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Wave-packet dynamics of resonant x-ray Raman scattering: Excitation near
the CI'L,,, edge of HCI
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A theory of radiative and nonradiative x-ray Raman scattering based on nuclear wave-packet dynamics is
presented. The theory is evaluated with special emphasis on the cases when the intermediate and/or final state
potentials are dissociative. Different “one-step” and “two-step” time-dependent wave-packet formalisms are
proposed and evaluated, giving different interpretational content and computational efficiency. An interference
between the molecular background and the narrow atomiclike contributions is predicted and evaluated. Due to
this interference the atomiclike spectral feature manifests itself as a peak or as a spectral hole depending on the
circumstances in terms of excitation energy, spectral width of incident radiation, and the form of the inter-
atomic potentials. The counterintuitive situation may even arise that a narrow peak is formed by increasing the
spectral photon width. The duration of the resonant x-ray Raman scattering influences in a qualitatively
different manner the space distributions of the wave packets in the molecular and the dissociative domains,
something that is crucial for the formation of the cross section profile. It is shown that the scattering cross
section is proportional to the square of the core excited wave packet and inversely proportional to the deriva-
tive of the difference between core excited and final state potentials. The atomiclike profile is shown to consist
of a Lorentzian inner part and red or blue wings which give direct information about the long-range regions of
the potentials; red wings for diverging potentials, and blue for converging. A technique of mapping of the
space distribution of the squared core excited wave packet and the interatomic potentials is suggested. The
various features are demonstrated byaarinitio computational study of the resonant Auger spectra of the HCI
molecule close to the al,;, edge.[S1050-294{@9)04702-7

PACS numbegps): 33.20.Rm, 33.50.Dq, 33.70w

[. INTRODUCTION that the relative cross sections for these two parts strongly
depend on the frequency detuning, and therefore on the du-
At the present time rich experimental and theoretical mafation of the RXS proceg®6,18,217. Other related spectral
terial has been accumulated in the field of resonant x-rajeatures are caused by the so-called electron Doppler effect
Raman scattering for gas and condensed systems, coverind@ dissociative statef30]. .
wide range of the x-ray wavelength regi-8]. The devel- The aim of this paper is to present a dynamical theory of
opment has taken turns in many directions and branches §#XS using wave packets, and to demonstrate this theory to
investigations. One such branch comprises resonant x-rd actual molecular system studied experimentally. The con-
scattering(RXS) of systems for which the coupling to the S€duences of the thgory_ are |_nvest|gated in some det_a|l for
nuclear degrees of freedom is essential and for which th& @y Raman scattering involving core excitations to disso-

RXS profile and its excitation energy dependence also refe?iative states, especially the spectral features of the so-called

to the nuclear motion. Although the first fundamental resultsatom'c'“ke resonance and the “molecular backgroun'd. Itis
. shown that the interference between these two contributions
are a quarter century old feronresonank-ray emission and

A ¢ like the di f the vibrational struct gives rise to new, and quite unexpected, effects. The map-
uger spectra——iike the discovery ot the vibrationa’ struc ureping of the wave packet and the interatomic potentials is of
[9,10] and the lifetime-vibrational interference effe€id]—

_ ) further interest in that contex6].
most of the results in theesonantcase have been obtained 11 outline of the paper follows. After a short theoretical

only fairly recently[12,6,13,14; a few examples to mention jyiroduction in Sec. II, we formulate in Sec. Il three quali-
are the connection between vibrational structure and non“nratively different time-dependent strategi&ecs. Il A, 11 B,
ear dispersion15-17, the collapse effecf18,19, and the  and 111 C) for the evaluation of the RXS cross section. In the
effects of violation[20—23 and restoration of the selection peginning of Sec. IV we briefly outline approximations and
rules[22,23. some features of the time-dependent theory of RXS with
A set of interesting observations has been presented fafuclear degrees of freedom. The next SectiBec. V) is
RXS under core excitation to dissociative staf24,25,8.  devoted to the mapping of the core excited state wave packet
Perhaps the most striking one is that the RXS spectral profiland internuclear potentials. Our semiclassical analysis of this
consists of two qualitatively different parts; the so-calledproblem is based on Wigner's transform. The reflection tech-
“molecular” and “atomiclike” parts [26,25,27-29 and  niques used for the mapping procedure qualitatively differ
for the molecular(Secs. VA, VD and dissociativegSecs.
VB, VD) regions. The role of the excitation energy in the
*Permanent address: Institute of Automation and Electrometryspace distribution of the wave packet is investigated in Sec.
630090 Novosibirsk, Russia. VC. In Sec. VE we show that the atomiclike profile
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consists of a Lorentzian plus short- or long-wavelengthapply directly the general theory to nuclear degrees of free-
wings depending on the long-range part of the potentialsdom with the nuclear Hamiltonian depending on the elec-
The interference of the molecular background and the atontronic statg. A corresponding time-dependent representation
iclike resonance and the spectral consequences of this inteior the RXS cross sectiofll) can be obtained by a Fourier
ference are discussed in Sec. VIB. Section VIl summarizetransform of the spectral functioh(w,y),
the paper. 1
— lot
Il. THEORETICAL BACKGROUND ®lw.7) wRefo dte(ty)e,
By absorbing an incoming x-ray photon with the fre- -
quencyw a molecule is core excited to the state Due to Qo(t,'y)zJ’ do ®(w,y)e ' (5)
the Coulomb interaction and vacuum fluctuations this inter- —
mediate core excited state decays by emitting Auger elec-

trons and x-ray photons with the enerByto the final state Since the function®(w,y) is real, its Fourier transform

If). has the property* (t,y)=¢(—t,v). We note thate(t,y)
The spectral properties of RXS are guided by the doublé= 9(t) and ¢(t,y) =const correspond to the cases of having
differential cross sectiofil,31] white and monochromatic incident light beams, respectively.

Very often the spectral functiod is approximated by a

5 Gaussian. In this case the following formulas are useful:
U(E,w)=2f IF|?®(0—E—wio,7), (1)

w2 t2’)/2
which is the convolution of the spectral distributidnof the Plwy)= mexp( B 7) @(t,y)—ex% - T)
incident radiation with the RXS cross sectiog(E, ) for a (6)
monochromatic incident light beam. Heneis the spectral
width of ®. In order to make the formal manipulations more To receive the time-dependent representation for the RXS
transparent, we drop the indéin the scattering amplitude: cross section we follow the method outlined in Refs.
F:—F. We focus only on the spectral shape of RXS, there{11, 26. Substituting Eqs(3) and(5) in Eq. (1) the follow-
fore the cross section is written here without the multiplica-ing dynamical representation for the RXS cross section is
tion factor. The radiative and nonradiative RXS amplitudesobtained:
have the same structure near the resonant rgdibn

E )— ER fwd ) I(w—E+Eg)7 (7)
=S (f|Qlc)(c|D|0) o(E,w)=_Re| dro(r)e(r,y)e

c E_ wa+ |F (2)

in terms of the autocorrelation function
Here w.s=E.—E;, E. is the energy of theth state, and”
is the lifetime broadening of the core excited state. The life- o (7)=(¥e(0)|¢e(7)). 8
time broadening of the final statié; is often small and is
neglected here for simplicity. The operatbrdescribes the Here
interaction of the target with the incident x-ray photon. In the .
case of nonradiative RXS) is the Coulomb operator, and =g 'H¢7 :J (IE-D)t ]
Q=7D'* when the emitted particle is the final x-ray photon lve(m)=e [ve(0)).  14e(0) 0 dte (1)
[1]. (Atomic units are used unless otherwise stated. 9

The wave packetye(7)) with the initial value|#g(0)) is
the solution of the nonstationary Schinger equation with
the final state Hamiltoniahl;, whereas the wave packet

[ll. TIME-DEPENDENT REPRESENTATION FOR THE
RXS CROSS SECTION

The half Fourier transform of the denominator on the Hetm 1t
right-hand side of Eq(2) yields the time-dependent repre- ly(1))=e"r'Qe™'"'D|0) (10)

sentation for the scattering amplitugé2,2 . . ) ) _
g amplitufe2,26 admits two different interpretations and computational strat-

7 egies.
F=F(»), F(7r)= —|f dt e EFEFDUE (1)), (3)
° A. Two-step evolution of the wave packet
The wave packet reads The two-propagator representatittd) prompts that
|6(1))=Qe™""'D|0). (4) l()=[9(0), |¢(7,1))=e"=DQe MeD|0)

11
Let us note that in strict theory the molecular Hamiltonian v
H is the same for all electronic statpgexcept final state in is the result of a two-step evolution: The initial wave packet
nonradiative RX$ However, we will use notatiof; with D|0) after core excitation propagates in the core excited state
index j due to two reasons; first to identify the electronic from time equal to O up to. Then after the decay transition
shell in which the wave packet evolves, and, secondly, t@at moment the wave packet evolves in the final state in the
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opposite time direction from mometitp to 0. The evolution this cross section with the spectral function. This version will
of the wave packeltys(7,t)) is given by two coupled Schro  be preferred over the one- and two-step techniques.
dinger equations

C. Convolution of the cross section for narrow-band excitation

J
[ a—Th’f( ) =Hg(7,1)), |¢(t,1)=Qlyc(V)), The main characteristic features of RXS can be seen when
(12) the spectral widthy of the incident light beam is small. The
P spectral functionb(w,y) for the narrow-band incident beam
i — () =H¢ (1)), |4:(0))=D|0). (y<T) can be replaced in Eq1) by the Diracé function.
at Hence, the denominator in Eql) becomes equal t¢w
—(E.—Eg)+I']. The autocorrelation function takes the

B. One-step dynamics form
A conceptually different interpretation of the wave packet _
(10) is based on the one-step dynamics with one effective ()= 0o(n) =(V(O)[¥ (7). (16
time-dependent HamiltonianV(t). By differentiation of Here
Eg. (10) with respect tot we obtain the following Schro ‘
dinger equation: | (7))=e"""|W(0)),
5 (17
; _ _ aiHgt —iH gt * i _
[0y =AV(D]g(D), AV(H)=ertave M, W (0))= fo d el B HIQy(1)).

(13
AV=QHQ '—Hi, We again obtain a two-step techniquig) the solution of the
Schralinger equation(12) for |y(t))=exp(=iHt)D|0)
with the initial condition|.(0))=D|0), and(2) the solu-
tion of the Schrdinger equation fofW¥(t)) with the final
[(1)) =U(t, o) | 4h(t0)), state HamiltoniarH; and with the initial condition¥(0)).
(14) Howgver, this two—;tep technique _has a blg_ald_vantagel over
t the first one mentioned above, since the initial condition
L{(t,to)=Texp( - |f dtlAV(tl)), |¥(0)) does not depend on time.
to Having settled the question of evaluation of the RXS
cross sectiowy(E, w) for the monochromatic incident x-ray
beam, we can evaluate the RXS cross seatif, w) (1) for
arbitrary spectral distribution of incoming radiation as the
following convolution[31]:

with the initial condition|¢(0))=QD]|0). The solution of
the latter equation is straightforward,

whereT is the time-ordering operator.

At this point it is worth pointing out the following striking
property of the wave packeéts(t)): The evolution of| i(t))
is completely halted in the dissociative region whex¥®
—wei(@)=U(o)—U;s() since the evolution operator

U(t,tg) (14) then becomes equal to tleenumber: a(E,w):f dw,09(E,0)P(0—wq,7),
AU(R)=w¢(»), U(t,0)=e '@c*), . (18)

15 —Trel” i(0-E+Eg)

(1)) =101 =)|0). (15 oo(E,w)= 71_ReJAO drog(r)e (@ EFEoT,

The same result follows immediately also from the two-step  From the computational point of view the method given
representatiort10), since in the dissociative regidi.=H; by these equations is both simpler and faster in comparison
+wc() and hence agaif(t))=exg —wwc(*)t]|0). This  with the two techniques described abdsee Secs. IIl A and
result is important also from the viewpoint of numerical ||| B).
simulations since it makes it possible to avoid the integration  Another computational advantage of this approach is the
of Eq. (13) as well as of Eqs(12) in the region of dissocia- inherent parallelism: The cross sectiong(E,») are inde-
tion. pendent of each other and their evaluation can therefore be
The two-step and one-step approaches for the evaluatigerformed on a parallel machine with ease. The only serial
of the wave packeft/(t)) (10) lead to two qualitatively dif- operations in the program are the generation of the initial
ferent numerical techniques. The two-step technique requirsondition |0) and the the final convolutioi18) and they
more computa_tional time because the solution of the timeconsume much less time than the evaluationsgfE, ).
dependent Schdinger equatiori12) for [¢(7,t)) requires in  The scheme was implemented and the parallel efficiency that

advance the solution of the time-dependent Sdimger was above 95% and that did not depend on the number of
equation for|(t)). The one-step method is free from this nodes used.

disadvantage, but contains on the other hand the complicated
operatorAV(t) which needs to be diagonalized.

We propose also a third method for a time-dependent
evaluation of the RXS cross section, namely, one which is We now turn to the important special case in RXS when
based on the evolution of the RXS cross section for monoenly the nuclear degrees of freedom can be taken into ac-
chromatic excitation with the forthcoming convolution of count, which often can be motivated when the different elec-

IV. NUCLEAR DYNAMICS
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tronic transitions in the RXS spectra are well separated. RX8omes the projection of the coherent superposition of the
experiments show strong dependences of the spectral profit®re excited stated’(0)) on the final state
on the nuclear motion and the vibrational degrees of free-

dom. This means vibrational structure in the case of bound- _ < Q|c)(c|D|0)
bound-bound transitiong3,5,6,14 and the interplay of the Fe=—i(f[¥(0)), W(O)):I; o— o til
so-called molecular and atomiclike contributions to the spec- (22)

trum when the molecule is core excited above the dissocia-

tion threshold2§,2ﬂ. Let us assume here tr_]e validity of the This representation immediately shows the0)) (17) is the
Born-Oppenheimel(BO) approximation which allows the coherent superposition or “wave train” of the eigenstates of
separation of the nuclear and electronic degrees of freedonfhe core excited HamiltoniaH , created due to the core ex-
We will also neglect the dependence of the electronic trangiiation.

sition matrix element® and Q on the nuclear coordinates. The ground is now prepared for expressing an entirely

T_his apprpximation is s_ufficiently good for the photoabsorp-gjtferent representation for the RXS cross seciipn
tion matrix elemenD since the ground state nuclear wave

function is localized close tq the equilibrium molecul_ar ge- oo(E @)= (W (0)| 8(E—H)| W (0))=tr S(E—H)p,
ometry. The same assumption concerning the amplitude of
the decay transitiol® can be justified for the bound-bound
decay transitions. However, this dependenceQotan be
more essential for the continuum-continuum decay transi-
tions since a large span of internuclear distances then is i
volved, and this dependence might influence the ratio of th
molecular and atomiclike contributions. On the other hand
for hydrides with one heavy atom, like HCI, the total rate is
probably dominated by the heavy atom. Investigations of th%.
partial and the total Auger decay rate for thegCHmolecule !
indeed indicate that most of the internuclear dependence of
these rates is allocated at distances shorter than the equilib- A,(p R):f dr< R+ r
. . . W ’
rium, and that the “constant resonance width” approxima- 2
tion holds[33].

When theR dependence of the transition matrix elementswhich gives a systematic procedure of an expansion in pow-
is weak,D and Q can be factored out, and thus one caners offi.. (Here we temporarily introduced Planck’s constant

p=|¥(0))(¥(0), (23

vith E=w+Ey—E. We use also¥ (R,0)=(R|¥(0)) for
he coordinate representation of the wave pa¢¥¢0)).

Through this expression a mapping of the squared wave
packet|¥(0))|? and internuclear potentials can be obtained.
The easiest path to the desired semiclassical result is the
gner transformsee Appendix A

r .
AR- §> e PR (24

simplify the RXS amplitude by setting since it is a key quantity in this expansipn.
We may write the semiclassical version of E(&3) using
D=Q=1. (199 the ansatZAl) as

[Notice that we will use approximatiofP= const,Q=const 1
only in our numerical simulations and in the expressions for o(E,w)= _f dp dRS(E—H¢(p,R)pw(p.R),
the Franck-CondorfFC) factors. All other results are free 2mh

from this assumptiof.The question of interest is posed by
the pure nuclear problem with the Hamiltonians

(25

with H¢(p,R)=p?2u+U¢(R) as the classical Hamilton
H,=K+U_,R), a=0,c,f. (200  function andu as the reduced mass of the molecule. This
equation becomes
HereK is the nuclear kinetic energy operator.
It is relevant to note the physical meaning of the wave w dr
packet|(t)) (10) in the Q=const approximation. The one- o(E,0)= mj pr(po(R),R),
step(13) evolution of this wave packet is given exactly by Po

the interaction picture wittH; as the unperturbed Hamil- 12
tonian and Po(R)={2u[E-U¢(R)]}™=

(26)

AV=AU(R) (21)  To proceed further we use the conventional separation of the
internuclear domain into two regions, the “molecularR (
as the perturbation. One obtains the remarkable result that Ry) and the “dissociative” R>Ry) regions. HereRy is
the one-step dynamics_ is determined by the differencghe minimal internuclear distance whetk(R) and U(R)
AU(R) between potentials of the core exitéh(R) and  are close to the corresponding dissociation limits. Using this
final U(R) states. partitioning the RXS cross sectiq@5) becomes the sum of
the “molecular” and “atomiclike” contributions,
V. MAPPING OF THE CORE EXCITED WAVE PACKETS
AND POTENTIALS. THE REFLECTION TECHNIQUE 0(E,0)= 0 E, @)+ 0o E,0), 27

Another physical interpretation of the wave pacRe(0)) ) ] Ry .
is obtained by first considering RXS with a monochromaticWhich are defined by Eq25) with [ *dR and [ dR, re-
incident x-ray beam. In this case the RXS amplitydebe-  spectively.
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A. “Molecular” region: R<Ry gravity of the molecular contribution. Clearly, the position of
The molecular background is formed mainly by core ex-an atomiclike resonang@1) does not depend on the excita-

citation in the vicinity of the classical turning poilR=R, tion erf\ergy. . h . f
wherep=0 and, hence, the total nuclear energyigRo). As far as Eq(30) is based on the assumption of a narrow

More precisely, the core excitation close th(R,) takes FC factor (&[0), the Raman , disper;ion .Iav{E=_Q
place at the band with the width.=a|U’ (Ry)| of the pho- +AU(R)] for the molecular contribution is valid only in the

: Rl region Q%+ T2)Y2> y,. One can expect a breakdown of the

S?ﬁ:oggféfr?diiaftzc:/?(trfriggrfsﬂ'rel_('qireegc;/.ll pwg andao linear dispersion Iaw ifv is tuned inside of the region of the
It is a good approximation to consid, as the ground StONY photoabsorption{| <y [15].
state internuclear distance. According to the energy conser- )
vation law the kinetice,(R) and potentialU.(R) energies C. Wave packets and space properties
satisfy the equatiorl(Ro) =Hc(p,R)=¢€.(R)+U.(R) at Let us here consider some important features of the wave
the arbitrary poinRR. This allows a replacement in E(RS)  packet|¥(0)). Equations(B1) and (B4) show directly that
of the & function by S(E+er(R)+U¢(R)—Q—€(R) the wave packeW (R,0)=(R|¥(0)) in the dissociative re-
—U¢(R)). Here we introduced the detuning of the excitationgion R>R, is a fast oscillating damped plane wave
frequency
\P(Ryo):el(R*Rd)pfl‘rf\lf(Rd,o)ocel(RfRd)pfl‘Tf
Q=w—-wy, wo=U(Ry)—Ep (28)

1 2
relative to the resonant frequency of the “vertical” photoab- X EXF{ - 5(z> } R>Ry. (32)
sorption transitiorw.y. Recall that the molecular region cor-
responds to fast RXS. This means that the important point$he time of flight in the dissociative regioi4) is merely
for the decay transition are those at which bBtandp, and  7,=(R—Ry)/v, v=p(*)/u. The latter equation results im-
hence the kinetic energy, remain unaltered: mediately in an important consequence; the absolute value of
the wave packet is a smooth function Rf
ef(R)=€(R). (29)

—~ a—T(R=Ry)/v
It is not difficult to see from Eq(25) that [¥(RO)=e ¥ (Ra.0)l- (33
Ry An entirely different picture emerges in the molecular re-
Tmol B, 0)= f dRS(E—Q—AU(R)|¥(R,0)|?, gion R<Ry where the momentump(R) strongly depends on
0 R. Due to this dependence the wave padlgt) is best ex-
pressed as a superposition, a “wave train,” of many elemen-
AU(R)=U(R) - U(R). (300 tary wavegsee Eqgs(22) and(B5)]. Obviously, the interfer-
, , , ._ence of these elementary waves leads to a smoother
Here we used the important property of Wigner's functionyenendence o (R,0) onR. An indirect confirmation of this

given by Eq.(A4). fact is obtained at the limit of fast RX@arge RXS duration
o _ 1/JQ%+T?) [26,18. When the RXS is fast the decay tran-
B. Dissociation domain:R>Ryq sition thus occurs at the same point as the photoabsorption

Another spectral feature of the RXS profile is the atom-point
iclike resonance which is formed primarily due to the decay ,
transitions in the dissociation region. The formal origin of G(RR')= S(R—R’) (39)
the atomiclike resonance is the Lorentzian in Ej.with the ' Q+1r
resonance conditionv +Ey=H.(p,R)=€.(R) +U.(R). In
the dissociative region the potentials are approximately conkHlence the wave packdt(R,0) copies the space distribution
stant in R; U,(R)=const, U;(R)=const. Therefore wave of the ground state nuclear wave functiff)= ¢o(R)
functions of both core excited and final nuclear states are
close to plane wave solutions. This immediately leads to the ¥(R0)=1 ¢o(R)
conservation of kinetic energy under the decay transition ' Q-+’
(29). Similar to Eq.(30) this allows us to express

(35

This equation can be used as a good estimation of the mo-
lecular contribution to the total RXS spectrum.

Let us briefly summarize the excitation energy depen-
dence of the space distribution ®#f(R,0), Fig. 1. The so-
Both Egs.(30) and (31) constitute the reflection principle called “molecular part” of the wave packeRKRy) is a
which allows us to map the squared wave pa¢letR,0)|>  much smoother function dR than the long-distance contri-
for the different excitation energies. bution and decreases as Q/-11'), Eq. (35), in the far

One can easily identify a qualitative distinction betweenwings of the photoabsorption band}|>y.. This part of
Egs. (30) and (31); contrary to the case in the dissociative the wave packet is responsible for the formation of the mo-
region (31) the reflection procedur&=Q+AU(R), Eq. lecular contributiorno,o(E,) or the far wings of the atom-
(30) depends in the molecular region linearly on the detuningclike resonancéFig. 2). It is natural to refer to the part of
Q. This results in the Raman dispersion law for the center o' (R,0) lying in the dissociative regioR>R, as the atom-

crat(E,cu)zJ:dR&(E—AU(R))W(R,D)F. (31
d
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FIG. 2. Conventional partition of the spectral domain in the
central (Lorentzian) part, near and far wingSAE=E—[U(»)

—Ug(=)].

1 2 3 4 5 6 7 8 9 10
Internuclear distance (a.u.)

FIG. 1. Space distributions of the wave packid) in the dis- ~ €Phemeral in the molecular region where the wave packet
sociative core excited state 220 of HCI for different excita- | ¥(0)) is @ complicated function dR. The situation is more
tion energies Q=0 and 3 eV. Re¥(R0) and IMP(R0) are de- Promising in the dissociative region where Relependence
picted as solid lines, while the absolute vaJu&(R,0)| of the wave  of |¥'(R,0)],
packet is shown as a dashed line.

1
[W(ROI*=[W(Ry.0)%e %", r=x  (37)

iclike part since the atomiclike resonance is formed in this
region. The atomiclike part o¥ (R,0) demonstrates fast os-

cillations (32) with an exponential envelop€3) (Fig. 1. is caused26] only by the time of flight
Notice that the absolute valy&’(R,0)| is again a smooth

function in the dissociative region, Fig. 1. Contrary to the _ (R dR _ R
molecular contribution the atomiclike part quenches faster, Tf_j m_;'

as exp—(0/y.)%2], when the absolute value of the detuning

increasegsee Fig. 1L This means that the molecule has no 2 12

time to reach the dissociative region during the short RXS U(R)=<_[Uc(RO)_Uc(R)]) , v=v(»). (39

duration time 1{/Q?+T? [26]. The qualitative properties of #

the wave packet(Q(0)) described above are in excellent and by the lifetimer=1/T. Though|¥(R,0)| is a smooth

agreement with the results of tia initio simulations pre-  g,nction of R, W (R,0) shows the fast oscillations typical for
sented in Fig. 1. the continuum state@ig. 1). The atomiclike resonance and
the corresponding near wing can dominate only wi&n
D. Mapping of the potentials and the squared wave packet  =Q [26,27,29. Therefore to findAU(R) it is natural to tune

The general reflection technique described above containg iN exact resonance()=0. Apparently, the reflection

an important special case which allows us to n#eig(R)  method maps the long-range part ®U(R) on the nearest
=U(R)—U¢(R). When the slopaAU’(R)=dA U(R)/dR  Wings of the atomiclike profile since the dependence of the

is not equal to zero one can write potentials orR slow in the dissociative regiofsee Sec. V E
The extension of the reflection technique to the whole
RIONE E-Q if R<Ry spectral region allows us to map the ratio
cEo)=gsum AYR=E it RoRy, ¥ (R,0)|2/|AU’ (R)|, Eq.(36). This gives information about

(36)  the space distribution of the squared wave pac¢kee Fig.

3). The comparison of the exact cross section with the one
where the prime denotes a derivative with respect to posiebtained in the reflection approximation indicates that the
tion. What strikes the eye here is the simple relation betweesemiclassical approximatiof86) is not perfect. The devia-
the RXS cross section and the slapb’(R). This is impor-  tion with the exact cross section is stronger in the vicinity of
tant in the inverse problem of finding potentials from thethe atomiclike resonance where the factoAU’(R)| di-
spectroscopic measurements. However, the simplicity iserges and the semiclassical approximation breaks down.



PRA 59 WAVE-PACKET DYNAMICS OF RESONANT X-RAY ... 1153

pansion of the RXS cross section in powersidibased on
Eqg. (A2)] diverges as we approach the resonant frequency
wei(°) (R—>). One can showfor the power potentials
(39)] that the raticA o, E, w)/ o, E, w) of the quantum cor-
rection Ao,(E,w) to the cross sectiorf40) diverges as
|A/JAE|** Y whenAE/A—0. The result is that the criterion
of validity for the semiclassical expansion and, hence for Eq.
(40), is |AE|>A. Hence, the red or blue wings of the atom-
iclike resonance are described by E86) and in the case of
the power potentia(39) as

15

10

1+1/mn

oo E,0)=09 (42)

AE

Cross section (arb. units)

However, we know that the spectral shape of the atomiclike
resonance in the vicinity of the resonant frequeiagy()
[26,25,27 is a Lorentzian

o c exgd — (AE—Q)%/y?]
178 180 182 184 ool E, @) AEZ+T2 :

Electron energy E (eV) ] ) _
since in the soft x-ray region we commonly have that
FIG. 3. Mapping of the ratig¥(R,0)|%/|U’(R)| (36) (dashed >T'. To conclude, we point out that the spectral shape of the
line). The strict cross section of RXS in HCI is depicted by a solid atomiclike resonance is the superposition of the Lorentzian
line. The final state i$TI. Q=0 eV. (42) and the near windEgs. (31), (36), and (40)] (Figs. 2
and 3.
E. Spectroscopy of the near wing of the atomiclike resonance Tf?e formula(40) involves the raticA/AEx= o/ AE, which
The atomiclike resonance is mainly formed by the speciS Positive. Indeed, the wing appears on the high-energy side
tral transition in one of the fragments of dissociation. If theOf the atomiclike peak 4E>0, Fig. 2 when the potentials
central part of the atomiclike resonance line is close to #f core excited and final states converge)(R)>AU ()
Lorentzian, the wingsthe outer pajtof the line have a dif- (a>0), and vice versa, sincE=AU(R). This yields the

ferent profile[26,27. We are now prepared to describe theimportant consequence that the atomiclike resonan@g
“near wings” (Fig. 2) more explicitly. To reduce the mo- has red or blue wing&t0) if the potentials diverged>0) or

lecular contribution let us consider the case with=0. We  converge ¢<<0), respectively, wheR— (see Sec. VI A

are primarily interested in the dissociative region where the
long-range forces dominate. Let us approximate here the dif-vVl. NUMERICAL APPLICATIONS: THE HCI MOLECULE

|AE|<[A], (42)

fere_n ceAU(R) (31} of the core excited and final state po- A. The RXS spectral shape versus potential surfaces
tentials as .
and excitation energy
Rg|" The experimental Auger spectrufi27] of HCI shows
AUR) = wer(=) +a E) » @or(®)=Uo(2)=Ur(®). 400 peakd\,B,Clying nearE~177.3, 179.4, and 180.7 eV,

(39 respectively. We focus here mainly on the spectral region
close to theB and C peaks. The following final molecular
The solution of Eq.(36), E=AU(R), is straightforward: states of the HCl ion correspond to these atomiclike lines:
R/Ry=[a/(E—AU(*)]"". The final results follow directly B:2IT,23* and C: 4TI, 23,43, 2I1. To understand the
from Egs.(31) and(37), main spectral features of the resonant Auger electron decay
L1 " spectra of the HCI molecule for thep2lo* core excited_
exd — A state we accounted here for the three most important final
AE| |’ states; the boundX* and the dissociative>~ and *II
states. The corresponding potential surfadéig. 4) have
been calculated by the multiconfiguration self-consistent-
field (MCSCB method using the programaLToN [34].
where oo=|W(Ry,0)|2[ (271" *Ry/(|a|n), =Rqy/v, Due to the spin-orbit splitting the core excited state
A=a(2797)", 2pyp0™* is situated~1.67 eV higher than thefZ;o* state.
The interpretation of this formula in the vicinity of the The present calculations involves oftae lowest ongcore

atomiclike resonance might lead to the wrong conclusioreXcited state, @5 5,0%. The comparison with experiment
that o(E,w)—0 whenE tends to the resonant frequency of becomes complicated when the detuning from tipg,z-*

the atomiclike resonance.(>). This means that Eq40),  photoabsorption resonance is positive and core excitation of
as well as the reflection method based on E8%) and(36), the 2p[,210* also gets important. The evaluation of the elec-
describe only the wings of the atomiclike resonance. Thdron matrix elements of the decay transitidQds also out-
formal reason of this limitation is that the asymptotical ex-side the scope of the present paper. This means that the RXS

A
AE

o dE,w)=0¢

AE=E— w¢(®), (40
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cross section for different final states are given here for the g 6. RXS cross section for the nonboufE ™~ final state of

same value of.

HCI for different excitation energies. The resonant frequency

Figure 5 shows the RXS profiles for different final states{u (R,)—E,] of the vertical photoabsorption transition is equal to
for 1=0. One can see that the molecular bands can stapo2.58 eV.E is the energy of the Auger electron. One can see the

from both the short-wave ?E*) and the long-wave

fast decrease of the RXS cross section when the excitation energy is

(3 ,%I1) sides of the atomiclike resonance. As was clari-tuned out of the resonant frequency of the vertical photoabsorption
fied above, blue and red tails are formed if the potentiakransition.y=0 eV.

surfaces of the core excited and final states converge or di-

verge, respectively, wheR increases and approaches thefinal state can in general simultaneously have both blue and
dissociation region. The atomiclike resonance for the saméed tails[26,30. It depends on the behavior of the potentials

1000 |25+

500

)

Q=0eV

units
(@]

21000 |25~

(arb

2 500 |

it

Intens

1000 |4

500

0
178

FIG. 5. RXS cross section of HCI for bourf®, ™ and dissocia-

180 182 184 186 188
Auger electron energy (eV)

U.(R) andU¢(R) close to the equilibrium geometry.

The spectral shape of the molecular tails strongly depends
on the shape ot (R) andU;(R). If the final (or core ex-
cited state is bound the molecular contribution consists of a
vibrational band and a smooth continuum-continuum tail
(see upper panel in Fig)5Notice that the molecular contri-
bution with the vibrational structure in this panel corre-
sponds to the experimental band assigned in R&f] as
50~ 1. The comparison with the experimental sped®]
demonstrates that our simulations reproduce the main spec-
tral features of the resonant Auger spectra of HCI.

The next question concerns the role of the detuning: As is
well established now[26,15,18,27,2P the molecular and
atomiclike contributions depend on the excitation energy in a
qualitatively different manner. Indeed, the position of the
atomiclike resonance does not depend on the excitation en-
ergy [26,25, while the center of gravity of the molecular
band depends nonlinearly éhinside of the region of strong
photoabsorption and follows a linear Raman law at the wings
of the photoabsorption bar{d5]. Moreover, the weight of
the atomiclike resonance tends to zero for lajQe faster
than the molecular contribution. In this limit of sudden RXS
only the molecular band contributes to the spectral shape of
RXS. It is simply given by the FC factor between the ground
and the final nuclear staf®6,23 (see also Sec. VIB All

tive 23~ and “I1 final states. The case of monochromatic, resonanimentioned spectral features are shown in Figs. 6—9. The
excitation (=0 eV).

quenching of the RXS cross section whew is
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FIG. 7. RXS cross section for the nonbouf~ final state of for different excitation energies. The RXS cross sections are nor-

HCI for different excitation energies. The RXS cross sections aréna_‘"ZEd; the_ integral cross sections are the same for differer_mt exci-
normalized; the integral cross sections are the same for differerffion energiesy=0 eV. The lower panel shows in more detail the

excitation energiesy=0 eV region near the spectral hole.

tuned below or above the photoabsorption band is shown iR2nce channels. The possibility for such interference be-
Fig. 10 in comparison with the spectral shape of photoab{Ween resonant and off-resonant contributions was men-
sorption. One can see that neither the RXS nor the absorptidipned earlier [26]. Here we give a more extended

cross sections are symmetrical functions of the detuning. It i§XPlanation. We first note that the manifestation of this phe-

necessary also to emphasize that both these cross sectidfmnenon is not the same as the Fano pré8i, although it
decrease slowly, more like Lorentzians than Gaussiaes reminds one thereof. For the sake of transparency we assume
also Sec. VIB. The switching over from Gaussian to that both the core excited and the final states are dissociative

Lorentzian behavior takes place fBr< 200 eV and is there- and that the incident light beam is monochromatic. Then we

fore not seen in the long-wave regidfig. 10. get
To focus attention only on th@ dependence of the RXS _ 12 _ _ _
spectral shape we depicted in Figs. 7-9 the RXS cross sec- o(E.w)=|F[%,  e=0+E=Ui(=)-E. (43
tions on the area of the corresponding spectral profiles. Ac- . _
cording to the reflection approximaticisee Sec. VDthe It is convenient to consider here the real core exciigd
RXS spectral profile maps the space distribution of the wave= | €;) and final|f)=|e() continuum nuclear states with the
packet. This leads to the appearance of additional fine stru¢eleased dissociation energiesande;, respectively. Since
ture in the RXS profilé26,29 (Figs. 7 and 8caused by the the continuum-continuum Franck-Condon facter|e.) is
inhomogeneous space distribution of the core excited waveingular one can conclude that
packet |[¥(0)) in the molecular region(see Fig. 1,Q
=3eV,R<3au). (€5 €c)(€c|0)=r(€;,Aec) +S(€,Aec) S €5~ €c). s
44
B. Interference between molecular and dissociative

scattering channels Here Ae.=e.—AU, and AU.=U,(Ry)—U(). The
Figure 8 demonstrates the appearance of the additionaimooth functiors(e.,A€.) shows the weight of the narrow

spectral feature of the RXS profile when the narrow atomic-atomiclike contribution while the smooth profitée; ,A€;)
like resonance is embedded in the smooth molecular backs responsible for the molecular backgrour#$,27. Since
ground. One can see that the atomiclike resonance convettise continuum wave functions are real functiosis.,A €.)
into a spectral hole whew is tuned from the photoabsorp- andr(e;,Ae;) are also real quantities. Equatiof® and
tion resonance. This anomaly is the result of an interferencél9), (44) infer that the scattering amplitude also is the sum
between the molecular background and the atomiclike resasf molecular and atomiclike contributions
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FIG. 9. RXS cross section for the bouRd ™ final state of HCI

for different excitation energies. The RXS cross sections are nor-
malized; the integral cross sections are the same for different exck

tation energiesy=0 eV.

F= p(Q.AE) + S0
— AR RELT

7(Q,AE)=7,(Q,AE) +17,({2,AE),

1(0Q)\2
S(Gf,Q)xeX%—E(’y—) }

(49)
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(Q—Ae;)b(er,Ae)
(AEC—Q)2+F2 ’

nl(Q,AE)ZJ dA e
—AU,

46
o I'b(ef,Aeg) 48

72(Q,AE) =~ fAUCdA C(Ae—0)2+T2"

as well as the atomiclike part. The interference between the
molecular and the atomiclike contributions comes out natu-
rally if the cross sectioril) is written as the sum of direct
and interference terms

o(E,0)=04i(E,0)+ oin(E,0),
(47)

Udir(Eyw):Umgl(Erw)"'o'gitr(va)'

The direct molecular and atomiclike contributions and inter-
ference term read

2
mol S

o (E,w)=|9l%, oG(E,w)= AEZST2’
(48)
E o= 2s(AE#n;—T'n,)
oin(B,0)= —FEr g
were 7,=7;(Q},AE), s=s(¢;,{)). One can observe a re-
semblance of the spectral shape of the atomiclike resonance
with the well-known Fano profil§¢35] which describes the
interference between continuum states and a discrete state
mbedded in this continuum. However, qualitative differ-
ences exist. In the case of interest the discrete state is missing
both in the core excited and the final nuclear states. The
reason for the appearance of the discrete resonance in the
x-ray Raman spectrum is the cancellation of the kinetic en-
ergies in the resonant frequency of the decay transition,
Uc() + €.~ Ug() — e5=U(0) — U¢(), due to the effec-
tive conservation of the kinetic energy under decay in the
dissociative region. This conservation relation is reflected by
the singular part<&(e;—€.) in the continuum-continuum
overlap integral e;| e;) (44).
Before proceeding to the analysis of the interference we

The essential point here is that the molecular contributioriscuss briefly the properties of the functioms and 7,

7(Q,AE) is how complex,

3
O R B N
E —— Raman
o2 e Gaussian
g -
o
Q
i3]
31
[
[7:]
o
(&)
0 N
200 202 204 206

Photon energy (eV)

FIG. 10. Cross section of RXS integrated otefsolid line) and
the Cl 2p x-ray photoabsorptioidashed ling in HCI. The core
excited and final states argp2'c* and 23, respectively. The

which are responsible for the formation of the molecular
band. Consider first the core excitation at the far wings of the
photoabsorption bangQ +I'2> v, . In accordance with Eq.
(45) the intensity of the narrow atomiclike resonance tends
here exponentially to zer[®6,27). Its position does not de-
pend on the excitation enerd26,25, Fig. 6. The molecular
contribution also decreases, whi| increases, but not so
fast, only like a Lorentziah26],

Q T
m= gz pz{f0),  m=— Gz 7z(fl0),
]

Since the photoabsorption cross section is the imaginary part
of the elastic RXS, apparently such a behavioorentzian

(49)
1

Q-AE
<f|o>o<exp[— S|l—

04

Gaussian profile is depicted as a dot-dashed line. Both cross se&ings and a steep Gaussian-like resonant)akes place

tions have a maximum fow~202.58 eV. The half-width at half
maximum(HWHM) of the Gaussian is equal to 0.84 eV.

also for photoexcitation to dissociative states. Equatitsh
demonstrates the general phenomenon that the center of
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gravity of the RXS profile follows the Raman lajd5]:
AEy=Q, where AEy=E—-[U:(Rg)—U;(Ry)] and y;
—a|U/(Ry)| is the width of the FC factoff|0). 5, and 7, 0.5 r
guench faster only whe is tuned close to the photoabsorp-
tion band VQ+T?<y.: 7, 7,5( €| 0)cexp(—Q%2y2).
The dispersion law in the photoabsorption region strongly
differs from the Raman law15]. The present numerical
simulations also show this clearly, Figs. 7-9.

The limit of fast RXS is reached for quite large high|.
The simulations show that the RXS profile begins to copy
the photoabsorption profilgf|0)|? (Figs. 7 and Bof the 0
—f direct transition only whend<-3eV or when(}
=4 eV. As was shown in Sec. VD, the molecular contribu-
tion for moderate detunings has fine structdfégs. 7,8
[26,29 caused by the inhomogeneous space distribution of
the core excited state wave packBEtg. 1). This fine struc- 0 , . r ;
ture disappears for very large detuning since in this 100 & HWHM=1eV |
asymptotic region the RXS cross section copies the profile of
direct photoabsorption -8 f (49). When the final state is

o
o

N

N

o

[é)]

Cross section (arb. units)

bound €3 " state this photoabsorption profile has fine struc- 50

ture caused by the decay transitions to the vibrational levels 0 , ,

of the final statgFig. 9). 177 179 181 183 185 187
Apart from the evident asymmetry of the atomiclike pro- Electron energy (eV)

file, the interference leads to new striking spectral features:
The first one is the total suppression of the atomiclike reso- FIG. 11. Spectral profile vs spectral widghof incident radia-
nance if tion. The final state i€TI (see Fig. 8 The RXS cross sections are
normalized. The spectral function is approximated by a Gaussian
(6) with the pilot frequency 206 eV and the following values of
~0 _S (50 HwHM: yVIn2=0.01, 0.3, 0.5, 1 eV. The RXS cross section for
m=> 72 2 monochromatic excitation is depicted by a dashed line.

Vil. SUMMARY
When | 7,|<|,| (as in our simulationsand the weight of
the molecular pedestal exceeds the amplitsidé the atom-
iclike part,

In the present paper three qualitatively different time-
dependent wave-packet formalisms for radiative and nonra-
diative x-ray Raman scattering were presented and com-
pared. The first one, a “two-step” method, is based on two

2T 7,8> 2, (51)  coupled Schrdinger equations describing the dynamics in
the core excited and final states, respectively. The second, a
“one-step” approach, requires the solution of only one time-
an atomiclike “hole” emerges instead of the resonance peaklependent Schdinger equation, but with the effective time-
(Fig. 8. This “hole” disappears for large detunings where dependent Hamiltonian depending on the potentials of both
the RXS profile coincides with the photoabsorption bandthe core excited and the final states. In the problems concern-
(49 of the direct O—f transition(see lower panel in Fig.)8  ing only nuclear dynamics this Hamiltonian reduces in the

A naive picture prompts that any narrow spectral featuranteraction representation to the simple difference of the po-
is blurred when the spectral widthof the incident radiation tentials of the core excited and final states. The third method
increases. The computations show something different, howis based on the convolution of the spectral function of the
ever, see Fig. 11. Indeed, one can see that the width of thacident radiation with the RXS cross section for the mono-
spectral hole as well as that of the atomiclike band is pracehromatic incident light beam. This approach requires the
tically independent ofy [26,25. Moreover, Fig. 11 demon- solution of only a single Schdinger equation. We used the
strates another unexpected effect, namely, the transformatidatter time-dependent formalism to calculate the resonant
of the hole into a peak whety increases. This atomiclike Auger electron decay spectra of the HCI molecule for the
feature can be understood if one recalls that broadband exc@p~1o* core excited and three different final states; the
tation implies a summation of the RXS cross sections folbound?S " and the dissociativés ~ and *II states, having
different w. If the particularw with the sharp peak, Fig. 8, is all potential surfaces computeab initio. Our simulations
included in the summation, then it might dominate for largedemonstrate the strong dependence of the spectral profile on
v and there will be a peak instead of as a hole. the excitation energy—that is, on the RXS duration time. We

Figure 10 shows simulations of the asymmetry of thedemonstrate that the RXS profile of HCI consists of a narrow
RXS profile as a function of) [ »(Q},AE)# n(—Q,AE)]. atomiclike peak and a broad molecular backgroufat
One reason for the asymmetry is the finite valueAdf, in  wing) with fine structure that agrees with previous results
Eq. (46). In general, this asymmetry is caused by the inho{26,27. We have shown that the center of gravity of the
mogeneous density of core excited states. molecular background follows approximately the Raman law
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when the excitation energy is tuned out of the photoabsorpwhere H;(p,R)=p?%/2u+U¢(R) is the classical Hamilton
tion band, while the position of the atomiclike resonancefunction, fo=1, f,=U[(R)/(8ux), f3=U[%(24u)
does not depend on the excitation energy. When the excitas pzu}’(R)/(24M2). This equation results in the following
tion energy is tuned inside the photoabsorption band the dissxpansion of the RXS cross section:
persion law for the center of gravity of the molecular pedes-
tal shows non-Raman behavifi5]. According to previous
results[26,27] the ratio of the atomiclike spectral feature to _ 42
the molecular background strongly depends on the RXS du- o(E,w)=0(Ew)-#
ration. The atomiclike resonance is suppressed, up to deple-
tion, for fast RXS corresponding to the excitation energies X
tuned out of the photoabsorption band.

We predict an effect of a total quenching of the atomiclike 1
resonance for certain excitation energies. Moreover, when _
the excitation energy continues to change, the atomiclike o )(E"")‘ﬁ dp dRI(E=H)W(P.R)pu(P.R)Ti
resonance turns into a narrow spectral hole. The physical (A3)
origin of these new phenomena is given by the interference
between the molecular background and the atomiclike chan-

nels. We have also found a corresponding transformation af the HamiltonianH; is replaced by the classical Hamilton
this spectral hole into an atomiclike resonance when theunction H,(p,R), the first term,8(E—H;(p,R)), in the %
spectral width of incident radiation increases. ~ expansion for the density of staté$c—H;),,(p,R) is ob-
resonance is formed by a central Lorentzian part with bluegq, (A1). One needs also the following connection between

by the long-range part of the interatomic potentials. Arepresentations and the Wigner functiap:
method was suggested based on the ‘“spectroscopy of the

wings” of the atomiclike resonance, by which the long-range
part of the potentials is mapped. 1

The present theory shows that the RXS cross section i = _f :f )
proportional to the square wave packet of the core excite (RR)= 577 ) dPPu(P.R). p(p.p)= | dRpu(p.R)
state and copies in a certain sense its space distribution, (A4)
something that allows a mapping of the square of this wave
packet.

{9—520'(2)(E,w)— &—530'(3)(E,w) T+,

APPENDIX B: SPACE DISTRIBUTION OF STATIONARY
WAVE PACKETS
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APPENDIX A: WIGNER'S TRANSFORM
. : W¥(R,0=(R|¥(0))=(R|G|0)=G|0)
We recapitulate here some basic results from the theory of
the Wigner transform concerning the Franck-Condon prob- ~.f
lem (see paper$36,37], and references therginThe first =
results refer to the fact that the trace of the Wigner transform
(24) of the product of two operators is equal to the product of

the two ngner transforms. The application of this fact toin the terms of the lifetime-broadened Green function
Eq. (23) yields

IR G(RR ) og(R') (B1)
Ro

£ w)= — fd dR&(E—H R R (Rlec)(edR")
0-( 1w)_m p ( - f)w(pv )pw(p1 ) G(R,R,):f déc c C- , (BZ)
(Al) go_EC+|F
Then we need also the expansion where&y=w+Ey andE.= e,+ U («) is the eigenvalue of

H.. The continuum nuclear wave function can be written in

the semiclassical approximation as
O(E—Hp)w(p,R) pp

52 3
=[l—h2(fzﬁ—fgﬁ)}5(8—Hf(p,R))+0(h4), A o
(A2) (Rleg)y= \/ﬁex;{ —|fRop(R )dR ) (B3)
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with momentump(R) =[2ux(E.—U.(R)]*? and A as the 271 A2 R

normalization constant. Insertion of this into E§2) shows Go(RR")=— ———===ex |f p(R”)dR/’)

that the lifetime-broadened Green function is defined by the VP(R)P(R') R’

product[26] (BS)

, R dR’
G(RR')=Go(RR)e MR, 7(RR)= f o(R")
rV(RY) and the factor e{p-I'(RR")] which is responsible for the

(B4) damping of the emission rate due to the finite lifetime of the
of the ordinary Green functio, (with I'=0), core excited state. Hele.= &, .
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