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Polarization state of the output of soft-x-ray lasers through the paraxial Maxwell-Bloch approach
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The polarization state of the output of collisionally pumped soft-x-ray lasers is studied through the Maxwell-
Bloch (MB) approach considering level degeneracy. We have used the MB theory, so as to account for the
propagation of linearly polarized waves, in the laser-target conditions of two recent experiments on neonlike
germanium. In the case where a linearly polarized x-ray beam is injected into an amplifying plasma, we
conclude that the polarization state of the output will be basically unaltered by the amplifier. We have also
investigated intrinsic polarization of the output of an amplified-spontaneous-emission system, i.e., in the
absence of a seeded radiation. Applied toXke@—J=1 lasing line, the calculations suggest that the emerging
signal is not polarized. However, one of the experiments referred to above has shown a spontaneous polariza-
tion, but the mechanism invoked by the authors to interpret this result, namely a selective trapping of the
resonance line, is shown to be negligible, especially when elastic electron-ion collisions are taken into account.
The influence of these collisions on the polarization properties of the amplifier is investigated through the
atomic orientation and alignment. A spontaneous contribution to the output polarization is obtained when a
circularly polarized beam is injected in the amplifier in order to create the necessary population differences
between the quantum states of each laser 1¢@dl050-294{@7)07512-4

PACS numbds): 42.55.Vc, 42.25.Ja, 32.86t

[. INTRODUCTION count the specific interaction of the amplified radiation with
each of the involved quantum states.

Soft-x-ray amplification in collisionally pumped lasers  Polarization and spatial coherence may be important in
has been demonstrated in Ne-like Se in 198) and since  many applications involving extreme ultraviol&XUV) ra-
then continuing effort has been devoted to the developmerdiation. Generally x-ray lasers operating in the amplified-
of (i) systems producing a strongly amplified radiation, andspontaneous-emissiofASE) regime provide unpolarized
(i) high-performance lasers, i.e., control and optimization ofbeams. However, Kieffeet al. [10] have observed a polar-
x-ray beams. In these attempts, the collisional excitation iszed emission from an Al plasma produced by a 1-ps laser
today the most efficient and robust scheme. Strong amplifipulse. The authors have explained their result as due to spa-
cation at wavelengths ranging from 84.7 nm in[&jto 3.5 tial anisotropy in the velocity distribution of the plasma elec-
nm in Au [3] has been demonstrated, while, in a capillary-trons. The theoretical model developed in this work is ap-
discharge system, gain-length products greater than 25 hayfied to experiments involving polarized x-ray lasers
been obtained at 46.9 nm in Ar by Rocca and co-workerproduced from collisionally excited neonlike Ge.
using double pass amplificatigdt]. Saturation has been re-  Ruset al. [11] studied the polarization of two 2-1 ASE
ported in neonlike Zn5], Ge [6], Se[3], Y [7], and in  output lines of wavelengths of 23.2 and 23.6 nm, and the
nickel-like Ag[8,9]. amplification of a linearly polarized 2-1 beam at 23.6 nm in

With adequate irradiance conditions inversions may bean injector-amplifier configuration. The ASE polarization
obtained for various (ﬁfl3pj2)3—(2pf1351,2)y transitions  properties were examined using a double plasma of 44-mm
in Ne-like ions, the strongest of which are generally with composite length, produced by irradiating 1@6+wide Ge
=0, J’=1 (henceforth called 0yland withJ=2, J’=1  stripes by laser pulses delivering1.6x 10" W cm~2 over
(hereafter called 291 The J=0 levels cannot decay by ra- ~650 ps[full width at half maximum(FWHM)] at a wave-
diative transition to the (8%, ground state, while the length of 1.06 um. The attained gain-length product was
=2 levels can, but only via electric-quadrupole transition.~15.5, implying an ASE system close to the saturation
The levels involved in lasing are strongly populated by electhreshold. From the data assembled it was concluded that,
tron collisions(mainly from the ground stateand inversions under the conditions of the experiment, there is no preferred,
can occur, due to the fast radiative decay of the lower levelssystematic direction of polarization in the ASE output, and
The purpose of this work is to study the possible developthat, within the accuracy of the measuremg®), the time-
ment of a polarization of the x-ray beam in the framework ofintegrated degree of polarization of the beam is zero. In order
the paraxial Maxwell-Bloch(MB) theory, which is well to study the amplification of polarized radiation, the ASE
suited for the study of strongly inverted media. The leveloutput was linearly polarized to a degree of polarization of
degeneracy must be explicitly considered to take into ac©.97 and injected into an additional 14-mm-long Ge plasma

driven at ~1.3x10"® W cm 2 Taking into account the

throughput and polarization properties of the optics, the
*Permanent address: Gas Lasers Department, Institute of Physids¢am was seeded with a gain length of 8. The degree of
18040 Prague 8, Czech Republic. polarization of the amplifier output, emerging with a gain-
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sorption and induced emission. The above equation is
coupled to the rate equations governing the evolution of the
population densitie$\; ,

. J
E — “ Niy.D==Ni(y.OTi(y,.) +1i(y. 1), 2
i x X-ray laser
Sozoood) wherei designates quantum states of the lasing ibrasndr
/ are, respectively, the total decay rate of thstate and the
Driving laser Slab target sum of all processes populating it. The need to take level

degeneracy into account leads us to consider the quantum-
FIG. 1. Schematic representation of the interaction of a pumpstate populations instead of the level populations. Calcula-
laser with a slab target. The nearly cylindrical produced plasmajons follow the method developed in a recent work on the

expands in the direction of the pump laser. Jhexis is taken to be  transition from ASE to the saturation regini&3], and are
the propagation axis of the x-ray beam, and the electric field is thupresented in the next section.

contained in the transverse plaxe i, j, andk are the unit vectors

of a right-handed orthonormal basis.
Il. COLLISIONAL-RADIATIVE EQUATIONS

length product of~12, has been measured to be Q@% The propagation of a radiation through a globally neutral
i.e., identical, within the experimental precision, to the de-plasma obeys the Maxwell wave equation
gree of polarization of the injected beam. 5 ) 5
In the work of Kawachiet al. [12], the polarization state AE— 1 £ Ype 19 P 3
of the 19.6-nm 0—1 ASE output of a 3-cm-long Ge plasma c? at? c? goC? dt2

has been examined. The plasma was created by two 100-ps

Gaussian pulses 400 ps apart. The irradiance produced by tidhereE=E(X,y,z,t) is the electric fieldP=P(x,y,z,t) the
second pulse, during which strong amplification at 19.6 nnpolarization vector, analope=[Nmecqz/(some)]l’2 the elec-
occurred, was, according to the shot configuration, 2.9ron plasma frequenciNg. being the free-electron number

X 10" or 3.2< 10 W cm 2 The ASE output was seen to density.

be polarized in the direction perpendicular to the target sur- The electric field of waves propagating along thexis
face, with its degree of polarization strongly depending on(see Fig. 1 is such thatE,=0. In the absence of incident
the irradiance. The polarization was attributed in R&2]to  radiation, thex andz components have the same amplitude
the anisotropy of the gain coefficient, radiation trapping ofbecause x- and z-polarized radiations have equal
the resonance line (£),— (2p3,3s1/,)1 being different in  spontaneous-emission probabilities. As transverse fields are
the directions parallel and perpendicular to the target. This iseal we can write

assumed to occur as a consequence of a higher Doppler de- ) )

coupling in the perpendicular direction, resulting from a ve- Ex=E sifwt—ky), E,=E sin(ot—ky+¢).

locity gradient higher in this direction than in the direction
parallel to the target. Thus the [§23s) ions with quantum
numbersJ=1 andM = *+1 would experience less radiation
trapping than those with quantum numbers1 and M

The x component can be expressed as a coherent superposi-
tion of a7, and ar_ electric field, and th& component is
represented by a wave. So, equivalently, we can consider

=0.

The diagram of the pump laser-slab target interaction that  g__ :E cos( wt—ky— Z) i+ E sin( wt—Ky— Z)L
gives rise to an elongated plasma is shown in Fig. 1. The 2 2 2 2
obtained plasma is assimilated into a cylindrical column (43)

whose axis is taken to be theaxis. Spontaneous emission

between an upper level and a lower level could be am- E —— E cos( wt—ky+ Z) i+ E sin( wt—ky+ m i
plified through the process of stimulated emission if a popu- 7~ 2 2 2 2)"
lation inversion occurs betweenandl. The time-dependent (4b)
monochromatic intensity(v,y,t) of a radiation propagating )

along increasingy is the solution of the radiative-transfer E,=E sinfwt—ky+¢)k, (40

equation. In many situations involving radiation transport, ) . .
and relevant to x-ray laser modeling as well as to astrophys¥herek=w/c is the wave vector and j, k the unit vectors

ics, the problem is to find the solution of the one-dimensionaP! @ right-handed orthonormal basis. A relation between the
(1D) equation above elementary fields and theM[ =M ,— M,] values, the

M’s being the magnetic quantum numbers, can be easily
established if these fields are expressed in a tensorial form,

(9 .
—(ry,)=G(ryHll(ry,H+S(ryt], @ &

ay

E A A
. ' - - [_el(wt—ky—'fT/Z)el+e—l(a)t—ky—ﬂ'/Z)eil],
where G and S designate the local gain (¢ and the 2v2
source function, respectively. In x-ray lasé@sinvolves ab- (5a

EU+
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FIG. 2. Diagram of the energy levela) and quantum stateb),
(c) involved in the 0-1 and 2-1 radiations. Ifp) we show the
transitions giving rise to rightsolid lineg and left (dashed lines

serving parts generated by the tednE in Eq. (7) [13], and
assuming that the coherence envelopes are in quasi-steady-
state with respect to their production and decay processes
lead to

iEei(mt—ky—'n'/Z) 2 ,
P V() (IM|dy|I'M—1
+ > ( )M (IM]d,| )

X(nyy—Nym-1)€+H.c.,

iEe i(0t—ky+m2)

2v2Hh

o—

7V (), (IM|d_1|J'M+1)2
M

X(nJM_nJrM+1)el+ HC,

Eei(wtfker(p)

P,=———— V()X (JM[dg|J'M)?
2h M

X (nym—Nym)e+H.c., (8)

circularly polarized radiation. Transitions giving rise to linear po- where 7V (w) =[®(w) —ix(w)]/2 is the complex profile,

larization are shown iric). We give for 7, waves the values of
(IM|d4|3’M—=1)? in terms of the reduced matrix elemedy
=(J||d|]d’=1). The appropriate values for the_ waves are
(IM|d_,|3’M+1)2. They are obtained from the relation
(IM[d_{|3'M +1)2=(J—M]d,|J' =M —1)2. In (c) we give the
(IM|do|J’M)? values that correspond to theM =0 transitions.

E : .
:E [e—l(wt—ky+ 77/2)e1_ e|(wt—ky+7r/2)e_1]' (5b)

o—

— E i(wt—Kky+ o) —i(wt—ky+¢)

Eﬂ'_zi [e € ]eo, (50)
where e, [ =(Fi+ij)/v2] and gy(=k) are the new unit
vectors.e.; is associated witlAM =+ 1 transitions, while
g, involvesAM =0 transitions(see Fig. 2. As a result, the
MB calculations are greatly simplified.

The polarization vector is given = Tr(pd), wherep is
the density-matrix operator ardl the electric dipole of the
emitter. Att=0 the coherence@ondiagonal elements @)
are equal to zero ang may hence be written

p=2 [IM)(IM|nyy, (6)
JM

where nyy[=pimiv=(IM|p|IM)] is the fractional-
population density of th¢JM) state. We then consider the
Bloch relation

J

whereH=H,—d-E, with H, designating the Hamiltonian
of the lasing ion without radiation field, andd- E the in-

with ®(w) designating the usual line profile andw) the
dispersion profile.

At this point we make the following remarks, which will
simplify the notations in subsequent formulas.

(i) Since (IM|dg|I'M —q)2=(IJ'M —q|d_4[IM)? we
can choose to always write the matrix elements in the same
order, namely the uppelM states in the bra part and the
lower J’M’ states in the ket part, as in EdS). For a par-
ticular couple of state§M,J'M’, this assigns the value of
the g index. As a consequence, a unique correspondence
appears between the polarization indexes andjthialues:

ot+eq=1,
oc—eq=—1,
T=0=0,
and we shall hereafter designate quantities like intensities
I, by IED 1 by I(® (with an upper index to avoid any
confusion with a vectorial compongnand so on.

(i) The field polarized along beingE, . +E,_ [Egs.
(48 and 4b)], the corresponding intensity, is

1 (T
SOCT f dt(E(r++E(r*)'(E(r++Err7)'
0

Now E, . -E,_=—(E?/4)co$2(wt—ky)] gives no contribu-
tion to the integral, antl, =13+ (=1, With this convention
the total intensity is then

N
q

teraction between the radiation and the medium, in the dipole
approximation. Considering one particular radiation whose Reporting Eqs(8) in Eq. (3), applying the paraxial ap-
upper and lower levels are labeled by their angular momenproximation, and using the time-retarded varialey/c

tum J andJ’, respectively, usingl=2,d,€e;, whered..,=
+(dsxidy)/v2 and dy=d,, ignoring the energy noncon-

[13,14 leads to the radiative-transfer equation accounting
for induced and spontaneous emissions, and absorption:
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I @ (@ @ state populationslg‘ﬁ, is the intensity contribution due to

ay 33 (7Y, 0=]35 Yy, 0)+Gy5 vy, Dl (Y., waves in a giver(fixed q) polarization state. It involves the
(99 transitions|JM)—|J'M —q). The normalized profileb, ;

is calculated numerically according to REf5]. It has been

wherequj, and Ggqu , are, respectively, the monochromatic checked that the Stark broadening due to neighboring ions as

emissivity and gain corresponding to a given poIarization,We” as the electron-impact broadening are very small for the

: . o i d case@p-3s transitions in Ne-like Ge
both of which depend oy for large intensities. In our study 'nvestigate ) o )
the emissivity corresponds to the fraction of radiation spon- Using the property(JM|dy[3'M —1)*=(J—M|d_4|J

- ; - —M+1)?, and dropping they andt coordinates, we can
taneously generated. n a small solid angig 10 mrad) obtain the rate equations in the presence of the 0-1 and 2-1
centered on theg/ axis. It involves all the transitiondM

—J'M' such thatM —M'=q, and may be written radiations:
d +
) 36 i nz:zzfz:z_rzrznzrz_[nuz_n1:1]3A(2,_11)a
JS%),(V,Y,U: oy (23+ 1)AJ,J’hV®J,J'(V)%: nym(y,t) g
, 2 J 3A(x1)
« J 1 J 10 5t Nax1=r2e1—DosaNoeg—[N2e1—N1ol2A%;
_ L ~[Npe1— N2 ]3A5Y,
whereA,; ; is the rate of spontaneous emission fromJdhe el Timtiztial
the J’ level. The local gain is written gd.4] d

—1
7t N2o=T 20— I"20N20—[N20— N11] %A(Z,l )

G(qu)r(V,y,t)ZL(I’J,J'(V)E (IM[dglI'M —q)? 14 (1) (0)
' 2goh M —[N2o=Nn1-1]13A51—[N20—N10]2A%7

X[ngmy,t) —nym—q(y,H)]. (13) J .
5t ”1:1:r1:1_F1:1n1:1+[”2:2_n1:1]3A(2,_11)
Equation (7) gives the rate equations that describe the
evolution of the fractional-population densitiesn the pres- T o—n IAGD 4 T —n 3A0)
ence of the radiation resulting from teM —J’'M’ transi- (Moo~ Nwal2Azy™ HIN2w1~Niea 202,
tions: +[Noo—N11]AGT,
J 9 1
E nJM(Y1t):rJM(t)_FJM(t)nJM(yvt) E n10=r10—rlonlo+[n21— nlo]%A(z’])_'f'[nz_l_nlo]
— 2 (IM[dg|d'M —q)? X 3517+ [N20—N1o]2A ) +[Noo— N1gl ALY
q
X[n D) =Nyy_qg(y,t 4 _
[ Jr(y )= Nyrm—q(y:D] ﬁn00:roo_roonoo_[noo—”1]]1\8,11)_[”00_”1—1]/\81)
X dvl(q), v,y,H)®;5(v)
2h2%eqC f 3.0 (1Y Py . —[Ngo— N1l ALY, (14)
12

with

for the upper states and B
A(Q) :A(Q) t :i d |(Q) )

J‘JI[ J’Jr(yy )] c 14 J’Jr(V,y, ) J,J’(V)y

J
7t Nyrm (Y, 1) =1 M (1) =L yrm (N3 (Y1) (15
whereB; ;= (J||d||3")?/[6#2%e(2]+1)] is the Einstein co-
+2 (M +qldgld'M")? efficient for stimulated emission. The spontaneous emission
d is known to be isotropic, and we reasonably assume that the
X[Ngmr+q(Yst) =Ngrme (Y, 1)] electron-ion collisions also verify this property, yielding
1 @ rym=rj_mandl’;y=I;_\ . Moreover, without incident ra-
xﬁ{g—oc f dvl ;5 vy, 0@, 5(v) diation or with a totally unpolarized radiation, tblbgqj in-

(13 tegrals do not depend ap The systems of rate equations for
the {|IM),|3'M" )y m=0 and {[IM),[3",M")}y v <o

for the lower states. These equations determine the popularoups of states are then identical, givingy,=n;_, and
tions of the quantum states and generalize the usual systemy.=nj _y. The resolution of the rate equations then
of equations that governs the evolution of the energy-leveheed consider only one sign, e.g., the upper sign.
populations. The andI’ coefficients arise from all populat- The radiative-transfer problem is solved by partitioning
ing and depopulating processes, except those of absorptidhe plasma column into a successiomofdjacent cylinders
and stimulated emission. The last contribution in both equawith a common axisy and lengths y,—y, 1 (p
tions represents the effect of the x-ray beam on the quantum=1,2,...m). y,,— Y, is the total plasma length. The intervals
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are chosen sufficiently small so that the populations, tem- Li(y)—1,(y)
peratures, and densities are independent of each cylin- D(y)= L) FT.(y)’ (18
der. In a given intervaly,_,,y,] the equation of transfer is I +
then easily integrated, yielding wherel andl , are the frequency-integrated intensities, with
the direction of polarization along the and thez axes,(rt)a-
j(@ spectively. As indicated above we simply have=1¢
1 D(y)= <]3<q+();i,)) {exd G'V(yp)(y—Yp-1)]—1} +1C1 andl, =1,

Dealing with quantum-state populations rather than with
+10(y,_)exd Gy, (y—y,-1)], (16)  level populations, elastic electron-ion collisions of the type
(2p°3s);y+e —(2p°3s) -+ €, with M#M’, must be

where the time and frequency variables are omitted. The ﬁrstt':_lken 'n{ﬁ accountt. Antest|r}1at|.on .Of thi ra;[]e of elfasltflc collll-
contribution on the right-hand side rhs of the above equatiofIons with momentum transter 1s given by the usetul tormula

is due to the emission spontaneously generated and amplifi 318]
in the considered interval, while the second describes the 1\ —6 —3 -3/2
amplification, in the same interval, of the radiation coming 0(s7)~3.87x10 "Need cm ) Z[ Te(V) ] In A&19)
from the preceding segmenty, ,,y,-1]. Assuming
1@ (y,) =0 (no incident radiatiop we easily obtain the out- whereZ is the ion chargeT, the electron temperature, and
put intensity in terms of the source functioﬁ(‘”(y) In A the Coulomb logarithm. The effect of these collisions is
=[] @(y)//[G¥(y)] and spectral gain, at the various ab- to restore equilibrium between the populations of the various
scissagyy: guantum states associated with each level. In other words,
they attenuate or even, as seen below, eliminate the popula-
m tion differences that might be induced by the x-ray field.
1D(y,)= Z [S(Q)(yp)—S(Q)(yp_l)] In view of comparison with the experiment of Resal.
p=1 [11], we have resolved the system of equations giving the
m intensity of the 2-1 radiation, in the presence of the 0-1 ra-
(a) _ diation. In fact, these transitions share the same lower level
Xesz'p [GHMB=yi-2)] and have to be considered in the same calculation. The elec-
tron and ion temperatures and the electron density are ob-

=Sy, (17 tained with the help oEHYBRID. The intensity of the x-ray
beams remains below the saturation threshold. The electric
with the conditionS@(y,) =0. field of the linearly polarized beam, which is injected in the

In order to account for the\ integrals that describe the amplifier, is written as a coherent superposition ef aand
effect of the lasing radiation on the quantum-state populad o— wave, and is directed along theaxis, assuming an
tions, the set of population equatiofsq. (14)] is resolved  appropriate phase differen¢gee Sec. )l The corresponding
by a postprocessor coupled to the D5hydrodynamics— intensity is simply the sum of the two equal intensit/é¥
atomic physics codeHyBRID [16]. The hydrodynamic quan- and!(~1). In this case we havASlJ),zAg_ﬁ), and the sym-
tities of interest are provided by treHYBRID code, which  metryM« — M is statistically preserved by the physical pro-
considers the single-sided illumination of a slab target. Theesses. We have accordinglp;y=n;_y and nj.
plasma is typically divided into 98 Lagrangian cells in the =nj, ), , and the resolution of the rate equations need con-

direction parallel to the pump laser; its expansion in thesider only one sign, e.g., the upper sign:
transverse dimension is assumed to be self-similar, each cell

being considered isothermal. The incoming laser energy is d (1
absorbed by inverse bremsstrahlung and resonant absorption It N2= 120~ I'oaNpo— [N~ N11]3A

at the critical surface. The rates contained in the population

equations involve all significant interlevel terms and have ;

yielded a very satisfactory description of the laser in the — Ny =r,— T pNp—[Na— N1l AT — [Ny —nyg3AYY,
small-signal limit[17]. The problem is modeled in a piece-

wise fashion through the plasma column, assuming uniform

conditions inside each interval, for the purposedipfinding A= _ _ (1 _ _ (0)
the atomic populations an@) amplifying the beam through ~ dt M20="20™ Ladzo™ [Mzo~ N1l A1~ [N20™ Naol2A21
the section of plasma thus obtained, appending the appropri-
ate ASE term from the segment. We assume that an apertured
of 10 mrad of the spontaneous emission contributes to the gt
x-ray beam. The populations are calculated in the steady-
state approximation. +[Ngo— Nyg] A§H+[Noy—npa]2AYY,

_ 1 1
Ny =rq— g+ [Ngo— n1ﬂ3A(2i+ [N2o—N14] %A(zi

Jd
Il LINEAR POLARIZATION 5t Mo=T10~ FaoMiot [N21— N10]3A5H +[Nao— N1ol2A%)

The degree of polarizatiod (—1<D=1) is convention- )
ally defined as +[Noo—N10]Ap1,
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L p————T———T7— T TABLE |. Population density (in cm ) of the upper
[(2p®3p)qo] and lower| (2p®3s) ] states involved in the Ne-like
o Ge 0-1 radiation(19.6 nm, and gains(in cm™?) corresponding to
% 0.999 two orthogonal directionss, andG; refer to the notation of Kawa-
g chiet al.[12].
=3
‘*? 0.998 Without trapping With trapping
Q
if» 19 Noo 1.38x 10 1.38x 10
0,997 ' Nistq 8.16x 10" 8.17x 10"
Mo Nyo 8.16x 10" 8.72x 10"
0.0 0.4 0.8 1.2 G, 2.70 2.70
plasma length (cm) G 2.70 2.69

FIG. 3. Degree of polarization of the Ne-like Ge 2-1 radiation

(23.6 nm), as a function of plasma length for various times ranging . : :
in the laser pulse duration. The irradiation conditions and the di-(IOWer level-ground level:1-g), as considered in Ref.

mensions of the two slab targets (inject@mplifier) are identical [12]. We study quantum-state populations rather than level

to those of the experiment of Rt al. [11]. 1.1 ns is the time at populatiqns, an(_:I .it is thus necessary to account for elas_tic
which the pump laser delivers its maximal intensity electron-ion collisions. It can be readily seen that for elastic

collisions, such that|1M)+e —|1M')+e~ with M
P #M', the selection rules are identical to those of the electric
—t Noo= roo— IooNoo— [Noo— n1ﬂ2AEﬂ—[noo— nlo]Ag,){- quadrupole—E2 5transitions. It follows thgt the transitions
20 between pure (@7,,351/7)1m States are forbidden. Now, real
states are not purej coupling and contain a @,2351,2) M

One can show that when the symmekdy— —M is pre- component that _reno_lers the transition pos_sible. To have an
served, and as long as the intensity remains below the satiPPer-bound estimation of the effect resulting from the pref-
ration regime, the phase variations of the and r_ waves grentlal trappmg_ of one component of the radiation, we can
along the propagation axis are equal. Therefore the phad@nore the trapping of the other component and use an over-
difference of ther, and r_ waves does not depend gn estimated value of the intensity of the trapped compon(_ant. In
and during amplification the electric field of the injected the geometry of Ref.12] (wherez andx are permuted with
beam remains parallel to theaxis. respect to Fig. 1 qf the .present_papthe trapped component

Figure 3 shows, for various times, the degree of polarizaiS the'vr wave emitted in the Q|rectlon perpendicular to th'e
tion of the Ne-like Ge 2-1 radiation. The median time 1.1 nsdiréction of the laser producing the plasma. So, assuming
corresponds to the peak of the pump-laser irradiation. A¢hat all them photons of the 1-g line emitted in a narrow
clearly seenD remains very close to unity, confirming the Slice (0=¢=<27 and 7/2—0.05< f=<=/2+0.05 perpen-
experimental observation according to which the injected rad'CUSIar to thez axis are reabsorbed, the resulting feeding of
diation does not suffer a measurable degradation of its polaf2P38)10 IS equal to (3/8)n;¢A,40.6275. We have in-
ization stateD decreases slightly from unity for small values cluded this z_iddmonal term in the coII|S|o_naI-rad|at_|ve code.
of y due to the apparition of the spontaneously emitted Thg p_opulat|ons of the qugntum states mvolved in the 0-1
wave. However, owing to the seeded beam, the increase gdiation, and the local gains corresponding to xhand z
more important for the circularly polarized waves, yielding d!rectlons are presented in Table . I_t_|s clear that the trap-
an increase oD for sufficiently large plasma lengths. This Ping has no effect on these quantities. For a 3-cm-long
behavior is obtained for all values of time. It must be notedPlasma these results give an intensity ratioth trapping
that these variations are too small to be observed. extremely close to 1(1.03, compared to 3.3 detected by

Let us now consider the 0-1 radiation. For the same reakawachiet al, who attributed the observed polarization to
son as above, the resolution of the population equationt'e radiation-trapping effect here considered. It appears that
should account for the 2-1 radiation as well. A hydrody-th's _effect_ls in fact quite negligible in the present case, and
namic simulation usingHYBRID with the same irradiance as the intensity ratio of 3.3 must result from other processes.
in the experiment of Kawachietal. [12], namely 3
X 108 W cm™2, provides the electron and ion temperatures
and the electron density that are used in the paraxial MB
calculation. These quantities, as well as the ion density, are In the above section we have shown that the polarization
transiently close to the estimations of Kawaehal., namely  state of the output is identical to that of the incident beam if
T.=450eV, T;=100eV, Ng=6.75x10%cm3 and the latter is linearly polarized. This result is confirmed by
Nion=3.14x10"8 cm 3. The agreement is also good for the experiment. It is also important to study the influence of a
Ne-like ground-state population densityN,(=1.18 circularly polarized incident beam, and of elastic electron-
x10® em™3), N;u(=8x102cm™3), and Ngy(=1.38 ion collisions, on the output polarization. A related objective,

X 10* cm™3), giving rise to a local gain of 2.7cnl, a  showing the effect of the injected beam on the ability of the
value identical to the gain obtained by Kawaehial. On this  plasma to generate a spontaneous polarization, is considered
basis we can now consider the possible effect on the popuhrough the behavior of the atomic orientation and align-
lations N;,, of the trapping of the resonance line ment. We choose the system of axes as followszthgis is

IV. CIRCULAR POLARIZATION
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taken to be the propagation axis, and then only circularly 0.02
polarized waves can propagate. (@ [\ /=lwithout linc #0
The MB equations, including the radiative-transfer equa- 0.01} 7 dine. =V

J=1 with
0.00 L o N T e

tion, allow us to investigate the fractional populations—
diagonal elements of the density matrix—of the various
states associated with each level. In numerous situations it is
more advantageous to consider the tensorial components
pSI(J) of the density matrix, defined bii9]

J=2 with

orientation

-0.01}
J=2 without

0.02 -
pg' ()= 2 (-1 MV2K+1
MM 003l L e
: 1 2 3 4 5
J K J plasma length (cm)

-M Q M’ [PIMIM” - (21 0.03 e

) . . . b J=1 without [, %0
K is a positive or null integer ranging from 0 ta2andQ a 0.0z - Tipe. =07
relative integer ranging from-K to K. From Eq.(21) we 001k ]

J=1 with
0.00 el e

readily obtain

-0.01 J=2 with

orientation

_ J K J
pJM,JM’:Izg(_l)J M\/2K+1(_M Q M/>PEQK)(J)-
(22 -0.02
-0.03

J=2 without

The pgo)(J) component is called population because it is
simplylproportional to thg overall populatipn of tkielevel.. . B T E—
The pg .)(J) component is called orientation because it is plasma length (cm)
proportional to the weighted average value of theompo-

nent of the angular momentuth Finally, the p{)(J) com- L I I I

—_
[\S]

. . . . © — I
ponent is called alignment. It describes the anisotropy of the 0.02} J=1 without ____ I’f"" fo .
. . . . . A IlnC‘ - 0
medium. It is obvious that fod=0 orientation and align- 1 with
=] wit

ment are always zero. We have fb# 0 0,00l e

orientation

1 J=2 with
pE)O)(J): \/m % Ny, (239 ool wit |
(23-1)! -0.04 9
(1) — J=2 without
pO (J) 2 3(2J+2)|%MnJMI (23b) 0----I1---1I2----é----él‘.--..s
21— 2)! plasma length (cm)
Py’ (3)=2 SEZJT),ZBMZ—J(JHM.
"M (230 FIG. 4. Orientation of the Ne-like Ge ions, as a function of

plasma length, when an incident 2-1 beam with intensity ..
When then;,, populations do not depend v, orienta- (output of the injectoris coupled to the amplifier. The injector
tion and alignment are equal to zero becauSgM lengths are(a) 0.5 cm, (b) 1 cm, and(c) 1.5 cm. “With” and
=S u[3M 2_J(J+1)]:0 The emerging beam is thus un- “without” mean with and without elastic electron-ion collisions.
polarized if its intensity is integrated over a sufficiently IargeThe dashed curve shows the orientation in the absence of incident

o Y. beam (;,c=0). Electron density equals>710?° cm™3, electron
time |ntervql. If .nown.JM depends_ 0r1\/|_ bUt. the condition and ion temperatures are, respectively, 500 and 300 eV.
nyw=n;_wm is still fulfilled, the orientation is zero and the

alignment is finite. In this case the output may only be lin-\yhen a circularly polarized radiation is injected in an ampli-

earl'y'polarized or unpplgrized. When the elastic glectron—iorfying plasma the populations are no longer symmetrical and
collisions have a negligible effect on the populatigssall e orientation is finite.

density, the radiation that propagates along thexis and Figure 4 shows the development of the orientation of the
that is associated with a nonzero orientation is circularly pos— 1 andJ=2 levels in plasma conditions where saturation
larized, while with a zero orientatiofimplying IM=1C"1) (. e N —7%10Pem 23 T.=500 eV. andT. =300 eV.
and a nonzero alignment it is either unpolarized or linearlyrpese conditions may be obtained with the use of curved
polarized. It is worth noting that without any external radia‘targets or prepulses. A Ne-like Ge 2-1 radiati@3.6 nm,
tion penetrating into the plasma, we hav§?3,=A§;‘3), and  right-circularly polarized, is seeded in an amplifying plasma
the populations are symmetrical with respect to the transforafter propagation in an injector of length) 0.5 cm, (b) 1
mationM «— —M [see Eq(20)]. We then havepgl)=0, and cm, and(c) 1.5 cm. The comparison of the curves obtained
the output could only be linearly polarized or unpolarized.with elastic collisions [JM)+e~—|IM')+e (M’ #M)
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taken into account‘with” ) or ignored(“without” ) exhibits 0.05 +————+—r T T
the effects of these collisions on population distribution and 0.04 (@ — Mine.#0 |
therefore on orientation. When the elastic collisions are ig- T / = ** ine. =0
nored we see that the injected beam begins to affect differ- 0.03L J=1 without
ently the quantum-state populations when attaining its satu- g

ration threshold. This occurs at a length of 1 cm in the §) 0.02- . 1
amplifying plasma in cas@), 0.6 cm in caséb), while for a Cl ooil J=2 without
preamplification in a 1.5-cm-long injectarc) the length ‘ J=1 with
nears 0.1 cm. The curves have the same shape. 0.00 222 ~—

The orientation of thel=2 level is negative due to the J=2 with
incident 7, radiation, which makes the intensity") much 001 mmmm e
larger tharl ("), yielding a more important dep(_)pulat.ion for plasma length (cm)
the M=0 states than for tht! <0 ones. The orientation of
this level begins to decrease for increasing plasma length as 0.05
) is saturating, the depletion of states being stronger for oosl © - fi'w»fg_
higherM values[see the relative line strengths in Figbg, ' / TN e T
while 1Y) remains below saturation. At higher values 0.03F J=1 without i
saturation is achieved for), and 11-1) itself begins to g ;
gradually saturate, yielding a smaller and smallasy, % 0.02- ; . T
—n,_y| difference. Consequently, we observe a reduction cl ! J=2 without

. ) : 0.01| ;
of the orientation that asymptotically tends to zero. J=1 with

A quite op_posite effe(_:t i_s noticed for the lower level. Un- 0.00 \y T — ( :
der the dominantr, radiation, to the most depleted upper J=2 with
states|2M) correspond the most fed lower statésM 001t
—1). As a result,|11) is more fed than1—1), and the
orientation is positive. The minimal plasma length at which plasma Jength (cm)
the orientation becomes finite decreases for increasing 0.05
seeded intensities. As above, when complete saturation is © -
achieved the populations of the variolis) states are no 0.04f ;
longer different, and the orientation tends to a finite limit. : DN

A . 0.03|- ;

Figure 5 shows the alignment for the same plasma param- £ — Iipe. %0
eters as above. Considering the 1 level, the alignment is E o002k line. =
proportional ton;;+n;_;—2n;5. When the elastic colli- = J=2 without
sions are ignored we notice in ca&® [Fig. 5a)] a rapid 0.01- ; . R,
increase near 1.4 cm. This is mainly due to the 0-1 radiation, 0.00 e e )
which saturates first and rapidly increasges.;, yielding a i ey ™ 22 with
positive alignment. In caset) and (c), it is the injected Y | I TR T T TN
o+ 2-1 radiation that saturates first. The differences be- 1 2 3 4 5
tween the evolutions afi;1, nyg, andn;_4 is then the main plasma length (cm)
cause of the transiently negative alignment. From Egg8).
the population rate due to the+ 2-1 radiation is Bn,, FIG. 5. Alignment of the Ne-like Ge ions, as a function of

—nyJASY for nyy, 3[ny—nylASY, for nyo, and 3[ny,  Plasma length, same as in Fig. 4.

—n;-,]JASY for n;_;. Now, as indicated abovey,,<ny; , o

<Ny and Ny>Nye>n; 1, SO that 3n,—ngg]+ [N We now focus our attention on the output polarization.

The two waves, and7_ are independent of each otheo
hase relatiop and their coherency matricg&0] are, re-
pectively,

—ny_1]—23[n,;—nyg] is transiently negative. At greater
length, the alignment becomes positive under the influenc
of 0-1, as in casé€a). The important effect of 0-1 is clearly
exhibited in the absence of external radiation. At even ()
greater length the influence of the spontaneously generated C(1)=7
o— 2-1 reequilibrates the populations, therefore lessening

the alignment. Due to saturation above a certain plasmas the waves are independent of each other, the coherency
length, the populations no longer vary and the alignmeninatrix C of the output is simply the sum of the above ma-

1 i
: 1). (24)

i (-1
1' |> C<‘1)=I
=i 1) 2

tends to a limit. trices:

Similar considerations explain the behavior of the
J=2-level alignment, which is proportional to B, 1 104D i[1®—11]
+n,_5)—3(Ny;+Nn,_1)—6n,,. The populations not being CZE (—i[|<1>—|<—1>] [D =D (25

directly concerned by 0-1, the alignment remains everywhere

less pronounced than for tHe=1 level. In all cases, orien- Any quasimonochromatic radiation may be expressed as the
tation and alignment are strongly attenuated by elastisum of a completely unpolarized and a completely polarized
electron-ion collisions. wave, which are independent of each other, and the decom-
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"Tgandc T of the MB theory, which is the most convenient tool for
1.0 e plasma samples exhibiting population inversions between
oo two groups of quantum states connected by electric-dipole
oo interaction. The equations are valid even if a radiation in a
’ " definite polarization state is injected in the amplifier, pro-
. . vided the coherence envelopes are assumed to be in steady
0.6 . e state with respect to their production and decay processes.
o wihout . When the ASE intensities become large, this approach is
. appropriate to describe the continuous transition to saturation
04F RN of x-ray lasers in plasmas.

— i S 5 — é B Our calculations have been applied to germanium slab

degree of polarization
»

/
"

targets, which, in the 8-3s scheme of the Ne-like sequence,
plasma length (cm) allow one of the highest efficiencies in collisionally pumped
FIG. 6. Degree of polarization of the Ne-like Ge 2-1 radiation lasers with large gain-length products. We have shown that a
(23.6 nm, as a function of plasma length, when an incidept2-1  linearly polarized beam, coupled to an amplifying plasma,

beam(output of the injectoris coupled to the amplifier. The injec- does not suffer a measurable degradation of its polarization
tor lengths are(@) 0.5 cm, (b) 1 cm, and(c) 1.5 cm. Full curves  state. Our results for the 2-1 line are in good agreement with
account for elastic electron-ion collisions and dashed curves ignorghe measurement of R al. [11]. Concerning the 0-1 line,
them. Temperatures and density as in Fig. 4. the experiment of Kawachét al. [12] has shown an impor-
o i . _tant degree of polarization, which was explained by the au-
position is unique. The coherency matrix of the unpolarizedpors as resulting from a selective photon trapping of the
component is of the form1, whereA is positive real and  resonance line, due to a preferential direction of expansion.
the 2x 2 identity matrix, that of the polarized component hasThe populations of the lower laser states, calculated with
its diagonal formed of positive reals, while the other two ragiation trapping taken into account, do not show suffi-
matrix elements are complex conjugates of each other. Thgiently large relative differences to explain the observed po-
degree of polarization of the emerging radiation, defined agyrization. Moreover, the small effect of photon trapping is
the ratio of the intensity of the polarized portion to the total strongly attenuated by the elastic electron-ion collisions,

intensity, is given by 20] which tend to equalize the quantum-state populations associ-
ated with each level.
D= \/ _4De—tC. (26) We have also calculated the orientation and alignment of
(C11tCp)? a lasing plasma in a configuration of injector-amplifier. With
. ) D) 1 (—1) an incidentr,. beam the orientation is finite in the absen_ce of
Itis then easy to show thay= |1t — 1t~ D[/[1TD+ 11707, elastic electron-ion collisions, and the medium gives rise to

Figure 6 shows the degree of polarization of the Ne-like, 404, waves. As a result, the degree of polarization of
Ge 2-1 radiation. In the absence of elastic electron-ion colliyhq output is less than that of the incident beam, i.e., 1. If
sions the degree of polarization of the output is smaller thagastic collisions are taken into account, the orientation is
that of the injectedr, beam, i.e., 1. In fact, due to a finite pegjigible and the medium has no effect on the polarization.

orientation(see Fig. 4, the medium is able to generatera |, this case the degree of polarization of the emerging signal
wave with a significant intensity. It is clear that the contri- jg equal to that of the incident wave.

bution of this wave to theD value diminishes when the |5 grder to estimate the influence of the medium on the

intensity of the seeded wave is increased. As a refllt, oytput polarization and to evaluate the role of elastic colli-

into account, the degree of polarization remains close to theyilisation des Lasers Intenses laser facilitgicole Poly-
D value of the incident beam. In other words, when elastiGechniqug in an injector-amplifier configuration. Multilayer
collisions are taken into account the medium has a negligiblgnirrors will be used to polarize the injector—unpolarized—
effect on the output polarizatiofmegligible orientation output, providing a circularly polarized beam at the entry of
the amplifier.
V. CONCLUSION
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