~TCE!
scheme has been demonstrated by Nickleset al. for the Ne-
like Ti 3p-3s (J50→1) transition at 32.6 nm, where a hig
gain of 19 cm21 is measured with only a few Joule pum
energy @6,7#. More recent results have been reported
Dunn et al. @8#, where a gain coefficient of 35 cm21 and a
gain-length product of 12.5 were measured on the 4d-4p
(J50→1) transition for the Ni-like Pd laser at 14.7 nm
using only 5 J pump energy. This new scheme greatly e
hances the efficiency of collisional excitation schemes
increasing the gain coefficient and shows us a way towa
‘‘table-top’’ x-ray lasers@9#.

To date, the design and analysis of TCE x-ray lasers re
heavily on complicated one- or two-dimensional numeri
simulations of hydrodynamics and atomic kinetics@10#. In
this paper, we present a simple model for the TCE Ni-l
x-ray lasers and make a detailed analysis using a set of
similar, coupled ordinary differential equations. The purpo
of our work is to understand the hydrodynamic characteri
of the transient collisional x-ray lasers and to provide
simple tool for experimentalists to quickly scan and optim
parameters to design experiments.

II. SIMILARITY EQUATIONS AND EQUATION OF
STATE

The ‘‘standard’’ TCE x-ray lasers are pumped@8# by a
combination of irradiation of nanosecond and picosecond
ser pulses. The nanosecond laser pulse is used to crea
optimized preplasma with Ni-like~or Ne-like! ionization
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stage and longer scale length. Then, the picosecond p
heats plasma rapidly to reach required conditions with h
electron temperature while keeping a low ion temperatu
This is beneficial to produce high gain because the gain
efficient is proportional to the electron temperature and
versely proportional to the square root of the ion tempe
ture.

It is well known that the region of interest for x-ray las
gain is the corona region ofne,nc and there is an isotherma
expansion region during the pulse. The velocity distributio
of electrons and ions reach their own Maxwellian equil
rium in this region, respectively. Because the mass of
ions is much heavier than that of the electrons, we assu
that the ions are a background of the electrons and plasm
an ideal gas. Thus single-fluid, ideal hydrodynamic equati
are adopted in the work,
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wherex is the spatial coordinate measured perpendicula
the slab surface;t is time;r, y, p, andT are the mass density
velocity, pressure, and temperature, respectively;« is the in-
ternal energy per unit mass; andH is the net heating rate pe
unit mass. The equation of state and the laser heat depos
will be discussed below.

To obtain the similarity equations, we assume that
expansion of the plasma is homogeneous and satisfies
rarefactional wave solution varied with time:

y5Cs1x/t, ~4!

where Cs is the transient isothermal sound speed (Cs

5ATZ/Mi5T1/2Z1/2/Mi
1/2). The momentum equation@Eq.

~2!# separates in space and time with these assumptions.
solution of the spatial part~at constant time! gives an expo-
nential attenuation density profile, which is normalized w
the continuity equation,

r5m/L exp~2x/L !, ~5!
d-
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wherem is the mass ablated by the laser pulse from the s
target andL is the scale length of the plasma. With the equ
tion of the mass ablation rate derived by De Grootet al. @11#,
which is valid for the ablation process of the thick slab tar
irradiated by a ns laser pulse, we derive the relations betw
the ablation mass and the intensity of the drive laser and
target element with the assumption of a homogeneous
cess of the ablation:

m5m0t2/3, ~6!

where

m052.55310213l 2/3@A/~Z11!#7/6/~Z ln L!1/3, ~7!

where the unit ofm is g/cm2, the unit oft is ns, the unit ofI
is W/cm2, A is the atomic number of the element,Z is the
average charge of ion, and lnL is the natural Coulomb loga
rithm. With the assumption of the homogeneous expans
the momentum and energy equations can be simplified t

LCsS l

2

d ln T

dt
11D5

pt

r
, ~8!

Cv

dT

dt
5H2

p

rt
, ~9!

whereCv ([d«/dT) is the specific heat per unit mass.
The laser heating rate changes witht ib , i.e., H

'I t ib /m, whent ib,1, while the laser heating rate is a co
stant, i.e.,H'I /m, when t ib.1, wheret ib is the inverse
bremsstrahlung optical depth through the plasma:

t ib5E k ibdx. ~10!

The opacityk ib is determined by the following equation@12#:

k ib5S 2

p D 1/24

3 S Zne
2e6l2 ln L

c3~mcT!3/2~12nc
2/nc

2!1/2D , ~11!

wherel is the laser wavelength,ne is the electron density,nc
is the critical density ('1.131021/l2 cm23), T is the elec-
tron temperature in energy unit,me is the electron mass, an
c is the light velocity.

In the corona region ofne<nc , electron temperature i
higher than a few tens eV, and the corona model for
average charge of ion may be adopted@13#:

Z' 2
3 @ATe~eV!#1/3. ~12!

The formulas we use for the EOS are

p5ZTr/M , and Cv5 3
2 Z/Mi ~13!

whereMi is the ion mass.
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III. ANALYTIC SOLUTIONS OF THE SIMILARITY
EQUATIONS

Useful scaling laws for plasma variables have been
rived from analytic solutions for flat-top laser pulses by u
ing a similarity model of the Ni-like scheme. We employe
convenient units listed in Table I@14# and scaled the variable
with underlines in the whole derivation in order to simpli
the calculation. Two distinct periods for the long pulse
,t<t1L and t1L<t<tm , wheretI1L5Dt1L is the long pulse
duration andtm is the delay between the long pulse and t
short pulse! and two distinct periods for the short pulse (tm
<t<t2L and t>t2L , where tI2L5tm1Dt2L and Dt2L is the
short pulse duration! are adopted in order to clearly show th
physics process in the calculation.

A. Analytic solutions for the long laser pulse

The purpose for the long laser pulse is to produce a lo
scale length plasma with optimized initial conditions; t
heating and ionization processes take place for the wh
pulse duration. The laser energy is mainly deposited near
critical density.

1. During the time of tÏt1L

During the time oft<t1L , an expression for the optica
depth is obtained by integrating Eq.~10! over the density
profile since the heating and ionization processes take p
in the region where the electron density is close to the crit
density@13#. That is,

t ib55.757Ap31023mI 2AI 2ZI 3LI lI 2T3/2L, ~14!

whereLI is taken as a constant in the corona. Solving E
~8! and ~9! with Eqs. ~6!, ~12!, and ~13!, the analytic solu-
tions satisfying the similarity equations, after the influence
the initial conditions disappeared, i.e., takingt ib,1, are

T53.902 keVII5/9AI 2/9LI 2/9lI 2/3tI2/9. ~15a!

Becauset is close to t1L , the temperature is kept nearl
constant due to a balance of laser heating with expan
cooling, see Fig. 1,

L52.8731022 cmII10/27AI 22/27lI 4/9LI 4/27tI31/27, ~15b!

n0520.8231020cm23II11/54AI 4/27lI 25/9LI 22/54tI214/27,
~15c!

TABLE I. Normalized values for scaled variables.

Physical variable Symbol Normalized valu

Time t 1 ns
Laser intensity I 1014 W m22

Laser wavelength l 1.053mm
Ablation mass m 1024 g cm22

Ion charge Z 65
Atomic mass A 240
Coulomb logarithm L 5
0-2
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FIG. 1. ~a! Temporal history for electron tem
perature,~b! scale length history,~c! electron
density vsx at the center of the pulse, and~d!
electron density history at differentx for different
long pulse duration of a flat-top pulse with th
same short pulse conditions. The solid line is t
solutions forI 150.731012 W/cm2, l51.053mm,
Dt IL50.8 ns, I 255.231014 W/cm2, and Dt2L

51.1 ps. The dashed line is the solutions forI 1

50.631012 W/cm2, l51.053mm, DtIL51.2 ns,
I 255.231014 W/cm2, andDt2L51.1 ps.
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wheren0 is the maximum value ofne . Using Eq.~5!, we can
determine the electron density for positionx and timet with
Eq. ~15c!.

2. During the time of tO1LÏtÏtm

After the timet1L , the long laser pulse is turned off an
the plasma continues to expand adiabatically. The exact
lytical solutions can be obtained for this period using t
condition beforet1L :

T5T1LtI1L
2/3tI22/3, ~16a!

L5L1LtI1L
25/9tI5/9, ~16b!

no5n1LtI1L
7/9tI27/9, ~16c!

whereT1L , L1L , andn1L are the electron temperature, sca
length, and electron density att1L .

B. Analytic solutions for the short laser pulse

For the case of a ‘‘standard’’ transient collisional x-ra
laser, the second pulse is so short that we can believe
following. First, we can assume thatm5m0t1L

2/3 is a constant
after the timet1L and the heating rate is constant after t
time tm (H5I /m) with t ib.1 because the preplasma is n
transparent for the second pulse since the transparent
perature is proportional to the three-fourth power of the
tensity. Second, there is not enough time tochange the state
of ion charge. This meansZ can be taken as a constant. T
formula we use for the EOS here is Eq.~13!.
03641
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1. During the time of tmÏtÏt2L

At time tm , when the second short laser pulse has star
the solutions can be obtained by considering the initial c
ditions beforetm :

T523.123 keVII2mI 21AI ZI 21tIS 12tm
5/3t25/31

Tntm
2/3

T2
t25/3D ,

~17a!

where Tm is the electron temperature attm , T2
523.123 keVII2mI 21AI ZI 21,

L55.16431022 cmII2
1/2mI 21/2tI3/2

3S 12tm
5/3t25/31

Lm
2

L2
2tm

4/3 t25/3D 1/2

, ~17b!

where Lm is the scale length at tm , L255.164
31022 cmII2

1/2mI 21/2,

n053.15731020cm23II2
21/2mI 3/2AI 21ZI tI23/2

3S 12tm
25/3t25/31

n2
2tm

1/6

nm
2 t25/3D 21/2

, ~17c!

where nI m is the electron density attm , n253.157
31020cm23II2

21/2mI 3/2AI 21ZI .

2. During the time of t2LÏt

After the timet2L , the second short laser pulse is turn
off and the plasma continues to expand adiabatically. T
analytical solutions can be obtained for this period using
condition beforet2L :
0-3
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T523.123 keVII2mI 21AI ZI 21tI2L
5/3tI22/3

3S 12tm
5/3t2L

25/31
Tmtnl

2/3t2L
25/3

T2
D , ~18a!

L5L2t2L
5/6tI2/3S 12tm

5/3t2L
25/31

Lm
2

L2
2 tm

2/3t2L
25/3D 1/2

, ~18b!

n05n2tI2L
25/6tI22/3S 12tm

25/3t2L
25/31

n2
2t2L

25/3

nm
2 tIm

2/3 D 21/2

. ~18c!

IV. RESULTS AND DISCUSSION

It is well known that the laser energy is mainly deposit
in the corona region ofne<nc . The model is more valid for
heavy elements than for light elements@13#. This comes
from the corona model of the average state of charge
order to justify the model, we calculate the hydrodynam
of the transient collisional Ni-like Pd x-ray laser under t
same experimental conditions as Ref.@8# and compare the
results between our model calculation and the experime

The first goal for the long laser pulse is to produce m
Ni-like ions. A longer constant temperature period is,
course, beneficial for the production of a sort of ions fro
Eq. ~12!. The electron temperature during the isothermal
riod is the two-ninth power of the time from Eq.~15a!. This
makes the temperature almost a constant at the later
during the long pulse. Thus, the longer the pulse duration
the closer to a constant temperature for the later time
temperature is, as shown in Fig. 1~a!. Simultaneously, the
longer pulse duration can also make a longer scale length
shown in Fig. 1~b!. This is beneficial for the propagation o
an x-ray laser pulse.

The second goal is to enhance efficiency. The law of
hancing efficiency is certainly to use the lower intensity
reach the electron temperature required by ionization for
long pulse. It will be highly efficient when the long pulse n
only ionizes the plasma to the Ni-like ions, but also achie
thermodynamic equilibrium between electrons and io
Thus, we define the ratio of time of the long pulse duration
the equilibrium time as a standard of approximation. T
time of the thermodynamic equilibrium is

tei5S 4p«0

e2 D 2 3mime
21/2~Te!

3/2

8A2pZ2ni~ log10L!
. ~19!

Equation~19! can also be used to judge whether the sh
pulse duration is short enough to ignore the ionizat
change. We can neglect the change ofZ if the ratio between
the short pulse duration and the equilibrium time is sma
that 1024.

We calculated the Ni-like Pd ions for the long pulse und
the same conditions of Dunn’s experiment (I 150.7
31012W/cm2, l51.053mm, t1L50.8 ns, slab target!. The
calculated results show that the maximum electron temp
ture during the long pulse is 188 eV, which can ionize the
to an average state of chargeZ518.1, as shown by the soli
line in Fig. 1~a!. The scale length is about 40mm, as the
03641
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solid line shows in Fig. 1~b!. The electron density is 7.52
31020cm23, as shown by the solid line in Fig. 1~c!. How-
ever, the equilibrium time is about 1.4 ns. Thet1L /tei is
about 0.57. For comparison, we also calculated the elec
temperature and the average state of charge with the co
tions of I 150.631012W/cm2, l51.053mm, t1L51.2 ns,
slab target and the same short pulse. The results areTe
5188.8 eV, Z518.1, L560mm, ne57.2831020cm23,
shown by the dashed line in Fig. 1. The equilibrium time
about 1.8 ns. Thet1L /tei is about 0.67. For the short lase
pulse, the temperature is 1.84 keV under Dunn’s condit
and 2.07 keV in the second case. The equilibrium time
about 55.5 and 66.2 ns, respectively. The radiot2L /tei is
about 1.9831025 and 1.6631025, respectively. It is clear
that the pulse duration for the long pulses is shorter than
equilibrium time for both cases. However, it is more efficie
for the second case than Dunn’s case and the scale leng
longer than Dunn’s. The conclusion we get here is that
lower intensity and longer duration of the long laser pu
will be more beneficial to enhance the efficiency. The el
tron density history at different positions for the two cases
shown in Fig. 1~d!.

In contrast with the period during the long pulse, the fi
important thing for the period during the short pulse is th
Te cannot be lower thanDEu @8#, whereDEu is the upper
laser level excitation energy. The reason for the requirem
of Te.DEu is that we want to achieve the optimum gai
Here DEu5450.3 eV. The calculation results show that t
electron temperature during the short pulse is 1.84 keV un
the same conditions of Dunn’s experiment (I 255.2
31014W/cm2, l51.053mm, t2L51.1 ps, slab target!. This
is about four times as large asDEu5450.3 eV, and the
plasma can be heated rapidly, as shown by the solid lin
Fig. 1~a!. The second important thing for the period durin
the short pulse is to use a pump pulse with a duration so l
that it can heat the electron temperature up rapidly wh
keeping the ion temperature as low as possible. This will
advantageous to enhance the gain coefficient because
proportional to the electron temperature and inversely p
portional to the square root of the ion temperature.

In order to show the hydrodynamic characteristic of t
plasma for the short pulse, we investigated the relations
electron temperature, scale length, and electron density
different pulse duration and intensity. The result shows t
the electron temperature increases rapidly from 330 eV
1.84 keV with an increase of pulse duration from 110 fs
1.1 ps, as shown in Figs. 2~a! and 2~c!. At the same time, the
scale length increases from 50 to 80mm with the increase of
pulse duration, too, which makes the density gradient m
relaxed for the longer pulse than the shorter one, as show
Fig. 2~b!. The electron density is 7.531020cm23. It is clear
that a shorter pulse is not beneficial for the production of
x-ray laser under the same intensity.

For the same pulse duration, the electron temperature
creases rapidly from 1.84 to 16.7 keV with an increase
intensity from 5.231014 to 5231014W/cm2, as shown in
Figs. 2~a! and 2~d!. This is much more beneficial to enhanc
the gain coefficient. The scale length increases from 80
217 mm, as shown in Fig. 2~b!. This is also much more
0-4
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FIG. 2. ~a! Temporal history for electron tem
perature,~b! electron density vsx at the center of
the pulse,~c! electron temperature vs the puls
duration while the intensity of the short pulse
being held constant (5.231014 W/cm2!, and
~d! electron temperature vs the intensity while th
pulse duration is being held constant~1.1 ps!.
The conditions are I 150.731012 W/cm2, l
51.053mm, Dt IL50.8 ns, Dt2L51.1 ps, and
Dt2L5110 fs, respectively, with the sam
intensity I 255.231014 W/cm2 or I 255.2
31014 W/cm2 and I 255231014 W/cm2, respec-
tively, with the same short pulse duratio
Dt2L51.1 ps.
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beneficial to enhance the total output of x-ray lasers. T
results show that the higher the intensity is, the more adv
tageous it is for the production of the transient populat
inversion under the same laser duration.

By comparison, we also calculated the case in which th
is a delay time between the long and short pulses. The
delay time is used and other conditions are identical
Dunn’s case. The results are shown in Fig. 3. The elec
03641
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temperature is 110 eV attm for the long pulse; it can only
ionize Pd toZ515.1, which is not Ni-like ion, as shown b
the solid line in Fig. 3~a!. But the scale length is increased
63 mm. This is longer than 40mm, as shown by the solid line
in Fig. 3~b!. For the short pulse, the electron temperature
heated rapidly to 2.82 keV. This is higher than 1.84 keV,
shown by the dashed line in Fig. 3~a!. The scale length is
enhanced to 147mm. This is about double of 80mm, as
-
FIG. 3. ~a! Temporal history for electron tem
perature,~b! scaling length history,~c! electron
density vsx at the center of the pulse, and~d!
electron density history for differentx from the
similarity equations. The conditions areI 150.7
31012 W/cm2, l51.053mm, Dt IL50.8 ns, I 2

55.231014 W/cm2, Dt2L51.1 ps, and the delay
time tIm51 ns.
0-5
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Y. J. LI AND J. ZHANG PHYSICAL REVIEW E63 036410
shown in Fig. 3~c!. The electron density is about 7.
31020cm23. It shows that delay time is not beneficial
enhance the efficiency for the long pulse. However, it c
enhance the efficiency for the short pulse, and more imp
tantly it can sufficiently relax the electron density. This c
certainly be beneficial for the propagation of an x-ray la
pulse. From this calculation, a conclusion might be possi
An optimum delay time might exist if the propagation
x-ray-laser pulses is considered. This would involve ra
tracing calculation.

V. CONCLUSIONS

In conclusion, we have developed a similarity model
transient x-ray lasers. The calculation results are in ag
ac

s-

.
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ment with Dunn’s experimental results. The results show t
a longer long laser pulse can provide higher efficiency,
production of Ni-like ions, and the relaxation of the dens
gradient, and the high intensity and moderate pulse dura
for the short laser pulse are beneficial to enhance both
gain coefficient and scale length. The model is useful for
approximate, quick parameter scan for experimental des
and analysis.
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