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Soft-x-ray laser scheme in a plasma created by optical-field-induced ionization of nitrogen
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An x-ray laser scheme based on the recombination of a fully stripped nitrogen plasma is presented. Plasma
is assumed to be created by the optical-field ionization of a nitrogen gas jet%érh0® atomic density by an
ultrashort(60 fs), high-intensity (3<10'° W/cnm?) Ti:sapphire laser. Results of two-dimensional particle-in-
cell simulations, modeling laser-plasma interaction, parametric heating, and ponderomotive effects are pre-
sented. Hydrodynamic and kinetics calculations are performed and predict important local gain for H-like
nitrogen transitions at 25 and 134 A, following fast collisional recombination for specific plasma conditions.

PACS numbgs): 42.55.Vc, 32.80.Rm, 52.50.Jm, 52.35.Mw

. INTRODUCTION 107° cm~2 and high-intensity laser (810'° W/cn?), para-
metric heating can be strong during the interaction and may
With the development of the chirped pulse amplificationeven become the most important heating source. It is there-
technique and the improvement of Ti:sapphire technologyfore of primary importance to study instabilities growth as
x-ray laser schemes based on fast collisional recombinatioponderomotive effects that are likely to create suprathermic
of highly ionized plasmas seem achievable. Actually, tunneklectrons as well as plasma channeling. The main conse-
ionization [so-called optical-field ionization(OFl)], first  quence of the ponderomotive effects for the fast recombina-
studied by KeldysH1] for the hydrogen atom, is the pre- tion laser scheme is the decrease of the plasma density along
dominant ionization process in high-intensity laser-matter inthe propagation axis of both the driving and the x rays.
teraction. It allows for the creation of a plasma composed of This paper is organized as following. In Sec. Il we con-
fully stripped ions and is characterized by a relatively lowsider a plasma created by OFI of atomic nitrogen gas and we
electronic temperature~(10 eV) for a linearly polarized?]  present calculations of the energy gained by the electrons
laser pulse. This cold electronic population is suitable fordue to the ionization process. Section Ill is devoted to two-
fast collisional recombination after the laser, resulting in adimensional (2D) particle-in-cell PIG simulations which
strong population inversion on the resonance line of H-likegive information on electronic and ionic dynamics during the
ions [3,4]. Lasing to the ground state allows to reach theinteraction, parametric instabilities, and ponderomotive ef-
shortest wavelength that can be expected from an electronfects. In Sec. IV we present results of atomic calculations
transition between two successive levels of an ion, whiclperformed with a kinetics code which is used as a postpro-

makes this scheme particularly attractive. Several groupgasgor of a 1B hydrodynamic code. Initial conditions for
around the world have demonstrated the feasibility of this , )
scheme at 13.5 nif6,6] but up to now, to the best of our the 1D hydrodynamic code are deduced from PIC simula-

knowledge, no other wavelength has been successfully aniions. Important local gains at 24.8 A_F’” Lyman transi-
plified. tions and at 133.8 A on Balmer transitions of H-like ni-

In this paper a detailed numerical study of an x-ray laseffogen are calculated by this way and presented in this
scheme based on the recombination of a fully stripped nitroSection. We discuss the different aspects of laser-plasma in-
gen plasma created by an ultrash@0 f9, high-intensity ~ teraction and x-ray laser scheme and consider the interest of
(3% 10" W/cn®) linearly polarized laser pulse is presented.Using a preionized medium in Sec. V. We summarize the

Since Peyrauckt al. have considered the case of lasing Main results and conclude in Sec. V.
down to the ground state, numerous theoretjiggland nu-

merical [8] works have been carried out. All these works Il. TUNNEL IONIZATION OF NITROGEN
have shown that the temperature must be kept low
(~10 eV) and electron density high-10°° cm™3) in order For laser parameters considered herein =3

to obtain significant gain. Therefore the severe control of thex 10'° W/cn?, 7=60 fs, A=0.8 um), the ionization of
temperature and density during the plasma creation constgases is due to OF| and is well describdd,11] by Am-

tutes the major difficulty of these schemes. The first heatingnosov, Delone, and KrainodADK) [12] rates. Time depen-
source that must be considered here is the residual energlence of the average charge state for a Gaussian laser pulse
following OFl, i.e., the so-called above threshold ionizationof 60 fs full width at half maximum(FWHM) duration,
energy[2,9]. It is also well known that OFI happens in few |y.,=3X10"° W/cm 2 at A=0.8 um, interacting with
optical cycles so that the main part of the pulse interacts witlatomic nitrogen is represented in Fig. 1. The dashed line
a highly ionized plasma. With an electron density of aroundcorresponds to the pulse shape. We can see that the five
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FIG. 1. Average charge state of nitro shed lingand elec-
J 9 etz P 0.8 um wavelength.

tric laser field(full line) vs time. The laser is assumed to have a
Gaussian shape of 60 fs FWHM duration with< 30*° W/cn?

maximum intensity at 0.8.m wavelength. (EaT1)
Z
max tm X
external shell electrons are ionized during the very first part E ! exr(—t/rp)znj,1(t)cho§(w0t)dt
of the pulse in a few optical cycles. The binding electric field —2U =1 Jo
of these levels is in the %10°~5x 10 VV/cm range. When P Tmax ot '
the laser field reaches 10% of the binding field, ADK ion- 1‘21 o nj-1(HW;dt

ization rates are already ¥0-10'° s™1. This explains why

r?'”"ge” 'S f!ve t'mes |op|zed so early Wlth. respect 1o thewhereupz(e2E2)/(4mew3) is the ponderomotive potential.
time of maximum intensity. Only a few optical cycles are

. ecauseU, varies very rapidly,[U,(t)<I(t)],Exri(t) is

p P
necessary to go from one charge state 0 the following one. trongly dependent on the time of ionization. Characteristic
is more difficult to release the last two inner shell electrons; .o '+ ionization of a specific iom, (with k=1 to 7) is
because their binding energy (552 eV and 667 eV, respeg;q yever, short in comparison with the pulse duratiq,n’
tively) is five times higher than the binding energy of the n~1 fs<7,=60 fs. For these reasons each of the seven
most outer bound shell electron (98 eV). An energy Ofgjectron populations can be characterized byoits tem-
667 eV is equivalent to a binding electric field of 1.7 peraturd13];
X 102 V/ecm. We can then supposand it will be confirmed

in the following paragraphthat nitrogen will be fully ion- 3 eV<T,, <120 eV fork=1 to 5,
ized for a laser field of approximately X710 V/cm (10% ’
of the binding field. Tor~50 keV for k=6,7.

Because the ground state of the H-like ion must be as
empty as possible for the x-ray laser schefie/,8), it is .
important to know the saturation intensity. This quantity CanThese temperatures are only relevant as long as no collision

be defined as the intensity over which the occupancy numb trgfwirszilP;;gee?eign?pﬁiagngléﬁglalgl(zar::t?c?: (etlr:ae(:tl;gene Ceolﬁ_c'
of an ion is below 10%. Because of the strong dependence_._ .. yp ! P ' . !
sion time7,_,  has to be carefully evaluated following the

of the ADK ionization rates with the laser intensitWgpk Spitzer and Hem formula[14] with the corresponding
«|7[11]), the occupancy number of one ionization state in-It becomes ek

creases very rapidly with increasing intensigee Fig. 2
We can say from this figure that the saturation intensity is
between % 10* and 3x 10 W/cn? for H-like nitrogen.
We can then consider that nitrogen is fully ionized if the
laser intensity is greater thanx3L0'"® W/cn? (i.e., around Te-ek~13 ns for k=6,7.
10% of the electric binding field as previously predigted

In the tunnel ionization process, the energy effectivelyThere is a significant difference between the outer shell elec-
gained by an electron released by an ion in the laser fieltrons and the&K shell ones. As the population inversion hap-
depends on the phase mismatch between the time of the lageens during the first ps of recombinatisee Sec. IV, only
field maximum and the time of the ejection. The resultingthe five first electron populations have interacted. The rel-
energy, for a linearly polarized laser, can be estimated agvant plasma temperature is then an average over the five
follows first electron population temperatures:

60 fss7,_x<2.6 ps fork=1 to 5,
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FIG. 3. 2D plots of the electroni), (b), (c) and ionic(d) densities versuX (propagation direction of the lageand Y (polarization
direction of the laserfor three different times: 46 f&) and 16 fs(b) before the maximum of the laser pulse and 222cjs (d) after the
maximum of the laser pulse. The laser is 60 fs FWHM witk B0'° W/cn? maximum intensity. It propagates from the left to the right of
the figure in an initially 2< 10?° cm™3 homogeneous N —e~ plasma.

5 sionless Vlasov equations for particles coupled to Maxwell
> N Te k equations for the electromagnetic fields. The laser is defined
T :k=1 —45 eV as being linearly polarized along teaxis and is propagated
€ 5 ' along thex axis. Temporal and spatial profiles of the laser
Z Ny pulse are assumed to have Gaussian shapes af)gf40
k=1 FWHM (60 fg) and 1%, ' FWHM (2.5 um), respectively.

The hot electrons, issued frokfishell ionization, do not con- The_ maximum mtgnsny 1S reached 260 (.106 f9 after the
tribute to plasma heating on the first ns. beginning of tij(i simulation. The pl_asma |sl_<§é (7_.8 pum) _
Detailed study of the ionization process has shown that i{°”9_""1”d 76.8 " (10 um) large W_hile the simulation box is
is possible, with a few 18 Wicn? laser pulses of 60 fs 70Ky~ (9.1 um) long and 76.8,~ (10 um) large. The
duration, to create a fully ionized nitrogen plasma and thatime step is 0.02,* and the cells are 0.64 < 0.04; *.
the amount of energy coming from the ionization process isrThe small dimensions of the simulation are due to the low
less than 45 eV during the first ns after interaction. initial plasma temperature. Following the precedent section it
was assumed to be 45 eV. The plasma is composed of elec-

Il PIC SIMULATIONS tr_ons and N* ions and th_ere are five particles of each spe-
cies per plasma cell leading to a 28 800 000 total number of

After having ionized the gas in its rising edge, the mainpatrticles.
part of the laser pulse interacts with a highly ionized nitrogen We have plotted in Fig. 3 the electron density profile for
plasma. If the initial pressure of the atomic nitrogen gas ighree different timega),(b),(c) as well as the ionic density
around 1 atm, the electron density after complete ioniza- profile at the end of the simulatiofdl). The first effect pro-
tion is around 10% of the critical density.. In this range of duced by the laser on the plasma is a perturbation of the
parameters ponderomotive and relativistic effects are indeeelectron density with a /2 characteristic scale lengfFig.
very strong and parametric instabilities can play an importan8(a)]. It can be related to thed?, component of the pondero-
role. To study these processes we performed simulationsotive force which appears when one calculates the motion
with the Cartesian 2D-PIC codeaNET which solves colli-  of one electron in a strong laser field at the second order for
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El is the slowly varying component of the laser electric field. W ,o-+
Because of the strength of the electric field gradient, a large | s
number of the electrons oscillate, leading to electron density
modulations at &, frequency.

The ejection of electrons by the unmodulated component pulsation (o] )
of the ponderomotive forcdthe “usual”’ ponderomotive
force) is very clear in Fig. ®). They are ejected from the FIC_;. 4 Fourier transform of the tim(_e evolgtion of the transverse
propagation axis to the edges with=80° angle with respect electrlc_ fleI(_jEy on the left side of the simulation bdjin the back-
to the direction of propagation of the laser, with energies up¥ard direction.
to 7 MeV. However, they do not simply follow the intensity
gradient. The 2, component overimposed on the usual
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Yesrd-puise~40. This suggests that the Raman instability is
ggpecially strong despite the briefness of the pulse. Assum-
Ing that all the energy of the scattering plasma waves is
éransferred to the electrons of the plasma, the maximum pos-
sible temperature can be estimated [Wp] T.=1/12(n./

ne) (8n/ng)2mec? where én is the plasma wave amplitude

modulated at /2. The amplitude of these modulations can
reach 100% of the electron density in the region where th
electric field gradient is maximuffirig. 3(b)]. Then, after the
laser cutoff, an electron density channel is fornisele Fig. e ) .

y i g and ny the initial plasma density. Witm./n.=0.12 and

3(c)]. It lasts till the end of the simulation in the case of L . )
n/ng=0.2, T,~1 keV which is consistent with the average

nitrogen because the ions are light enough to start movin . th the simulati hi lain th
under the space charge effect created by the electronic deplg20 €V obtained with the simulations. This may explain the

tion which happens during the interaction. The density pro igh temperature of the electrons in the plasma channel just
file of the N'* ions after the laser is shown in FigidB. Itis  arter the laser cutoff.

really close to the electron density profile at the same time

[see Fig. 8&)]. Furthermore ions do not stop immediately V- HYDRODYNAMIC AND ATOMIC SIMULATIONS

after the laser because of their inertia. They keep on moving  p gpecific features of the tunnel ionization compared to
away from the propagation axis to the edges with an averagginer jonjzation processes make it an interesting tool for
speed of 3¢10° cmxs™*. Thus a plasma channel is formed x-ray lasing. First, the wavelength that can be achieved is the
which later evolution is driven by the equations of hydrody- ¢, rtest that can be expected fromda=1 transition in a

namips. The. plasma depletion can reach 20% of the initial;en ion speciesy being the principal quantum number. In
density and is bounded by plasma walls whose average de ict, the energy of a level scales an?o that the wave-
sity is between 20% and 100% higher than the initial den'length of a transition decreases with For instance. @

sity. Fortunately, the plasma depletion is limited and the_re-:2 ton=1 transition wavelength is five times shorter than a

fore does not prevent the x-ray laser scheme from worklngn:3 ton=2 one

Furthermorg, it could play an important role in guiding the x The second advantage of OFI is the emptiness of the
rays but this aspect of the problem is beyond the scope qfyer |evel of the lasing transition. It means that the local

this paper. . . ain coefficient can be extremely high as shown by Jones
Electrons that are ejected by the ponderomotive force d nd Ali [7], for example(over 1000 cm?)

not contribute to the heating of the channel. However, an™ rpirq e efficiency of tunnel ionization is so strong that

;ve:age eletc:t][foruc tembperatulre_ of dgl:?o tﬁv tl)s okbtalr:jedt.afteioo% of the ions can be considered in the same charge state
€ laser cutotl. 1t can be explained by the backward simu;,giqe g the volume where the laser intensity is greater than

lated dRaman scat';errllrégBSlRS .d?el%ted in the dtlmehmtle; the saturation intensity of the considered charge state. Thus,
g_rc?te spectrum o tf hY € gctrllc ne bmeza?#re atthe 1eft 5| the jons in this volume are in the same charge state with
side (entrance sideof the simulation box. This spectrum is _ . occupancy number of all their levelincluding the

presented .in Fig. 4 vyherg j[he Stokes qompo_nent of the BSR ound stateequal to zero. This is of primary importance for
at wy— w,, is clearly identified. Estimation of its growth rate lasing to the ground state.

vesrscan be performed as followd.6]: The fourth advantage of OFI is the release of an electron
3 [n dir_ectly from its ground state to the continuum without exci-
Yosre T tation processes. _ N
BSRS™ 2 Ngp, 0 "0 All these specificities of OFI make it a promising way of

creating a plasma where the amplification of a transition in
where a,=E/E.=0.85/1 (10" W/cn?)\?(um) is the nor-  the x-rays range could occur.

malized electric field. With a pulse length e The use of a high-intensity linearly polarized laser to cre-
=26k, ', ap=2.15, and n./n,=0.12 it becomes ate a plasma aims at obtaining a cold plasma whose recom-




PRE 61 SOFT-X-RAY LASER SCHEME IN A PLASMA CREATED. .. 5697

1021§ 1U=: T T T T T T T T T~ 102
g 900t \\\
1020 goof ™ R 7 10%
o u(:? 0f T ]
ks 10%¢ @ S eoof 3 101503
3 @ O] E —_
— b = soof g
“ I & —° 8 W
- 400 10
oo 101 ‘Q_Jr —
® 300
200 107
107 E
3 H : 100
[ 2} 7! N TNV TR oo over vreen 10®
1055+ ety beeipihay 1 0 0 10 20 30 40 SO 60 70 80 90 100
50 100 150 200 250 300 350 400 430 Time (ps)
X (um)

FIG. 6. Electronic temperatur&, (—) and densityn, (— -)
FIG. 5. Initial conditions of the hydrodynamic simulation versus Versus time for an initial electron density ofx.0?° cm 3 and a
space: electron density, (—), ionic densityn; (- —), and average temperature of 900 eV.

charge stat&* (...).
in Fig. 6 for an initial electron density of610°° cm™3, an

bination will be dominated by collisional processes. Actu-initial temperature of 900 eV, and a limiting flux factor of
ally, collisional recombination preferentially populates the0.03.
high energy levels while radiative recombination fills the low  All the nonstimulated atomic processes are included in
energy ones and especially the ground state. The radiative\SIX, i.e., collisional ionization, three-body recombination,
recombination rate of Seaton[18] scales as collisional excitation and deexcitation, spontaneous emis-
NoZ(1,/Te)¥2%E,(1,,/To)expl,/Ts), Wherel,, is the energy of ~ sion, radiative recombination, dielectronic recombination,
the leveln, & is the exponential integral function, a@dis ~ autoionization, resonant capture, and Auger ionization.
the charge state of the recombined ion. The collisional reH-like nitrogen energy levels as well as radiative deexcita-
combination rate  of Lotz [19] scales as tion rates and collision strengths are calculated with the
N2g,Te %€1(1/Te)expla/T/(1,/T), whereg, is the sta- SUPERSTRUCTURE21] code.
tistical weight of the leveh. It emerges that the ratio of the ~ Two transitions following Lyman lines and three tran-
collisional rate over the radiative rate scales assitions following Balmera lines are potential candidates for
(9nNe)/(Z\TE>?). Thus, to enhance the process that popul@sing. Lymana lines correspond to [2,— 1s,, and 23,
lates the high energy levels without filling the low energy — 1Sy transitions at both 24.78 A and Balmerlines cor-
ones, a low temperature and a high density plasma is nece&spond to 83,—2py,, 3d3—2ps;, and 3Hs,—2ps,
sary. transitions at 133.74 A, 133.88 A, and 133.87 A, respec-
Detailed kinetics simulations have been performed to calfively. Results of local gains on the=2 ton=1 transitions
culate the recombination of a fully stripped nitrogen plasmaat 24.78 A are first presented.
and confirm the previous result. Thasix [17] code was For an initial temperature of 15 eV and an electron den-
used as a postprocessor of the hydrodynamic aadeas Sty of 6x10°°cm™3, local gain coefficients up to
[20]. This latter provides the temporal evolution of the hy- 1100 cm * for the 2pg,— 1sy, transition and 450 cm' for
drodynamic parametefsemperature, densityfollowing the ~ the 2p;,— 1s,,, transition (see Fig. 7 are predicted. The
plasma expansion. The initial conditions used to start hydrogain duration is of the order of 1 ps, and because the statis-
dynamic simulations are deduced from Se¢QFI) and Sec. tical weight of the 5, level is twice the p,,, one, the gain
Il (PIC simulationy and are represented in Fig. 5. We took coefficient of the 3,—1s,,, is always two times greater
a flat atomic nitrogen density profile of 4Q0m size in the than the gain coefficient of thep2,,— 1s,,, transition. Fig-
1x10t"—1x10%° cm 2 range. A channel with a Gaussian ure 8 shows the evolution with temperature of the maximum
shape of 5Qum FWHM was assumed at the center of thelocal gain coefficienG,,4 of the 2p3,,— 1s,, transition for
density profile. In this channel the density is 20% less tharseveral densities. A strong dependence, scaling as
the density of the surrounding plasma. The ionization degre@xp(—KT), of G4« With T, can be observed. For a density
of nitrogen is calculated for a collisional radiative equilib- of 6107 cm™2, G4, drops from 1100 cm? for a tem-
rium following an ionization temperature profile which has aperature of 15 eV down to 2 ci for a temperature of
Gaussian shape of 50m FWHM starting from 1 eV in the 50 eV. Whatever the density is, the variation®f,,4 with
edges up to 700 eV at the center. The resulting electron deriemperature is always the same and emphasizes how precise
sity profile is a near top hat shape of 120n with a maxi-  the control and knowledge of the plasma temperature must
mum in the 1X 10'®-~1x 10°* cm™ 3 range. Initial ionic and  be.
electronic temperature profiles also have a Gaussian shape of Even if the variation of gain coefficient with density is
50 um FWHM with a maximum in the 15-900 eV range. smoother, it nevertheless scalesN& as shown in Fig. 9.
This plasma freely expands in vacuum and the postprocesséior instance, for a 25 eV plasm@,; .4 increases from less
LASIX is used for the cell corresponding to the center of thethan unity for a density of  10°° cm ™2 up to 100 cm * for
hydrodynamic simulation. Cooling of this cell is representeda density of 6< 10?° cm™ 2. Thus, to obtain stimulated emis-
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FIG. 7. Time dependence of the local gain coefficient for the
2p3— 181, and the Dq,— 18,5, transitions § =24.78 A) for op- _ ) o
timal plasma conditionsT,= 15 eV andNy=6x 10%° cm 3. can also be achieved. Actually, even if the radiative recom-

bination on leveh=2 is stronger than the collisional recom-
bination on leveh= 3, the occupancy rate of levek2 can
sion between the=2 andn=1 levels of H-like nitrogen, it P& €SS than the occupancy rate of lemet 3. This is be-
is necessary to create a plasma whose electronic temperatff@YS€ (f the high radiative deexcitation rate of lavel2 to
is below 50 eV and whose electron density is over a few€Vel n=1 following the resonant 2-1 transition. This
1020 cm 3. change in dynamics is illustrated by Fig. 10 for thds3

During the recombination phase, some transitions be= 2P32 transition which is the most intense one. For an ini-
tweenn=3 andn=2 levels also exhibit population inver- tial temperature of 40 eV and an initial electron density of
sion. They are the @yy—2pysp, 3dap—2Pap, and g, 5% 10°° cm ™3, gain starts immediately and lasts 0.5 ps,
—.2pg, transitions at 133.74 A, 133.88 A, and 133.87 A whereas for the same initial temperature and an initial elec-

. , . , . , . g 3 .
respectively. For a low temperature and/or a high density, thEon density of Ix 10" cm™?, gain starts a few ps after the
inversion dynamics is the same as fhe 2 to n=1 inver- beginning of the recombination and lasts hundreds of ps.
sion one. Because the=2 level is initially empty and be- A major point in the change of dynamics is that lasing
cause radiative recombination on levals 2 is slower than ~duration and time of occurrence are mainly dependent on the
collisional recombination on levels=3, a strong and tran-
sient lasing can occurQa,=1370 cm'! for the 3dg), 103

E T g
—2pg), transition at 15 eV and 810°° cm™3, duration N ]
<1 ps). However, for a higher temperature and/or a smaller = T
density, lasing following thelassicalrecombination scheme 5
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FIG. 10. Time evolution of the local gain coefficient of the
FIG. 8. Maximum local gain of the [,— 15y, transition ( 3ds;— 2p3p, transition for an initial temperature of 40 eV and four
=24.78 A) as a function of the temperature for several densitiesdifferent initial densities:n,=1x10°cm 3 (- - -), n,=7.5
6x10°cm 2 (O), 5x10°%cm 3 (+), 4x10F°%cm 3 (%), 3 X110 em 3 (= 9, ng=1x10 cm 3 (—), ne=5x10 cm 3 (-
X107 cm 2 (X). -).
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102! - —— — have shown that the use of a 10 ns Nd:yttrium-aluminum-
g ] garnet laser of few hundreds of mJ, focused on a 160
diameter focal spot, may lead to the creation of a"N
plasma at a temperature below 30 eV. However, with clas-
sical focusing optics, the length of the preionized medium
will be limited to, or even shorter than, the Rayleigh range.
In that case, the interaction length is mainly limited by in-
verse bremsstrahlung absorption of the nanosecond laser by
the high pressure gas. On the other hand, it was recently
demonstrated that the use of an axicon is well adapted to
generate a long scale plasif#6]. Thus, the short pulse in-
teracts with a partially ionized plasma, which prevent
ionization-induced refraction.
L N L In the hydrodynamic simulations performed to simulate
10 100 500 the plasma expansion, the initial speed of the plasma channel
Te V) walls, given by the PIC simulations, was not taken into ac-
FIG. 11. Maximum local gain coefficie@ay (in cm™*) of the  count, In fact, in thecHivas and LASIX simulations of Sec.
3d5,2_—>2p3,2 transition versus initial electronic temperature and IV, the plasma is assumed to be initially at rest while the PIC
density. code gives a radial expansion velocity of the plasma walls of
108 cmx s~ . This initial speed should enhance the plasma

) ) , expansion and, therefore, its cooling. This point does not
hydrodynamic of the expansion. As is the case for the laserlzsgcern the 251 population inversion at 24.78 A but is

solid recombination x-ray laser schemes, it is not the initialvery interesting for the 3-2 population inversion at
temperature but the cooling speed that is the key parametefg3 g7 A \yhere the plasma cooling rate is a major parameter
Thus, even if the initial temperature of the plasma is aroun s explained in Sec. IV. Only a few simulations where this
100 eV, the stimulated emission happens when the plasmg;ia| speed is taken into account have been performed.

temperature has dropped to tens of eV. In Fig. 11 is reprérpey effectively show an increase in the cooling speed and
sented the maximum local gain coefficient versus initial temsy, gain onn=3 to n=2 transitions is enhanced. Further

.pgrlatures &,‘nd densities forﬁgh‘d&%_)zpﬁ/% transition. For simulations are now in progress to confirm this point.
initial densities over 18 cm _and/or initial temperatures Another major parameter in the modeling of the OFI
below 100 eV, a population inversion between theés3 15y |aser scheme is the shape of the electron distribution
level and the P, level can be obtained, whereas foma  fnction. Previous work$3,4,7,9 and the present one as-
=2—n=1 transition, po_psulat|oq inversion occurs for densi- gyme a Maxwellian distribution function to calculate the
ties greater than $8cm™2 and initial temperatures below \4rigus rates in the atomic kinetics model. However, the dis-
50 eV. The range of parameters for whicma3—n=2  yisytion function of OFI plasmas is far from being a Max-
population inversion can be generated is then much widefg|lian and presents an important amount of cold electrons
than for an=2—n=1 population inversion. [2]. Equilibration to a Maxwellian of this function is not very
well understood yet and its influence on the different colli-
sional rates, and finally on the gain, is not well described
V. DISCUSSION despite several pioneering works on the subjjg@;2g. This
An x-ray laser experiment is based on the creation of 48 Mmainly related to the complexity of coupling a Fokker-
varying length medium in order to measure the intensity”!anck code with a kinetic one. This specificity of the OFI
variation with length and deduce the gain-length productionization may play a crucial role in the present scheme be-
This supposes the possibility of generating a long enougl§ause of the short time between the beginning of the recom-
medium where intensity is over the saturation intentite bination and the time for population inversion between the
Sec. ). This length is directly connected to the propagationZ2Paz— 112 levels (<1 ps).
properties of the short pulse, which is limited to the Rayleigh
range in the case of a classical focusing. To create this long
medium we propose to use relativistic self-focusing. Several
experiment$22—-24 have indeed shown that for laser power
above the critical power for self-focusirg., it is possible An x-ray laser scheme based on the OFI ionization of
to guide a multiterawatt laser pulse over several Rayleighmitrogen gas was presented. The plasma creation by focusing
ranges. With a density of #cm ™3, a power of 10 TW is a 60 fs, 3x 10*° W/cn?, 800 nm laser pulse in a pulsed gas
70 times higher than the critical powét, for relativistic  jet of atomic nitrogen was studied and it was shown that a
self-focusing. To enhance self-focusing on the one hand anfililly stripped nitrogen plasma can be created. Laser-plasma
to avoid defocusing effects due to the plasma ionization irinteraction was numerically investigated using a 2D-PIC
the rising edge of the driving pul§@5] on the other hand, it code. It was found that the Raman instability can be an im-
is better to use a low power, long duration laser pulse tgortant heating source for the electrons of the plasma. Tem-
create a cold and partially ionized preplasma. Simulationgeratures up to 900 eV were found. It was also shown that
with the 1D hydrodynamic code€HIVAS have been per- the ponderomotive effects lead to the creation of a plasma
formed to study the preionization phase. These simulationshannel with a density 20% lower than the one of the sur-
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round.ing _plasma. The pond(_eromotive forcg also gives rise texpected for very low temperature60 eV) and high den-
the ejection of suprathermic electrons with energy up tosity (>10?° cm™3) plasmas whereas stimulated emission at

7 MeV. The recombination phase following plasma expan-134 A is expected to occur in a wider range of temperatures
sion in vacuum was also considered. Detailed atomic calcy-— 109 ev) and densities 10t cm3).

lations have shown that stimulated emission at 25 A can be
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