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Zeeman splitting in the Maxwell-Bloch theory of collisionally pumped lasers
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The radiation generated in the soft-x-ray domain by spontaneous emission and amplified while propagating
in a plasma column is investigated in the Maxwell-Blo@fiB) formalism. The MB theory is especially
appropriate to describe the interaction between the medium and the lasing radiation in the saturation regime,
and asymptotically yields the commonly used theory of the small-signal gain coefficient. We have examined
the effect of spontaneously created magnetic fields on gain coefficients, integrated intensity, and steady-state
population of quantum states. Our calculations are applied to the 0-1 and 2-1 radiations at 196 and 236 A,
respectively, in collisionally pumped Ne-like germanium lasers. For these radiations and in our range of plasma
parameters the Voigt function—accounting for the Zeeman splitting of the various sublevels associated with a
given multiplet—provides accurate line shap31063-651X97)08705-9

PACS numbgs): 42.55.Vc, 32.60ti, 32.80—t, 52.20—j

I. INTRODUCTION sional excitation, and deexcitation, ionization, and recombi-
nation need to be considered in the population rate equations.
Although the demonstration of soft-x-ray amplification  Theoretical investigation of collisionally pumped systems
and even saturation in collisionally pumped lasers has bds generally through the use of a hydrodynamics—atomic
come almost a routine since the first observations in 1989hysics package generating a time-dependent description of
[1-4], the development of a complete theory of this scheméhe laser-produced plasma that is postprocessed by either a
has progressed somewhat more slowly than experimental afgY-tracing[9] or a wave optic$10—13 treatment. Further-
vances. Following a recent approach on the amplification Ofgore, the 2+1 quantum states that form a given lasing

spontaneous emissidASE) using the Maxwell-BlocKMB) vel are assumed to react as a whole to th_e radiation field,
formalism [5], we intend to investigate the effect of self- and the rate equations that describe populations refer to lev-

S : o : els and not specifically to states. Within such approxima-
generated magnetic fields on intensities and ion level IOOput'ions, the role of saturation in determining the intensity of the

lations in the saturation regime of collisionally pumped Ia—Iaser output and in describing the gain narrowing for arbi-

sers. . ; ;
. . . . trary inhomogeneous line broadening are now well under-
One is essentially faced with the resolution of thestogd[7 g]. g 9

radiative-transfer equation. In many problems involving non- A humber of works have already used the MB formalism
polarized radiation and relevant to x-ray laser modeling ag specific investigations such as buildup of radiatjas],
well as to astrophysics, the purpose is to find the solution ofain [14], transverse coherendd5,16|, superfluorescence

the following one-dimensiondlLD) equation: [17], or superradiancgl8] theory. In x-ray laser modeling,
the degeneracy of the lasing levels has been considered in the
9\ (v,2)=G(1,2)[1(»,2)+S(v,2)], (1) treatment of the interaction between the ASE electric field

and the amplifying medium5].

The aim of the present work is to investigate the effect of
wherel(v,z) is the intensity at the frequenayand coordi-  magnetic fields, which spontaneously build up in the plasma
natez. G andS designate the gain and the source functionsdue to the large density and temperature gradients, on the
respectively. In x-ray laser$ involves absorption and population of ionic levels and on the amplified intensity. In
induced-emission processes. The ASE theory, with a corthis case the Zeeman sublevels, associated with each multi-
stant gain coefficienfthe gain coefficient being the opposite plet, are no longer degenerate. For such systems we can de-
of the absorption function is not adequate to model the rive the MB equations that govern the evolution of the
history of radiation when the intensity nears saturation, agjuantum-state populations, rather than the level populations,
the populations and thus andS depend orz. In thisregime  as well as the evolution of the nonpolarized spontaneous-
the problem is generally overcome by using a steady-statemission intensity, which is amplified while propagating
saturation intensity6—8] that enables the effect of stimu- through the medium. The populations themselves depend on
lated transitions on the populations to be modeled indirectlythe intensity of the radiation through the population rate
However, this treatment fails to directly model changes inequations. The Maxwell wave equation is considered using
the level populations—potentially significant in a system thatthe customary paraxial approximatigeee Ref.[13]), and
may have several coupled lasing transitions—and, moreovethe density-matrix coherences are assumed to be in steady
neglects the modeling of certain quantum-mechanical effectstate with respect to their production and decay processes.
arising in a linearly propagating field. The combination of The spatial evolution of the electric-field phase as a function
the Maxwell wave equation and the Bloch equations mayof the free-electron density and population inversions, and
overcome this limitatioh5]. The other effects arising in col- the spatial evolution of the electric-field amplitude as a func-
lisional lasers such as spontaneous radiative decay, colliion of the
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population inversions are obtained. The gain coefficient can (i)
then be deduced directly, and is expressed in a form that
reduces to the small-signal gain coefficient at low intensity. 4 Iml
At high intensity we are not able to associate a rate coef- _e ,_‘(_]_ [ {_] ——__%
ficient of stimulated emission, or absorption, to the multip- ol G3)
lets involved in lasing. Due to the nature of the linearly P'iy column propagation axis
propagating radiatioriall electric-field oscillations occur in (iy)
the plane perpendicular to the direction of propagatitime
interactions between the radiation and the various quantum
states are not identical. TheJ2 1 states|JM) associated Small cylinders
with a given multipletd are no longer degenerate in the (homogeneous plasma)
presence of a magnetic field, and inelastic electron-ion colli- FIG. 1. Geometry of the amplifying plasma. Thexis is taken
sions of the typé\] M)®!pI}H|JM'>®|p’I s Wherelp|> IS .to be the plasma-column axis, or equivalently the propagation axis.
a quantum state of an incident elggtrqn, must a'SF’ be consi e nonparallel gradients of the electron density and electron tem-
ered, as they tend to restore equilibrium populations amoNngerature are contained in a transverse plane, and the resulting mag-
the states of the considered multiplet. In particular, theseetic field is thus along the propagation axis. The plasma is repre-
collisions lessen or even eliminate the polarization of thesented as a succession of adjacent cylinders having a common axis,
medium by the x-ray beam. z axis, and lengthg,—z,_; (p=1,...m). The lengths are taken
The irradiation of a target along a prescribed line focus issufficiently small, so that the plasma is assumed to be homogeneous
such that the produced plasma expands nearly cylindricallyin each fraction of the plasma column. The lasing radiations are
The generated x-ray pencil then propagates along the axis afplified over the lengtla,,— z,.
a cylindrical plasma column, which forms the amplifying
medium. If the intensity of the beam is large enough to affeciasers: N~ 7x107° cm™3, |VNg|=2x10% cm™, |VT|
populations, the plasma becomes inhomogeneous in the dic 10* ev cm !, and |[Vu|~3x10° s! (see Ref.[20]),
rection of propagation. yielding B~10 T.
The intensity satisfies the radiative-transfer equation The inhomogeneous broadening, which is attributed to the
given above, and is coupled to the quantum-states populatiogtark interaction with the slowly moving ions, is negligible

d_ensities, which are governed by the following rate €qU3%or the Ne-like germanium radiations at 196 and 236 A, at
tions: the density and temperature conditions that prevail in colli-

ani(2)=—n(2)T:(2)+1:(2), 2 sipnal lasers. We can thus assume that the Voigt funct!on
i(2) (ATi(2)+1i(2) @ gives a good description of the line shape. The Voigt profile
wherei designates a quantum state—upper or lower—of théccounts for thermal Doppler broadening and electron-
considered ionl andr are, respectively, the total decay rate Impact broadening, on the one hand, and electron-impact
of the considered state and the sum of all processes populatbift, on the other hand. The Zeeman interaction removes the

ing it. spherical degeneracy, so that th#21 state§JM), associ-
ated with theJ multiplet, are symmetrically split. If we as-
Il. ZEEMAN SPLITTING AND VOIGT sume a Maxwellian d|str|but|c_)n for ion veloc.|t|es, Wlth. a

PROFILE FUNCTIONS most probable value,, the Voigt profile of a given transi-

tion [JM)—|J’M’), having a central angular frequenay
In the laser-produced-plasma conditions that prevail infor a free ion, is
x-ray lasers, magnetic fields may be spontaneously created
owing to the existence of nonparallel gradients of the elecP;y ;/y/ ()
tron temperature and density. An estimate of such fields is
obtained from the well-known relatigri9]

N[

1
32
1 V(kTo)X VN, LT

B:e_NeT' 3 exfd — (v/vg)?]

XJ dv 2 2
whereu is the macroscopic flow velocity of the plasma. The o (0mwymw/cmAwe—Aws)"+ (7/2)

z axis is conventionally taken to be the plasma column axis 4
or, what amounts to the same thing, the direction of propa-

gation of the x-ray penci(see Fig. ], and is thus perpen- Wwherey andAw, are the angular-frequency width and shift,
dicular to the direction of the heating beam. The electron-due to electron collisions with the lasing ion, afidg is the
density gradient is large in the direction perpendicular to theZeeman shift,

target surface while the electron-temperature gradient is im-

portant in the lateral direction. The resulting magnetic field is Awg=h"1(gM—g'M’) ugB, )
then parallel to the plasma-column axis. Within the assump-

tion of nearly cylindrical expansion, which is satisfied in in which ug[ =ef/(2mc)] designates the Bohr magneton
most cases, it is easy to estimate the amplitude of thand theg’s are the Landdactors. We have in thg-j cou-
magnetic field in the gain domain. The following values pling schemeg(1/2,1/2)=2/3 for J=0 and J=1, and
are representative of collisionally pumped germaniumg(1/2,3/2)=3/2 for J=2.
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Let t=vlvg, X=(w—wy—Awe—Awg)/Ap, and y

=vyI/(2Ap), where Ap=wqvy/c is the thermal Doppler
width, which is related to the Doppler full width at half

maximum (FWHM) Swp through dwp=2In2 Ap. It is
then easy to gefsee, e.g., Ref.21])

y (=, exp—t?
PJM,J’M’(w):?/?A_D o T x071y?

1 1 _
:F’?A_D Rew(x+iy). (6)

The functionw(x+iy) is then expanded in terms of trigo-

nometric and hyperbolic functions:

w(x+iy)=exd — (x+iy)2|{1—erf —i(x+iy)]}
=exf — (x2—y2+2ixy)][1—erf(y—ix)]
=exf — (xX2—y?+2ixy)]

exp(—y?)

x 2wy

1—[erfy+

X[1—cog2xy)—i sin(2xy)]

exp(—m?/4)

2
_ — 2 = 7
+ - exp(—y )mE:l mZ+ 4y?

X[fm(y,—X)Hgm(y,—X)]} ; (7
where
fm(y,—Xx)=2y—2y coslimx)cog2xy)
+m sinh(mx)sin(2xy) (8a)
and
Im(y, —X)=—2y cosiimx)sin(2xy)
—m sinh(mx)cog 2xy). (8b)
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FIG. 2. Normalized Voigt profiles of the circularly polarized
radiations associated with tHé2p3,,3p1,,)00)—|(2p3,,3s)1=1)
transitions in Ne-like Ge, for two values of the spontaneously gen-
erated magnetic field. For finite values Bfthe profiles of thar .
and o_ transitions are symmetrically split with respect to the un-
perturbed line shap@ssociated with = 0), which is then common
to the two transitions.

The Voigt FWHM is obtained by setting?(x)=P(0)/2,
which yields the following relation:

Sir(xy)

Ty

exp(— xz){ +cog2xy)C(y)
exp( — m?/4)

4y
tr 2 Ayt

[cosimXx)
T m=1

—cos(2xy)]] - ¥=0, (12)

whereC(y) =expf?)(1—erfy). It has been checked that the
m>5 terms do not contribute significantly to the solution.
We now focus our attention on germanium slab targets,
which have been the subject of recent theoretjédl and
experimental[22] progress. More specifically we consider
the Ne-like transitions at 196 A, i.e., between
(2p3,3P12)3—0 and (3,,3s);-1, and at 236 A, i.e., be-
tween (23,3Ps2)—» and (203,,3s);-1 (henceforth re-
ferred to as 0-1 and 2-1 radiatigndt is worth noting that
lasing around 200 A in Ne-like ions constitutes the most

After a Straightforward derivation the VOlgt prOfile becomeSefﬁcient Co”isiona"y pumped lasers with |arge gain_|ength

B ) Sir?(xy) )
P(x)= m exp(—Xx°) Y +exply©)cog 2xy)
4y O exp(—m?l4)
X(l_erfy)+?n12:1 fT]2+—4y2
X[ coshmx) —cos(2xy)]} . 9)

Such a profile is symmetrical with respect xe=0, which
means that the central angular frequency g+ A we
+Awg. The corresponding value & is

1
P(0)= prT, exp(y?)(1—erfy). (10

products[23,24]. Figure 2 shows the individual Voigt pro-
files for spontaneous emission in the presence of a magnetic
field. To eacho, transition between an upper state with
magnetic quantum numbéd and a lower state with mag-
netic quantum numbevl’ such thag=M—-M’'=1, a sym-
metrical o_ transition (—M——M"') characterized by =

—1 is associated. As expected the profiles of these circularly
polarized radiations are symmetrically split with respect to
the profile of ther transition|J0)—|J’0), and the separa-
tion increases linearly with the magnitude of the magnetic
field. The shift of the various components is small compared
to the linewidth.

Ill. RADIATIVE-TRANSFER PROBLEM

Due to the splitting of thes, and o_ radiations, the
intensity of each component at a given frequency must be
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considered separately. The radiative-transfer equation fd87/3. The total rate of spontaneous emission in term of the
o4 photons (1=*1,0) propagating in the direction may Einstein coefficienf, ; is then
also be written as

1 J’ 2
. A M — =(2J+1D)A; 5
715,12 =i (1, 2+ 6%, (r 210, (v,2), (12 mam-a(N=@IF DAy g M-q
wherejg‘ﬂ, andGS‘B, designate the monochromatic emissiv- XPamarm—q(?)- (16)
ity and gain, respectively, both of which azedependent in We numerically solve the radiative-transfer problem by

the saturation regime. The emissivity of the medium corretreating the plasma column as an assemblymofidjacent
sponds to the radiation generated in a solid an@le cylinders with a common axis, and lengthsz,—z,_; (p
(=10"%) centered on the axis by all the transitions from =1,...m). zn,—2, is obviously the plasma length over
the Zeeman sublevels representedJbip those represented which the radiation propagatésee Fig. 1 The intervals are
by J’ such thatM —M’=q, and is given by chosen sufficiently small, so that populations, temperatures,
and densities are independent ofin each cylinder. In a
(@) 30 given interval[ z z,] the equation of transfer is then eas-
i (2= o v w2 Amamo(v), 13 IV p-1:Zp
: 8m M ily integrated, yielding

whereA;y 3:m—q(») is the probability of spontaneous emis- j(Q)(V,Zp)

sion from|JM) to |[J’M —q), at the frequency. The index 19 (v,2)= GD(1,2,) {exd G'¥(v,2)(2-25-1)] -1}
g takes only the values 1 and1 as a radiation propagating P
along thez axis cannot include anyr-polarized radiation +ex G (v,2,) (2= 2,- ) 1 P (v,2,_9).
(polarization component parallel tp, corresponding ta (17)
=0), and we have to consider only circularly polarized ra-
diation (= =1). The spectral gain is then The first contribution in the right-hand side of the above
) relation is due to the emission spontaneously generated and
, amplified in the interval considered, while the second one
GSCB'(V'Z): 25t % (IM]dg|3"M = a)*P3u 3w —q(¥) describes the amplification, in the same interval, of the ra-
diation coming from the preceding segméi, ,,z, 1].
X[Nym(z) =Nnym—q(2)], (14 Assuming 1(@(v,z5)=0 we easily obtain the intensity in

herek= w/c is th ¢ liah q oy, tETMS of the source functio®®(v,z) =@ (v,2)/GW(v,2)
wherek=w/C is the wave vector of light. In order to calCu- a4 of the spectral gain, at the various abscissa

late Ajm,5m—q(v), let us consider the spontaneous emission
in the solid angled. The corresponding probability per unit 1@ (v,z,)=S9(v,z,){exd G'¥(v,z,)(z;—20)]— 1},
time is (see, e.g., Ref25]) (18a

1D (v,25) =SV(v,2,){exd G'V(v,2,) (2.~ 21) ] - 1}
+89(v,2){exd GV (v,2;) (21~ 20)] - 1}
XPimarm—q(7)0, (15 Xexg G'Y(v,2,)(z,—21)], (18b)

whered, is the relevant tensorial component of the eIectric—l(q>(
dipole operatod.
We thus obtain

27y
C

3
o o= 5 | 2o | KaMIagaM-q)F

V,Zm)

ool = pzl SV (v,z,){exd GV (v,2,) (2= 2p-1)]— 1}

1 (27v\3 o J 1 J\2 XquG(Q)(Vazp+l)(zp+1_zp)]><'”
= 2mh ( c ) QA Sy g il X XEL G (1, 2 (22 1)), (180
XPimam—q(¥)® where all the indexes arem. S9(v,z,) andG@(v,z,) are
1 (2 337 3 the source function and the spectral gaifg_,,z,]. Both
- (_T”’) 3_< ¢ ) (23+1) functions satisfys,=0 in this segment. The relatiofi8¢)
2mh \ € 4 \2mv may be written in the more compact form:
J 1 )\ m
XAsa| _m q M-q Pimarm—q(»)® I(Q)(V’Zm):pzl [SV(r,2))— S (v,2, 1)]
_3 (2J+1)A LY )ZP (v)O o
8m MWi=M g M-q] MIMmd T xexpX, [G9(r,2)(z~2 )]~ SV (v,2p),
=p
Owing to the fact that the emission in a given polarization is (18d)

not isotropic(only two of the three orthogonal directions are
allowed the integration over angles introduces a factorwith the conditionS'¥(v,z,)=0.
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FIG. 3. Integrated intensity of the 0{&) and 2-1(b) radiations in Ne-like Ge, as a function of plasma length for three values of the
spontaneously created magnetic field. Saturation is reached at 2.5—-3.5 cm, depending on the radiation and on the magnetic field. The 0-1
radiation saturates before the 2-1 one.

It is worth noting that the above treatment is able to actransitionU-L giving rise to a Gaussian-shape line. Follow-
count for the possible inhomogeneities of the plasma aloning Linford et al.[31] the corresponding integrated intensity
the propagation axis of the radiation. Large-scale inhomogeis
neities in the line plasma emission have actually been ob-
served in a qualitative way by many grou®6,27]. Kieffer [exp(Ggz) — 1132
and co-workerd28] (see also Ref[29]) have shown that lyL(z)e [Gyz exp Goz) 72" (19
such inhomogeneities arise from nonuniform pump laser ir- 0 0
radiation along the line focus, and affect the gain of the x-ray,
laser. However, the results presented in this work do n
include those effects.

The total intensityl (z) is obtained by adding the partial
intensities! (9(»,z), =1, andq= —1, and integrating with
respect to frequency: 2

Upper
states

hereGy is the gain value at line peak. The effective gain is
e value ofGy, which, treated as a parameter, allows a

F-like
levels

Collisional-radiative

cascade cascade

| (Z) = f d V[I (l)( v, Z) 4+ (— 1)( V,Z)] . Collisional-radiative

@pS123p1) J=0
A}

sublevels

In Fig. 3 we show the evolution witlz of the amplified o |
(Cpidpy) J=2

intensity of the 0-1 and 2-1 radiations in Ne-like germanium,
for three values of the magnetic field. We choose an electron ~ Lesing tansitions
density of 7<10?° cm~3, which may be accessed by the use KT S
of curved targets or prepulses and we assume an electron b / LY ] sublevels
temperature of 500 eV and an ion temperature of 300 eV. < : @) =t
For a given plasma length and for increasing magnetic fields
we observe a small attenuation of the intensity, due to the Collisional |excitation | Fast radiative decay
broadening of the intensity profile, generated by the increas-
ing splitting of the variouss . and o_ profiles. While the
saturation intensity is reached at largewalues its magni- ground level
tude does not depend on the magnetic field value, because @) =0
amplification overcomes the effect of the magnetic field on

. : . . FIG. 4. Schematic representation of thp-3s transitions in-
line shapes. As is clearly seen for intermediate plasma . - prese P )
volved in the collisional-excitation scheme in the Ne-like sequence.

lengths, the 2-1 radiation is more affected by the Zeemad”:‘nergies are not scaled. The collisional excitations from the ground

interaction than the 0-1 radiation. This behavior is attrlbute_ evel are followed by collisional-radiative cascades, which populate

to a larger broadening of thg 2-1 raQ|at|on, which is .con.stl-the upper lasing state2p%,3ps2)2M) and |(2pS,3p12)00).
tuted of 37, and 3r_ transitions, while the 0-1 radiation is These states are metastable, i.e., E1 radiative decay to the ground
formed of 1o, and lo_ transition only(see Fig. 4 level is forbidden. The transition labeled 1 designates the monopole
The plasma-column radius and length, and consequentlyyjjisional excitation, which is the leading mechanism in the popu-
the solid angled, have no effect on the gain-coefficient val- |ation of theJ=0 level. The transitions 2 represent the recombina-
ues. In order to calculate an effective gdB0], which is  tion from theF-like stage, dominated by the dielectronic recombi-
defined in the same way as in experiments and which is thusation. Inversions may occur because the lower lasing states
comparable to thebservedgain, let us consider a fictitious |(2p3,3s)1M) have a strong radiative decay to the ground level.

} Zeeman

’
]
/1, Lasing transitions
‘1 =236 A
'y
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FIG. 5. Effective gain of the 0-1a) and 2-1(b) radiations in Ne-like Ge, as a function of plasma length for three values of the
spontaneously created magnetic field. The effective gain involves all the transitions that contribute to the outp(itvsigreaisitions for
the 0-1 radiation and six transitions for the 2-1 paad is derived from the intensities calculated for various plasma lengths. Saturation is
reached at 2.5-3.5 cm, depending on the radiation and on the magnetic field.

matching of the integrated intensitiésand I, . Figure 5 state populations at eachvalue, and generalize the usual
illustrates, for various magnetic fields, the evolution of theequation system that describes the energy level populations.
effective gain for the 2-1 and 0-1 radiations, as a function ofThe r and I' coefficients result from all populating
the plasma length. At the electron density of Z0?° cm 3 it and depopulating processes except those of absorption
is obvious that the 0-1 radiation is dominant. For the sameand stimulated emission, which are associated with the
reason as above, the 2-1 effective gain is more influenced by-J’ radiation. Using the propertyJM|d,|J’M—1)?

the magnetic field than the 0-1 one. =(J—-M|d_4|3’=M+1)2, and dropping the coordinate
for ease of notation, the population rate equations in the pres-
IV. QUANTUM-STATE POPULATIONS ence of the 0-1 and 2-1 radiations may be written as

Taking into account the Maxwell wave equation for radia-
tion through the globally neutral plasma and the Bloch equa-
tion for the density operatd6] we can obtain the rate equa-

N2 2=T 25— T ouoNoeo=[Nps2=N121]3A 545141,

tions for the population densitias in the presence of the 0tn2¢1=rzil—TZﬂnzil—[HZﬂ—nlo]gf\zil,lo-
radiation propagating along theaxis, which is associated
with the IM—J'M’ transitions. We have Moo= 20— T agN20—{[ Nao— N11] A 011
dngm(z)=riu(2) —Tm(2)nyu(z
Nam(2) =T 3m(2) =T ym(2)N3m(2) +[Noo— 1113 A g0 1},
(22)
- IM|dg|I'M—g)?[nyy(z
q,%ﬂ( dl D TNom(2) ONye1=T121=LreaNye g H{[N222=N121]3A 250141
—Nyvm—q(2)] +[Nyo—N12113A 20101+ [Noo— N1+ 11Ag0.15 1}
1
(q)
X 2h2e4C fd” 135 (. 2)Pamarm—q(v) dtN10=T 10~ T10M10H {[N21— N10]3A 2110
(20) +[N1—N1al3A5-119,
for the upper Zeeman sublevels and
3Noo= 00— I"ooNoo—{[Noo— N11]A 00,11
diny, r(Z):r ’ r(Z)_F ’ r(Z)n ’ r(Z)
o M I M +[Noo—N1-1]Ago1-1},
+ IM’ +qldg|3'M")? i
q’%ﬂ ( q ) with
X[Nymr+q(2) =Ny (2)] 572 A B 4@ (V)P (v)
JM’ +q J'M théoc IM,J' M’ c 3,3 IM,J' M’
de]/ IS?\;,(V,Z)PJM/+qY‘]/M/(V) (21) (q:M_M,), (23)

for the lower sublevels. The above equations when coupIeWhereBJ,JIZ(J||d||J’)2/[6hZeo(2J+1)] is the Einstein co-
to the radiative-transfer equation determine the quantumefficient for stimulated emission. Owing to the Zeeman inter-
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FIG. 6. Steady-state populations of the quantum s{§&s; ,3p3,)2M) (a) and|(2p3,3s)1M) (b), as a function of plasma length for
three values of the spontaneously generated magnetic field, the collisional population redistribution among the Zeeman sublevels of a same
multiplet being ignored. Saturation is reached at 2.5-3.5 cm, depending on the radiation and on the magnetic field. The 0-1 radiation
saturates before the 2-1 ofmee texk

action, the individual profiles of the various, and o_ integralsA, which describe the effect of the lasing radiations
components involved in a gived-J’' radiation have the on the quantum-state populations, and for the Zeeman inter-
same shape but are shifted with respect to each other, syraetion. The rates contain all significant interlevel terms and
metrically with respect to the line centevy=(w, have yielded a very satisfactory description of the laser in the
+Awe)/(27). Let us consider the integral§;y ;-m- and  small-signal limit[33]. The problem is modeled in a piece-
Aj-m,0—m - Omitting the B, 5, /c factor, the first one is wise fashion through the plasma column, assuming uniform
equal to fdw I, (v)Pywym/(¥), and the second one is conditions inside each interval, for the purposdipfinding
equal tofdw I P(¥)Py_y—w:(¥). The first integral is  the atomic populations ar(i) amplifying the beam through
obviously equa] tqﬁdwgqj)/(yO+ )Py o (vo+ ') and the interval of plasma thus obtained, appending the appropri-
o ate ASE term from the segmefgee Eq.(17)]. We assume
that an aperture of 10 mrad®E3x 10 * sr) of the sponta-

the second one tgdv'l; ;" (vo—v")Py_m a3 —m(vo—7').
o i ;
Now it is clear from Fig. 2 thatPsyym (vot¥') hons amission contributes to the x-ray beam. The popula-
tions are calculated in the steady state.

=Pj_m.3-m(vo—v'). So, in the case of a nonpolarized

)] ry_(=a) o
global beam, and WheneVQg,J’(VOJF v) =15 (vo=v'), Figures 6 and 7 represent the fractional populations of the
one obtains quantum states involved in the 2-1 radiation as a function of
length, for three val f the magnetic field. In Fig. 6 th
Ao =Ry wiyr e (24  'ength, for three values of the magnetic field g. 6 the

population transfers between Zeeman sublevds fixed

This property clearly shows that the two systems of equad, by electron-ion collisions are ignored, in order to exhibit
tions, for the{|JM),|3’M ")}y m-=0 States, on the one hand, clearly the different effects of the magnetic field on the vari-
and the{|IM),|3"M ")}y m+ <o States, on the other hand, are ous individual states. At the onset of saturation the popula-
identical, yieldingn;y=n;_y andny,=ny _y. There- tions of the five states—represented as three due to the
fore the resolution of the population rate equations needs tM,—M symmetry discussed above—of tlie=2 multiplet

consider only one sign, e.g., the upper sign, viz., separate as a consequence of the asymmetry in the
stimulated-emission rates imposed by the absence of
9tN22= 122~ I'aa22~ [M22= N1l 3A 20 11, m-polarized radiation. The populations of th&+ 1) states
s fall most rapidly as these states interact only with radia-
9tN21="T 21~ 2121~ [N21—= N10] 2A 2110, tion in any case, and the increase of population for the
|1+1) states, due to the effect of the 0-1 radiation, which
9tN20=T 20~ I'20N20~ [N20~ N1l A 20,11, (25  saturates first, reinforces the absorption processes
|1=1)—|2%2) and|1*1)—|20), yielding thus a smaller
9N11= 1~ P {022~ Nal3A 22 10+ [N20~ N decre>ase for t>h¢2i2> anz:i |20) >populations. A small dis-
X £ A0 11+ [Noo— N11] Ao 12 tance beyond the onset of 0-1 saturation, the 2-1 radiation

itself begins to saturate, and stimulated emission begins to
affect populations. The result is a surge in population for the
|1+1) states, accompanied by a second-order effect on the
|2=2) and|20), which are coupled to these states. In other
words, the 0-1 radiation dominates the lasing and is respon-
This set of time-dependent equations is resolved with theible for the saturation behavior; the initial effect is then a
help of the collisional-radiative model of P¢&2], which we  rapid increase in the population of th&+1) states with
have adapted for our purpose in order to account for theonsequent effects on the connecfd 2) and|20) states.

dN10="T 10— T1N10T[N21— N10l13A 21 10,

3tNoo= T 00~ I'ogNoo—[Noo— N1112A gg,11-
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FIG. 7. Steady-state populations of the quantum-stg&s; ,3ps,)2M) (a) and|(2p3,3s)1M) (b), as a function of plasma length for
three values of the spontaneously generated magnetic field, taking into account the population redistribution among the Zeeman sublevels of
a same multiplet by electron-ion collisions. Comparison with Fig. 6 shows the importance of this last mechanism.

For increasing magnetic fields the populations of the lowewith increasing magnetic fields. This expected behavior
states decrease while those of the upper states increase. \WWelds a small depletion of the integrated intensity, more pro-
have stressed in the preceding section that in this case thunced for the 2-1 radiation than for the 0-1 one, due to the
intensity decreasesee Fig. 3, yielding a decrease for the |arger number of transitions involved. In accordance with a
lower states populatiorfs- sign in Eq.(25] and an increase recent work in the recombination schertef. [30]), we

for the upper states populatiops sign in Eq.(25)]. Figure  haye calculated an effective gain suitable for direct compari-
7 shows the complementary effect produced by the electronson with experiment. This definition is consistent with the

ion_ collisions of the type ‘@‘JM)JFGT_’(“JM’)J“ei' . experimental determination of the gain, and takes into ac-
which tend to restore an equal population among the various, nt the whole line shape as well as the overlapping, which
Zeeman sublevels. may arise when several lasing components contribute to the
output signal. For the lines considered it has been checked

V. CONCLUSION that the effective gain is comparable to the peak gain, which

hi K h ical . is not surprising due to the smallness of the inhomogeneous
This work presents a theoretica despnphon of quantums, broadening. For a given target length we observe that
state populations and radiation intensities of colllslonallyin reasing the magnetic field lessens the saturatiecom-
pumpeo_l Ia_lsers, in the presence O.f. spontaneously_ creat nents are more split and the total lasing efficiency is)less
magnetic fields. The coupled intensities and populations ar ) this case the population of the lower quantum states de-

calculated in the framework of the Maxwell-Bloch formal- b
ism, which is the most convenient frame for plasma Samplegreases whereas that of the upper states increases by a larger
: amount.

exhibiting population inversions between two groups of Zee- . _ :
man sublevels connected by electric-dipole interaction. The W& have investigated the 100-ps regime where the sel-
equations are valid with any radiation intensity, provided thegenerated magnetic field is essentially due to the existence of

coherence envelopes may be assumed to be in steady sti@ncollinear gradients of the electron density and tempera-
relative to their production and decay processes. When thigire. In the last three years a new kind of plasma, namely, the
ASE intensities become large this approach is appropriate t#ansient sourcessee, e.g., Refd.34] and[35]), has been
describe the continuous transition to saturation of x-ray lainvestigated. These sources are obtained by a succession of
sers in plasmas. two laser pulses, the first, of ns duration, creates a plasma

For intensities approaching saturation and in the presenowith nearly uniform electron density and temperature distri-
of a strong magnetic field one needs to consider the specifioutions, and the second one of ps duration heats the plasma
guantum-state interactions with radiation. At low intensitywhen the proportion of Ne-like ions is large enough. The
the solutions, as they should, tend continuously towards theecond pulse produces population inversions via electron
usual ASE regime with a constant gain value along zhe collisions. The large intensity associated with the second
axis, and the gain value is then consistent with the Einsteipulse gives rise to other magnetic field sources, which com-
coefficient for stimulated emission as calculated by thepete with the analytical term given by relatié8). A better
Fermi “golden rule.” knowledge of the magnetic field would require a complete

Our calculations are applied to Ne-like Ge ions becaussimulation involving at least the ponderomotive force in
the germanium slab targets have been proved to allow one @bmbination with resonance absorption. Furthermore, the
the highest efficiencies in collisionally pumped lasers withpresence of high-velocity electrons also contributes to the
large gain-length products. We have shown that the linanagnetic field generation. A study of this process under the
splitting of the circularly polarized transitions associatedassumption of a two-temperature electron fluid has been pre-
with an x-ray beam propagating along theaxis increases sented by Masof36].
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