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Neonlike iron x-ray laser: Population kinetics and radiative transfer
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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 experimenta prepulse plus two main pulgesn the 3-3s 0-1 line, than the codeHyBRID 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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[. INTRODUCTION all significant interlevel terms, and have yielded a very sat-
isfactory description of the laser in the small-signal regime

Soft-x-ray amplification has been demonstrated in neonf17].
like ions [1,2] and nickel-like iong3-5] in the collisional The second part of this paper studies the line propagation
excitation scheme. Recent progress has also been made@hthe XRL beam. In the saturation regime, one cannot treat
the recombination scheni&]. Strong amplification in the the population kinetics and the line transfer separately. In
collisional excitation scheme has been demonstrated fdiact, for such intensities, the XRL beam has an effect on the
wavelengths ranging from 84.7 nm in[Si to 3.5 nm in Au  level populations. Moreover, the x-ray beam is amplified in
[8]. In capillary-discharge systems, gain-length productsne direction(the z direction; the mr-polarized component is
greater than 25 have been obtained at 46.9 nm in Ar byhen absent. As a consequence, the level degeneracy must be
Roccaet al. using double pass amplificatid®]. Saturation explicitly considered to take into account the specific inter-
has been reported in neon-like 2, Ge[10,11], Se[8], and  action of the amplified radiation with each Zeeman sublevel.
Y [12], and in nickel-like Ag[5] and Pd[13]. The MB theory is the most appropriate approach to account

Population inversions can be obtained for the transitiongor such an interaction. The combination of the Maxwell
(2p®j 1,3pj,)J—(2p®j1,351/2)d" in neonlike ions(see Fig. Wwave equation and the Bloch equations provides a set of
1), the strongest of which are generally (1/2,1/2)0 equations that govern the evolution of Zeeman sublevels
—(1/2,1/2)1 and (1/2,3/2)2(1/2,1/2)1, referred to below populations. A number of works have already used the MB
as 0—1 and 2—1. Th&=0 level cannot decay by radiative formalism in specific investigations, such as superfluores-
transition to the ground state, while te= 2 levels can, but cence[18], superradiance theofy9], gain[20], buildup of
only through electric-quadrupole transition. The levels in-radiation[21], and transverse coheren?].
volved in lasing are strongly populated by electron collisions
(mainly from the _ground stateand inversions can occur due Il SIMULATIONS WITHOUT LINE PROPAGATION
to the fast radiative decay of the lower level.

The main objective of this work is to provide reliable = We have run a set of simulations with the aim of investi-
results for large amplification of a neonlike iron x-ray lasergating the range of confidence BflyBRID. Experiment ver-
(XRL) beam. For this reason, we account for the interactiorsus modeling is of great importance for forthcoming studies
of the XRL beam with the amplifying medium, in the popu- on x-ray laser cavities, since simulations would be exten-
lation equations. This is done through a paraxial Maxwell-sively used for the cavity design. The simulations have been
Bloch (MB) approach. Experiments on irdi4,15 have tested on driving laser configurations as close as possible to
shown an important enhancement of 0-1. the experimental conditions. We will briefly discuss the nu-

This paper is twofold. In the first part, we model the ex- merical results, concentrating our attention on the ability of
periment of Zeitouret al.[14]. The hydrodynamic quantities the code to model an experiment for which prepulses have
of interest are provided by the time dependent, Lagrangiabeen used. In the experiment of Zeitoetal. [14], a 2-cm-
hydrocodeEHYBRID [16] which considers the single-sided long flat slab target was irradiated by superimposing the six
illumination of a slab target. This hydrodynamic code is onebeams of the LULI facility onto a 22 mm100 um focal
dimensional(1D) along the driving laser axis, and O@o line. The driving laser is composed of two Gaussian pulses
thermal conduction, one cgklong the two other axes which of 130-ps duratiorifull width at half maximum preceded by
are parallel to the target surface. The plasma is typicallya prepulse.
divided into 98 Lagrangian cells in the direction parallel to In the modeling witheHYBRID, a full set of atomic data
the heating laser; its expansion in the transverse dimension &nsisting of the 27 levels of Fig. 1, the ten levels that arise
assumed to be self-similar, each cell being considered isawhen the 3 shell is open, and twogllevels, i.e., 39 levels,
thermal. The incoming laser energy is absorbed by inverses used for the neonlike ion stage. Na-like and F-like ion
Bremsstrahlung and resonant absorption at the critical susstages are considered with a restricted number of levels
face. The rates contained in the population equations involverhich allows a correct description of the processes linked in
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FIG. 1. Energy diagrantnot to scalg of the first 27 neonlike
levels arising from the configurations2s22p® (ground level and 300
1s22s?2p®3| (1=0—2), in j-j coupling. The levels are labeled .
(i1,i2)J, wherej, andj, are the angular momenta of the 2nd 3 250 |, 1ot
electrons, respectivelyl designates the total angular momentum. =
The lasing lines 0-1 and 2-1 are represented. T 0 g
or out of the neonlike ion. The ionization is described by & 150 )
Griem’s model[23]. A flux limitor of 0.1 was used, and the “g’ 0° =
reflectivity at critical density was set to 0.8. The intensity of § g
each pulse has been carefully chosen in order to fit the ex® '®
perimental value. The prepulse is of low intensity
(10° W/cn?) and the two main pulses, separated by a 800 ps 50 Y
time interval, are of high intensity (210"*W/cn?). The 10
first main pulse arrives 5.6 ns after the prepulse. 0 L L L L L
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The electron density and electron and ion temperatures, & Distance from target ()

the time of peak gain, are presented in Fig. 2. At this stage,

the gains are local, which means that no XRL propagation FIG. 2. Electron density and electron and ion temperatures as a
along the plasma column has been taken into account in thienction of the distance to the target surface, at the time of peak
set of collisional-radiative equations. The first important re-gain for the first(@) and secondb) main pulses. The experiment of
sult is that for the 0—1 line the calculated gain is much large#eitounet al. is modeled by using theHYBRID code.

than the measured one for the two main pulses. In fact, the

calculated peak gain is 20.4 crhfor the first main pulse and 0l%We m~2), the laser-matter interaction could not be de-
32.1cm! for the second one, while the experimental gains ’

"~ . . scribed by a pure hydrocode such as our versioeHOBRID.
are 15 and 12 c', respectively(see Table)l It is worth At these intensities, the solid state physitreermal conduc-
stressing that theélocal) gain pre_dlcted mEHYBR'D IS _de- tivity in solid, liquid or gas, phase transition, etplays an
duced from a population inversion, while the experimentaliynortant role in the laser-matter interaction, and must be
gain is obtained by fitting the measured intensity with Lin-j,cjyded in the simulation. To our knowledge, the very large

ford et al's formula [24]. , , majority of the existing XRL codes do not take into account
At least two effects, not taken into account in they- solid state physics.

BRID code, contribute to the above discrepancies. The first
one is the XRL beam refraction which is due to a density ] ] ]
gradient[25]. This effect is known to reduce the gain. The  TABLE I. Local gain (EnveriD codd and effective gain
second effect is the interaction between the XRL beam an{!@well-Bloch routine and experimentf the 0-1 line in cm™.
the plasma, which takes place at saturation. It is easy to sho%ﬁ_e results are obtained in the conditions of the experiment of
that this interaction reduces the gain by decreasing the pop eitounet al,

lation of the upper level and increasing that of the lower

level. A better agreement between the calculated and mea- First pulse Second pulse

sured intensity is expected if this interaction is taken intoenveriD 20.4 321

account in the collisional-radiative equations. MB 12.8 17.1
Finally, an experimental study26] has demonstrated that Experiment 15.0 12.0

with a driving laser of low intensity(typically below
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Ill. POPULATION KINETICS AND RADIATIVE A univocal correspondence exists between the polariza-
TRANSFER PROBLEM tion labelso,. and o_, on the one hand, and th&M

: . i . . (=0q) values, on the other hand. We hawg<q=1, and
When the intensity of the x-ray beam is lar@ain-length o_<0q=—1, and we shall hereafter label the various quan-

product=15), the absorption and induced emission betweer. - . . ; .
the lasing levels have important effects on the population OFI‘IES associated with a circularly polarized wave by the value

these levels. For this reason, we perform a coIIisionaI-Of the corresponding). For example, the intensity, .. is

(1) i i
radiative calculation where the two processes are taken intgotedl » and the total monochromatic intensity reads
account. A consistent approach is to use the MB formalism (0,2, =1D(0,2,) + 1 D(,2,1). 7)
[27].

The time-dependent monochromatic intensity of a radia- The intensityl (Q)(y,z,t) is solution of the radiative trans-
tion propagating along a direction, sayis a solution of the fer equation[Eq. (1)], where the emissivity and the gain

radiative transfer equation, involve only AM = q transitions. The emissivity corresponds
to the fraction of radiation spontaneously generated in a
il(v 20)=i(v,2,t)+G(1, .01 (1,2,t) 1) small solid angled centered on the axis. It involves all the
gz 7 - " B transitionsJM—J'M’, such thatM=M'+q, and can be
written
wherej and G are the emissivity and the local gain, respec-
tively. The propagation of a radiation through a globally neu- (@) 360
tral plasma obeys the Maxwell wave equation Pzt = Q(ZJJF 1)Ath)(V)% Nim(z,t)
AE 1072E wgeE 1 azp @ (J 10 )2
c2at? c? gt at? ] | —m qg M—q/’ ®

whereE is the electric fieldP the polarization vector of the whereA is the rate of spontaneous emission from the upper
plasma, andv, the electron plasma frequency. We chooselasing levell to the lower lasing level’. ® is the line shape

an orthonormal basis such that thaxis is perpendicular to function, and theN;y,’s designate the population densities of
the target surface, or, what amounts to the same thing, pathe Zeeman sublevels associated with the upper lasing level.
allel to the direction of the driving laser. Ttmaxis is taken The local gain is written af28]

parallel to the direction of the XRL beam. In this case, am- ‘

plified waves do not contain the-polarized component, and _ _

can be expressed an, ando_ circularly polarized compo- GO(v,z0)= 2eoh (D(V)% [Nam(z.D)=Nym—q(z,0]

nents only. The electric fields associated with these compo- )

nents can be written in the forms X(IM[|dg[3"M —q)?, 9

E,+ =Ecogwt—kz+ ¢, )e+Esin(wt—kz+ ¢, e, vv_here thed,’s are the tensorial components of the electric-
dipole operator.
The radiative transfer problem is solved by partitioning
E, . =—Ecogwt—kz+¢_)g+Esinot—kz+¢_)e, the plasma column into a successiomofdjacent cylinders
(4 with a common axis zz and lengths z,—z, ;(p

] ] =1,2,...m). z,,— Z, is the propagation length of the x-ray
where k= w/c is the wave vector, ané, and e, are unit  peam. The intervals are chosen sufficiently small so that the
vectors. They have the same amplitude because the spoNsspulations, and then the gain and the emissivity, do not

neous emission probability is the same for both componentgepend orz in each cylinder. The equation of transfer is then
A useful relation between these fields and tA1=M  ggasjly integrated, yielding, fare [2p-1,2,],

—M’ values M andM’ being the magnetic quantum num-

bers of the upper and lower level of the lasing transition, i@ (z,)
respectively can be established if these fields are expressed 1@)(z)= Tp{exp[e(‘*)(zp)(z—zp,l)]— 1}
in a tensorial form. In fact, we can show that Zp)
(a) (a) _
EU+:E’{qui(wt_kZ+§D+)]el +1 (Zp—l)quG (Zp)(z Zp—l)]y (10)
—exd —i(wt—kz+ ¢, )]le_q} (5) where frequency and time are omitted. The first contribution
’ on the right-hand side of the above equation is due to the
E, =E'{—exg—i(ot—kz+¢_)]e emission spontaneously generated and amplified in the con-
7 sidered interval, while the second one describes the amplifi-
+exdi(wt—kz+ o _)le 4}, (6) cation, in the same interval, of the radiation coming from the

preceding segment, i.4.z, 5,2, 1].
where ei1[=(Iex+iey)/\/§] are unit vectors associated  The radiative transfer equation must be coupled to the set
with AM= =1 transitions, and where we have det=  of population equations. In fact, we have two groups of lev-
—E/2. els. The first one includes all neonlike ion levels except the
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lasing levels. To first order, these levels are insensitive to the The Einstein coefficient for stimulated emissig ; is
XRL beam, and the corresponding population equations dgjven byB; ; = (J;||d||J")%/[6%2eo(2J;+1)]. Let us set
not contain an explicit dependence on the intensity of the :
XRL beam. The remaining levels, i.e., the lasing levketnd B,
J’, involve many elementary lasing transitions between the FS‘B,(Z,I)= _'f d,,|g‘_1j),(,,,z,t)q>“,(,,)_ (13
Zeeman sublevels)M) and J'M "), where—J<M<J and ! ¢ ! '

;0‘1 ;r':/tlaii ‘L}-Ajlasﬁgézdcit)novc?ﬁet:te :;ng:giﬂnb?r?én SOS:S Equations(11) and(12) determine the populations of the
. P P ) ' POPY- 7o eman sublevels, and generalize the usual system of equa-
lations of the above sublevels are no longer equal. The sec-

ond group is then necessarily composed of Zeeman suble%-ons which govern the evolution of the level populations.

els. The population equations associated with this group he last contribution on the right-hand side of both equations

! o . epresents the effect of the x-ray beam on the sublevels
describe the variation of population of sublevels, and account . ) .
opulations. The line proflle@JiJ,(v) are calculated nu-

for the interaction between the XRL beam and the neonliké ) } i ]
ions. It is important to emphasize that the population equaMerically by using a fast line shape code which accounts for
tions associated with the two groups are solved simultaPOPpler, ion Stark, and collisional broadening effe@s].
neously and consistently with the radiative transfer equationl®n dynamics is also taken into account. It has been checked

The fractional populations of the Zeeman sublevels ardhat the Stark broadening due to neighboring ions, as well as
defined byn;,=(IM|e|IM), where the density-matrix op- electron impact broadening, are very small for the investi-
eratoro is solution of the Bloch relatioiidg/dt=[H,p],  9ated cases (&3s transitions in neonlike iron
with H=H,—d-E. The atomic HamiltoniarH, accounts 1In the1 absence of polarized incident radiation, we have
for all collisional and radiative processes, except absorptioh' =" In this case, we can easily show thaj,
and stimulated emission. The interaction between the x-ray=nj —v, and nyy:=ny _y. Moreover, using the well-
beam and the lasing ions is representedibl in the dipole  known property (J;M;|d;|J'M;— 1>2:<Ji_ M;|d_4]|J’
approximation. The Bloch relation then yields the equations—M; + 1)2, and dropping the andt coordinates for clarity,

we obtain the population equations of the sublevels associ-

d ated with the three lasing level3; =0, J,=2, andJ' =1:
—Nam (Z)=rgm, (D) —Agm (DNg v (2,1)

at J
¢ Moo= oo™ Aodnoo— [Noo— N14] ngji) :
_qzz_ll[nJiMi(Zat)_nJ’Mi—q(Z:t)]
' a
X(JiMildglI"M;—q)? En22:r22_A22n22_[n22_n1ﬂ3F(211)1
X ! Jdvl(q),(vzt)cb (v) J 3 (1)
2h%sqC R En21:r21_A21n21_[n21_ Niol2 37,
(11 5 N (14)
Moo= 20— Asgag—[N0— N1 ]T
for the upper sublevels, and gt 20~ 20~ Azoao~ [Nz~ Naal T2
d _ 1
EnJ,M,(z,t)=rJ,M,(t)—AJ,M,(t)nJ,M,(Z,t) Enll—rll_/\llnlﬁ'[nzz_n1ﬂ3r(21)
2 +[Ngo= N1l 3T+ [Noo— 1T,
+2 2 [Ngmraq(zt)—nyw(zb)]
i=1g=-11 J
X(IM' +q|dgI"M")? EnlozrlO_A10n10+[n21_nlO]3F(2:5)'

The population equations associated with the first group,
plus Egs.(8)—(10) and (14), are solved consistently. The
electron density, electron and ion temperatures, which are
inputs in the MB routine, are given IBHYBRID, at the time
and cell of peak gain. We havbl,=7x10%%cm 3, T,
=220 eV, andT;=45 eV for the first main pulse, and,
=6.5x10°cm 3, T.=240 eV, andT;=85 eV for the sec-

. . A ond pulse. The intensity of the 0—1 line is represented as a
sharing the same Iowe'r Ievél. " Tf;e popul(%glon of I'M”) function of the propagation lengttFig. 3). The intensity
then depends on the '”te”s't'egy and 1y, of the tWo  given by Linfordet al’s formula[24], which better fits our
lasing radiations. calculated intensity, is also represented in the small-signal

1 @
X2h2 . dvIJiJ,(V,Z,t)CI)JiJ,(V) (12
€0

for the lower sublevelsA andr are the total decay rate of a
sublevel and the sum of all processes populatingxcept
absorption and stimulated emissjprespectively. As stated
above, we have two lasing transitiods—J’ and J,—J’
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FIG. 3. Intensity of 0-1, as a function of the amplification

length, at the time of peak gain for the fifsd and secondb) main FIG. 4. Fractional population density of the Zeeman sublevels,
pulses. We also represent the intensity given by Linfetdl's (IM') and (00), involved in the 0-1 line as a function of the
formula, in the small-signal regimé&,¢; designates the effective amplification length, at the time of peak gain for the fifat and
gain. The calculation uses a consistent Maxwell-Bloch routinesecondb) main pulses. The results are obtained in the conditions of
where the inputs are obtained by modeling the experiment ofhe experiment of Zeitoust al.

Zeitounet al. with the EHYBRID code.

regime. We are then able to derive an effective gain for thd 1M"). We see that the populations vary notably with
two main pulsegsee Table |, MB row The difference be- showing the importance of the interaction between the XRL
tweenEHYBRID and MB results is not surprising, since the beam and the lasing ions, in the saturation regime. The ab-
former ignores the line propagation and provides a locakence of ther-polarized component from the amplified line
gain. In the MB approach, the gain is defined in a similaris responsible for a population difference between- ()
way to experiment. The comparison to the measured gain ignd (10). However, elastic electron-ion collisions tend to
then meaningful. It is clear that the agreement with experibalance the populations among the various sublevels. As a
mental results is better when one uses the MB routine rathegesult, the population of (£1) differs by a small amount
than EHYBRID. One can conclude that the interaction of thefrom that of (10). It is important to compare these results to
XRL beam with the plasmé&i) has an important effect on the populations given bgHYBRID. For this purpose, we as-
calculated gains as long as large intensities are involved isume that thel’=1 level population given b¥HYBRID is
the fit process, andii) describes the saturation regime equally distributed among the three Zeeman sublevels. This
through the coupling of the radiative transfer equation withis a rigorous assumption, since the above model does not
the population equations. account for any mechanism unbalancing the sublevel popu-
Figure 4 presents the fractional populations of (00) andations. We also plot these fractional populations. For
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TABLE II. The ratesI'{}), Co;, andA,, are given(in s™1) for IV. CONCLUSIONS
the two main pulsei‘gll) is calculated for an amplification length of

2.1 cm(first pulse o 1.1 cm(second pulse We have modeled an experiment on the neonlike iron

x-ray laser by using theHYBRID code. This code does not
account for the interaction between the x-ray beam and the

First pulse Second pulse plasma, and yields much larger gains than actually measured.
Amplification 2.1 1.1 A more complete approach combining the Maxwell wave
length equation and the Bloch relation yields a set of population
Loy 2 2% 101 4.18% 10 equations containing a contribution that is due to stimulated
Aos 4774 1P 4.77% 10° ;am_|SS|?n alr;]d a%scsrptmzn. TZ'JS, se{, ernch mvolvetshthe three
Cor 5.12x 101 4.24% 10 asing levels]; =0, J,=2, andJ' =1 only, governs the evo-

lution of the populations of the sublevels (00),M2, and
(IM"). It is completed by population equations for all other

] neonlike levels. The ensemble of equations is solved consis-
<Zsap, Wherezg,=2 cm for the first pulse and 1 cm for the tently with the radiative transfer equation. As the 2—1 line
second, the magnitude of the XRL intensity is such that theshares the same lower level with the 0—1 line the population
ratesl“gilj), [see Eq.(13)] remain small and cannot yield a of (00) depends on the populations of\2. For this reason,

significant effect on populations. As the MB routine is essenQUr calculations for the 0-1 line also accounts for the 2-1
tially based on theHYBRID code, the two calculations give 'IN€: despite the fact that we were not interested in the output
identical populations, for small XRL intensities. For larger of the 21 line. We have calculated the intensity of the XRL

values, the effect of the XRL beam becomes important. IrPeam vs the amplification length, and an effective gain was

. . derived by using Linforcet al.'s formula, in the small-signal
fact, for an elementary lasing transitiof@0)—(1+1), the regime. We have obtained, for the 0-1 line, an effective

ratel'(y is of the same order of magnitude at the collisionalgain in better agreement with experiment than the gain
deexcitation rat€, but is much larger than the spontaneousgiyen by eHvBRID. We have also investigated the variation
emission rateio; (see Table I As a result, the);=0 level  with the amplification length of the fractional populations
is considerably depleted, while the NI) populations in-  ny;andn,, . The intensity of the 2—1 line is very small, in
crease by a large amount, yielding local gains that argomparison to the intensity of the 0-1 line. As a conse-
smaller than those given [BHYBRID for the two elementary quence, the populations of k2) (not presenteddo not vary
lasing transitions. with z
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