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Neonlike iron x-ray laser: Population kinetics and radiative transfer
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~Received 15 May 2000; published 24 April 2001!

In this work, we present collisional-radiative calculations for neonlike iron x-ray lasers. These calculations
show the importance of the interaction between the x-ray laser beam and the amplifying medium, which is
taken into account in the paraxial Maxwell-Bloch approach. Our calculations are in better agreement with a
recent experiment~a prepulse plus two main pulses! on the 3p-3s 0–1 line, than the codeEHYBRID which
ignores the above interaction. Saturation is attained for plasma lengths near 1 cm, and the calculated effective
gain agrees with the experimental value, at least for the first main pulse.
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I. INTRODUCTION

Soft-x-ray amplification has been demonstrated in ne
like ions @1,2# and nickel-like ions@3–5# in the collisional
excitation scheme. Recent progress has also been ma
the recombination scheme@6#. Strong amplification in the
collisional excitation scheme has been demonstrated
wavelengths ranging from 84.7 nm in Si@7# to 3.5 nm in Au
@8#. In capillary-discharge systems, gain-length produ
greater than 25 have been obtained at 46.9 nm in Ar
Roccaet al. using double pass amplification@9#. Saturation
has been reported in neon-like Zn@2#, Ge@10,11#, Se@8#, and
Y @12#, and in nickel-like Ag@5# and Pd@13#.

Population inversions can be obtained for the transiti
(2p5 j 1,3p j2)J→(2p5 j 1,3s1/2)J8 in neonlike ions~see Fig.
1!, the strongest of which are generally (1/2,1/2
→(1/2,1/2)1 and (1/2,3/2)2→(1/2,1/2)1, referred to below
as 0–1 and 2–1. TheJ50 level cannot decay by radiativ
transition to the ground state, while theJ52 levels can, but
only through electric-quadrupole transition. The levels
volved in lasing are strongly populated by electron collisio
~mainly from the ground state!, and inversions can occur du
to the fast radiative decay of the lower level.

The main objective of this work is to provide reliab
results for large amplification of a neonlike iron x-ray las
~XRL! beam. For this reason, we account for the interact
of the XRL beam with the amplifying medium, in the pop
lation equations. This is done through a paraxial Maxwe
Bloch ~MB! approach. Experiments on iron@14,15# have
shown an important enhancement of 0–1.

This paper is twofold. In the first part, we model the e
periment of Zeitounet al. @14#. The hydrodynamic quantitie
of interest are provided by the time dependent, Lagrang
hydrocodeEHYBRID @16# which considers the single-side
illumination of a slab target. This hydrodynamic code is o
dimensional~1D! along the driving laser axis, and 0D~no
thermal conduction, one cell! along the two other axes whic
are parallel to the target surface. The plasma is typic
divided into 98 Lagrangian cells in the direction parallel
the heating laser; its expansion in the transverse dimensio
assumed to be self-similar, each cell being considered
thermal. The incoming laser energy is absorbed by inve
Bremsstrahlung and resonant absorption at the critical
face. The rates contained in the population equations invo
1063-651X/2001/63~5!/056407~7!/$20.00 63 0564
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all significant interlevel terms, and have yielded a very s
isfactory description of the laser in the small-signal regim
@17#.

The second part of this paper studies the line propaga
of the XRL beam. In the saturation regime, one cannot tr
the population kinetics and the line transfer separately.
fact, for such intensities, the XRL beam has an effect on
level populations. Moreover, the x-ray beam is amplified
one direction~thez direction!; thep-polarized component is
then absent. As a consequence, the level degeneracy mu
explicitly considered to take into account the specific int
action of the amplified radiation with each Zeeman sublev
The MB theory is the most appropriate approach to acco
for such an interaction. The combination of the Maxw
wave equation and the Bloch equations provides a se
equations that govern the evolution of Zeeman sublev
populations. A number of works have already used the M
formalism in specific investigations, such as superfluor
cence@18#, superradiance theory@19#, gain @20#, buildup of
radiation@21#, and transverse coherence@22#.

II. SIMULATIONS WITHOUT LINE PROPAGATION

We have run a set of simulations with the aim of inves
gating the range of confidence ofEHYBRID. Experiment ver-
sus modeling is of great importance for forthcoming stud
on x-ray laser cavities, since simulations would be ext
sively used for the cavity design. The simulations have b
tested on driving laser configurations as close as possib
the experimental conditions. We will briefly discuss the n
merical results, concentrating our attention on the ability
the code to model an experiment for which prepulses h
been used. In the experiment of Zeitounet al. @14#, a 2-cm-
long flat slab target was irradiated by superimposing the
beams of the LULI facility onto a 22 mm3100 mm focal
line. The driving laser is composed of two Gaussian pul
of 130-ps duration~full width at half maximum! preceded by
a prepulse.

In the modeling withEHYBRID, a full set of atomic data
consisting of the 27 levels of Fig. 1, the ten levels that ar
when the 2s shell is open, and two 4s levels, i.e., 39 levels,
is used for the neonlike ion stage. Na-like and F-like i
stages are considered with a restricted number of le
which allows a correct description of the processes linked
©2001 The American Physical Society07-1
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or out of the neonlike ion. The ionization is described
Griem’s model@23#. A flux limitor of 0.1 was used, and the
reflectivity at critical density was set to 0.8. The intensity
each pulse has been carefully chosen in order to fit the
perimental value. The prepulse is of low intens
(109 W/cm2) and the two main pulses, separated by a 800
time interval, are of high intensity (231013W/cm2). The
first main pulse arrives 5.6 ns after the prepulse.

The electron density and electron and ion temperature
the time of peak gain, are presented in Fig. 2. At this sta
the gains are local, which means that no XRL propagat
along the plasma column has been taken into account in
set of collisional-radiative equations. The first important
sult is that for the 0–1 line the calculated gain is much lar
than the measured one for the two main pulses. In fact,
calculated peak gain is 20.4 cm21 for the first main pulse and
32.1 cm21 for the second one, while the experimental ga
are 15 and 12 cm21, respectively~see Table I!. It is worth
stressing that the~local! gain predicted byEHYBRID is de-
duced from a population inversion, while the experimen
gain is obtained by fitting the measured intensity with L
ford et al.’s formula @24#.

At least two effects, not taken into account in theEHY-

BRID code, contribute to the above discrepancies. The
one is the XRL beam refraction which is due to a dens
gradient@25#. This effect is known to reduce the gain. Th
second effect is the interaction between the XRL beam
the plasma, which takes place at saturation. It is easy to s
that this interaction reduces the gain by decreasing the p
lation of the upper level and increasing that of the low
level. A better agreement between the calculated and m
sured intensity is expected if this interaction is taken in
account in the collisional-radiative equations.

Finally, an experimental study@26# has demonstrated tha
with a driving laser of low intensity~typically below

FIG. 1. Energy diagram~not to scale! of the first 27 neonlike
levels arising from the configurations 1s22s22p6 ~ground level! and
1s22s22p53l ( l 5022), in j -j coupling. The levels are labele
( j 1 , j 2)J, wherej 1 and j 2 are the angular momenta of the 2p and 3l
electrons, respectively.J designates the total angular momentu
The lasing lines 0-1 and 2-1 are represented.
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1010Wc m22), the laser-matter interaction could not be d
scribed by a pure hydrocode such as our version ofEHYBRID.
At these intensities, the solid state physics~thermal conduc-
tivity in solid, liquid or gas, phase transition, etc.! plays an
important role in the laser-matter interaction, and must
included in the simulation. To our knowledge, the very lar
majority of the existing XRL codes do not take into accou
solid state physics.

.

FIG. 2. Electron density and electron and ion temperatures
function of the distance to the target surface, at the time of p
gain for the first~a! and second~b! main pulses. The experiment o
Zeitounet al. is modeled by using theEHYBRID code.

TABLE I. Local gain ~EHYBRID code! and effective gain
~Maxwell-Bloch routine and experiment! of the 0–1 line in cm21.
The results are obtained in the conditions of the experimen
Zeitounet al.

First pulse Second pulse

EHYBRID 20.4 32.1
MB 12.8 17.1
Experiment 15.0 12.0
7-2
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III. POPULATION KINETICS AND RADIATIVE
TRANSFER PROBLEM

When the intensity of the x-ray beam is large~gain-length
product>15), the absorption and induced emission betwe
the lasing levels have important effects on the population
these levels. For this reason, we perform a collision
radiative calculation where the two processes are taken
account. A consistent approach is to use the MB formal
@27#.

The time-dependent monochromatic intensity of a rad
tion propagating along a direction, sayz, is a solution of the
radiative transfer equation,

]

]z
I ~n,z,t !5 j ~n,z,t !1G~n,z,t !I ~n,z,t !, ~1!

wherej andG are the emissivity and the local gain, respe
tively. The propagation of a radiation through a globally ne
tral plasma obeys the Maxwell wave equation

DE2
1

c2

]2

]t2
E2

vpe
2

c2
E5

1

«0c2

]2

]t2
P, ~2!

whereE is the electric field,P the polarization vector of the
plasma, andvpe the electron plasma frequency. We choo
an orthonormal basis such that thex axis is perpendicular to
the target surface, or, what amounts to the same thing,
allel to the direction of the driving laser. Thez axis is taken
parallel to the direction of the XRL beam. In this case, a
plified waves do not contain thep-polarized component, an
can be expressed ons1 ands2 circularly polarized compo-
nents only. The electric fields associated with these com
nents can be written in the forms

Es15E cos~vt2kz1w1!ex1E sin~vt2kz1w1!ey ,
~3!

Es252E cos~vt2kz1w2!ex1E sin~vt2kz1w2!ey ,
~4!

where k5v/c is the wave vector, andex and ey are unit
vectors. They have the same amplitude because the sp
neous emission probability is the same for both compone
A useful relation between these fields and theDM5M
2M 8 values (M andM 8 being the magnetic quantum num
bers of the upper and lower level of the lasing transitio
respectively! can be established if these fields are expres
in a tensorial form. In fact, we can show that

Es15E8$exp@ i ~vt2kz1w1!#e1

2exp@2 i ~vt2kz1w1!#e21%, ~5!

Es25E8$2exp@2 i ~vt2kz1w2!#e1

1exp@ i ~vt2kz1w2!#e21%, ~6!

where e61@5(7ex1 iey)/A2# are unit vectors associate
with DM561 transitions, and where we have setE85
2E/A2.
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A univocal correspondence exists between the polar
tion labels s1 and s2 , on the one hand, and theDM
(5q) values, on the other hand. We haves1⇔q51, and
s2⇔q521, and we shall hereafter label the various qua
tities associated with a circularly polarized wave by the va
of the correspondingq. For example, the intensityI s6 is
notedI (61), and the total monochromatic intensity reads

I ~n,z,t !5I (1)~n,z,t !1I (21)~n,z,t !. ~7!

The intensityI (q)(n,z,t) is solution of the radiative trans
fer equation@Eq. ~1!#, where the emissivity and the gai
involve onlyDM5q transitions. The emissivity correspond
to the fraction of radiation spontaneously generated in
small solid angleu centered on thez axis. It involves all the
transitionsJM→J8M 8, such thatM5M 81q, and can be
written

j (q)~n,z,t !5
3u

8p
~2J11!AhnF~n!(

M
NJM~z,t !

3S J 1 J8

2M q M2qD 2

, ~8!

whereA is the rate of spontaneous emission from the up
lasing levelJ to the lower lasing levelJ8. F is the line shape
function, and theNJM’s designate the population densities
the Zeeman sublevels associated with the upper lasing le
The local gain is written as@28#

G(q)~n,z,t !5
k

2«0\
F~n!(

M
@NJM~z,t !2NJ8M2q~z,t !#

3^JMudquJ8M2q&2, ~9!

where thedq’s are the tensorial components of the electr
dipole operator.

The radiative transfer problem is solved by partitioni
the plasma column into a succession ofm adjacent cylinders
with a common axis z, and lengths zp2zp21 (p
51,2, . . . ,m). zm2z0 is the propagation length of the x-ra
beam. The intervals are chosen sufficiently small so that
populations, and then the gain and the emissivity, do
depend onz in each cylinder. The equation of transfer is th
easily integrated, yielding, forzP@zp21 ,zp#,

I (q)~z!5
j (q)~zp!

G(q)~zp!
$exp@G(q)~zp!~z2zp21!#21%

1I (q)~zp21!exp@G(q)~zp!~z2zp21!#, ~10!

where frequency and time are omitted. The first contribut
on the right-hand side of the above equation is due to
emission spontaneously generated and amplified in the
sidered interval, while the second one describes the amp
cation, in the same interval, of the radiation coming from t
preceding segment, i.e.,@zp22 ,zp21#.

The radiative transfer equation must be coupled to the
of population equations. In fact, we have two groups of le
els. The first one includes all neonlike ion levels except
7-3
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lasing levels. To first order, these levels are insensitive to
XRL beam, and the corresponding population equations
not contain an explicit dependence on the intensity of
XRL beam. The remaining levels, i.e., the lasing levelsJ and
J8, involve many elementary lasing transitions between
Zeeman sublevels (JM) and (J8M 8), where2J<M<J and
2J8<M 8<J8. As stated above, the amplified beam do
not contain ap-polarized component. As a result, the pop
lations of the above sublevels are no longer equal. The
ond group is then necessarily composed of Zeeman sub
els. The population equations associated with this gr
describe the variation of population of sublevels, and acco
for the interaction between the XRL beam and the neon
ions. It is important to emphasize that the population eq
tions associated with the two groups are solved simu
neously and consistently with the radiative transfer equat

The fractional populations of the Zeeman sublevels
defined bynJM5^JMu%uJM&, where the density-matrix op
erator% is solution of the Bloch relationi\]%/]t5@H,%#,
with H5HA2d•E. The atomic HamiltonianHA accounts
for all collisional and radiative processes, except absorp
and stimulated emission. The interaction between the x
beam and the lasing ions is represented byd•E in the dipole
approximation. The Bloch relation then yields the equatio

]

]t
nJi Mi

~z,t !5r Ji Mi
~ t !2LJi Mi

~ t !nJi Mi
~z,t !

2 (
q521,1

@nJi Mi
~z,t !2nJ8Mi2q~z,t !#

3^JiM i udquJ8Mi2q&2

3
1

2\2«0c
E dnI JiJ8

(q)
~n,z,t !FJiJ8~n!

~11!

for the upper sublevels, and

]

]t
nJ8M8~z,t !5r J8M8~ t !2LJ8M8~ t !nJ8M8~z,t !

1(
i 51

2

(
q521,1

@nJi M81q~z,t !2nJ8M8~z,t !#

3^JiM 81qudquJ8M 8&2

3
1

2\2«0c
E dnI JiJ8

(q)
~n,z,t !FJiJ8~n! ~12!

for the lower sublevels.L andr are the total decay rate of
sublevel and the sum of all processes populating it~except
absorption and stimulated emission!, respectively. As stated
above, we have two lasing transitionsJ1→J8 and J2→J8
sharing the same lower levelJ8. The population of (J8M 8)
then depends on the intensitiesI J1J8

(q) and I J2J8
(q) of the two

lasing radiations.
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The Einstein coefficient for stimulated emissionBJiJ8 is

given byBJiJ85(Ji uuduuJ8)2/@6\2«0(2Ji11)#. Let us set

GJiJ8
(q)

~z,t !5
BJiJ8

c E dnI JiJ8
(q)

~n,z,t !FJiJ8~n!. ~13!

Equations~11! and ~12! determine the populations of th
Zeeman sublevels, and generalize the usual system of e
tions which govern the evolution of the level population
The last contribution on the right-hand side of both equatio
represents the effect of the x-ray beam on the suble
populations. The line profilesFJiJ8(n) are calculated nu-
merically by using a fast line shape code which accounts
Doppler, ion Stark, and collisional broadening effects@29#.
Ion dynamics is also taken into account. It has been chec
that the Stark broadening due to neighboring ions, as we
electron impact broadening, are very small for the inve
gated cases (3p-3s transitions in neonlike iron!.

In the absence of polarized incident radiation, we ha
I (1)5I (21). In this case, we can easily show thatnJi Mi

5nJi2Mi
and nJ8M85nJ82M8 . Moreover, using the well-

known property ^JiM i ud1uJ8Mi21&25^Ji2Mi ud21uJ8
2Mi11&2, and dropping thez and t coordinates for clarity,
we obtain the population equations of the sublevels ass
ated with the three lasing levels,J150, J252, andJ851:

]

]t
n005r 002L00n002@n002n11#2G01

(1) ,

]

]t
n225r 222L22n222@n222n11#3G21

(1) ,

]

]t
n215r 212L21n212@n212n10#

3
2 G21

(1) ,

]

]t
n205r 202L20n202@n202n11#G21

(1) ,
~14!

]

]t
n115r 112L11n111@n222n11#3G21

(1)

1@n202n11#
1
2 G21

(1)1@n002n11#G01
(1) ,

]

]t
n105r 102L10n101@n212n10#3G21

(1) .

The population equations associated with the first gro
plus Eqs.~8!–~10! and ~14!, are solved consistently. Th
electron density, electron and ion temperatures, which
inputs in the MB routine, are given byEHYBRID, at the time
and cell of peak gain. We haveNe5731020cm23, Te
5220 eV, andTi545 eV for the first main pulse, andNe
56.531020cm23, Te5240 eV, andTi585 eV for the sec-
ond pulse. The intensity of the 0–1 line is represented a
function of the propagation length~Fig. 3!. The intensity
given by Linfordet al.’s formula @24#, which better fits our
calculated intensity, is also represented in the small-sig
7-4
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NEONLIKE IRON X-RAY LASER: POPULATION . . . PHYSICAL REVIEW E63 056407
regime. We are then able to derive an effective gain for
two main pulses~see Table I, MB row!. The difference be-
tweenEHYBRID and MB results is not surprising, since th
former ignores the line propagation and provides a lo
gain. In the MB approach, the gain is defined in a simi
way to experiment. The comparison to the measured ga
then meaningful. It is clear that the agreement with exp
mental results is better when one uses the MB routine ra
than EHYBRID. One can conclude that the interaction of t
XRL beam with the plasma~i! has an important effect on
calculated gains as long as large intensities are involve
the fit process, and~ii ! describes the saturation regim
through the coupling of the radiative transfer equation w
the population equations.

Figure 4 presents the fractional populations of (00) a

FIG. 3. Intensity of 0-1, as a function of the amplificatio
length, at the time of peak gain for the first~a! and second~b! main
pulses. We also represent the intensity given by Linfordet al.’s
formula, in the small-signal regime.Ge f f designates the effective
gain. The calculation uses a consistent Maxwell-Bloch routi
where the inputs are obtained by modeling the experiment
Zeitounet al. with the EHYBRID code.
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(1M 8). We see that the populations vary notably withz,
showing the importance of the interaction between the X
beam and the lasing ions, in the saturation regime. The
sence of thep-polarized component from the amplified lin
is responsible for a population difference between (161)
and (10). However, elastic electron-ion collisions tend
balance the populations among the various sublevels. A
result, the population of (161) differs by a small amoun
from that of (10). It is important to compare these results
the populations given byEHYBRID. For this purpose, we as
sume that theJ851 level population given byEHYBRID is
equally distributed among the three Zeeman sublevels. T
is a rigorous assumption, since the above model does
account for any mechanism unbalancing the sublevel po
lations. We also plot these fractional populations. Forz

,
f

FIG. 4. Fractional population density of the Zeeman sublev
(1M 8) and (00), involved in the 0–1 line as a function of th
amplification length, at the time of peak gain for the first~a! and
second~b! main pulses. The results are obtained in the condition
the experiment of Zeitounet al.
7-5
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,zsat, wherezsat52 cm for the first pulse and 1 cm for th
second, the magnitude of the XRL intensity is such that
ratesGJiJ8

(1) @see Eq.~13!# remain small and cannot yield

significant effect on populations. As the MB routine is ess
tially based on theEHYBRID code, the two calculations giv
identical populations, for small XRL intensities. For largez
values, the effect of the XRL beam becomes important
fact, for an elementary lasing transition,„00)→(161), the
rateG01

(1) is of the same order of magnitude at the collision
deexcitation rateC01 but is much larger than the spontaneo
emission rateA01 ~see Table II!. As a result, theJ150 level
is considerably depleted, while the (1M 8) populations in-
crease by a large amount, yielding local gains that
smaller than those given byEHYBRID for the two elementary
lasing transitions.

TABLE II. The ratesG01
(1) , C01, andA01 are given~in s21) for

the two main pulses.G01
(1) is calculated for an amplification length o

2.1 cm~first pulse! or 1.1 cm~second pulse!.

First pulse Second pulse

Amplification 2.1 1.1
length
G01 2.2431011 4.1831011

A01 4.773109 4.773109

C01 5.1231011 4.2431011
rt
.
.

G

ee
.
n

N.
J.

g
e,

IE

A
a,
es

. L
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IV. CONCLUSIONS

We have modeled an experiment on the neonlike i
x-ray laser by using theEHYBRID code. This code does no
account for the interaction between the x-ray beam and
plasma, and yields much larger gains than actually measu
A more complete approach combining the Maxwell wa
equation and the Bloch relation yields a set of populat
equations containing a contribution that is due to stimula
emission and absorption. This set, which involves the th
lasing levelsJ150, J252, andJ851 only, governs the evo-
lution of the populations of the sublevels (00), (2M ), and
(1M 8). It is completed by population equations for all oth
neonlike levels. The ensemble of equations is solved con
tently with the radiative transfer equation. As the 2–1 li
shares the same lower level with the 0–1 line the popula
of (00) depends on the populations of (2M ). For this reason,
our calculations for the 0–1 line also accounts for the 2
line, despite the fact that we were not interested in the ou
of the 2–1 line. We have calculated the intensity of the XR
beam vs the amplification length, and an effective gain w
derived by using Linfordet al.’s formula, in the small-signal
regime. We have obtained, for the 0–1 line, an effect
gain, in better agreement with experiment than the g
given by EHYBRID. We have also investigated the variatio
with the amplification length of the fractional population
n00 andn1M8 . The intensity of the 2–1 line is very small, i
comparison to the intensity of the 0–1 line. As a cons
quence, the populations of (2M ) ~not presented! do not vary
with z.
a-
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