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Redistribution of resonance radiation in hot and dense plasmas
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A method for calculating the redistribution of resonance radiation in hot, dense plasmas is developed by
extending the frequency fluctuation modEFM). This model was originally designed as a numerical proce-
dure for the calculation of the spectral shape of Stark-broadened lines emitted by multielectron ions and has
been particularly useful in computations accounting for the ion dynamics effect. The FFM is based on a
numerical technique that replaces the primitive inhomogeneous Stark component contributions to the linear
response line shape with the observable radiative channels. These channels can be viewed as equivalent to a
system of microfield dressed two-level radiators, the Stark-dressed trangi@Bi3, which emit a set of
spectral lines that reproduce the main features of the first-order radiative properties of the emitter. The mixing
of these transitions through a stochastic process is equivalent to random fluctuations of the local ion microfield.
The SDT form the basis for the extension of the FFM to the computation of nonlinear response functions. The
theory of the second-order radiative redistribution function is reviewed and examples are given.
[S1050-29479)08008-7

PACS numbgs): 32.70—n, 52.25.Qt, 95.30.Jx

[. INTRODUCTION sidered. The first is the straightforward observation of the
scattered photons from a plasma subjected to a radiation
Recent advances in the computation of the radiative propsource. A possible experimental observation of this type is
erties of complex ions in hot, dense plasmas, made possibtee pumping of the ground state of a transition with a source
by the development of the frequency fluctuation modelcreated from the excited state of the same transition. This is
(FFM) [1], have resulted in an adequate understanding of théhe technique utilized in the first observations of photopump-
effect of the plasma environment on the emission or absorpgng in high-Z plasmas in which a hot, laser-produced alumi-
tion process and the shape of the associated spectra]#hes num plasma-produced lines from He-like ions that were used
In addition, the FFM treatment of ion-field fluctuations hasto pump ground-state He-like ions in another, spatially dis-
resulted in line-shape calculations that provide good diagnoginct, but more dense, aluminum plasrf@]. Another ex-
tics of the plasma parameters under a wide range of condample of this process is the familiar monochromatic pump-
tions[3-5]. The next logical step in understanding the radia-fluorescence experiment. To significantly scatter the
tive properties of hot, dense plasmas is to develop models fggumping radiation in experiments of this type, the target
the study of the multiphoton response, e.g., the scattering gflasma must be prepared so that the optical depth is small for
resonance radiation. One motivation for this study is that fothe considered transition, e.g., the lower level of the transi-
lines with a large optical depth there remain difficult prob-tion is well populated. Recent progress has resulted in the
lems involving radiative transfer. Beyond the simplest as-development of x-ray lasers with wavelengths appropriate
sumption that the line shape is independent of the radiativéor photopumping ground-state transitions of multielectron
redistribution, these problems cannot be understood simplipns[7] that have sufficient brightness to make them suitable
through calculations of the one-photon absorption or emisfor use as resonant photoexcitation sourf@kin experi-
sion spectrum, but require the development of a computaments of this type. Since these x-ray lasers are not tunable,
tional ability to treat the scattering of near-resonant radiatioronly ionic transitions that have a near resonance with specific
in hot, dense plasmas. This means that a theoretical formuaser wavelengths can be studied. Using tables of transition
lation of the two-photon plasma spectral properties in thewavelength$9], one of the 8-2p lines of fluorinelike mag-
presence of a combination of homogeneous and inhomogeesium, which at 146.526 A is separated by only 11 mA
neous broadening processes must be developed. In the fdtom the zirconium 146.515-A x-ray laser line, was identi-
lowing, this will be accomplished by extending the usualfied as a possible candidate for an experiment, and a prelimi-
linear response formulation of the spectral line shape to theary study on the feasibility of this case has been published
higher-order absorption and re-emission response functiofi0].
that is required for the computation of radiation redistribu- The second basic process involving radiative redistribu-
tion. tion involves cases related to radiative transfer. The observa-
Two basic radiative redistribution processes can be contion of the modification of the spectrum of radiation propa-
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gating in a plasma with large optical depth is an example ofion is replaced by a set of independent SDT that form the
this type of process. This case requires a more general theeame overall spectral profile. This permits a simple interpre-
retical discussion of the effect of redistribution on radiationtation of the fluctuation of the inhomogeneous components
transport in plasmas near ionic resonances. In addition to th@ the ion dynamics effect as being a mixing of the SDT
plasma conditions, this process strongly depends on the gérough a stochastic exchange mechani6]. Assuming a
ometry of the experiment. Thus, we cannot formulate a genMarkovian exchange process between the SDT, the mixing
eral calculation of a typical experiment as was done for thd?rocess can cause them to overlap and merge. Comparisons
study of the feasibility of direct redistributiofL0]. In gen-  With computer experiments based on a full simulation of the
eral, considerations of radiation transport give rise to comPl2sma indicate that the FFM accurately describes the ion

plex problems involving both nonlinear mechanisms anq(#/‘namlcs fetfrffc(.Z] for a \;Y'?g drange gf p"f"tfma C%n?'tlonsit
resonant diffusion in addition to inhomogeneous line broad- € use ot this lon microhieid-cressed emitier modet permits

ening. An example involving the Balmer alpha transition ofthe memory of the or!glnadstatlc) mhomog_eneous spectral
hydrogenlike carbon has been discussed in the context cﬁharactenstlcs of the line shape to be retained throughout the

; . . subsequent dynamic calculation.
x-ray laser gain studiegl1]. The results presented later in o .
Sec. V for this transition will be limited to an examination of The modification of the FFM for the computation of the

the redistribution function for hydrogenlike carbon plasmaredlstrlbutlon function is presented in Sec. IV where the one-

conditions and will not address the more complicated radia.phOtOn spectral line formalism of the_ FFM.'S e_xtended to
tive transfer issues. include two-photon processes. The ion microfield-dressed

Section 11 of this paper is devoted to a brief review of emitter representation is used to evaluate the second-order

line-shape theory in the linear-response approximation, anaump—fluorescence radiative response to obtain a des'cription
an introduction to the FFM approach to the modeling of IineOf the frequency dependence of the fluorescence emitted by

shapes in plasmas. This discussion begins with a conside 1 1on thatthhas abstorlbe(:] a pho;o?hneﬁr spectral resdonancde.
ation of the spectral lines emitted by complex ions in plas- ecause the spectral shape ol the fuorescence depends

- - - : trongly on the mixing rate induced by the plasma, the ion
mas. As is well known, the line shape is determined by the('sjynamics effect must be included. Therefore, a static model

time-dependent coupling of the ion with the plasma environ-"- . " )
ment. This plasma-emitter interaction leads to Stark broag!/Ith the associated set of two-level transitions without ex-
ening of the spectral lines, and traditionally has been consioehang.e' cannot fully describe the response to monochromatic
ered in the approximation that treats the effect of th urlnpln%. to clarifv th i ted | f
electrons on the emitting ion in the impact limit while the h order 1o c_anf_y € concepts presented, examples o
ionic perturbation is taken to be quasistatic. In this approxi-r"’ld"'j‘t'v(.3 redistribution funcfuons for simple cases are pre-
mation, the time dependence of the perturbation has bee nted in Sec. V. Ingluded IS an examplg.of an x-ray laser-
eliminated, resulting in a spectral line shape that has purel umped system_that lllustrates the capability Of_ the model to
homogenéous and inhomogeneous contributions and that ovide a sensitive method for the study of radiative transfer
described by a simple sum of independent electron-impacf'-"f]der plasma conditions of partial redistribution. That is, in
broadened static components cases where the strong mixing limit is not attained so that the
| mixing of the inhomogeneous spectral line components is

Although the electron collisions are often well described . )
by the impact approximation, it is well known that a quasi- not fast enough to pFOdP‘CE a c_or_npletely redistributed line.
static treatment of the ion perturbation can lead to large er]-he cpmp_lete r_edl_stnk_Jutmn I|_m|t IS th_e most common as-
rors for plasma conditions that yield substantial ion-fielg SUMPtion in redistribution St.Ud.'eS and is equivalent to postu-
fluctuations [12]. In Sec. II, to incorporate these time- lating that the scattered radiation has the same spectral shape

dependent ion perturbation effects into a calculation of thedS the absorption line. More generally, partial redistribution

spectrum, the FFM model is introducgti3]. As a first step, restulgs Iln a r:luorelfcen?[e szectr?hcopsstmg of ii’aar.p qghe:-
the impact electron, quasistatic ion approximation that reSMt Rayleigh peak centered on the irequency ot the inciden
Fdlaﬂon and a redistribution line emitted near the resonance

sults in the profile described by an independent sum of stati requency. This pattern of coherently scattered and redistrib-

Stark components, is taken as a zero-order approximatio ted radiation has b b 4 und oty of .
perturbed by the time dependence of the ion interaction. Irlrf ed radiation has been observed under a variety ot experi-
mental conditions for neutral emitters in gaséd]| or plas-

this formulation the fluctuating ion interaction modifies the X .
inhomogeneous ion broadening, by replacing the quasistat as[15,16. However, until recently, x-ray spectroscopy in
ion field interaction by a fluctuating perturbation acting on ot and dense plz_ismas could not b_e_appheq to redistribution
the homogeneous electron-impact-broadened resonances. asurements with the Same precision as in th_e ngutra] gas
first approximation, this results in an enlarged homogeneou omain. X—ray laser pumping cou!d change this situation,
broadening and a residual inhomogeneous contribution du nd prowdg qata of sufflc_lent quality that accurate calcula-
to a subset of the ions. The associated modification of thdons of radiative transfer in dense plasmas could be tested.
line shape is usually referred to as the ion dynamics effect.

Befqre modifying the ion.perturba.tion to include the ion || | INEAR RESPONSE: THE ONE-PHOTON SPECTRAL
dynamics effect, however, since the individual Stark compo- LINE SHAPE
nents are not separately observable, we replace them by a
reduced set of observable resonances, the Stark-dressed tran-The expression for the linear response of a plasma-emitter
sitions(SDT), or equivalently, dressed two-level systems. Insystem to an unpolarized monochromatic electromagnetic
this description, the set of independent static Stark compowave of angular frequency is determined by the response
nents that compose the transition in the static ion approximafunction G(w), which is the one-sided Fourier transform of
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the bath-averaged evolution operator of the emittér), linewidth space of the Stark component set and is equivalent
to a numerical merging procedure that combines the Stark

L B 1 components that are within a prescribed neighborhood. This
GW)‘?L e U(tdt=(w—Lo) 7 1) procedure preserves the inhomogeneous structure of each
Stark-broadened radiative transition as well as that due to the

various radiative transitions that are in the spectral domain of

wherelL is the Liouville operator for the system evolution |
alone. The line-shape function in the radiative dipole ap_mterest. The SDT are the fundamental observable compo-

proximation is related to the imaginary part of the Fourier-nents of the quasistatic line shape. Like the primitive Stark

transformed dipole autocorrelation function. This can pecomponents, each SDT is characterized by two complex

written as a normalized Liouville space-matrix element ofhumbers. T.hese. are the generallzed frequeﬁeyl Yio and
the response function the generalized intensity, +ic;. The linear response line-

shape function for a given transition with SDT can be
1(w)=Im{(d"|G(w)|dpo)) ) written in this approximation as a sum over the SDT,

Cilo—Tf)+ay

()

n
where p is the equilibrium density-matrix operator for the l(w)=z D LA
active quantum system, amtis the dipole operator for the =1 (0—f)%+y
emitting quantum system. In Liouville space notation, . ) ]
((d'|d))=Tr{d"d}, where the trace is taken over the sublev-It has been shown by direct comparison that the change in
els of the two states involved in the radiative transition undef () is insignificant when these distinct radiative channels
consideration. The subsequent calculation of the pumpare introduced to replace the primitive Stark components.
fluorescence spectrum will require higher, nonlinear re-
sponse terms that have a simple relation to this function. An ll. FREQUENCY FLUCTUATION MODEL

average over the polarization is understood in the above . .
since unpolarized radiation has been assumed. Polarization The FFM is based on the premise that a guantum system

effects associated with the redistributed radiation will be ig'gfcargir:(je(:\/v?))-lle?gl ?:Z(r:]tsfiltﬁo:]nslcrtﬁzelsdDgerllfa%eesiggemi;rziizlgf

nored for simplicity in the following, limiting the subsequent is time varying, then the set of transitions are subject to a

development to one-dimensional scattering. . L ; ,
) : I . . collision-type mixing process induced by the field fluctua-
To account for ion dynamics, the microfield mteractlon,[ionS To proceed, the Liouville space of these two-level
must be treated as time-dependent. This means that if Wiressed emitters is extended to include the SDT index so that

consider the interaction fluctuations or collisions to be ran—he basis set of eigenvectors in this spdteg;i))}, are now
dom, a stochastic Liouville equation must be solved to obtai abeled by the quantum states of the emiti@rg) and, in

G(w). However, in the FFM, instead of attempting an exact_ | /.. ;
f . . addition, by the channel number. In this space, we can re-
solution of the complete equation f@(w), the line-shape . . ; ; :
write the linear response line-shape function of ER). in

calculation is initially performed by treating the electron col- terms of dressed two-level radiators by defining a general-

I|_S|ons as impacts an_d the ion perturbation as quasistatic. Thl%ed dipole moment matrix elemeri{)., for the SDT. This
time dependence is introduced at a later stage of the calcu- 9

lation. The result of this initial assumption is that the can be done_by relating the a_mplltu_de of the SDT_d'pOIG
. . . moment matrix element to the intensity of the transition as-
guantum-emitter system evolution operator in E2), con-

tains in the Liouville operator a non-Hermitian, homoge_souated with the coupling of the radiation field to the upper

neous electron-impact broadening contribution, which is nund lower levelse andg, of theith dressed two-level system

merically averaged over the ion microfield interaction with a®’ SDT. The normalized matrix element is
stationary-field probability distribution. For each radiative D). = :
" . ) . Dea=rV(1+ic;/aq;), 4

transition, this procedure yields a spectral line-shape func- (DiJeg=r /) @
tion that can be written as a sum of rational fractions orynerer = [Sa, is the reduced matrix element of the transi-
generalized Lorentzian spectral components of the [lfle  tion associated with the emission of the SDT. This general-
These are the static Stark components, each of which is chgfeq dipole moment matrix element can be considered to be
acterized by a complex frequency and intensity. They argne giagonal element of triéh component of a vector opera-
complex, because of the non-Hermitian collision operatoror b, which acts in the extended Liouville space. We also
used to describe the impact electrons. define the probability vector operatprwith element ;)4

The Stark components are the basic data for the FFM, byjescribing the instantaneous probability of occurrence of a
are not necessarily distinct or observable quantities. To '€ articular radiative channelthe ith SDT with upper and
duce the computation to a more manageable size, appropriaiger statese andg). This probability is determined by the

for the later introduction of time dependence in the Stark,ormalized real part of the amplitude or relative intensity of
interaction, we introduce the radiative channels, a set of Obfhe channel

jects having more physical meaning. These are defined as the

smallest observable resonant features that can be extracted pi=a;/r. (5)
from the quasistatic profile. As defined, an FFM radiative

channel also can be considered as equivalent to a two-lev@he linear response line shape of E§), in the quasistatic
transition dressed by the quasistatic ion microfield interacion, impact-electron approximation can now be normalized
tion, the SDT. The SDT substitution is accomplished throughand written as an average over the initial and sum over the
a numerical coarse-graining analysis in the frequencyfinal SDT in the extended Liouville space as
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spectrum of a given radiative transition are the elemengs of
l(w)=Im Z’ Pi({(DIG%(@)[Dpo)))i s (6)  (pi)eg, and the elements of the coherence mixing rate matri-
' ces W)eg or (W)eg-
The mixing rate elements represent ion motion effects,
where and can be parametrized by the characteristic microfield fluc-
tuation frequency so that the Markov mixing process is
GY%w)=(wl—Lgy) 1, (7)  determined uniquely by the probabilily; and fluctuation
frequencyv. For weakly coupled plasmas, the random ion
and1 is the unit operator. It is noted that the initial and final motion, in general, dominates the collective motion and the
states may include states of different principal quantum numgharacteristic fluctuation frequency is no longer the plasma
bers as required to obtain a correct description of the lindrequencyw, but depends on the ionic thermal velocity)
profile [17]. The Liouville operatol has a set of eigenfre- @nd the average ionic separatiop. Because of the long
quencies,w;=f,—iy,, composed of the generalized fre- fange of the Coul_omb interaction, even if screened, the mi-
quencies and widths of the SDT. The Liouville space matrixcrofield at the emitter can be considered to be due to a par-
element of the propagator in E¢f) is a trace over the SDT tlcular_ configuration of a n_umber of ions. To obtain an ex-
states, which include the emitter-plasma interaction. The iofPression for the characteristic frequency we assume, using
microfield is considered to be quasistatic at this point, sglimensional arguments that this frequency will be related to
that, in this approximation, the propaga®?¥(») is diagonal ~ ¥=K(Vv)/ro, whereK may be evaluated by determination of
in the SDT index and the FFM line shape is a sum of indethe ion mlcrof|eld.ﬂgctuat|on rate. In_ the prgsent_ case we
pendent contributions from a set of generalized Lorentziar@Ssume the simplistic model thit=1 in keeping with the
terms, or radiative channels. Each independent term in thigature of the present results. _ o
sum is to be associated with the emission from one ofithe  The transition rate operatd¥ is diagonal in the radiative
SDT that interact with the radiation field through the gener-channel level indicesgbut not in the channel index It has
alized dipole momenD of Eq. (4). The next step is to extend diagonal and off-diagonal elementalV(;)eq, and Wi j)eq
this formulation to include ion dynamics, i.e., the time- that are, respectively, the inverse lifetime and the rate of
dependent effect of a fluctuating ion microfield on the specMixing of the radiative channel transitions. To insure de-
tral line shape. tailed balance in the model, the probability and rate elements
The ion dynamics is included in the FFM through the Must be connected,
hypothesis that the time dependence of the fluctuating ion S
m%grofield causes a mixingpof the SDT. When only %ne (Wijeg= = ¥(Pideg (1)), (Wit)eg= V[l_(p‘)eg]'(s)
Stark-broadened radiative transition is considered at a time,
the slowly varying ion Stark effect is assumed to transferThe linear-response line shape resulting from the stochastic
population between different radiative channels. This transmixing of the radiation channels can be written in the Liou-
fer is observed in the absorption or emission spectrum as ayille space of the dressed two-level radiators in the same
exchange mechanism, which mixes the formerly separatfyrm as Eq.(6), but with G%(w) replaced by
SDT. The degree of deviation from a sum of independent
Lorentzian lines(the quasistatic spectrynis a measure of ésv(w)=(w1—Lo+iW)_l- (9)
the ion microfield fluctuation rate. In the next section, the
mixing rate of the various level populations will be seen toThe diagonal operatdr is that of Eq.(7) with the same
be an observable in the redistribution spectrum. This is noBDT eigenfrequenciesy;=f;—ivy;. Since the dressed two-
the case with an absorption or emission spectrum that ddevel systems are coupled together by the exchange operator
pends only on the transition amplitudes. In order to guaranW the FFM line shape is no longer a simple sum of
tee the appropriate limits for slow and fast field fluctuation,n-independent SDT lines. In addition, this model has appro-
only SDT that originate from the same radiative transitionpriate fluctuation frequency rate limits for the dynamics of
are included in the mixing processes considered in the folthe ion microfield. The quasistatic limit is obtained for a
lowing. However, to model more general cases than thosganishing fluctuation rate and the field-free case is recovered
considered here, like those with fine-structure levels perin the infinite fluctuation rate limit. As mentioned in the In-
turbed by inelastic collisions, an exchange process betwedhoduction, calculations of the spectral line shape of ion emit-
radiative transitions should be taken into account. ters in hot, dense plasmas have been performed with the
The exchange mechanism mixing the SDT and associatddFM and comparisons with experiments have verified the
levels is assumed to be a Markov process. Such a processascuracy of the theor{3-5].
completely determined by two sets of quantities: the instan-
taneous SDT probability operatpr with elements defined in IV. REDISTRIBUTION
Eq. (5), and a transition rate operatdf. The elements ofV
are of two types: those that correspond to dressed level mix- The one-photon emission or absorption spectroscopy
ing rates ), and those that refer to dressed transition  model described above is extended now to two-photon redis-
coherencgmixing rates (V). For the linear absorption or tribution by continuing the expansion of the response func-
emission spectra considered in this section, the propagator tion to higher order in the emitter-radiation field interaction
Eg. (6) is to be calculated in the transition subspace[18]. This is performed by obtaining an iterative solution to
{leg;i))}, wheree is the excited and is the lower state of the equation for the density operator to replace the equilib-
the SDT. Therefore, the only parameters required for theium solution used in Eq2). The higher-order radiative re-
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sponse functions that arise describe either redistribution, GW(Q):GSV(Q)+GSV(Q)(VS+VL)GW(Q), (13
where the power spectrum of the fluorescence induced by

monochromatic pumping radiation is studi¢0,19, or  whereG(Q)=(Q—Lo+iW) ! is the analog of the field-
pump-probe phenomena where the change of the linear rdree operator of Eq(9) defined in the extended Liouville-
diative response due to a pump field is considd@@. In  Floquet space. In the following, we shall consider only those
this paper only redistribution will be considered. This ap-experiments that involve monochromatic pumping intensities
proach is based on a previous investigation of the fluoreswith Rabi frequency small compared to the relaxation pa-
cence of simple two- or three-level atomic systems in aameters of the emitter. Then, the pump field is sufficiently
plasma[21]. Here we treat complex multielectron ion emit- weak that the iteration of the Dyson equatitB) can be
ters and hot and dense plasma conditions. The SDT picturerminated at the lowest nonvanishing order. The Floquet-
permits a simple extension of the FFM to the calculation Ofphoton number matrix element of the propagator of @d)
these higher-order response functions. Since the emittebecomes in this approximation,

plasma interaction is incorporated in the SDT, the only in-

teraction term in the Liouville propagator for the plasma-

dressed emitter propagator of H§) is the Markov channel l(ws,w )<Im IZJ Pi({{VelG(wg)

mixing proces3V. By definition, all other interaction terms '

have been incorporated into the SDT. X{V G ws— 0 )VsGI(— o)
To calculate the spectrum of radiation scattered by an 0 0

ionic emitter in a plasma, the monochromatic laser field will +VsGW(O)V [Gy(w)

be assumed to have a frequency near one of the ion reso- 0, _
nances. The interaction is described by the operatgror +Cw(— @) BVipo)is- (14)

Vi, the field interaction operators for the coupling of the tha first term in the curly bracket above is the Rayleigh

spontaneous emission or the incoming pump radiation, réscatering line, centered on the frequency of the incident ra-
spectively, with the generalized dipole operator of the SDTyiation «, . The second term describes the redistributed ra-

The field interaction operators are time-dependent and haV(‘jiation and, as will be seen, has a sensitive dependence on

the form the SDT mixing rate described by the matiiX. For this
— Ve iorl L\ giort reason, the spectral shape of the redistribution is affected
Ve()=Vre VreE", (10 more significantly by the mixing action of the microfield
whereVZ: =D-E is the SDT-radiation field dipole interac- fluctuation, the ion dynamics, than is the absorption or emis-
tion. The field amplitud&g and frequencysg=ckg referto ~ SION linear-response spectral line shgp,20. This ion dy-

the pump field forR=L and the spontaneous emission field namics effect has not been definitively observed at the
for R=S. present time, although there are numerous examples of its
The power spectrum of the radiation emitted at frequency?USPected presenf23] in spectral data. In addition, the va-

bv a svstem pumped at frequeney can be writterd 18]: idity of the hypothes_is that the Markov_mixing process in
@s Dy asy pump g Y 18] the FFM accurately simulates the microfield fluctuations can

be carefully examined with redistribution experiments. An-
l(ws, @) lim Im 25 pi(((Ve| Guw(i 7)[Vipo)))is other assumption, which can be validated, is that of the ne-
70 glect of inelastic collisions in the impact theory operator de-
(12) scribing the electron collisions. These inelastic collision rates
whereGy(i ), the Fourier transform of the evolution opera- Mix the SDT, and would also appear in the propagators as
tor for the SDT, now contains in addition, the radiation field ©ff-diagonal elements[24], as do the elements of the
dipole interaction in the Liouville operator. As in E@), the transition-rate matrix. Inelastic electron collisions that couple

SDT picture has been used to replace the average over tififferent states of the levels belonging to the radiative tran-
ion microfield states by an average over the initial gpTSition cause the incident pump radiation to be redistributed to

states with probabilitp; and a sum over the final states.  the various inhomogeneous components of the line even by a
To remove the explicit time dependence in Etj), the small inelastic collision rate and change the shape of the
Liouville space basis is augmented to include Floguet numtedistribution function. These collisions can also couple the

bersn, that count the number of harmonics of the pum radiative transition to states belonging to levels of other tran-

frequencyw, present in each order of the response calculasition arrays. This coupling will then diminish the intensity

tion. It is also generalized to include the photon numbegs of the considered transition and add to that of the coupled

andng, for the spontaneous emission or absorption at th%ranrsniﬂ(?rr:. Thets? cgllisionsl, :[[herefor;ati, ur|1Ii:<e t?e ]ioln\fi);nafmr-

frequencyws by the corresponding SDT22]. The eigen- '°S. g, act o depopulate a particular Set ot 1evels 10

states in this space are now denoled,i,n, ,ng,n)). The which the fluorescence is calculated and thereby result in an
h 1y 1ilesllg .

Floquet-photon number operatf is diagonal in this basis unnormalized redistribution function for that transitig2b].
set with eigenvalues denotéd, , + (N—Ny) wg] Thus although, in general, the argument that inelastic colli-
e g .

The »—0 limit of the propagator in Eq11) is written as sion ratgs can pe neglected becausg they are sm_all qompared
an operator in this extended space as to elastic collision rates can be valid when conS|der!ng t_he
one-photon spectrum, it may not be a good approximation
Gw(Q)=[Q—Lo+iW—(Vs+V)] L, (12)  for the fluorescence. The shape of the redistribution function
is, therefore, a measure of the importance of inelastic colli-
and satisfies the Dyson equation sions in addition to that of ion dynamics. Finally, it is to be
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emphasized that the transition matii% simulates the mix- € €1 ey
ing effect of the ion microfield fluctuations on the SDT lev- & d Ez
els and transitions and is unrelated to the inelastic electron d; d, ! o
g & &
I

collisions. For this reasony does not affect the normaliza-
tion of the redistribution function.

I

I

V. REDISTRIBUTION EXAMPLES FIG. 1. Model two transition systems. The spontaneous emis-

. o . sion ratel'g, Lorentzian widthsy, and resonant frequencies, are
Simple three- and four-level radiative systems are consids .,y that the two transitions are not isolated (w; — wy)/2

ered first in this section to illustrate the relevant quantities- ,, 200=5,=500"s. A 2:1 intensity ratio is chosen withl,
required for the discussion of radiation redistribution. At the— 5, .
end, a physical case will be also considered. To describe the

photopumped fluorescence, we make us®@b,,ws), the e treat this case by definidd(w, ,w,), as the normalized
redistribution function, defined by normalizingw, ,»s) of  conditional probability distribution function for the scatter-
Eq. (14), the distribution of scattered intensity for a systeming of a photon atws if a photon is absorbed a#, ,
perturbed by monochromatic radiation at frequengy. The

redistribution function, Plw_,0g)

M(w ,05)= 9w 17)

(19

Rlw,,wg)=

I(wL 1(‘05)
I (o, ,w5)dw dog’ whereg(w,), is the normalization factor for the conditional
function,

is thus the joint probability density for the absorption of a

photon of frequencyw, and the emission of a photon of

frequencyws. f PloL,wg)dos=0(w,). (18
For isolated lines, the redistribution function has been ex-

tensively studied and is quite well understood including forWe now also have

homogeneously broadened ling&5]. A fundamentally dif-

ferent and more complicated problem arises in the situation

where several radiative transitions must be considered simul-

taneously. This can occur, for example, when two or more

lines share the same upper level, or whenever two or mor@nd, since the redistribution function is always normalized,

radiative transitions are coupled by a collision process with a

rate hig_h en_ough to _pe_rturb the radiation scatterin_g. In both J H(w)g(w,)dw, =1. (20)

these situations, radiation absorbed by one transition can be

emitted by the other and the radiative transitions cannot be . . .
considered as isolated. The presence aj(w,) in Eq.(19) is a direct consequence of

To treat the general case, we define a conditional functhe incomplete redistribution associated with the inhomoge-
tion, P(w, ,ws), in analogy with the customary factorization N€0US spectral structure involved in the scattering. If a pro-

| Reocwgdos= dw0g(@0 19

of the redistribution functiori25] cess mixes the radiative transitions of the resonant pattern,
’ then for mixing rates greater than the spontaneous emission
R(w, ,0s5)=¢(w)P(o ,0g), (16) rate g(w; )—1 and P(w, ,wg)— V¥ (ws)= d(ws), So that

the redistributed fluorescence exhibits complete redistribu-

where¢(w,) is the normalized absorption line shape, or thetion.
probability distribution function for absorbing a photon of  The redistribution function for a group of transitions
frequencyw, . coupled by a mixing process can be illustrated by consider-

For isolated lines, the conditional function is normalized,ing the two transition systems shown in Fig. 1. The indiees
independent of the pump frequeney and can be identified andg denote, respectively, the excited and ground level, and
with ¥ (wg), the emission spectral function. We thus haved,; andd, stand for arbitrarily chosen dipole moment matrix
for isolated linesP(w, ,ws) = (ws). The emission spectral elements for the transitions with resonant frequeneigand
function is also the conditional probability distribution for w,. For the sake of simplicity, it is supposed that the two
observing a photon scatteredad if a photon is absorbed at transitions have Lorentzian profiles with identical homoge-
w_ . This also implies that, in this case, the normalized abneous widthsy related to the electron collision relaxation
sorption spectral distribution function ¢(w() rate and a 2:1 intensity ratio, so that,=v2d,. The mean
=[R(w_,ws)dws. In the complete redistribution limit the frequency separation of the two transitions=(w;
emission function becomes identical to the absorption func— w,)/2, is assumed to be,/200. To insure that the transi-
tion, so that the additional relatiof(ws)= ¢(ws) holds. tions are overlapping, the mean frequency separation is taken
The redistribution function for complete redistribution can beto be of the same order as the homogeneous width. Also,
written, therefore, as a product of normalized absorptiorto make the intensity of the Rayleigh peak negligible, the
line-shape functionR(w_ ,ws) = ¢(w ) d(ws). spontaneous emission rdig is arbitrarily taken to be much

In the general case involving coupled transitions,smaller thany. Thus, in the following example, we tak®
P(w_,wg) is not independent ob, , is not normalized, and = w;/200=5y=500"g. Since the description of the redis-
cannot be interpreted as the conditional probability densitytribution process has been limited to second-order, saturation
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FIG. 2. Plot ofg(w.), the normalization function for the con-
ditional probability distribution in arbitrary units for the systems of
Fig. 1 (I and Il). A dimensionless laser pump frequeney/é§ has
been used and the values of the resonance frequeagie$ w, /6
are indicated.

effects are not included in Eq14). Therefore, under this
assumption, the level configurations of Fig(lland Il) are
equivalent. A Markovian stochastic mixing process with a
unique fluctuation rater is applied to this configuration in
order to illustrate the effect of line component mixing on the
redistribution spectrum. First, however, we note that even in _
the limit of a negligibly weak exchange procdssixing rate )
much smaller than the spontaneous emission),réte con-
ditional function, P(w,_,wg), remains dependent on the
pump frequencyw, and the redistribution is not complete.
The dependence ol can be seen in Fig. 2 where the nor-
malization functiong(w,) is plotted againsiw, /é for the
configurations on Fig. 1 and Il). Note that for large detun- FIG. 3. (a) For the model system in Fig. (), the one-photon
ings from the resonant frequencies;,w,, the function profile function q’:(wL)_ is plotted ag_ainst the dimensionless laser
tends toward unity and the redistribution becomes complete?Ump fr?iquenc_yuL/(S_ in units of the inverse mean frequency sepa-
The »=0 curve of Fig. 8b) illustrates the behavior of the rationé = for five mixing rates of the two components(b) For
conditional probability density as a function afg/& with e model system in Fig. dil), the two-photon conditional prob-
the pump frequency fixed at one of the resonances for thigP!lity distribution function Il(w, ,ws), is plotted in units of the
case. This will be discussed in more detail in the foIIowing.'nVerse mean frequen.cy separation” against thf d'mer!s'onless
Finally, the fluorescence in the model, Fig(Ill ), with lines frequencyws/s for a fixed pump frequency ab =w,, with the
’ ’ ! same range of fluctuation rates as in Fi¢p)3

that share the same upper level, always displays complete
redistribution. In this situation the pumping photon is scat-when that is when the fluctuation rate is of the same order of
tered with the same frequency distribution as the one-photomagnitude as the component separation. At this value of
absorption function, independent of the pump frequency, sdequal tos, or 50"g), the two components have completely
that we havegg(w )=1. This case can be easily modeled by merged. The behavior is different for the two-photon redis-
equalizing the level populations in the upper manifolds oftributed fluorescence spectrum presented in Fig) &hich
Eq. (14). has been calculated for the pump frequency resonant with

To illustrate the sensitivity of the spectral functions to thew,. Here it can be seen that for a null or vanishingly small
component mixing associated with the Markovian stochastidluctuation rate, the fluorescence profile consists almost en-
process, the configuration of Fig. () with the previous tirely of the pumped spectral component and has only a
values,6=w,/200=5y=500"g, is studied as a function of small contribution from the other component, arising from
the fluctuation rate parameter The behavior withw of the  the overlapping of the homogeneous widths. Thus, with a
one-photon absorption functio#p(w, ) and the two-photon small fluctuation rate the fluorescence spectrum differs dras-
conditional probability distribution functionI(ws,w,), is tically from the absorption profile with the samgindicating
depicted in Figs. @ and 3b), respectively. The spectrum of that the redistribution is incomplete. Increasing the mixing
the absorption function starts out at smalilwith the two  rate causes the unpumped Stark component to grow in inten-
Stark components present in the defined intensity ratio, 2:Isity relative to the pumped component until at langethe
With increasingy, the coupling associated with the fluctua- fluorescence and absorption spectral profiles become indis-
tion process causes the two components to broaden and cdaguishable and the redistribution becomes complete. It can
lesce. The effect of component mixing becomes importanbe seen in Fig. ®) that the fluorescence spectrum becomes

(b)
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FIG. 4. Absorption profile¢(w,) and conditional probability
distribution functionll(w, ,wg) for the 3d-2p Balmer«a transition
of CIV in a plasma with parametersN,=5.10cm 2 and
T.=10eV. The distributions are plotted as a functionAabg/ 3,
the dimensionless detuning of the fluorescence frequency from the FIG. 5. Three-dimensional plot of the redistribution function,
line center of gravitywy=(w,+ w1)/2. The absorption profile, in  R(w_,ws), for the Balmera transition of Fig. 4 with the same
units of 571, is indicated by the solid filled curve, and the condi- plasma conditions. Dimensionless pump and probe frequencies are
tional probability, IT(w, ,wg), in the same units, is presented for used on thexandy axes, and the redistribution function is plotted in
three pump frequency detunings from the line center of gravityunits of 5~ 2.

Aw =-46, 6, and 5.%. The atomic physics parameters for this

Balmer a transition arew;=1033.7< 10"*rad/s (182.22 A and  also given in Fig. 4 where the normalized two-photon con-
®,=1034.5<10"rad/s (182.09 A, so that wo=(w,+w;)/2  ditional probability density,IT(w, ,wg), is calculated for
=1034.1x 10" rad/s ands=(w,— w;)/2=0.4x 10" rad/s. three different pump frequencies, . The absorption func-

tion ¢(wg) is plotted on the same graph for comparison.

identical to the absorption line profile when the ﬂUCtUﬁtiOﬂTWO of the pump frequencies are chosen to coincide with the
rate is greater than the lifetime of the upper level ( unshifted frequencies of the fine-structure components at
>500'y). 182.22 and 182.09 AXw, /6=1 and—1). The third pump

The above examples are useful to clarify the principalfrequency is chosen to have a detuning ©0.31 A
intuitive concepts, and to illustrate the contribution of the(Aw, /5=5.5) from thew, resonance. It is clear from a
various line-broadening mechanisms to the redistributiongomparison of the absorption profile with the conditional
e.g., the homogeneous broadening of the inhomogeneoysobability density in Fig. 5 that the redistribution is partial
spectral components and the mixing of these components Bgr pumping near the resonances. This is to be expected be-
a dynamic effect. The next example will illustrate the use Ofcause ion dynamics is absent for the plasma conditions cho-
the redistribution model for the investigation of a more rea'-sen so that no mechanism exists to transfer of popu|ation
istic physical case, thed32p Balmer alpha transition of petween the two resonances. The conditional probability dis-
hydrogenlike carbon. This has been previously discussed iftibution tends toward the absorption probability density pro-
connection with gain studies associated with the deVG'Opfﬂe (Comp|ete redistributio)’]as the detuning from the reso-
ment of an x-ray las€l26]. Because this transition does not nances becomes large since then both resonances are pumped
involve the ground state, it is more appropriate for studiesaimost equally. Finally, the two-dimensional redistribution
related to radiation transfer than for a frequency redistributegunction, R(w, ,ws), is given in Fig. 5. This surface repre-
single scattering measurement where the signal intensityents the frequency-dependent resonance radiation redistri-
would likely be small. We investigate this case here becauspution function for the CIV Balmer transition in the same
of its simplicity and to illustrate some of the more important hot, dense plasma conditions used in Fig. 4. This function is
elements relevant to radiation redistribution. For the studythe required input for calculations of radiation transfer.
we assume a plasma with parameters such that the electron
densityN,=5%x10cm 3 and the electron temperatufe
=10eV. For these plasma conditions, ion dynamics is neg-
ligibly small, and the spectral inhomogeneity of the radiative The FFM approach, which has been used successfully in
pattern is associated with the Stark-broadened fine structurthe past to provide complex ionic absorption or emission
In Fig. 4, the calculated normalized absorption line shapespectral line shapes for emitters in hot, dense plasmas, has
(the absorption probability distributigrior this transition is  been extended here to enable calculations of radiative redis-
presented as the gray-filled profile. The absorption spectrurtribution. The system of dressed two-level emitters or SDT
consists of two resonances that are the result of the ion Stadefined in the FFM includes the partial inhomogeneities of
effect broadening and the merging of two distinct electron-the line-broadening process, and constitutes the most impor-
broadened fine-structure components. tant simplification permitting a straightforward extension to

The redistribution dependence on the pump frequency iglifferent plasma conditions, laser pump frequencies, and

A(J)S/ B 4 -2

VI. DISCUSSION
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ionic emitters. Relatively uncomplicated calculations of thedoes not merge the fine structure into a single resonance, but
photopumping of complex multielectron ionic systems canalso at higher-electron density, a subtle difference from com-
be performed with the method presented. Saturation effectglete redistribution attributable to the inhomogeneous nature
for large Rabi frequencies such as those related to the &@f the transition has been shown to exist.

Stark effect splitting of lines were excluded, but could easily Experiments such as that discussed in R&@], where

be handled within the framework of the present calculationsPartial redistribution is predicted because of the fine-
The computational method developed constitutes a powerfitructure inhomogeneity, are of experimental interest due to
tool for the investigation of radiative transport in plasmas. Inthe possibility of testing the basic assumptions in traditional
particular, for the study of the ion dynamics effect, redistri-INe-shape theories. One example is the assumption that in-
bution provides a more sensitive probe than the one-photoﬁ'aSt'C collisions can be ignored, which results in the predic-
spectra of the FFM. In particular, the study of the effect oftion th"?‘t there can b? no_fluc_)rescence from unp umpgd statgs.
the fluctuating microfields or ion dynamics on the redistribu-Thus' in plasmas with kinetics are such that inelastic colli-

tion of incident resonance radiation requires plasma condi$IONS are significant; this would manifest itself as an addi-

tions for which the line transitions have substantial ion Starlg'f)nal fluorescenc_g component from these states. The inten-
broadening. This often dominates the one-photon spectr ity of these additional components would be a measure of

line profile, obscuring the perturbative effects of the mi- the contribution of the inelastic collisions to the redistribu-

crofield fluctuations. However, the spectral content of thelon process. A second example of what a critical test redis-

redistribution function for the same transition has beerfiPution experiment could provide is found in the standard

shown to be more sensitive to the ion dynamics effect. Re_Stark-broademng theory assumption that the ions are static

lated to this are possible investigations that would permi@nd the electrons impact. This hypothesis results in a spec-

radiative transfer to be studied for plasma conditions where 4™ vv||th distinct dStgrk cc;\mponents that mt;erge under c;orr?-
sufficiently slow mixing of inhomogeneous spectral-line MON Plasma con ltions. At present, no observation of the
components results in partial redistribution merged individual components, which compose the spectral

As an application of the theory, the feasibility of a pho- line profile, has been possible. A redistribution experiment

topumping experiment, targeting a resonance between th%ould result in a measurement of these inhomogeneous com-

3d-2p line of Mg IV (146.526 A and a Zr x-ray laser line at ponents and would be a simple confirmation of this basic
' eoretical line-broadening concept. Cases, which could have

146.515 A, was calculated and has been published elsewhev% S o )
[10]. The plasma conditions used in that calculation were® servable redistribution spectra with interesting plasma

limited to the study of only ground-state transitions of aconditions, are under active investigation at present. There is

weakly ionized emitter and also by the available x-ray laseft N&rrow range of plasma conditions, however, that give rise

wavelengths. For these plasma parameters, ion Stark broalf partial redistribution due to an ion Stark effect, so that an

ening is a small contribution to the line profile and, therefore,;;(g&gmental observation of this effect will remain a difficult

ion dynamics is negligible. Nevertheless, an experimenta
study of thg redls_tﬁlbutlon function was shovyn to be feasible. ACKNOWLEDGMENTS
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