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Proposal of a longitudinally pumped saturated Ni-like Mo ion x-ray laser at 18.9 nm

Ruxin Li, Tsuneyuki Ozaki, Teruto Kanai, and Hiroto Kuroda
Institute for Solid State Physics, The University of Tokyo, 7-22-1 Roppongi, Minato-Ku, Tokyo 106, Japan

~Received 1 December 1997; revised manuscript received 22 January 1998!

We reexamine the transient gain scheme in this paper and develop this scheme with a new pumping
geometry for designing a compact and highly efficient Ni-like Mo ion soft-x-ray laser. Model calculations
show that a saturated amplification of soft x rays at 18.9 nm can be realized by using a 1.05mm driving laser
with only several hundred millijoule energy in a picosecond pulse. We propose a longitudinally pumping
geometry for the high transient gain x-ray laser, in order to improve the pumping efficiency and to overcome
some limitations of the present transient gain laser.@S1063-651X~98!03806-9#

PACS number~s!: 52.75.Va, 42.55.Vc
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I. INTRODUCTION

A very important objective in the development of x-ra
lasers is to attain a highly coherent and saturated ampl
output at short wavelength from a small-scaled facility, t
so-called ‘‘table-top’’ system. Considerable progress in
creasing the efficiency of collisionally pumped soft-x-ray
sers and downsizing the driver has been achieved rece
@1–5#. Saturation operation is desired since it means that
maximum power possible for a given volume of excit
plasma can be extracted by the stimulated emission, and
the pumping efficiency can be maximized. Gain saturat
has been demonstrated in the Ne-like Zn@6#, Ge @7#, Se@8#,
Y @9#, and Ni-like Ag @2# and Sm@3# ion x-ray lasers in
laser-produced plasmas, with a driver energy ranging fr
several kJ to 0.1 kJ in pulses lasting for;0.1 to;1 ns. To
pump the short wavelength x-ray laser, the plasma has t
excited with very high flux density; a very fast pumping
therefore very necessary in order to reduce the energy
quirement. The main idea of the transient gain scheme@4,10#
for the electron collisional excitation x-ray laser mechani
is to overheat the electrons in a very short~transient! time
scale by using a powerful ps pulse. This leads to very h
small-signal gain with short duration, and it is very attracti
among several candidate approaches for a compact ‘‘ta
top’’ soft-x-ray laser@11#. This scheme offers the possibilit
of realizing ann.0 transition laser pumped by the electro
collision excitation@10#. In the transient gain mode, the fir
optical laser pulse is usually a long laser pulse with abou
ns duration that generates, heats, and ionizes the pla
while the second pulse is a short pulse with several ps d
tion that overheats the preplasma and excites the ions to
duce a very large transient population inversion throu
strong monopole electron collisional excitation from t
ground state of Ne-like or Ni-like ions. This kind of lase
different from the traditional collisional laser that operates
the quasi-steady-state~QSS! region @2,3,5–9#, operates in a
very high density region near the critical surface, and
amplification is therefore very sensitive to the refraction a
the driving conditions. The traveling wave pumping mode
desirable since the gain duration is usually of the order of
ps or even shorter. A very high gain of 19 cm21 has been
experimentally demonstrated in the Ne-like Ti ion laser
32.6 nm, and the GL product was measured to be 9.5 in
571063-651X/98/57~6!/7093~10!/$15.00
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recent work @4#. However, the gain-length product~GL!
value is still too low for a saturated operation. This first,
our knowledge, experimental result of the transient g
scheme and several theoretical analyses, that followed i
cate that considerable effort should be contributed to ov
coming several disadvantages of this scheme, mainly the
bility of the gain region, which is limited by the refractio
and the short-lived gain, for the purpose of obtaining a la
GL value.

Recently simulations have been performed for the tr
sient gain x-ray laser in Ne-like Se@12#, Ge@13,14#, Ti @14#,
and Ni-like Mo @15# ions. As known, the Ni-like ion lase
scheme has, in principle, a more favorable scaling of la
wavelength with the energy of the optical laser driver. W
reexamine the transient gain scheme in this paper and
velop this scheme with a new pumping geometry for desi
ing a compact and highly efficient Ni-like ion soft-x-ray la
ser, specifically, the Ni-like Mo ion laser at 18.9 nm. Th
motivation behind the design of a Ni-like Mo ion laser
twofold. As known, the ratio of lifetimes of the upper t
lower laser level is relatively small for the middle-Z (Z
540–50! Ni-like ions ~i.e., the ratio is 2.5 forZ542 and is
10 for Z560! @5#; it is therefore relatively difficult to get
large population inversion under QSS approximation. T
opacity issue plays an important role in the operation of t
kind of laser. We attempt to use the transient gain schem
overcome this limitation. The QSS Ni-like Mo laser schem
was proposed several years ago@16,17#, but it has never been
experimentally demonstrated, though the requirement of
perimental conditions seems easy to fulfill. We reexam
this laser scheme and try to develop it with the new trans
gain scheme. The second motivation behind this design i
compare the transient gain laser in Ne-like Ge and Ni-l
Mo ions, to see how different the parameter space is for
Ne-like and Ni-like ion lasers operating at similar lasin
wavelengths. Model calculation shows that a saturated
plification of soft-x-rays at 18.9 nm by Ni-like Mo ions ca
be realized by using a 1.05-mm driving laser with only sev-
eral hundred mJ energy in a picosecond pulse. We propo
longitudinally pumping geometry for this high transient ga
laser, in order to improve the efficiency and overcome
existing limitations. This pumping geometry has several
vantages. First, the gain region can be chosen to locate
tially at a certain distance away from the critical surface
7093 © 1998 The American Physical Society
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7094 57LI, OZAKI, KANAI, AND KURODA
as to avoid using the steep critical surface and to relieve
large refraction caused by the very steep density gradi
partly solving the problem of gain region stability. Secon
this pumping geometry can automatically fulfill the requir
ment of traveling wave pumping. Third, this method c
directly deposit the excitation laser energy into the desi
gain volume in the order to avoid any waste of the ene
deposited in the other region, which is considerable if pum
ing transversely, since the first pulse is usually a long pu
that produces a long scale-length preplasma and thus
nonlocal absorption of the second pulse is pronounced. H
ever, it is difficult to obtain long effective medium length
the longitudinally pumping mode due to the transmittan
and the refraction of the pumping laser beam through
high-density plasma medium. We should therefore maxim
the gain coefficient so that a large enough GL value can
attained by using a medium of only several mm long.

This paper is structured in the following way. In Sec.
we describe briefly the model used in this work. In Sec.
we present the results of test calculations for the trans
gain lasers in Ne-like Ge and Ni-like Mo ions, and compa
them with the results obtained with two sophisticated co
@13–15#, in order to check the validity of our simplified
model. In Sec. IV we design a longitudinally pumped hi
gain Ni-like Mo ion x-ray laser at 18.9 nm. We summari
this work in the final section.

II. MODEL

The basic process of the laser plasma interaction invol
in the transient gain scheme can be understood intuitiv
The preplasma with an appropriate abundance of Ne-like
Ni-like ions can be effectively prepared by the laser ablat
of solid targets, or alternately by a fast pulse discharge.
consider the former way in this work and the duration of t
first ablating laser pulse is of the order of 1 ns. Then a po
erful ps pulse arriving after an appropriate delay heats
excites the plasma quickly and produces large transient g
Regarding this particular situation, the description of the
ser plasma interaction can be divided into two separa
parts. The interaction of the first ns pulse with the solid t
get can be treated by a steady state ablation and the c
sponding hydrodynamic process can be described app
mately by a self-similar expansion model. As to t
interaction of the second pulse with the preplasma, the h
ing of the preplasma and the atomic process can be mod
by a hot-spot model@12# in cooperation with a set o
collisional-radiative rate equations, while the hydrodynam
expansion can be frozen during this process since the d
tion of the heating pulse and the x-ray laser gain is very sh
in comparison with the characteristic time of the evolution
the preplasma produced by the ns laser pulse.

We use self-similar model@18# to describe the evolution
of the electron temperature and density of the preplas
The peak temperature is set to be one-third of the ioniza
potential of the Na-like ion~for the Ne-like ion laser scheme!
or that of the Cu-like ion~for the Ni-like ion laser scheme! of
various target elements, in order to prepare a preplasma
one-third of the ions at the Ne-like or Ni-like stages, a re
sonable assumption under steady state approximation
course we can use other values of peak electron temper
e
t,
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to check its effect on the transient gain produced by
second pulse. For the preplasma, the relation between
electron temperature and the absorbed laser intensity is
tablished by the thermal balance in a steady state abla
@19#. The mass ablation rate is also calculated under the s
frame @20#.

The hot-spot model@12# we used is a rather simple de
scription of the short pulse laser energy deposited in a sm
plasma volume with uniform initial density and temperatu
The absorption mechanism of the laser energy is inve
bremsstrahlung@21# only, thus it gives the lower limit of the
absorbed laser energy. The dissipating channels of the de
ited energy consist of the heating of electrons and ions,
excitation, and ionization energy of ions and the therm
conduction to the surrounding region with lower tempe
ture. Other energy loss channels such as radiation and
adiabatic expansion are ignored in this model. The ther
conduction loss is described in a phenomenological way,
is proportional to the electron ion collision time and i
versely proportional to the electron temperature gradi
scale length@12#. This scale length actually defines to a lar
extent the cooling rate and is an adjustable variable in
work for studying its effect on the gain, as will be discuss
in the following parts. We consider the effect of electro
quiver energy in a strong laser field by using an express
of effective temperature that is the sum of the ponderomo
potential and the thermal temperature.

We limit our study only for the twoJ50-1 lasing lines of
Ne-like or Ni-like ions. The lasant ion stage is modeled w
the ground state and four excited levels, i.
the 2p53s13P1 , 2p53s11P1 , 2p53p11S0 and 2p53d11P1

levels for the Ne-like ion scheme or th
3d94p1 (5/2,3/2)1, 3d94p1 (3/2,1/2)1, 3d94d1 (3/2,3/2)0,
and 3d94 f 1(3/2,5/2)1 levels for the Ni-like ion scheme
since the reabsorption of the strong Ne-like 3d-2p or Ni-like
4 f -3d transition in an optically thick plasma also contribu
considerably to the population of the upper laser level,
though the main populating channel is the monopole co
sional excitation from the ground state. In this atomic mo
we include also the ground state of the next ionization st
of the lasant ion~the F-like stage in the Ne-like ion schem
or the Co-like stage in the Ni-like ion scheme!. The above-
mentioned six levels are the most important levels related
the J50-1 laser. Some of the related atomic parameters
cited in the literature@5,16,22–26#, and others are calculate
by empirical formulas@27#. The opacity of resonant lines i
measured by using escape factors that are calculated with
formulas shown in Ref.@28#.

The self-similar model produces the density and tempe
ture profiles of the preplasma, and then the hot-spot mo
and the rate equations for simplified level structure prod
the gain coefficient profiles, which are postprocessed b
two-dimensional~2D! ray tracing model to integrate the las
gain along the x-ray laser propagation channel. This
model includes the refraction of x rays and the longitudina
pumping laser beam and the change of gain coefficients w
positions in this channel. The nonlinear effect of the prop
gation of an intense short laser pulse in plasmas is also
sidered in the design.
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III. TEST CALCULATIONS FOR X-RAY LASERS
IN Ne-LIKE Ge AND Ni-LIKE Mo IONS

In order to check the validity of the above-described mo
els, we first make calculations for the Ne-like Ge and Ni-li
Mo x-ray laser systems and compare the results with
published work using sophisticated models@13–15#. In Ref.
@13#, the transient gain of the Ne-like Ge laser was calcula
with a detailed modelEHYBRID, which includes detailed hy
drodynamics of the plasma and detailed atomic physics
the lasant ion~with 124 excited levels for the lasant ion sta
and a simpler description of the other ion stages!. In Refs.
@14# and @15#, the gains of the Ne-like Ge, Ti, and Ni-lik
Mo ion laser systems were calculated by assuming the s
laser condition withLASNEX andXRASER codes.

We assume that a preplasma with one-third of the ion
the Ne-like Ge ground state and with an initial electron te
perature of 350 eV and an electron density of 0.999nc (nc

51021 cm23 is the critical electron density! is prepared be-
fore the arrival of the 1.05mm 1 ps~full width at 1/e maxi-
mum intensity! Gaussian-shaped heating pulse peaking a
ps. These parameters are chosen in order to keep a prepl
condition similar to that shown in Ref.@13#. The level ener-
gies and transition probabilities used in the calculation
cited from Ref.@22#.

We first conduct numerical experiments with differe
values of the peak intensity of the main heating pulse
with different values of the electron temperature gradi
scale length, in order to discover a combination of suita
laser intensity and scale length that can produce a sim
time profile of the electron temperature to that shown in F
4 of Ref.@13#. We find that a peak intensity of 4.3 PW cm22

and a scale length of 50mm can produce a very similar tim
profile of electron temperature to that shown in Ref.@13#.
The peak temperature is 1773 eV, and it falls to 1110 eV
10 ps and to 850 eV at 20 ps in this work, while it peaks w
1750 eV and falls to 1050 eV at 10 ps and 870 eV at 20
as can be found in Fig. 4 of Ref.@13#. However, we notice a
difference in laser intensity for producing this very simil
temperature profile in this work and in Ref.@13#. The laser
pulse profile used in Ref.@13# is a trapezium-shaped puls
with a peak intensity of 1 PW cm22 that corresponds to a
Gaussian pulse with a peak intensity of 1.7 PW cm22 con-
taining the same laser energy. So the laser intensity use
this work is 2.5 times larger. However, theEHYBRID code
used in Ref.@13# may overestimate the energy absorption
collisionaly pumped laser by a factor of 2@13,29#. Consid-
ering this modification, we find reasonable agreement in p
dicting the temperature with the simple hot-spot model a
with the sophisticated code@13#. The remaining minor dif-
ference can be attributed to the fact that Ref.@13# considered
the resonant absorption in addition to the inverse bremsst
lung absorption. With the values of the laser intensity and
temperature scale length as mentioned, the time profile o
small signal gain of the Ne-like Ge ionJ50-1 laser is then
calculated. The peak gain of the 19.6-nm laser is found to
77 cm21, which is only half of that predicted in Ref.@13#.
Some change in the escape factors for Ne-like Ge ion
resonant lines may cause some variation in the laser g
however, it is found that this issue cannot account for
large difference observed for the peak gain. The differenc
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peak gain might be attributed to the fact that our atom
model is too simple. However, we find that the gain val
seems reasonable when we compare it with the work
ported in Ref.@14#.

The Ne-like Ti and Ge x-ray laser simulations were r
ported in Ref.@14#. The initial preplasma condition for the
calculation in Ref.@14# is different from that assumed abov
The first pulse was a 1.5 ns 1.05mm laser pulse with an
intensity of 1.2 TW cm22, while the second pulse was
triangular-shaped pulse with a 1-ps full width at half ma
mum and peak intensity of 1.2 PW cm22. If being fully ab-
sorbed, the first pulse can generate a preplasma with a
temperature of about 350 or 250 eV based on the ste
absorption approximation if the flux limit factor is assum
to be 1/30 or 1/20, respectively. However, it is found th
this may overestimate the peak temperature when we ex
ine the prepulse intensity and the preplasma tempera
shown in Ref.@13#. Taking into account the difference in th
pulse shape and laser energy of the nanosecond prep
used in Refs.@13# and @14#, we assume that the peak tem
perature of the preplasma is 200 eV in the following calc
lations for comparing the calculated gains with those sho
in Ref. @14#. The assumption of the initial abundance of N
like ground state ions as stated in Sec. II becomes no
reasonable at this temperature for both Ne-like Ti and
ions. A temperature gradient scale length of about 15mm is
inferred from Fig. 2 of Ref.@14#. A laser intensity of
4.7 PW cm22 for a 1-ps~full width at 1/e maximum inten-
sity! Gaussian-shape pulse peaking at 1 ps is found to be
to heat the Ti plasma to a peak electron temperature of 1
eV, a value given in Ref.@14#. Alternately, an intensity of
4.1 PW cm22 is enough to generate the same peak temp
ture if the scale length is 30mm. But the calculated lase
gains are quite similar in the two cases. It suggests that
choice of temperature scale length in this range seems no
critical. The scale length of 15mm is used in the following
calculations. Comparing the calculated time profile of ele
tron temperature with the data shown in Fig. 2 of Ref.@14#,
we find that the leading edge of this time profile agrees w
with the data shown in Ref.@14#, but the temperature de
creasing rate is slower in this work, which might be attri
uted to the simplified consideration of the energy dissipat
channels in the hot-spot model, as stated in Sec. II. T
temperature peaks at 1.5 ps with a value of 1450 eV in
work, while the temperature peaked at 1.3 ps with a value
1450 eV in Ref.@14#. For lack of accurate rate data for som
transitions involved, we will not go into detail to compa
the calculated gain for the Ne-like Ti system with Ref.@14#.
We will, however, make calculations for the Ne-like Ge sy
tem again using the newly derived parameters.

The Ne-like Ge ion system is simulated again under
same conditions as the Ne-like Ti ion system, i.e., the p
plasma density and temperature, the temperature grad
scale length, and the main pulse laser intensity. Rather g
agreement in predicting the peak gain is found when
compare the calculated results with those given in Ref.@14#.
The 19.6-nm laser gain peaks with 86 cm21 at 3 ps, while
the peak gain was predicted to be 54 cm21 in Ref. @14#.
Another feature is that there is an obvious delay for the p
gain with respect to the peak of the driving pulse. We fi
that this delay might originate from the opacity effect of t
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7096 57LI, OZAKI, KANAI, AND KURODA
resonant lines and the transient effect of the short pulse
citation process. The overestimation of laser gain in t
work can be attributed mainly to the simplified level stru
ture for the lasant ion. For comparison, calculations of
collisional-radiative rate equations including the first 30 e
cited levels of the Ne-like Ge ion are preformed and
resulting gain is only 85% of that obtained with the six-lev
system. The reason is that the populating and depopula
channels connecting a number of neighboring excited le
and the lasing levels are also important in high density p
mas. Similar calculations are also performed for the plas
with an electron density of 531020 cm23 and a difference
of 10% in the laser gain is found when comparing the s
level system with the much more complicated system invo
ing the first 30 excited levels of the lasant ion. This sugge
that the simple six-level system is more reasonable fo
relatively low density plasma region.

The Ni-like Mo ion scheme is calculated under the sa
conditions as mentioned above, except that the electron
sity is assumed to be 8.531020 cm23, a value given in Ref.
@15#. The related level energies and transition probabilit
were calculated with theRELAC code @30#. The calculated
plasma temperature peaks with 1450 eV at 1.5 ps, whil
peaks with 1500 eV at 1.4 ps as shown in Ref.@15#. As in the
case of the Ne-like Ti laser, we find again that the lead
edge of the time profile of the temperature agrees well w
the data shown in the Fig. 2 of Ref.@15#, but the decreasing
rate of temperature is slower in the present work. The p
gain of the 18.9 nm laser is 210 cm21 and it is only about
54% of that predicted in Ref.@15#. We find that the pre-
plasma temperature of 200 eV is so high that a consider
gain emerges even without the main heating pulse. The
derestimation of the laser gain as compared with Ref.@15#
might be attributed to the fact that the preplasma conditio
not the same as that in the work reported in Ref.@15#. The
ion temperature is 70 eV in the peak gain region as m
tioned in Ref.@16#; however, the ion temperature is abo
200 eV in the present calculation since the ion tempera
and electron temperature are assumed to be of the same
in the preplasma. Taking into account the ion temperat
dependence of the laser gain, we find that the modified la
gain
(;355 cm21) is quite similar to that (387 cm21) predicted
in Ref. @15#. However, the inaccuracy of the assumed ab
dance of Ni-like Mo ground state ions under the preplas
condition should be considered. If the preplasma tempera
is assumed to be 100 eV, a value that makes the assum
of the abundance of Ni-like Mo ground state ions more r
sonable as stated in Sec. II, the calculated gain of
18.9-nm laser peaks with 550 cm21 at 0.95 ps. Again the
gain is overestimated and the extent of the overestimatio
quite similar to that mentioned in the preceding paragra
for the Ne-like Ge ion laser. A similar argument can the
fore be used to explain the overestimation of the laser g

The above-described test calculations and the comp
sons with the results obtained by the two sophisticated m
els clearly show that the model presented in this work
predict very well the time history of the electron temperatu
and the timing of the laser gain as well, by choosing a r
sonable temperature gradient scale length. This model
overestimate the necessary pumping laser intensity. The
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dicted laser intensity is 3.9 times the value predicted by
LASNEX andXRASER codes@14,15#, while it is 2.5 times the
value predicted by theEHYBRID code @13#. For the Ne-like
Ge laser system driven under the above-mentioned co
tions, the predicted gain is only about half of that calcula
by EHYBRID code, but the predicted laser gain seems m
similar to that calculated with theLASNEX andXRASER codes
and the remaining small discrepancy can be explained by
incompleteness of the simple level structure for describ
the lasant ions. The Ni-like Mo system has also be
checked and the comparison with Ref.@15# shows that the
calculated gain with the present model is reasonable. Ba
on the above analysis, this model is creditable and it
predict successfully the overall features of a transient g
laser system.

IV. DESIGN OF THE LONGITUDINALLY PUMPED
Ni-LIKE Mo 18.9-nm X-RAY LASER

A. Calculations of the small-signal gain coefficient

The Ni-like J50-1 lasing line pair mentioned in Sec. II i
for a Ni-like model ion of general purpose; however, the tw
strongest J50-1 lasing lines are 3d94d1(3/2,3/2)0
23d94p1(5/2,3/2)1 ~18.9 nm! and 3d94d1(3/2,3/2)0
23d94p1(3/2,3/2)1 ~19.7 nm! for the Ni-like Mo ion, and
the two lines are therefore calculated with the model.
mentioned, the level energies and the related transition p
abilities are calculated with the parametric potential co
RELAC @30#, only the energy of the upper laser level is shift
in the way mentioned in Ref.@15#.

The calculation with YODA @31# for the monopole
collisional excitation rate shows that the 3d10

23d94d1(3/2,3/2)0 monopole collisional excitation trans
tion of Ni-like Mo ion has a maximum rate o
4310210 cm3/s when the electron temperature is in t
range of 500–800 eV@5#. We therefore choose a peak tem
perature in this region in the design since a higher temp
ture is not necessary. For the transient gain scheme, a hi
electron density produces a larger small-signal gain coe
cient; however, we have to make a compromise between
high electron density~high gain! and long effective medium
length since we are going to pump the preplasma longitu
nally, and we also try to avoid using the very steep critic
density surface. On the other hand, the principal advant
of the transient gain scheme will be lost if the density is t
low. We therefore prefer the gain region of a moderate el
tron density. Figure 1 shows the 18.9-nm laser gain profi
calculated with several electron density values, i.e., 131020,
1.531020, and 231020 cm23. As shown the laser gain is
very sensitive to the plasma density. Fortunately the gain
density of 1.531020 cm23 is large enough, and it is rela
tively easy in this density region to get a large scale length
a nanosecond pulse produced plasma so that the refra
issue might not be so serious as that at the critical den
region. We will investigate only this density region in th
following calculations.

The peak temperature of the preplasma is set to be
eV, which approximately equals 1/3 of the ionization pote
tial of the Cu-like Mo ground state ion~303.9 eV@31#!. For
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a ns laser pulse at 1.05mm, an intensity of;0.2 TW/cm2 is
enough to produce such a preplasma. The evolution of
density and temperature of the preplasma is then calcul
using the self-similar model. As discussed in the preced
section, the temperature gradient scale length determine
cooling rate, and it is a free variable in our calculation. W
consider this issue at first since the cooling rate will det
mine the duration of the gain. Figure 2 shows the time p
files of the electron temperature and the gain of the Ni-l
Mo ion 18.9 nm laser calculated with three possible value
the temperature gradient scale length, i.e., 10, 30, and
mm. The peak laser intensity is 3 PW/cm2, the correspond-
ing peak temperature ranges from 520 to 660 eV. The g
seems not so sensitive to the temperature gradient s
length in the range of 10 to 100mm. The 10-mm scale length
produces a slightly low gain and a slightly short duration
gain. A much smaller scale length seems impractical in
actual plasma since we are going to pump the 1.531020-
cm23 density region longitudinally with a large F numb
focused laser beam with a waist size of about 100mm. We
therefore use the scale length of 30mm in the following
calculations. The related timing of the pumping laser pu
the electron temperature profile, and the gain profile of
two x-ray lasing lines~18.9 and 19.7 nm! are shown in Fig.

FIG. 1. The gain profiles of the 18.9-nm laser calculated w
several density values.~a! 231020, ~b! 1.531020, and ~c!
131020 cm23.

FIG. 2. The time profiles of the electron temperature (a1,b1,c1)
and the gain (a2,b2,c2) of the Ni-like Mo ion 18.9-nm laser cal
culated with three possible values of the temperature gradient s
length, i.e.,~a! 100,~b! 30, and~c! 10 mm. The peak laser intensity
is 3 PW/cm2.
e
ed
g
the

-
-

e
f

00

in
ale

f
e

,
e

3. The gain of the 18.9- and 19.7-nm laser peaks with 1
and 126 cm21 at 1.6 and 3.1 ps, respectively. By using t
formulas given in Ref.@28#, the escape factors are calculat
to be 0.0032 (f 1), 0.0163 (f 2), and 0.00043 (f 3) for the
three 4-3 resonant lines originating from the lower laser l
els of the 18.9- and 19.7-nm lasers, and the 4f level, respec-
tively. The results shown in Figs. 1–3 were computed w
these values. However, these escape factor values were
rived for a static plasma case and the opacity of reson
lines can be reduced in the expanding plasma with a la
velocity gradient. In order not to introduce further error
gain calculations due to the uncertainty in the plasma ve
ity gradient, the escape factors are varied phenomenol
cally over several orders of magnitude and the result
change in laser gains are then investigated. It is found tha
the escape factor of the resonant transition originating fr
the 4f level is kept asf 3 and the escape factors of th
resonant lines originating from the lower laser levels are
creased by two orders of magnitude from the nominal valu
i.e., f 1 and f 2, the peak gain of the 18.9-nm laser is on
increased by 10%, while no change is observed for the la
gain if the escape factors are reduced by two orders of m
nitude. This suggests that the results~as shown in Figs. 1–3
obtained with the nominal values (f 1 and f 2) are the lower
limit of the laser gain determined by the opacity of the em
tying transitions of the lower laser levels. On the other ha
if the escape factors of the resonant transitions origina
from the lower laser levels are kept as the nominal val
( f 1 and f 2) and the escape factor of the resonant line or
nating from the 4f level is increased by two orders of mag
nitude from the nominal valuef 3, the peak gain of the
18.9-nm laser is only reduced by 12%, while no change
observed for the laser gain if the escape factor is reduced
two orders of magnitude. This suggests that the nom
value f 3 ~used in the calculations for Figs. 1–3! accounts for
the upper limit of the possible opacity effect of the 4f -3d
transition on the laser gain. Actually the escape factors
the three resonant lines change simultaneously in the
panding plasma with a large velocity gradient. Shown in F
4 is a comparison of the gain profiles of the 18.9-nm la
calculated with four sets of values for the escape facto
Curvesa andb, which are almost overlapping are obtaine

ale

FIG. 3. The related timing of the pumping laser pulse~a!, the
electron temperature profile,~b!, and the gain profiles of the
18.9-nm~c! and 19.7-nm~d! x-ray lasing lines.
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with the nominal escape factors (f 1, f 2, and f 3) and 10
3 f 1, 103 f 2, and 103 f 3, respectively. Curvec is obtained
with 1003 f 1, f 251 and 1003 f 3, and curved is obtained
with f 15 f 251,f 350.1, respectively. It is found that ther
is only a little change in the peak gain in all four cases. T
above investigation of the opacity effect of the Ni-like M
resonant lines on the laser gain shows that the peak
seems not so sensitive to the opacity as the duration of
laser gain does.

The peak gain as a function of the intensity of the m
heating pulse is shown in Fig. 5. One can find that the gai
quite stable if the pumping intensity is higher tha
;2 PW/cm2. The operating laser intensity is therefore ch
sen in this range in the design.

B. Propagation of the pumping beam in the Mo plasmas

The schematic of the proposed pumping geometry
shown in Fig. 6. The calculations in the preceding sect
show that the pumping beam has to propagate in the plas
over a distance of several millimeters to make the x-ray la
amplification saturated.

The propagation of an intense laser pulse in plasma
affected by linear effects such as the Rayleigh diffraction a
the plasma density gradient induced refraction and by
nonlinear response of the plasma to the intense laser p

FIG. 4. The change of the 18.9-nm laser gain profile if t
escape factors of the resonant lines are changed. Curvesa and b,
which are almost overlapping are obtained with the norminal esc
factors (f 1, f 2, andf 3) and 103 f 1, 103 f 2, and 103 f 3, respec-
tively. Curvec is obtained with 1003 f 1, f 251, and 1003 f 3, and
curved is obtained withf 15 f 251,f 350.1, respectively.

FIG. 5. The peak gain as a function of the intensity of the m
heating pulse.
e

in
he

is

-

is
n
as

er

is
d
e

se,

such as the ionization-induced refraction, relativistic effec
ponderomotive effects, plasma wave effects, and insta
ties. We first analyze these nonlinear effects. In the abo
described calculations, the electron density is assumed t
unchanged during the interaction of the main pulse with
preplasma. This assumption is now examined by investig
ing the possibility of collisional and field-induced ioniza
tions. The collisional ionization is already included in o
model and the calculated results show that the ionizatio
negligible during the picosecond-long interaction time b
tween the laser and the plasma. The ionization potentia
Ni-like Mo ground state ions is 544 eV@30#, and the maxi-
mum electron quiver energy induced by the employed la
field is about 300 eV, then the Keldysh parameterg;1.
The optical-field-ionization process is therefore an interp
between multiphoton processes and tunneling. For simp
ity, the well-known Ammosov-Delone-Krainov~ADK ! for-
mula @32# for tunneling ionization is used to calculate th
optical-field-ionization rate of the Ni-like Mo ion subjecte
to the laser field. The calculated photoionization rate is
small that the ionization during the laser pulse can also
ignored. Of course, the photoionization of the very wea
ionized Mo ions will have a considerable rate if their ioniz
tion potential is lower than 100 eV. However, as assum
the Ni-like Mo ions dominate in the preplasma, the abu
dance of the very weakly ionized ions is relatively very lo
It suggests that the ionization-induced refraction is not i
portant in the parameter space where the designed x-ray
operates. The propagation of the pumping laser beam in
Ni-like Mo plasmas can therefore be approximately regard
as the propagation in a fully ionized plasma environment

The general expression for the refractive index for a la
amplitude electromagnetic wave in a fully ionized plasma
given by

n~r !5S 12
vp

2

v l
2

ne~r !

ne0g~r !D 1/2

, ~1!

wherene(r ) is the local electron density,ne0 is the ambient
plasma electron density,g(r ) is the relativistic factor asso
ciated with the plasma electrons, andvp andv l are electron
plasma frequency and laser frequency, respectively.
relativistic factor reads as@33#

g8~11a2/2!1/2, ~2!

pe

n

FIG. 6. The schematic of the proposed pumping geometry
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wherea is the laser strength parameter,a2}I , and I is the
laser intensity. For the laser intensity;1015 W/cm2 used in
this design,a2!1, so it is in the mildly relativistic limit@33#.
The relativistic self-focusing is possible only if the las
power is higher than the critical power and the pulse len
is longer than the plasma wavelength. The critical power
guiding, including the effects of relativistic self-focusing an
pondermotive self-channeling, is@33,34#

Pc516.2~v l
2/vp

2!~GW!. ~3!

For the Ni-like Mo plasmas, the electron density
1.531020 cm23, thenPc5108 GW, and the plasma wave
length lp is 2.7 mm. The peak laser intensity i
331015 W/cm2 and the focus size is 100mm, so the maxi-
mum laser powerP is about 235 GW(.Pc), and the pulse
length (L5c3t) is 300 mm (>lp), the relativistic self-
focusing is therefore possible in the present case. The
size as a function of the propagation distance is appr
mately given by@33#

r s
2/r 0

2511~12P/Pc!z
2/zR

2 , ~4!

wherer 0 is the minimum spot size in vacuum, andzR is the
vacuum Rayleigh length. As mentioned, the spot sizer 0 as-
sumed in this design is 100mm and it corresponds to
Rayleigh length of about 3 cm for the 1.05-mm laser. The
spot size is decreased by only 0.3% after propagating fo
mm. Actually, the laser power will be reduced dramatica
during the propagation due to the strong inverse bremsst
lung absorption in the plasma. In this case, the change
spot size is even more negligible. This long Rayleigh len
also assumes that the vacuum diffraction is not consider
over the short propagation distance of several mm.

A long laser pulse (L.lp) that is guided by relativistic
self-focusing is subject to severe self-modulation due to
plasma wave excited by the ponderomotive force associ
with the finite rise of the laser pulse; the modulation c
strongly affect the focusing properties of the pulse body, a
self-modulation instability will grow as well in this situation
The interplay of self-focusing and self-modulation can
well described by the wave equation~116! shown in Ref.
@33#. The square of the ratio of laser pulse rise timeL rise to
plasma wavelengthlp is an important factor for checking
whether a density wake can be excited and affects the fo
ing of the pulse body@33#. In the present case, the laser pu
is a gradually turned-on Gaussian shape pulse,
(L rise/lp)2@1, the initial density wake vanishes and the f
cusing is determined solely by the relativistic self-focusin
Calculations show that the modulation is growing as a fu
tion of both the propagation distance and the distance be
the pulse front@33#. If there is any modulation in the prese
case, the actual effect can be ignored because the prop
tion distance is considerably shorter than one Rayle
length in this design. The above analysis has shown
there is some very weak self-focusing under the experime
conditions we designed. However, recently reported exp
ment @35# on the propagation of a 600-fs pulse in plasm
suggests that the energy threshold for the relativistic s
focusing is considerably higher than that predicted by
linear theory, which we used in the preceding analysis. C
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sequently, the nonlinear response of the plasma to the pr
gation of the main heating pulse in the Ni-like Mo plasm
can be ignored in the parameter space where the x-ray l
operates. Therefore the most important problem that
pulse will encounter during the propagation is the refract
induced by the density gradient in the expanding plasma

Because of the density gradient induced refraction,
traces of the optical laser and the x rays in plasmas are q
different since the corresponding critical densities differ co
siderably. For the preplasma produced by a laser intensit
0.2 TW/cm2 with a duration of 1 ns, the density gradie
scale length for the 1.531020-cm23 region is calculated to
be about 50mm at 1 ns and 1.25 mm at 3 ns. The dens
gradient at 1 ns is too large for optical rays to propagate o
a reasonable distance in the plasma. While a scale lengt
1.25 mm is good for the 1.05-mm optical ray to propagate
over several mm before refracting out from the region
interest. However, the electron temperature of the prepla
will fall to about 30% of the peak temperature~about 30 eV
in this specific case!, and the abundance of Ni-like ions wi
also decrease consequently. Fortunately the well-develo
prepulse technique can be used here to solve this prob
We can use two pulses to produce a preplasma before
arrival of the main heating pulse. At present the simple s
similar model cannot account for the double-pulse produ
plasma; however, the assumption that the density profil
mainly defined by the first pulse is valid if the delay of th
second pulse is not too short, i.e., several ns in the pre
case. We can still use the above-derived density scale le
in the calculation of the propagation, by assuming that
have another ns pulse to reheat slightly the plasma to 100

FIG. 7. The trace of the pumping beam in the preplasma wit
mean density of 1.531020 cm23 and a scale length of 1.25 mm.

FIG. 8. The change of the time profile of the driving laser pu
at three positions along the plasma column.~a! z50, ~b! z51
mm, and~c! z52 mm.
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FIG. 9. The 2D distribution of the gain coef
ficient of the 18.9-nm laser at 1.8 ps in the plasm
column.
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before the main heating pulse arrives, so that the abund
of the Ni-like ion is roughly the same as that we used
calculate the gain, as mentioned above.

The trace of the pumping beam in the preplasma wit
mean density of 1.531020 cm23 and a scale length o
1.25 mm is shown in Fig. 7; only the refraction effect
considered in the calculation. In Fig. 7, the 1.05-mm optical
rays enter the plasma from the left, and theZ axis measures
along the propagation direction, while theX axis measures
the distance away from the target surface. In order to
long propagation distance, the beam enters the plasma
incidence angle of 0.14 rad measured from the target surf
Since we are going to use a large F number focused b
with a waist size of 100mm in the experiment, where th
Rayleigh range is larger than the effective propagation
tance defined by the refraction effect, a collimated beam
used in the present calculations. The change of the p
intensity and duration due to the inverse bremmsstrahl
absorption at three positions along the plasma column
shown in Fig. 8. One finds that most of the laser energy
deposited in the 2-mm plasma column. Assuming that
intensity distribution in the driving laser beam profile
Gaussian like and the waist size is 100mm ~full width at
half-maximum!, the 2D distribution of the gain coefficient o
the 18.9-nm laser in the plasma column is then calcula
and the calculated laser gain at 1.8 ps is shown in Fig. 9.
integrate the gain along the propagation direction and ob
the spatial distribution of the GL value for different plasm
lengths. The time-resolved GL product of the 18.9-nm la
for a 2-mm-long plasma is shown in Fig. 10. In the calcu
tions, we simply compute the integrated GL value witho
considering the effect caused by the saturation of amplifi
tion. One can see that the gain saturation can be attained
;60-mm-wide region and the duration is about 1 ps. On
about 235 mJ laser energy at 1 ps duration is enough
produce the necessary intensity of 3 PW/cm2 if the beam is
focused down to a 100-mm spot. According to the calculate
results, a saturated Ni-like Mo laser at 18.9 nm can be im
mented by using a 1.05-mm driving laser with only severa
hundred mJ energy, including the energy of the 1-ns-dura
pulse for producing the preplasma and the energy of the
ps-duration main heating pulse.

The results look very promising. However, the gain co
ficient was calculated with a set of simplified models in th
work. In regard to the models we used in this work, t
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hydrodynamic physics model for describing the preplasm
not of critical importance as long as the large scale len
plasma with a mean density of 1.531020 cm23 can be pro-
duced, which is not a big issue for the ns laser plasma in
action. The preparation of Ni-like ions in the ground state
also straightforward by a steady state laser ablation proc
The energy deposition of the short pulse and the plas
heating were considered by the simple hot-spot model in
work, and the validity of this solution was verified in Se
III. Therefore the most important source of possible error
our calculation might be the incomplete and simplifi
atomic model~the six-level model! and the inaccuracy of the
atomic parameters we used. The validity of the six-le
model was verified for the Ne-like Ge ion scheme and
possible error is also estimated by comparing the results w
those calculated with a complicated level system. The ato
physics for the Ni-like ion is much more complicated sin
more levels are involved. However, we notice that a sim
simplified level structure was used to predict successfully
lasing in the Ni-like Eu ion@36#. Therefore we believe the
simplified atomic model can produce reasonable predictio
The level energies we used were calculated with theRELAC

code @30# and were checked with some other calculatio
@5,16,37#. The dipole transition probabilities were calculate
with the RELAC code also. The most important parame
involved in this work is the monopole collisional excitatio

FIG. 10. The time-resolved spatial distribution of the GL valu
of the 18.9-nm laser for a 2-mm-long plasma at several mome
~1.0, 1.4, 1.8, 2.2, and 2.6 ps!.
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rates, which were cited from Ref.@5#, and they were calcu
lated by the relativistic distorted wave codeYODA @31#,
which has been widely used@5#.

V. CONCLUSIONS

We have reexamined the transient gain scheme in
paper and have developed this scheme for designing a c
pact and highly efficient Ni-like Mo ion soft-x-ray lase
Model calculations showed that a saturated amplification
soft-x-rays at 18.9 nm can be realized by using only sev
hundred mJ energy from a 1.05-mm driving laser, including
the energy of the 1-ns-duration pulse for producing the p
plasma and the energy of the 1-ps-duration main hea
pulse. We have also proposed a longitudinally pumping
ometry for the high transient gain x-ray laser, this geome
can improve the pumping efficiency and overcome so
limitations of the present transient gain laser by autom
cally traveling wave pumping and by sampling directly t
desired gain region of a suitable density.

The models presented in this paper can be used to de
a shorter wavelength Ni-like ion laser with a heavier tar
element. However, for shorter wavelength lasers, the ope
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ing density should be much higher; a pumping laser
shorter wavelength is then desired for producing higher c
cal density, which can also improve the propagation of
longitudinally pumping laser beam. However, at higher la
intensity and higher plasma density, the propagation of
pumping beam in the plasma becomes more complica
The nonlinear response of the plasma to the laser pulse h
be taken into account to determine the optical laser trace
the plasma and the effective medium length responsible
the accumulation of soft-x-ray amplifications.
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