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Maxwell-Bloch modeling of x-ray-laser-signal buildup in single- and double-pass configurations
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A theoretical model of soft x-ray lasers in hot laser-produced plasmas using a Maxwell-Bloch formalism has
been developed and implemented in a numerical ¢adeax). First simulation results in the case of Ne-like
Zn from solid targets are presented, including spontaneous emission generation and amplification, refraction,
saturation, and coherence properties. A detailed simulation is presented of the effect on amplification and
coherence of double-passing the radiation in the amplifying medium by using a half-cavity mirror.

PACS numbgs): 42.55.Vc, 42.50.Ar, 52.25.Nr, 42.25.Kb

I. INTRODUCTION: MOTIVATION AND AIM work in the so-called “amplification of spontaneous emis-

OF THIS STUDY sion” (ASE) mode, with possibly a small number of reflec-

Several experiments have now demonstrated the potentiéiPns off low-reflectivity x-ray mirrors. Hence the temporal
of using x-ray lasers as a source for exciting sofitlsand ~ coherence of the x radiation cannot be arbitrarily increased.
for imaging surface§?] or dense mattef3—5]. The unique The spatial coherence, on the other hand, can only be studied

properties of x-ray lasers, as compared with other hig}J‘fhrough a detailed description of the ASE mechanism and its

. i ; . . wave properties.
brightness x-UV sources, include an exceptionally high num Previous studies along these liese, e.g., Ref$9—17))

ber I.Of tc_oherelr‘n]t phtor;cons perl pulsg In t_he clievetljogment 0Iiuave considered Maxwell-Bloch equations with various limi-
applications where the x-ray laser beéam IS relayed by one Qhyinng |n Ref[9], paraxial Maxwell equations were numeri-

several optical componenttocusing mirror, interferometer, a1y solved taking into account a phenomenologically satu-
...) it will be necessary to improve the quality and control of rated, frequency-independent gain  coefficient,  thus

its optical properties, in particular of its coherence. ACCO“”t'discarding all time dependencies of atomic quantities on the
ing for the coherence build-up requires detailed modelinggcaje of the inverse linewidth. The more refined model of
going beyond simple gain estimates relying on Einstein CoRef, [12] actually makes the same assumption. As a conse-
efficients and rac_ha'uon trangfer.arguments, such as those %ence, spectral gain narrowing of the line is absent, and the
Ref.[6]. Such refined modeling is expected to reproduce thepectral-temporal structure of the signal is not quantitatively
time-dependent build-up of the x-UV signal including wave 5ccrate. Referencdd0,11 properly take into account all
c_oherence prop_erties with an accu_rate _descr_iption of refragjme dependencie@s well as inhomogeneous line broaden-
tion and saturation on the inverse-linewidth time scale.  ing in Ref.[11]), but are restricted to the linear small-signal
Moreover, in connection with the experiments carried outjim;t where population inversion is unaffected by the x-ray
at LSAI, the model has to include the possibility of using afie|q. An extensive review of theoretical and experimental
mirror for double-pass amplificatiofv,8]. This feature has \york on coherent radiation generation in x-ray lasers can be
been shown in experiments to dramatically improve both thg,ng in Ref.[13].
output intensity and the coherence properties of x-ray lasers, | this work we improve over Ref12] by retaining the

and.th.is. paper presents a detailed.simulation of these_ ef,feCtéomplete time dependency of the density matrix for the up-
Optimizing this so-called “half-cavity” setup, summarily il-  yer and lower states of the transition in the Bloch equations,
lustrated in Fig. 1, for the highest coherence, involves simul; 4 also by using a detailed system of population equations

taneously fineftuning several geome_ztrica'_ parametersy, g levels involved in the pumping mechanism. The rates
namely, the radius of curvature of the mirror, its orientation

with respect to the plasma axis taking into account the de- . Zn slab target )

flection of the x radiation due to refraction inside the plasma, sPhercal  —>

and the position of the mirror with respect to the target. Our ] ': to detector
code can be of great help in speeding up that optimization 9 (X-UV CCD)

cross wire

in the experimental work, and hence saving laser shots for aluminum filter

more productive results. 5
The active medium of x-ray lasers is a hot plasma with a 4/“\) 50 cm
short life duration, which precludes the large number of cav- 2
ity round trips typical of visible lasers. X-ray lasers rather FiG. 1. A schematic of the experimental setup used at
LSAI/LULI (see Refs[7,8] for more detail; also shown is the
orientation of thex, y, andz axes of the theoretical and numerical
*Electronic address: larroche@bruyeres.cea.fr model.

3
>

process, while reducing the number of trial-and-error cycles - E;’
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required can be obtained from a realistic and quantitativean x-ray laser the situation is more involved since the el-
simulation of the atomic physics and hydrodynamics of theementary(spontaneoysradiation is amplified, undergoes re-
system[14]. Our model also takes into account the half- fraction, and in addition radiation from different source ele-
cavity mirror discussed in Ref7]. First simulation results ments is not independently amplified as soon as the system
are presented in the case of a neonlike Zn laser at 21.2 nm @nters the saturation regime. To estimate the complex coher-
massive targets. ence factor(defined in the Appendjxin the utilization re-

In this paper we will discuss in detail, in Sec. Il, the gion, it is thus necessary to calculate the electromagnetic
physical Maxwell-Bloch model used, along with approxima-field in a more general way. This implies two types of prob-
tions allowed by the orders of magnitude relevant to thdems, namely, on one hand, the calculation of the radiation
x-ray laser case. Some fundamental facts about coherenpeopagation and amplification in an active and inhomoge-
are gathered in the Appendix. A more detailed account ofieous medium, and on the other hand, the description of the
coherence theory can be found in a basic optics textbookitial generation of radiation from elementary sources with
(such as Ref[15]) or in the review paper of Londofl6]  correct statistical properties.
which also presents a broad overview of existing work in
that field. Estimating coherence properties implies a knowl-
edge of the wave electric field, and not only the wave inten-
sity, which makes it necessary to solve Maxwell's equations. In the limit of a linear polarization along a direction of

Section 11l will give a brief account of the numerical symmetryz of the problem, the propagation of radiation is
methods used in discretizing the physical model, and in Se@overned by the wave equation for the field comportent
IV simulation results from this code will be presented. Thisdeduced from Maxwell's equations, expressed here in cgs
is an ongoing work, for which foreseeable development di-units,
rections are accounted for in Sec. V. :

From the experimental point of view, an x-ray laser co- __1 B, B, 02EZ:4_7T %
herence measurement has been obtained by Trebak c® agt* - ax* gy ¢t oot T
[17]. The equivalent source size found was 5 times as large
as that calculated with the model of Feit and FI¢8k This  wherey labels the main propagation directionis the trans-
disagreement might be due to the fact that the measuremewgrse direction along which there is an inhomogeneity, and
was time-integrated while the equivalent source position wags the transverse direction of problem symmesge Fig. L
changing in the course of time, or to refraction effects notThe polarization chosen is the one for which the equations
taken into account in the simulation. The complex coherencere the simplest to justify rigorously. It will be assumed that
factor profiles obtained did not depend on plasma lengthhe other polarization does not lead to fundamentally differ-
when the latter was increased beyond the saturation thresknt effects, although its governing equations actually display
old. several additional terms with respect to those treated here.

Another measurement performed at LAB] showed a  The right-hand side has been split into a coherent term in-
coherence increase when a mirror was used as indicated wolving the current density, and a noise source ter
Fig. 1. This work also presented some records of the two- The current densityj, includes contributions from the
dimensional structure of the x-ray beam in the transversgnotion of free as well as bound electrofigns are assumed
plane and the dependency of that structure on the mirroat resj:
settings. These results suggest that a full three-dimensional
simulation of the system would be needed for really quanti- JP
tative predictions, but unfortunately present-day computers Jz=j§f)+ -
only allow us two-dimensional calculations if we want to o
obtain some useful information in a reasonable amount of
computing time. whereP, is the dipolar moment density of bound electrons in

Referencélg] shows an increase of the transverse Cohethe directionz. In the linear ||m|t, and if the bulk motion of
ence length as a function of the radiation amplification disthe plasma can be neglected, the free electron current can be
tance in a discharge plasma produced inside a capillary. A8Xpressed in a simple way as a function of the electric field
opposed to Ref.17], these authors found good agreement of

A. Evolution of the electromagnetic field

their experimental results with numerical calculations based 4 [0jD w?
IS I T I - S
on the model of Ref{9]. 2\ ot Jz o2 Bz
Il. PHYSICAL MODEL wherev is an effective collision frequency of free electrons

) o ~with plasma ions and
In the case of a localized source, consisting of pointlike

elements in vacuurfor in a medium with a constant refrac- An.e?\ 12
e

tion indey, observed from a large distance, elementary con-
siderations about coherence yield an estimation of coherence
properties in the radiation utilization region, through the Van
Cittert-Zernike theorentsee, e.g., Ref.15]). In the case of is the plasma frequencynf is the electron densify

m
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B. Evolution of atomic quantities whereZe is the ion chargeT, is the local electron tempera-
The quantum states of the system will be split into twoture, and In\¢; is the Coulomb logarithm defined, e.g., in
sets. Ref. [20]. It has been checked in the case of germanium

(|) On one hand, a few states whose popu|ati0ns are aﬂaser-prOduced plasmas that the Stark broadening due to
preciably affected by population variations on the upper and€ighboring ions and electron impact, calculated numerically
lower states of the lasing transition considered; the temporadccording to Refl21], is negligible for the §-3s transitions
evolution of the populations of these states will be explicitlyin Ne-like G&>" ions [22]. It is then quite reasonable to
calculated. assume the same result to apply to Ne-liké%Znions. The

(i) on the other hand, the set of all other levels, whosedephasing rater should also take into account the finite life-
populations will be assumed to change little on time scales ofime of the states involved, but this contribution was checked
the order of the typical radiation evolution time, even whento be numerically negligible.
the populations of the upper and lower states of the transition The y;;'s are the ratesin s™*) of collisional and radiative
undergo large variationgdue, for example, to intensity processes which couple states together, except absorption
variations of the corresponding radiation fieldfhe evolu- and stimulated emission processes which are taken into ac-
tion of those levels will thus be satisfactorily described by acount in a detailed way by the first term of the evolution
standard collisional-radiative model in the frame of theequation forp;. TheR; (in cm™3s™1) are population fluxes
guasistationary approximation. due to collisional and radiative processes involving all other

The evolution of atomic quantities is thus described bylevels of the system. The quantitieg and R; will be pro-
equations governing the density matrix elements for the upvided by the standard collisional-radiative model previously
per and lower states of the transition considered, togethenentioned, since the rateg; only depend on intrinsic
with evolution equations for the populations of states whichatomic quantities and slowly varying hydrodynamic quanti-
are strongly coupled to those two main states. In the presefies (electron density and temperature, gtand the fluxe;
case, only two states are involved in the stimulated emissiodepend on the populations of levels belonging to the set of
process since we consider lineadypolarized radiation on levels which have been assumed to be slowly varying.

the J=0—J=1 line, and a single state of thk=1 level is In the above description of the polarization den$Egs.
coupled to the]=0 state. These equations read (1)—(3)], the frequency detuning due to the thermal motion
of the ions is not taken into account. As a consequence, only
P . homogeneous line broadening can be treated in this model.
ot~ YPTieDE+T, (D Although both homogeneougiamely, lifetime and colli-

siona) broadening and inhomogeneatiserma) broadening
Jo 1 are generally expected to come into play in hot-plasma based
7Pi _ (8ib— 8in)57RE(IPE*) + %ijp; + R; , (2)  X-raylasers, in t_he specific case treqted in th!s paper it can be
ot 2h checked from simple order of magnitude estimates that ther-
mal broadening is not expected to be dominant. Measured

where intrinsic linewidths[23] for these systems lie in the 50 mA
range, and the expected Doppler width for Zn with an ion
g2 temperature around 100 eltaken from the simulation re-
D= %(ph—pb). (3)  sults[8,24] that we used as described beloiw of the order

of 15 mA. In addition, some experimental resUl&8] in a

very similar case involving neonlike S& € 34) instead of
In the above equatiors andP are the slowly varying com-  npeonlike Zn g=30) show that the behavior of the linewidth
plex amplitudes of the electric field and the polarization dengs radiation is amplified into the saturation regime is actually
sity,  respectively, E,=RegE(t)e '] and P, more faithfully described by a Lorentzian homogeneously
=RgP(t)e '“'], d is the reduced matrix element of the proadened line profile, with no rebroadening seen in the
transition dipolar momentp; is the population of statein  strongly saturated regime as should be the case for inhomo-
particles per crfy summation over indejis implied in the  geneous broadening. Only part of this discrepancy can be
evolution equation forp; . Indicesh and b label the upper accounted for by a refined, mixed-broadening model such as
and lower transition states, respectively, dhds a dimen-  that presented by Pef25]. From these facts, it seems rea-
sionless quantity proportional to the population inversionsonable to use a homogeneous broadening formalism as a
ph—pp - @ is the transition frequency andis the dephasing first step in the description of these systems, with inhomoge-
rate of the transition atomic dipol@aused by both elastic neous broadening expected to come into play as a correction
and inelastic collisions undergone by bound electrons only. Taking that correction into account in our code in-

In lack of a better description, and according to commonyolves a substantial extension of the physical model, and is

practice, the latter quantity will be estimated by the electronthus left over for future work, as stated in Sec. V.

ion Coulomb collision frequency given by The only stimulated transition accounted for in this de-
scription is between the chosen statesb andi=h. It is
4 _ hence assumed that stimulated transitions involving other
4Amwe*ZngIn Ag; N Y
Y= VT am e —an = Y levels appearing in the above system have negligible rates.
mg (kg Te) This hypothesis is actually not fully valid in the case of the
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neonlike ion x-ray laser scheme, in which two transitions, d?

namely, alJ=0—J=1 line and aJ=2—J=1 line, sharing D= (Ph=pv)-
the same lower level, are simultaneously amplified with a

non-negligible gain. However this situation might still be

dealt with through a detailed treatmefity the Maxwell- The same approximation for neglecting terms involving time

Bloch system of one transition while the effect on popula- der|vat|ve§ Of. the slowly varying envelope of .the bound elec-
tron polarization density has been made as in the case of the

tions of the other transition would be more summarily de_free electron currentfor a general discussion of this point
scribed, through a radiation transfer equation. This will be 9 point,

. . ) see, e.g., Ref.26]).
investigated in future work. When the system evolves slowly with respect to the in-
The inhomogeneous term involvidg in the equation for Y y P

P is a fluctuation term with a very short correlation time, verse linewidth, the polarization term in the wave equation

used to model spontaneous emission. Such terms steould &N be treated by an adiabatic approximation, which finally

priori be included in the right-hand side of the equations forylelds (see Ref{27])

the populationsp;, but their effect is assumed small with

respect to that of the corresponding term in the equation for 4mP.=XE.
P. One still has to be aware thatricto sensuthis might in )
some cases violate a property of the density matrix which i&ith
necessary to ensure population positivity in the numerical
code(see Sec. I\ _ Q
X~ - wgtiy’

C. Reduced equations
where Q is a real quantity depending on the atomic physics
of the problem, andiwg is the energy separation between
the upper and lower levels of the transition considered. How-
E,(y.x,t) =R E. (y,x,t)e Ky L E_(y x,t)e iet=iky] ever, in our cas€ASE instead of the evolution of a cavity
mode, this is nota priori justified and time-dependent equa-
where E, and E_ are the complex amplitudes of waves tions for matter quantities have to be solved. Using an adia-
propagating in the positive and negative directions respeddatic dependency d?.. on E.. is only valid if the line pro-
tively along they axis.E, andE_ are slowly varying func- file is much narrower than the gain profile or the intrinsic
tions of their three arguments, akdsatisfies the dispersion spontaneous emission line profile. Then there must be a way
relation of electromagnetic waves in vacuum=kc. The  Of determining the frequency detuning—wg. The arbi-
polarization density? and noise terms$ and " are trans- trariness in this choice is removed in the usual case of a

The wave equation for the electric field given in Sec. Il A
is transformed into paraxial envelope equations by setting

formed in the same way. We finally obtain cavity mode, but in ASE lasers there is no cavity to select a

narrow frequency interval, and the model should be able to
2io(1JE. OJE.\ J°E. w2 determine the radiation spectrum from first principles with-
T(E gt 3y )+ o EZ(EREi+47TPt)+St » out any arbitrary choice. Actually, the radiation spectrum is

(4) expected to spread over a frequency interval of width com-
parable to that of the gain profile, and taking into account

where gain-narrowing—rebroadening effects is thus needed to get
the correct amplification factor even if one is only interested
— in the frequency-integrated radiation intensity, as in the case
€R=———— (5)  of Ref.[12]
R w(o+iv) : :
eg Is the residual part of the dielectric constant D. Orders of magnitude and dimensionless equations

Equations(4)—(8) will be numerically solved in a rectan-
gular domain modeling the active region of the plasma, with

di i f the order of in length and a h ed
The first part of the full dielectric constart has been in- imensions of the order of a cm in length and a hundt

; o O in the transverse direction. The x radiation wavelenygtts
cluded in the definition of the envelope approximation. The "o

) for th larization densi dth ) of the order of ten nm, and the anglebetween the propa-
El?i%?\tlsornesa dor the polarization density and the atomic pOpugation direction and thg axis is a few mrad. The field varia-

tion scale length in the transverse directlonis then of the
order of

e=1+eg. (6)

—=—yP.—iwDE.+I'. (7)
Ll~;%afew,um.

api 1 . N
ot~ (O~ Oin)gp REI(PLELAP-ED) I+ vijp +R;, On the other hand, we knot6] that the longitudinal coher-

(80  ence length is of the order of a hundredh, which yields the
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minimum variation scalelength of the field envelojges and E. Minimal implementation: Quasistationary saturation

E_ in that direction, taking into account a minimum growth A minimal concrete implementation of the code amounts

length of the order of a mm: to solving Eqs(9) and(11) while obtaining the value of the
Lj~100 pm. inversion D (along with all atomic and/or hydrodynamic

quantities from code modules which in a first stage will

This implies a numerical grid with at least a few hundredWork in the frame of the quasistationary approximation.
cells in each direction. In the adiabatic limit, the notion of a linear gain is mean-

If the time step used corresponds to propagation over judfgful; for testing purposes, we will estimate below the
one cell in the longitudinal direction, the spontaneous radiaPOPulation inversion needed to model a given gain value.
tion generated at one end of the plasma will then take a fednserting the polarization value corresponding to a coherent
hundred iterations to reach the other end, which will occur ifduasistationary regime for the right-going wave
a few tens of ps of time. A few thousand iterations will be ®
needed for a simulation lasting for a typical pump laser pulse P,=—i—DE.
duration(a few hundred ps Y

In summary, typical maximum values of discretization in Eqg. (9), and neglecting diffraction and dispersion effects,
steps in time and space are of the order of

we obtain
ot~100 fs, JE. OE, ®
=27th0;DEJr

ox=~1 um (transverse direction ot ay

Sy~30 um (longitudinal direction and thus the energy growth ra@(in cm™?) is such that

If we now choose a time unit, of the order ofét and a Gx0=4mot02D.
distance uniky=cty, Eq.(4) can be rewritten in dimension- Y
less form

The dimensionless value of the inversibreading to a gain
JE. JE. i E. ot value of G cm™ ! is thus
* 5 (egE++4mP.)

it ay 2wty X y G\

c?ty " w87
—i5—S. 9)
@ where\ is the amplified radiation wavelength in cm. Going
back to dimensional cgs units, the population inversion

or, in the adiabatic limit 4P. = yE.., .
=T XE= needed is

JE. JE. i &zEt_'_iwtO/ OE _c2tOS
T ay 2wty ol 2 (RTXELTIS TS,
(10

f
_ ~3)_
ph—pp(CM ™) 87202 YGA

The quantitie€E.. andP.. are normalized to a common ref- in agreement with Eq(17) of Ref. [27].

erence denotet,, whose value is not significant up to this

point since the equations are linear. In the above equations F. Spontaneous-emission modeling

the first three terms are of order unity in a typical situation.  The source terms in the right-hand side of E(.and
The equations governing matter quantitiedich are nonlin-  (11) are fluctuation terms responsible for energy injection

eay take on the following dimensionless form into the system. According to the literature about the notion
of fluctuation-dissipation in atomic systems interacting with

P~ =wto( _ ZPi—iDEi ol (11) radiat@on(see, e.g., Ref[28]), the source term in the fie!d
at w equation(9) accounts for the effect of a thermal radiation

bath and Bremsstrahlung by plasma particles, and thus is

Ip; wto dEg\? % N negligible with respect to the effect of the source term in the
H:(gib_gih)T ho Reli(P,EL+P_ET)] polarization equatior{11). This term will consequently be
5 omitted in the following. In addition, as will be shown fur-
4ot _+d Rito (12) ther below, only fluctuations on polarization can yield the
YijtoRi T T correct spectral behavior of the field so generdtedn other
words, the correct correlation function for the equivalent
D=pp—pp- (13)  source term in the field equatiprand ultimately the correct

intrinsic line profile.
In Egs. (12) the populationg; have been adimensionalized  To focus on the effect of fluctuations, we will consider the
by multiplying them byd?/# w. following simplified system:
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dE from Eg. (11), we finally obtain the normalization of the
i~ 9EteP, (14)  fluctuation term to be applied t [see Eq(16)]:

4P _ (Z) Ny,toh w

=~ BP+S, (15 w|  Am’Ej

_ _ _ ~ This procedure leads to the correct spontaneous emission sta-
where Sis a fluctuation term with a very short correlation tistics, assuming the time step to be shorter than the inverse

time with respect to the time scales considefeaimely, 13 linewidth. In the opposite caséime step longer than the
and 16 in the above model systenthe correlation function  correlation time of the spontaneous emission driving term in
of Swill thus be assumed in the form E), a fluctuating driving term can be directly appliedEdy
replacing the correlation function f&® derived above with
(S*(t)S(tp)) =F d(t1—t). (16)  the equivalent delta function. This is consistent with the use

_ _ ) _ of an adiabatic description, if the evolution times found are
The damping term- SE on the right-hand side of E414) is  actually longer than the inverse intrinsic linewidth.
intended to model all energy losses, both through electron- \ye ‘can now come back to the full E¢14) with the
ion collisions and through propagation of the field away fromgyamping term included in the right-hand side, and compute

the region studied, since spatial dependencies are not explighe correlation function of the field from the following for-
itly included in this simple model. The correlation function ma| solution:

of P can then be calculated from a formal solution of Eg.

(15: E)=a J e Op(at.

t
- Bt -Vt dt’
P J,me S(t)dt Inserting the formal solution foP obtained above, the field

correlation function can be explicitly calculated, with the fol-

Foo lowing result:
=(P*(t)P(ty) =5 ze Bltr—tal, g

(E*(t)E(ty))= (Be~ it — se—Alu-ta)

We thus check that Eq14) will be driven by a source term 2B8(B°— &%)

P whose correlation time is the inverse of the intrinsic line-

width. and since the damping coefficiedtmodels the decrease of
We can now normalize the fluctuation term so as to get the field due to propagation, we deduce that it should be of

the right amount of spontaneous emissiorEiriTo this end, the same order of magnitude as the inverse of the character-

we compute the average power injected into the field, from astic time scale of the field, or in other words that the equality

formal solution of Eq(14) with no damping term: 6= B should hold. Using this value in the above expression
then yields the final result
t
E(t)= af P(t")dt’ al’F
- (E*(t1)E(tp))= %e‘ﬁ"l“z

=>(|E|2(t+dt)>—<|E|2(t)>=|a|252dt. and from the Wiener-Khintchine theorefi5] we are left
B with the expected Lorentzian line profile with intrinsic width
B. In summary, whatever the approximation made, the fluc-
tuating source terms needed always ultimately reduce to ran-
Ny.fi 00 do_m variab_les Wit_h a vanis_hing correlation time, their corre-
—_‘a lation function being thus in the form of E¢L6).

The spontaneous emission rate is given in cgs units by

d (€ Ej d,

dr 4w 8ty dt<|E| ) 8w
- . . _ G. Comparison with previous works
where& andr are the electric field and time in cgs uniEsis

the dimensionless complex amplitude of the field propagat- In the light of the discussion in preceding sections, we can
ing in a definite direction ¢ or —), N is the population of now come back in more detail to the works cited in Sec. I.
the transition upper state in particles percmy, is the glo- Feit and FlecK9] solved the paraxial envelope equation
bal EinsteinA coefficient(the inverse of the upper state ra- (10) with an adiabatic growth rate and a stochastic source
diative lifetime in s™1, Zw is the energy difference between term in the right-hand side: this precludes gain narrowing of
the upper and lower transition staté, is the solid angle the laser line since the gain used is frequency independent.
into which the modeled radiation propagates and a factor opaturation is taken into account in the frame of a quasista-
2 in the denominator of the latter expression accounts for théonary approximation leading to the classical form

fact thatE is a single linear polarization component of the
field. Comparing the above expressions with one another and — Go
inserting the value$a|=2mwt, from Eq. (9) and 8=yt 1+

17
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whereGy is the linear, small signal gain arid,;the value of The numerical solution of Eqq9) and (10) uses a time-
the intensityl for which gain is reduced by a factor of 2 with centered split-step algorithm which separately treats the ad-
respect taG,. This work hence does not describe the polar-vection term

ization density dynamics.

Strausg10] gave a linear treatment of the Maxwell-Bloch = N =
system with a fixed population inversion, including a correct a —ay
description of temporal dependenciglsrough an analytical
solution of the Laplace-transformed problerfihis descrip- and the terms accounting for diffraction and matter and ra-
tion applies only as long as the intensity stays away frontliation coupling
saturation. This is sufficient for the author's purpose,
namely, to show that in a quasi-stationary situation, a correct JE. 1 Es +|wto E 147P.+S 19
microscopic description of the linear regime is equivalent on gt 2wty Ix° 5 (erEt4mP. =), (19
the macroscopic level to a radiation transfer formalism such
as that of Ref[6]. However, the consequence of the quasi- N
stationary hypothesis with a fixed population inversion is 7=wto( -
that all effects involving the atomic dipole dynamics are

ruled out. This is the adiabatic limit described in Sec. Il C. A scheme which is globally time centered is obtained by

Working in the same approximation frame, Hazak andgyccessively performing for each time stéjpthe following
Bar-Shalom[11] also obtained an analytical solution of the gperations(1) solution of the advection equatiéi8) over a
linear Maxwell-Bloch systenfwith a fixed population inver-  paittime stepst/2, (2) solution of the diffraction/coupling
sion), while in addition taking into account mhomogeneouspart(19)/(11r) over a full time stepst; this implies comput-
line broadening. This part of their work will be interesting to ing D at the intermediate time+ 6t/2, which can only be
us in the envisioned sequels of this wagee Sec. Y. performed through an iterative solution of E¢s2) coupled

The latter two studies derive analytical results using rathef, (19)//(11). (3) solution of the advection equatidhs) over
extensive algebrgparticularly in Ref.[11] where the prob- o oiher half-time stept/2.

lem is expanded into eigenmodes at the cost of lengthy cal- o staple and sufficiently accurate solution of the advec-
culation, and their usefulness as a routine experimental oPgion equation is obtained by a shift and cubic-spline interpo-
timization tool seems questionable, even though theifyion procedure, with a boundary condition given by the
fundamental physical content and base formalism is relevankqq in the first cell (=1 for E, , i=i for E_). The
Garrisonet al. [12] follow essentially the same lines as diffraction and coupling terms are trnggted by a Crank-
Feit and Flec9] notwithstanding their preliminary discus- jicholson schemg30] with a vanishing boundary condition,
sion of the Bloch formalism. They actually end using a sta-a reflections off the edgefor j = +,.,) being suppressed
tionary solution of the equation for the polarization densityp, neans of a numerical damping term inserted in the right-
[Eq. (11) in Sec. 11 D], which again leads to a frequency- nanq side of Eqg(9) and(10). The fluctuation source terms
independent gain. AS. fo saturation, the mpde] of FEM.Z] are calculated using a random function with a Gaussian law.
leads to a generalization of E@1-7) above(which is valid in The scheme is derived so as to satisfy needed properties
the stationary lim, including a time dependency of the in- ¢ e dissipation-free version of the Maxwell-Bloch system,

versionD which is slow with respect to the field evolution ey the energy conservation law, which in dimensionless
time scale, in the form units reads

I) 2
1+ —|D J EI%) _
= o+ r =0

=0 (18)

%Pi—iDEi Ftl..  (11)

dD
Togr ~ Do~

whereD, is the weak-signal, unsaturated inversion agds

the characteristic time for relaxation to a stationary state. and population positivity ensured by the conservation of the

following inequality:
Ill. DISCRETIZATION |P|2$4Phpb-

In this section we will briefly summarize the main fea-
tures of the numerical code which has been developed t
implement the theoretical model discussed in Sec. II. A mor@
detailed description of the code will be given elsewH@d.

All quantities Q(x,y) are discretized on a regular two-
dimensional gridsee Fig. 1 for the coordinate axis position

Although the scheme is stable regardless of the value of
e timestepdt, it is still necessary thadt be smaller than

he inverse intrinsic linewidth 3/ to avoid an exaggerated
gain narrowing, and also, obviously, smaller than the ampli-
fication time 2¢G (where G is the laser gaip the latter
condition is always true in the case of x-ray lasers for the

Qi=Q(x=]jdx, y=idy) time-step order of magnitude given in Sec. Il D.
The mirror used in the half-cavity setup is modeled
for through a boundary condition on the left edge of the plasma
for the right-going fieldE . , defined from the retarded out-
T maS ) <imax 1=<I<ipax going E_ field. The reflection off the mirroper seis ana-
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FIG. 2. The total radiation in-
tensity is plotted as a function of
distance alongy) and acrosgx)
the plasma at time&) 50 ps,(b)
200 ps, andc) 300 ps. The criti-
cal density for the 1.0&m pump
laser lies atx=-50 um. The
plasma is 2 cm long and a con-
cave mirror faces the left side.

lytically computed from an expansion of the field in vacuumem™3, The global Einsteir coefficient isA=8.7x10° s~ 1.
into a superposition of Gaussian beamlets. The saturation intensity is 9810° W/cn?.

The geometry of the simulated system is as follows: The
plasma length is 2 cm. The 30% reflectivity multilayer mir-

Our numerical codeoLax based on the model described ror has a 130 mm curvature radius and its center lies=at
ur numerical co ased on the mode’ described _ g5 pum, y=+121 mm. Thus the distance between the

above is still under development and the coupling to a hy lasma end facing the mirror and the mirror surface is 9 mm
drocode for a detailed description of the population kinetic hich corresponds to a round-trip transit time of 54 ps '
is not yet available. Thus as a first validation of our code, we The hydrodynamic parameters are as follows: The.elec-

. P o . TS !
lsui'd'Td ;[hfe"J—Of rlt;rar;]sgl;nryr;]nﬁ]?nllke ﬁﬁl usn:% "’tlr?a in- tron and ion temperatures used were, respectively; 300
ytical profiles for the hydrodynamic quantities a €Ny andT;=100 eV. The electron density profile was mod-

version density, as deduced from the results of simulationaIed by the following expression:

IV. SIMULATION PARAMETERS AND RESULTS

relevant to the experimental conditiof&24]. We also used

a phenomenological saturation intensity as in Rg#s12)

instead of solving for the full temporal dynamics of the ne(x):nmaxll—exp{ min(O, 3

population inversion. With such a simplified model our code s

is expected to provide more qualitative than accurately quan- —(X—X¢)

titative predictions on the field and coherence evolution. The +ng exy{ L—) )

purposes of these first simulations wéineto study the effect ¢

of a half-cavity on the coherence of the double-pass laser 03 3 . ,

beam(see Sec. IV B (ii) to compare this configuration with wher? nmgx,o,__loz cm *° is the solid electron densityn.

a single-pass operation in a plasma twice as lsee Sec. =10%* cm ? is the critical density for the pump laset,=

IV C), and(iii) to show how our code can be used to tune the 50 um is the transverse position of t_he crmqal surface,

parameters of an experiment for the highest intensity ands=8 #m andL.=50 um are the density gradient scale-

largest coherence lengteee Sec. IV D Igngths in the ove_rdense and underdense regions respec-
Although the fully developed version of the code could t!vely. This expression accounts for both.the guasiexponen-

not be tested yet, a benefit of using analytical profiles of thé'al_ expansion corona, and a steepening part in denser

hydrodynamic and atomic parameters is that it allows for 4€9ions of the plasma beyond critical density.

more quantitative validation of the code through a compari- All Simulations were run for 400 ps, which is long enough

son of our results with values which can be estimated by éor radiation to perform a complete round trip in the system

simple quasi-stationary model using the same analytical pdncll_u_jing propagation to/from and reflection off the mirror
rameters. positioned 9 mm to the left of the plasma.

x—xc)

A. Simulation parameters B. Single- and double-pass operationni a 2 cm plasma

The simulation parameters were extracted from the results Figure 2 displays a map of the total x-ray laser intensity
of Refs.[8,24], which were fitted by temporal and spatial for waves propagating in both direction§.e., |E.|?
gaussian profiles accounting for the maximum values and-|E_|2, expressed in W/cf), in the plasmdi.e., in the
widths of the quantities considered. The atomic parameter&,y) simulation spack at three different times. At earlier
are as follows(in the reference frame of Fig.)2The gain  times [t=50 ps, Fig. 2a)] the intensity is dominated by
profile for the neonlike Z#" line atA=21.2 nm has a 12 spontaneous emission. Temporal microstructures are seen in
cm™ ! maximum value at=200 ps and=—30 um, 200 ps the intensity with typical time scales of a few times the
FWHM duration and 32um FWHM transverse width. The inverse-linewidth, as expected. At 200 ps[Fig. 2(b)] am-
unsaturated upper state population densityjs=5x 10 plification of spontaneous emission then leads to an enhance-
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(Xx1=X5) line, which displays the variation of the intensity
along the transverse directianThe spatial coherence length

5x 107
Normalized inversion density D

At t=50 ps[Fig. 4a)] the coherence length is very small, in
relation with the weak amplification exhibited in Fig(a2
Later att=200 ps the coherence length becomes appre-
ciable, although still smallof the order of 70Qum). Finally
the effect of the mirror is a dramatic coherence increase at
t=300 ps[ Sxsp=3.6 mm, see Fig. @)]. However at that
time the x-ray intensity on the recording plang=(52 cm
has decreased with respect to the absolute maximum value
recorded at=275 ps. The fact that spatial coherence is larg-
st after the peak of the x-ray laser emission was also experi-
entally observed in germaniuf81].
It should be pointed out that the large coherence increase
induced by the half-cavity mirror which is predicted by the
- , ot ) S code cannot be fully accounted for through geometrical con-
[Fig. 2c)] the intensity is dominated by radiation reflected iqerations where the equivalent source is in the image plane

by the mirror, leading to smoother “plane-wave-like” Suc- o tha mirror. This increase of the spatial coherence was
tures. These structures get amplified and strongly refracted Biready observed in our experiments with the double-pass

high-density regions, pointing to the need for an optimization,1 5 ym zinc lasef32]. Diffraction fringes produced by an

of mirror parametersgradius and center positipin experi-  gjignment wire could be recorded only when the half-cavity
ments. Intensities of the order of the saturation intensity arei-ror was used.

reached on the edges of the plasma, in agreement with ex-
perimental results as well as simple estimg&sased on a
radiation transfer formalism, thus validating our modeling of
spontaneous emission. The onset of saturation shows up as The coherence increase exhibited in Fi¢c)4s not sim-
localized regions of depleted inversion in the}) map of  ply a consequence of doubling the amplification length by
the normalized inversion densify in Fig. 3. injecting the single-pass radiation back into the plasma. To

Figure 4 shows the mutual intensitydi(X;,X;)  investigate this point, we performed a simulation using the
=|[(E4+(x1,t)EX (x2,1))| (see the Appendixof out-going same parameters as above, except that the plasma length was
waves at a distance of 50 cm from the right end of the4 cm and no mirror was included. Figure 5 displays the in-
plasma(i.e.,y=52 cm), for the same times as in Fig. 2. The tensity map at the time of maximuni=¢ 300 ps. As com-
quantity J;5(X4,X5) quantifies the correlation of the field for pared to the half-cavity case, the intensity reached at the ends
two transverse positions, andx, aty=52 cm. The angular of the plasma in this case is about 10 times as high as the
brackets stand for time integratigaver 25 ps in this cage  absolute maximum reached at 275 ps, and about 100 times as
The figures are symmetrical with respect to the diagonahigh as the intensity at 300 gsee Fig. 2 However, as seen

E 50f SXcon CaN be measured as the distafcg—x,| over which
3 & . . . K
pY 3 the mutual intensity is decreased by a given fac@rfor
9 % example from its value at a given positioxt
= -
2 . OX S 1
- O J coh coh _
X+ X— L =230, x,1).
o 2 2 2 ( )
[}
2
o

(5]
o
T

L 1 1

0 0.5 1 15 2
longitudinal distance (cm)

FIG. 3. The normalized inversion densliyis plotted as a func-
tion of distance alondy) and acrosgx) the plasma at 250 ps. In
addition to the smooth maximum of the modeled small-signal in-
version, localized depleted regions due to the effect of stimulate
emission appear toward the left and right ends of the plasma.

ment of the intensity at the ends of the plasmatABOO ps

C. Single-pass operationn a 4 cm plasma

FIG. 4. The mutual intensity
J1a(X1,X5) (in arbitrary unitg for
a 25 ps integration time on a plane
50 cm away from the right end of
the plasma is plotted as a function
§ of x; andx, at times(a) 50 ps,(b)
200 ps, and(c) 300 ps. The
plasma is 2 cm long and a con-

5|

Xo: transverse distance (mm)

5 0 5 -5 0 5 -5 0 5 cave mirror faces the left side.
X4: transverse distance (mm) x;: transverse distance (mm) x;:transverse distance (mm) The x-scale origin is the same as
—" — — in Fig. 2.
0 1 2 3 0 1 2 3 4 ] 2 4 6 8

10° J1o(X1,X2)

108 J1o(X1,%2)

10° J12(X4,X2)
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£ S50l _
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iE S or .
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| 1 1 | |
0 1 ) 3 4 EEE |
P : 1102 10* 108 108 1102 10* 10 108
longitudinal distance (cm) L + L (Wiem?) L + L (Wiem?)
* i e s o FIG. 7. The total radiation intensity is plotted as a function of
1 10% 10 10° 10° 10 distance alondy) and acrosgx) the plasma at time 300 ps, for

2 . - T
L + I (W/em?) cases where the mirror was displaced in the transverse direction

with respect to that displayed in Fig(; here the mirror position

FIG. 5. The total radiation intensity is plotted as a function of was (a) —600 zm and(b) —1100 zm.

distance alondy) and acrosgx) the plasma at time 300 ps. The

plasma length is 4 cm and no mirror is included. the above-defined value=—920 um). In Fig. 7, inten-

sity maps at 300 ps fory,, = — 600 um andx,;= —1100 um

are displayed, to be compared with Figc)2 The transverse
coherence length at 300 ps, 50 cm away from the plasma was
very close(~3.6 mm FWHM at the position of maximum
intensity) for all three cases, and is not shown here.

Various values of the focal length of the mirror were
The simulation tool described in this paper provides us aried, keeping the auto-collimation angle fixed. In Fig. 8 is
means of fine-tuning the parameters of an experiment, padisplayed the case of a concave mirror with a shorter curva-

ticularly the setup of the half-cavity mirror. In experiments ture radius(23 mm than above, with its center of curvature
performed so far, a concave mirror with parameters as deying in the region where the main part of the x-ray beam
fined in Sec. IV B has been used. We investigated numerigets refracted off the higher-density part of the plasma. Al-
cally two types of variation of those parameters, namely, ahough in this case a larger fraction of the radiation is re-
variation of the transversé&) position of the mirror, other flected back into the amplifying region, the maximum inten-
parameters remaining equal to the values given above, andsity inside the plasma and the transverse coherence length at
variation of the focal length of the mirror. These simulations50 cm to the right are lower than in the case of a pléore
are illustrated in Fig. 7 and Figs. 8,9, respectively. quasiplangmirror [compare with Figs. @) and 4c), respec-

The variation of the transverse position of the mirnog | tively]. In Fig. 9 are shown the results for a convex mirror
yielded a(rather broagl optimum of the x-ray intensity for with an 18 mm curvature radius, exhibiting an increase of the
maximum intensity inside the plasma as well as a larger
transverse coherence lend#5.8 mm FWHM at the posi-
tion of maximum intensity instead 6£3.6 mm in Fig. 4c)]
with respect to the case illustrated in Figs. 2 and 4.

Further optimization of the experimental setup will be
g performed using our code, particularly taking into account
actual values of mirror parameters and more realistic density
profiles for a better simulation of refraction in higher-density
regions.

in Figs. 6a) and Gb), the coherence length remains signifi-
cantly shorter, even at later times when the intensity ha
decreased.

D. Optimization of mirror parameters

T T T

o 6]
T T

Xo: transverse distance (mm)
&
T

-5 0 5 5 0 5 V. SUMMARY AND PROSPECTS
x1: transverse distance (mm) x4 transverse distance (mm) o
Our Maxwell-Bloch codecoLAx describing x-ray laser

: : : ‘ —ee ]| signal build-up, saturation and coherence using a half-cavity
0 2 4 6 0 1 2 3 4 : :

3 4 mirror has been successfully tested, and reproduces qualita-

10% J12(X1,X2) 10% J12(X1,X2) . . .

tively well the coherence increase experimentally observed

FIG. 6. The mutual intensity,,(X;,X,) (in arb. unitg for a 25  in double-pass operation. A more detailed version of the
ps integration time at a plane 50 cm away from the right end of thecode including coupling to simulations of plasma hydrody-

plasma is plotted as a function »f andx, at times(a) 300 ps,(b) namics and population kinetics will be available soon.

350 ps. The plasma length is 4 cm and no mirror is included. The fully time-dependent description of the polarization
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FIG. 8. Simulation results are shown at 300 ps for the case of a concave mirror with the following paréseeteiagram at leftmirror
position: —9 mm; position of the curvature center= —42 um, y=14 mm. On the left is plotted the total radiation intensity as a function
of distance alondy) and acrosgx) the plasma, to be compared with FigcP on the right is displayed the mutual intensity for a 25 ps
integration time at a plane 50 cm away from the right end of the plasma, to be compared witkcFig. 4

density which can be used in the cddsy. (7)] leads to local ACKNOWLEDGMENT
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their value in the frame of the commonly assumed adiabatioppement et des Ressources en Informatique Scientifique

hypothesis, where the instantaneous value ahd the field  under Project No. 991043.

E are directly proportional. The expected effect of that mod-

eling feature on spectral properties of the laser outpat- APPENDIX: BASIC NOTIONS ABOUT COHERENCE

ticularly gain narrowing will be studied in the near future. USED IN THIS PAPER

More dramatic effects might arise when the amplification is

larger, and thus the inversion density more strongly saturated We will give here a very brief account of a few points of

than in the cases investigated so far. coherence theory needed to introduce the quantities used in
Future improvements of the code will include taking into the main part of this paper. More detailed informations can

account theJ=2—J=1 line which is also amplified in the be found in Ref[15].

Ne-like scheme, including inhomogeneous broadening and The degree of coherence of a source can be defined as its

ion diffusion, improving the description of dipole dephasingability to produce interference fringes in an experiment

through a more satisfactory treatment of elastic collisionsyvhere it generates two secondary pointlike sour@es ex-

extension to the Ni-like scheme, and some approximate modample, through diffraction onto the holes in Young’s double-

eling of the second transver§a direction. hole experiment whose radiation is superimposed onto a

50 -

plasma

5|

A
\
\
transverse distance (um)
o

Xo: transverse distance (mm)

! 1 I

Il Il Il
0 0.5 1 1.5 2 -5 0 5

longitudinal distance (cm) X4: transverse distance (mm)
1102 10* 10° 108 10 0 0001 0.002 0.003 0.004
I, + L. (W/cm?) Jia(x1,X2)

FIG. 9. Simulation results are shown at 300 ps for the case of a convex mirror with the following pargsesget@gram at leftmirror
position: —9 mm; position of the curvature center=159 um, y=—27 mm. On the left is plotted the total radiation intensity as a function
of distance alondy) and acros$x) the plasma, to be compared with FigcP on the right is displayed the mutual intensity for a 25 ps
integration time at a plane 50 cm away from the right end of the plasma, to be compared witkcFig. 4
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FIG. 10. Coherence is a property of radiation emitted by the FIG. 11. A schematic Young’s holes experiment used to define
. S Lo - transverse coherence.
sourceS and recorded in the vicinity of points, andr,.

recording device. This notion pertains to the properties of _ I'15(0)
radiation recorded some distan@®enoted byl in Fig. 10 M_[Tn(o)rzz(o)]m’
away from the source. The primary source is itself consid-
ered as a set of pointlike monochromatic source elements,
with possibly different frequenc.ies, and well-defined refer'wherel“lz(r)=<E(r1,t)E*(r2,t+T)) is the two-point cor-
ence pha§es. The more or less incoherent character of Sucr?eefation function of thellinearly polarized electric field re-
source arises from the fact that the mlutua}l Phase difference$yrded at the location of the holes. In the latter expression,
between the source elements of which it is composed argye angular brackets stand for an average over a macroscopic
random. time scale(in practice, the detector integration timérhe
field E(r,t) is itself the sum of contributions from all source
) elements. In the above formula, the valte 0 is used since
1. Temporal or spatial coherence source monochromaticitor full temporal coherendds as-

sumed, as previously explained; in the opposite case a non-
vanishing value ofr would account for the different propa-
gation times for waves going through holes 1 or 2.

Let us denote the positions of the secondary sourcefq by
andr, (see Fig. 10 Depending on the orientation of the
vectorr,—r, with respect to the source directi@n [where
r=(r,+r,)/2], coherence will be qualified as “longitudi-
nal” [Sr|(ro—r,)] or “transverse” [SrL(r,—r;)]. From
the point of view of a single pointlike source element, this The information conveyed by the complex coherence fac-

means that the phase difference between the waves receivil # just defined can be cast into various forms according to
at points Fl and Fz is due to different arrival times or to how it is to be used. The simplest of these is the “mutual

different propagation directions respectively; coherence ca'nntenSIty defined as

thus also be qualified as, respectively, “temporal” or “spa-
tial.” In the case of a real extended source, this distinction is
less sharp, but still significant as long as the distandsee-
tween the source and the recording region remains large with

respect to the source dimensions and the recording poif¥herex andz are the transverse coordinates defined in Fig.
separatiorjr}— F1| 1; this is just another notation for the spatial correlation func-

Temporal(or longitudina) coherence is measured by the t|or_1|_r(])f the f'teldlrlz(oz deflnte_td n ttr;]e prewoufs section. ¢
distance over which waves emitted by two source elements € most relevant quantity In the case of an experimen

will get out of phase as a result of their frequency difference.prOdUCing interference fringes is the fringe visibility, propor-

The order of magnitude of this distanceNi¥ A\ where\ is tional to the difference between the intensity of bright fringes
the center source frequency and\ its spectral width. In (Ima and that of dark fringesl ), defined as

practice for the case of x-ray lasers, this distance can be as

large as several hundredm [16]; hence it will be assumed

that full temporal coherence is reached is these systems, or in | max— I 'min
V(Xl rzl |X2 122 yt) =

2. Useful quantities related to transverse coherence

J1(1) =J(Xq,21,X2,2,1) =(E(X1,21,1) E* (X3,2;,1)),

other words that these sources can be considered monochro- | masct | min
matic for our purposes.

Spatial (or transversecoherence is defined as the ability _ 2[(E(xq,21, 1) E* (X2,2;,1))
of a source to produce interference fringes in an experiment ~ {|E(X1,21,0)|2) +{|E(X2,2,,1)|?)
where it generates two secondary sources lying in a trans-
verse plane, as in Fig. 11. The fringe visibility is proportional _ 2J15(1)
to the modulus of the so-called “complex coherence factor” Jia(t) + ()
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Let us recall that in the above expressions, the indices 1 andtensity variations with respect to the direction of propaga-

2 refer to the locations of the holes in Fig. 11, wherkas, tion from the hole plane to the screen in the diffraction pro-

di intensiti ded th Ving to th cess have been omitted; as a result, the simple expressions
andlmin are Intensities recorded on the screen lying o egiven above are strictly valid for small propagation angles

right of the hole plane. Geometrical factors accounting foronly.
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