
PHYSICAL REVIEW A FEBRUARY 1999VOLUME 59, NUMBER 2
Wave-packet dynamics of resonant x-ray Raman scattering: Excitation near
the Cl L II,III edge of HCl

Paweł Sałek, Faris Gel’mukhanov,* and Hans A˚ gren
Institute of Physics and Measurement Technology, Linko¨ping University, S-581 83 Linko¨ping, Sweden

~Received 21 April 1998; revised manuscript received 9 September 1998!

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 by anab initio computational study of the resonant Auger spectra of the HCl
molecule close to the ClL II,III edge.@S1050-2947~99!04702-2#

PACS number~s!: 33.20.Rm, 33.50.Dq, 33.70.2w
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I. INTRODUCTION

At the present time rich experimental and theoretical m
terial has been accumulated in the field of resonant x-
Raman scattering for gas and condensed systems, cover
wide range of the x-ray wavelength region@1–8#. The devel-
opment has taken turns in many directions and branche
investigations. One such branch comprises resonant x
scattering~RXS! of systems for which the coupling to th
nuclear degrees of freedom is essential and for which
RXS profile and its excitation energy dependence also r
to the nuclear motion. Although the first fundamental resu
are a quarter century old fornonresonantx-ray emission and
Auger spectra—like the discovery of the vibrational structu
@9,10# and the lifetime-vibrational interference effects@11#—
most of the results in theresonantcase have been obtaine
only fairly recently@12,6,13,14#; a few examples to mention
are the connection between vibrational structure and non
ear dispersion@15–17#, the collapse effect@18,19#, and the
effects of violation@20–23# and restoration of the selectio
rules @22,23#.

A set of interesting observations has been presented
RXS under core excitation to dissociative states@24,25,8#.
Perhaps the most striking one is that the RXS spectral pro
consists of two qualitatively different parts; the so-call
‘‘molecular’’ and ‘‘atomiclike’’ parts @26,25,27–29#, and

*Permanent address: Institute of Automation and Electrome
630090 Novosibirsk, Russia.
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that the relative cross sections for these two parts stron
depend on the frequency detuning, and therefore on the
ration of the RXS process@26,18,27#. Other related spectra
features are caused by the so-called electron Doppler e
for dissociative states@30#.

The aim of this paper is to present a dynamical theory
RXS using wave packets, and to demonstrate this theor
an actual molecular system studied experimentally. The c
sequences of the theory are investigated in some detai
x-ray Raman scattering involving core excitations to dis
ciative states, especially the spectral features of the so-ca
atomic-like resonance and the ‘‘molecular’’ background. It
shown that the interference between these two contribut
gives rise to new, and quite unexpected, effects. The m
ping of the wave packet and the interatomic potentials is
further interest in that context@26#.

The outline of the paper follows. After a short theoretic
introduction in Sec. II, we formulate in Sec. III three qua
tatively different time-dependent strategies~Secs. III A, III B,
and III C! for the evaluation of the RXS cross section. In t
beginning of Sec. IV we briefly outline approximations an
some features of the time-dependent theory of RXS w
nuclear degrees of freedom. The next Section~Sec. V! is
devoted to the mapping of the core excited state wave pa
and internuclear potentials. Our semiclassical analysis of
problem is based on Wigner’s transform. The reflection te
niques used for the mapping procedure qualitatively dif
for the molecular~Secs. V A, V D! and dissociative~Secs.
V B, V D! regions. The role of the excitation energy in th
space distribution of the wave packet is investigated in S
V C. In Sec. V E we show that the atomiclike profi

y,
1147 ©1999 The American Physical Society
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1148 PRA 59SAŁEK, GEL’MUKHANOV, AND Å GREN
consists of a Lorentzian plus short- or long-wavelen
wings depending on the long-range part of the potenti
The interference of the molecular background and the at
iclike resonance and the spectral consequences of this i
ference are discussed in Sec. VI B. Section VII summari
the paper.

II. THEORETICAL BACKGROUND

By absorbing an incoming x-ray photon with the fr
quencyv a molecule is core excited to the stateuc&. Due to
the Coulomb interaction and vacuum fluctuations this int
mediate core excited state decays by emitting Auger e
trons and x-ray photons with the energyE to the final state
uf &.

The spectral properties of RXS are guided by the dou
differential cross section@1,31#

s~E,v!5(
f

uFu2F~v2E2v f 0 ,g!, ~1!

which is the convolution of the spectral distributionF of the
incident radiation with the RXS cross sections0(E,v) for a
monochromatic incident light beam. Hereg is the spectral
width of F. In order to make the formal manipulations mo
transparent, we drop the indexf in the scattering amplitude
F f→F. We focus only on the spectral shape of RXS, the
fore the cross section is written here without the multiplic
tion factor. The radiative and nonradiative RXS amplitud
have the same structure near the resonant region@1#,

F5(
c

^ f uQuc&^cuDu0&
E2vc f1ıG

. ~2!

Herevc f5Ec2Ef , Ec is the energy of thecth state, andG
is the lifetime broadening of the core excited state. The l
time broadening of the final stateG f is often small and is
neglected here for simplicity. The operatorD describes the
interaction of the target with the incident x-ray photon. In t
case of nonradiative RXS,Q is the Coulomb operator, an
Q5D8* when the emitted particle is the final x-ray photo
@1#. ~Atomic units are used unless otherwise stated.!

III. TIME-DEPENDENT REPRESENTATION FOR THE
RXS CROSS SECTION

The half Fourier transform of the denominator on t
right-hand side of Eq.~2! yields the time-dependent repre
sentation for the scattering amplitude@32,26#

F5F~`!, F~t!52ıE
0

t

dt eı~E1Ef1ıG!t^ f uf~ t !&. ~3!

The wave packet reads

uf~ t !&5Qe2ıHctDu0&. ~4!

Let us note that in strict theory the molecular Hamiltoni
H is the same for all electronic statesj ~except final state in
nonradiative RXS!. However, we will use notationH j with
index j due to two reasons; first to identify the electron
shell in which the wave packet evolves, and, secondly
h
s.
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apply directly the general theory to nuclear degrees of fr
dom with the nuclear Hamiltonian depending on the el
tronic statej. A corresponding time-dependent representat
for the RXS cross section~1! can be obtained by a Fourie
transform of the spectral functionF~v,g!,

F~v,g!5
1

p
ReE

0

`

dt w~ t,g!eıvt,

w~ t,g!5E
2`

`

dv F~v,g!e2ıvt. ~5!

Since the functionF~v,g! is real, its Fourier transform
has the propertyw* (t,g)5w(2t,g). We note thatw(t,g)
5d(t) andw(t,g)5const correspond to the cases of havi
white and monochromatic incident light beams, respective
Very often the spectral functionF is approximated by a
Gaussian. In this case the following formulas are useful:

F~v,g!5
1

gAp
expS 2

v2

g2 D , w~ t,g!5expS 2
t2g2

2 D .

~6!

To receive the time-dependent representation for the R
cross section we follow the method outlined in Re
@11, 26#. Substituting Eqs.~3! and ~5! in Eq. ~1! the follow-
ing dynamical representation for the RXS cross section
obtained:

s~E,v!5
1

p
ReE

0

`

dt s~t!w~t,g!eı~v2E1E0!t ~7!

in terms of the autocorrelation function

s~t!5^cE~0!ucE~t!&. ~8!

Here

ucE~t!&5e2ıH ftucE~0!&, ucE~0!&5E
0

`

dt e~ ıE2G!tuc~ t !&.

~9!

The wave packetucE(t)& with the initial valueucE(0)& is
the solution of the nonstationary Schro¨dinger equation with
the final state HamiltonianH f , whereas the wave packet

uc~ t !&5eıH f tQe2ıHctDu0& ~10!

admits two different interpretations and computational str
egies.

A. Two-step evolution of the wave packet

The two-propagator representation~10! prompts that

uc~ t !&5uc~0,t !&, uc~t,t !&5eiH f ~ t2t!Qe2 iH ctDu0&
~11!

is the result of a two-step evolution: The initial wave pack
Du0& after core excitation propagates in the core excited s
from time equal to 0 up tot. Then after the decay transitio
at momentt the wave packet evolves in the final state in t
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PRA 59 1149WAVE-PACKET DYNAMICS OF RESONANT X-RAY . . .
opposite time direction from momentt up to 0. The evolution
of the wave packetuc(t,t)& is given by two coupled Schro¨-
dinger equations

i
]

]t
uc~t,t !&5H f uc~t,t !&, uc~ t,t !&5Qucc~ t !&,

~12!

i
]

]t
ucc~ t !&5Hcucc~ t !&, ucc~0!&5Du0&.

B. One-step dynamics

A conceptually different interpretation of the wave pack
~10! is based on the one-step dynamics with one effec
time-dependent HamiltonianDV(t). By differentiation of
Eq. ~10! with respect tot we obtain the following Schro¨-
dinger equation:

i
]

]t
uc~ t !&5DV~ t !uc~ t !&, DV~ t !5eiH f tDVe2 iH f t,

~13!
DV5QHcQ

212H f ,

with the initial condition uc(0)&5QDu0&. The solution of
the latter equation is straightforward,

uc~ t !&5U~ t,t0!uc~ t0!&,
~14!

U~ t,t0!5T expS 2ıE
t0

t

dt1DV~ t1! D ,

whereT is the time-ordering operator.
At this point it is worth pointing out the following striking

property of the wave packetuc(t)&: The evolution ofuc(t)&
is completely halted in the dissociative region whereDV
→vc f(`)[Uc(`)2U f(`) since the evolution operato
U(t,t0) ~14! then becomes equal to thec-number:

DU~R!.vc f~`!, U~ t,0!.e2 ivc f~`!t,
~15!

uc~ t !&.e2 ivc f~`!tu0&.

The same result follows immediately also from the two-s
representation~10!, since in the dissociative regionHc.H f
1vc f(`) and hence againuc(t)&.exp@2ivcf(`)t#u0&. This
result is important also from the viewpoint of numeric
simulations since it makes it possible to avoid the integrat
of Eq. ~13! as well as of Eqs.~12! in the region of dissocia-
tion.

The two-step and one-step approaches for the evalua
of the wave packetuc(t)& ~10! lead to two qualitatively dif-
ferent numerical techniques. The two-step technique requ
more computational time because the solution of the tim
dependent Schro¨dinger equation~12! for uc(t,t)& requires in
advance the solution of the time-dependent Schro¨dinger
equation forucc(t)&. The one-step method is free from th
disadvantage, but contains on the other hand the complic
operatorDV(t) which needs to be diagonalized.

We propose also a third method for a time-depend
evaluation of the RXS cross section, namely, one which
based on the evolution of the RXS cross section for mo
chromatic excitation with the forthcoming convolution
t
e

p

n

on

es
-

ed

t
is
-

this cross section with the spectral function. This version w
be preferred over the one- and two-step techniques.

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

The main characteristic features of RXS can be seen w
the spectral widthg of the incident light beam is small. Th
spectral functionF~v,g! for the narrow-band incident beam
(g!G) can be replaced in Eq.~1! by the Diracd function.
Hence, the denominator in Eq.~1! becomes equal to@v
2(Ec2E0)1iG#. The autocorrelation function takes th
form

s~t!→s0~t!5^C~0!uC~t!&. ~16!

Here

uC~t!&5e2 iH ftuC~0!&,
~17!

uC~0!&5E
0

`

dt e@ i ~v1E0!2G#tQucc~ t !&.

We again obtain a two-step technique;~1! the solution of the
Schrödinger equation ~12! for ucc(t)&5exp(2iHct)Du0&
with the initial conditionucc(0)&5Du0&, and ~2! the solu-
tion of the Schro¨dinger equation foruC(t)& with the final
state HamiltonianH f and with the initial conditionuC~0!&.
However, this two-step technique has a big advantage o
the first one mentioned above, since the initial conditi
uC~0!& does not depend on time.

Having settled the question of evaluation of the RX
cross sections0(E,v) for the monochromatic incident x-ra
beam, we can evaluate the RXS cross sections(E,v) ~1! for
arbitrary spectral distribution of incoming radiation as t
following convolution@31#:

s~E,v!5E dv1s0~E,v1!F~v2v1 ,g!,

~18!

s0~E,v!5
1

p
ReE

0

`

dt s0~t!ei ~v2E1E0!t.

From the computational point of view the method giv
by these equations is both simpler and faster in compar
with the two techniques described above~see Secs. III A and
III B !.

Another computational advantage of this approach is
inherent parallelism: The cross sectionss0(E,v) are inde-
pendent of each other and their evaluation can therefore
performed on a parallel machine with ease. The only se
operations in the program are the generation of the ini
condition u0& and the the final convolution~18! and they
consume much less time than the evaluation ofs0(E,v).
The scheme was implemented and the parallel efficiency
was above 95% and that did not depend on the numbe
nodes used.

IV. NUCLEAR DYNAMICS

We now turn to the important special case in RXS wh
only the nuclear degrees of freedom can be taken into
count, which often can be motivated when the different el
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tronic transitions in the RXS spectra are well separated. R
experiments show strong dependences of the spectral pr
on the nuclear motion and the vibrational degrees of fr
dom. This means vibrational structure in the case of bou
bound-bound transitions@3,5,6,14# and the interplay of the
so-called molecular and atomiclike contributions to the sp
trum when the molecule is core excited above the disso
tion threshold@26,27#. Let us assume here the validity of th
Born-Oppenheimer~BO! approximation which allows the
separation of the nuclear and electronic degrees of freed
We will also neglect the dependence of the electronic tr
sition matrix elementsD and Q on the nuclear coordinates
This approximation is sufficiently good for the photoabso
tion matrix elementD since the ground state nuclear wa
function is localized close to the equilibrium molecular g
ometry. The same assumption concerning the amplitud
the decay transitionQ can be justified for the bound-boun
decay transitions. However, this dependence ofQ can be
more essential for the continuum-continuum decay tra
tions since a large span of internuclear distances then is
volved, and this dependence might influence the ratio of
molecular and atomiclike contributions. On the other ha
for hydrides with one heavy atom, like HCl, the total rate
probably dominated by the heavy atom. Investigations of
partial and the total Auger decay rate for the H2O molecule
indeed indicate that most of the internuclear dependenc
these rates is allocated at distances shorter than the eq
rium, and that the ‘‘constant resonance width’’ approxim
tion holds@33#.

When theR dependence of the transition matrix eleme
is weak, D and Q can be factored out, and thus one c
simplify the RXS amplitude by setting

D5Q51. ~19!

@Notice that we will use approximationD5const,Q5const
only in our numerical simulations and in the expressions
the Franck-Condon~FC! factors. All other results are fre
from this assumption.# The question of interest is posed b
the pure nuclear problem with the Hamiltonians

Ha5K1Ua~R!, a50,c, f . ~20!

HereK is the nuclear kinetic energy operator.
It is relevant to note the physical meaning of the wa

packetuc(t)& ~10! in the Q5const approximation. The one
step~13! evolution of this wave packet is given exactly b
the interaction picture withH f as the unperturbed Hamil
tonian and

DV5DU~R! ~21!

as the perturbation. One obtains the remarkable result
the one-step dynamics is determined by the differe
DU(R) between potentials of the core exitedUc(R) and
final U f(R) states.

V. MAPPING OF THE CORE EXCITED WAVE PACKETS
AND POTENTIALS. THE REFLECTION TECHNIQUE

Another physical interpretation of the wave packetuC~0!&
is obtained by first considering RXS with a monochroma
incident x-ray beam. In this case the RXS amplitude~2! be-
S
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comes the projection of the coherent superposition of
core excited statesuC~0!& on the final state

F f52 i ^ f uC~0!&, uC~0!&5 i(
c

Quc&^cuDu0&
v2vc01 iG

.

~22!

This representation immediately shows thatuC~0!& ~17! is the
coherent superposition or ‘‘wave train’’ of the eigenstates
the core excited HamiltonianHc created due to the core ex
citation.

The ground is now prepared for expressing an entir
different representation for the RXS cross section~1!,

s0~E,v!5^C~0!ud~E2H f !uC~0!&5tr d~E2H f !r,

r5uC~0!&^C~0!u, ~23!

with E5v1E02E. We use alsoC(R,0)5^RuC(0)& for
the coordinate representation of the wave packetuC~0!&.

Through this expression a mapping of the squared w
packetiC(0)& z2 and internuclear potentials can be obtaine

The easiest path to the desired semiclassical result is
Wigner transform~see Appendix A!

Aw~p,R!5E dr K R1
r

2UAUR2
r

2L e2 ipr /\, ~24!

which gives a systematic procedure of an expansion in p
ers of\. ~Here we temporarily introduced Planck’s consta
since it is a key quantity in this expansion.!

We may write the semiclassical version of Eqs.~23! using
the ansatz~A1! as

s~E,v!.
1

2p\ E dp dRd„E2H f~p,R!…rw~p,R!,

~25!

with H f(p,R)5p2/2m1U f(R) as the classical Hamilton
function andm as the reduced mass of the molecule. T
equation becomes

s~E,v!.
m

2p\ E dR

p0~R!
rw„p0~R!,R…,

~26!
p0~R!5$2m@E2U f~R!#%1/2.

To proceed further we use the conventional separation of
internuclear domain into two regions, the ‘‘molecular’’ (R
,Rd) and the ‘‘dissociative’’ (R.Rd) regions. HereRd is
the minimal internuclear distance whereUc(R) and U f(R)
are close to the corresponding dissociation limits. Using t
partitioning the RXS cross section~25! becomes the sum o
the ‘‘molecular’’ and ‘‘atomiclike’’ contributions,

s~E,v!5smol~E,v!1sat~E,v!, ~27!

which are defined by Eq.~25! with *0
RddR and *Rd

` dR, re-

spectively.
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A. ‘‘Molecular’’ region: R<Rd

The molecular background is formed mainly by core e
citation in the vicinity of the classical turning pointR5R0
wherep50 and, hence, the total nuclear energy isUc(R0).
More precisely, the core excitation close toUc(R0) takes
place at the band with the widthgc5auU8(R0)u of the pho-
toabsorption FC factor̂ecu0& @26#. Herea51/Amv0 andv0
is the ground state vibrational frequency.

It is a good approximation to considerR0 as the ground
state internuclear distance. According to the energy con
vation law the kineticec(R) and potentialUc(R) energies
satisfy the equationUc(R0)5Hc(p,R)[ec(R)1Uc(R) at
the arbitrary pointR. This allows a replacement in Eq.~25!
of the d function by d„E1e f(R)1U f(R)2V2ec(R)
2Uc(R)…. Here we introduced the detuning of the excitati
frequency

V5v2vc0 , vc05Uc~R0!2E0 ~28!

relative to the resonant frequency of the ‘‘vertical’’ photoa
sorption transitionvc0 . Recall that the molecular region co
responds to fast RXS. This means that the important po
for the decay transition are those at which bothR andp, and
hence the kinetic energy, remain unaltered:

e f~R!5ec~R!. ~29!

It is not difficult to see from Eq.~25! that

smol~E,v!.E
0

Rd
dRd„E2V2DU~R!…uC~R,0!u2,

DU~R!5Uc~R!2U f~R!. ~30!

Here we used the important property of Wigner’s functi
given by Eq.~A4!.

B. Dissociation domain:R>Rd

Another spectral feature of the RXS profile is the ato
iclike resonance which is formed primarily due to the dec
transitions in the dissociation region. The formal origin
the atomiclike resonance is the Lorentzian in Eq.~2! with the
resonance condition:v1E05Hc(p,R)5ec(R)1Uc(R). In
the dissociative region the potentials are approximately c
stant in R; Uc(R).const, U f(R).const. Therefore wave
functions of both core excited and final nuclear states
close to plane wave solutions. This immediately leads to
conservation of kinetic energy under the decay transit
~29!. Similar to Eq.~30! this allows us to express

sat~E,v!.E
Rd

`

dRd„E2DU~R!…uC~R,0!u2. ~31!

Both Eqs.~30! and ~31! constitute the reflection principle
which allows us to map the squared wave packetuC(R,0)u2
for the different excitation energies.

One can easily identify a qualitative distinction betwe
Eqs. ~30! and ~31!; contrary to the case in the dissociativ
region ~31! the reflection procedureE5V1DU(R), Eq.
~30! depends in the molecular region linearly on the detun
V. This results in the Raman dispersion law for the cente
-

r-

ts

-
y
f

n-

re
e
n

g
f

gravity of the molecular contribution. Clearly, the position
an atomiclike resonance~31! does not depend on the excita
tion energy.

As far as Eq.~30! is based on the assumption of a narro
FC factor ^ecu0&, the Raman dispersion law@E5V
1DU(R)# for the molecular contribution is valid only in th
region (V21G2)1/2.gc . One can expect a breakdown of th
linear dispersion law ifv is tuned inside of the region of th
strong photoabsorption,uVu,gc @15#.

C. Wave packets and space properties

Let us here consider some important features of the w
packet uC~0!&. Equations~B1! and ~B4! show directly that
the wave packetC(R,0)5^RuC(0)& in the dissociative re-
gion R.Rd is a fast oscillating damped plane wave

C~R,0!.eı~R2Rd!p2Gt fC~Rd,0!}eı~R2Rd!p2Gt f

3expF2
1

2 S V

gc
D 2G , R.Rd . ~32!

The time of flight in the dissociative region~B4! is merely
t f.(R2Rd)/v, v5p(`)/m. The latter equation results im
mediately in an important consequence; the absolute valu
the wave packet is a smooth function ofR,

uC~R,0!u.e2G~R2Rd!/vuC~Rd,0!u. ~33!

An entirely different picture emerges in the molecular r
gion R,Rd where the momentump(R) strongly depends on
R. Due to this dependence the wave packet~B1! is best ex-
pressed as a superposition, a ‘‘wave train,’’ of many elem
tary waves@see Eqs.~22! and~B5!#. Obviously, the interfer-
ence of these elementary waves leads to a smoo
dependence ofC(R,0) onR. An indirect confirmation of this
fact is obtained at the limit of fast RXS~large RXS duration
1/AV21G2) @26,18#. When the RXS is fast the decay tran
sition thus occurs at the same point as the photoabsorp
point

G~R,R8!.
d~R2R8!

V1ıG
. ~34!

Hence the wave packetC(R,0) copies the space distributio
of the ground state nuclear wave functionu0&[w0(R)

C~R,0!.ı
w0~R!

V1ıG
. ~35!

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

Let us briefly summarize the excitation energy depe
dence of the space distribution ofC(R,0), Fig. 1. The so-
called ‘‘molecular part’’ of the wave packet (R,Rd) is a
much smoother function ofR than the long-distance contri
bution and decreases as 1/(V1ıG), Eq. ~35!, in the far
wings of the photoabsorption band,uVu@gc . This part of
the wave packet is responsible for the formation of the m
lecular contributionsmol(E,v) or the far wings of the atom-
iclike resonance~Fig. 2!. It is natural to refer to the part o
C(R,0) lying in the dissociative regionR.R0 as the atom-
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iclike part since the atomiclike resonance is formed in t
region. The atomiclike part ofC(R,0) demonstrates fast os
cillations ~32! with an exponential envelope~33! ~Fig. 1!.
Notice that the absolute valueuC(R,0)u is again a smooth
function in the dissociative region, Fig. 1. Contrary to t
molecular contribution the atomiclike part quenches fas
as exp@2(V/gc)

2/2#, when the absolute value of the detunin
increases~see Fig. 1!. This means that the molecule has
time to reach the dissociative region during the short R
duration time 1/AV21G2 @26#. The qualitative properties o
the wave packetuV~0!& described above are in excelle
agreement with the results of theab initio simulations pre-
sented in Fig. 1.

D. Mapping of the potentials and the squared wave packet

The general reflection technique described above cont
an important special case which allows us to mapDU(R)
5Uc(R)2U f(R). When the slopeDU8(R)5dD U(R)/dR
is not equal to zero one can write

s~E,v!.
zuC~0!& z2

uDU8~R!u
, DU~R!5 HE2V if R,Rd

E if R.Rd ,
~36!

where the prime denotes a derivative with respect to p
tion. What strikes the eye here is the simple relation betw
the RXS cross section and the slopeDU8(R). This is impor-
tant in the inverse problem of finding potentials from t
spectroscopic measurements. However, the simplicity

FIG. 1. Space distributions of the wave packet~17! in the dis-
sociative core excited state (2p21s* ) of HCl for different excita-
tion energies (V50 and 3 eV!. ReC(R,0) and ImC(R,0) are de-
picted as solid lines, while the absolute valueuC(R,0)u of the wave
packet is shown as a dashed line.
s

r,

S

ns

i-
n

is

ephemeral in the molecular region where the wave pac
uC~0!& is a complicated function ofR. The situation is more
promising in the dissociative region where theR dependence
of uC(R,0)u,

uC~R,0!u2.uC~Rd,0!u2e22t f /t, t5
1

G
~37!

is caused@26# only by the time of flight

t f5ER dR

v~R!
.

R

v
,

v~R!5S 2

m
@Uc~R0!2Uc~R!# D 1/2

, v5v~`!. ~38!

and by the lifetimet51/G. Though uC(R,0)u is a smooth
function of R,C(R,0) shows the fast oscillations typical fo
the continuum states~Fig. 1!. The atomiclike resonance an
the corresponding near wing can dominate only whenV
50 @26,27,29#. Therefore to findDU(R) it is natural to tune
v in exact resonance,V50. Apparently, the reflection
method maps the long-range part ofDU(R) on the nearest
wings of the atomiclike profile since the dependence of
potentials onR slow in the dissociative region~see Sec. V E!.

The extension of the reflection technique to the wh
spectral region allows us to map the rat
uC(R,0)u2/uDU8(R)u, Eq.~36!. This gives information abou
the space distribution of the squared wave packet~see Fig.
3!. The comparison of the exact cross section with the o
obtained in the reflection approximation indicates that
semiclassical approximation~36! is not perfect. The devia-
tion with the exact cross section is stronger in the vicinity
the atomiclike resonance where the factor 1/uDU8(R)u di-
verges and the semiclassical approximation breaks down

FIG. 2. Conventional partition of the spectral domain in t
central ~Lorentzian! part, near and far wings.DE5E2@Uc(`)
2U f(`)#.
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E. Spectroscopy of the near wing of the atomiclike resonance

The atomiclike resonance is mainly formed by the sp
tral transition in one of the fragments of dissociation. If t
central part of the atomiclike resonance line is close t
Lorentzian, the wings~the outer part! of the line have a dif-
ferent profile@26,27#. We are now prepared to describe t
‘‘near wings’’ ~Fig. 2! more explicitly. To reduce the mo
lecular contribution let us consider the case withV50. We
are primarily interested in the dissociative region where
long-range forces dominate. Let us approximate here the
ferenceDU(R) ~31! of the core excited and final state p
tentials as

DU~R!5vc f~`!1aS Rd

R D n

, vc f~`!5Uc~`!2U f~`!.

~39!

The solution of Eq.~36!, E5DU(R), is straightforward:
R/Rd5@a/(E2DU(`)#1/n. The final results follow directly
from Eqs.~31! and ~37!,

sat~E,v!.s0U D

DEU
111/n

expS 2U D

DEU
1/nD ,

DE5E2vc f~`!, ~40!

where s05uC(Rd,0)u2@t/(2t f
d)#n11Rd /(uaun), t f

d5Rd /v,
D5a(2t f

d/t)n.
The interpretation of this formula in the vicinity of th

atomiclike resonance might lead to the wrong conclus
that s(E,v)→0 whenE tends to the resonant frequency
the atomiclike resonancevc f(`). This means that Eq.~40!,
as well as the reflection method based on Eqs.~31! and~36!,
describe only the wings of the atomiclike resonance. T
formal reason of this limitation is that the asymptotical e

FIG. 3. Mapping of the ratiouC(R,0)u2/uU8(R)u ~36! ~dashed
line!. The strict cross section of RXS in HCl is depicted by a so
line. The final state is4P. V50 eV.
-

a

e
if-

n

e
-

pansion of the RXS cross section in powers of\ @based on
Eq. ~A2!# diverges as we approach the resonant freque
vc f(`) (R→`). One can show@for the power potentials
~39!# that the ratioDsat(E,v)/sat(E,v) of the quantum cor-
rection Dsat(E,v) to the cross section~40! diverges as
uD/DEu111/n whenDE/D→0. The result is that the criterion
of validity for the semiclassical expansion and, hence for
~40!, is uDEu@D. Hence, the red or blue wings of the atom
iclike resonance are described by Eq.~36! and in the case of
the power potential~39! as

sat~E,v!.s0U D

DEU
111/n

. ~41!

However, we know that the spectral shape of the atomic
resonance in the vicinity of the resonant frequencyvc f(`)
@26,25,27# is a Lorentzian

sat~E,v!}
exp@2~DE2V!2/gc

2#

DE21G2 , uDEu,uDu, ~42!

since in the soft x-ray region we commonly have thatgc
@G. To conclude, we point out that the spectral shape of
atomiclike resonance is the superposition of the Lorentz
~42! and the near wing@Eqs. ~31!, ~36!, and ~40!# ~Figs. 2
and 3!.

The formula~40! involves the ratioD/DE}a/DE, which
is positive. Indeed, the wing appears on the high-energy
of the atomiclike peak (DE.0, Fig. 2! when the potentials
of core excited and final states converge,DU(R).DU(`)
(a.0), and vice versa, sinceE5DU(R). This yields the
important consequence that the atomiclike resonance~42!
has red or blue wings~40! if the potentials diverge (a.0) or
converge (a,0), respectively, whenR→` ~see Sec. VI A!.

VI. NUMERICAL APPLICATIONS: THE HCl MOLECULE

A. The RXS spectral shape versus potential surfaces
and excitation energy

The experimental Auger spectrum@27# of HCl shows
three peaksA,B,Clying nearE'177.3, 179.4, and 180.7 eV
respectively. We focus here mainly on the spectral reg
close to theB and C peaks. The following final molecula
states of the HCl1 ion correspond to these atomiclike line
B: 2P, 2S1 and C: 4P, 2S2, 4S2, 2P. To understand the
main spectral features of the resonant Auger electron de
spectra of the HCl molecule for the 2p21s* core excited
state we accounted here for the three most important fi
states; the bound2S1 and the dissociative2S2 and 4P
states. The corresponding potential surfaces~Fig. 4! have
been calculated by the multiconfiguration self-consiste
field ~MCSCF! method using the programDALTON @34#.

Due to the spin-orbit splitting the core excited sta
2p1/2

21s* is situated'1.67 eV higher than the 2p3/2
21s* state.

The present calculations involves one~the lowest one! core
excited state, 2p1/2,3/2

21 s* . The comparison with experimen
becomes complicated when the detuning from the 2p3/2

21s*
photoabsorption resonance is positive and core excitatio
the 2p1/2

21s* also gets important. The evaluation of the ele
tron matrix elements of the decay transitionsQ is also out-
side the scope of the present paper. This means that the
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cross section for different final states are given here for
same value ofQ.

Figure 5 shows the RXS profiles for different final stat
for V50. One can see that the molecular bands can s
from both the short-wave (2S1) and the long-wave
(2S2,4P) sides of the atomiclike resonance. As was cla
fied above, blue and red tails are formed if the poten
surfaces of the core excited and final states converge o
verge, respectively, whenR increases and approaches t
dissociation region. The atomiclike resonance for the sa

FIG. 4. Potential surfaces for ground, core excited (2p21s* ),
and final (4P, 2S2, 2S1) states of the HCl molecule.

FIG. 5. RXS cross section of HCl for bound2S1 and dissocia-
tive 2S2 and 4P final states. The case of monochromatic, reson
excitation (V50 eV).
e

rt

-
l

di-

e
final state can in general simultaneously have both blue
red tails@26,30#. It depends on the behavior of the potentia
Uc(R) andU f(R) close to the equilibrium geometry.

The spectral shape of the molecular tails strongly depe
on the shape ofUc(R) andU f(R). If the final ~or core ex-
cited! state is bound the molecular contribution consists o
vibrational band and a smooth continuum-continuum
~see upper panel in Fig. 5!. Notice that the molecular contri
bution with the vibrational structure in this panel corr
sponds to the experimental band assigned in Ref.@27# as
5s21. The comparison with the experimental spectra@27#
demonstrates that our simulations reproduce the main s
tral features of the resonant Auger spectra of HCl.

The next question concerns the role of the detuning: A
well established now@26,15,18,27,29# the molecular and
atomiclike contributions depend on the excitation energy i
qualitatively different manner. Indeed, the position of t
atomiclike resonance does not depend on the excitation
ergy @26,25#, while the center of gravity of the molecula
band depends nonlinearly onV inside of the region of strong
photoabsorption and follows a linear Raman law at the win
of the photoabsorption band@15#. Moreover, the weight of
the atomiclike resonance tends to zero for largeuVu faster
than the molecular contribution. In this limit of sudden RX
only the molecular band contributes to the spectral shap
RXS. It is simply given by the FC factor between the grou
and the final nuclear state@26,23# ~see also Sec. VI B!. All
mentioned spectral features are shown in Figs. 6–9.
quenching of the RXS cross section whenv is
t

FIG. 6. RXS cross section for the nonbound2S2 final state of
HCl for different excitation energiesv. The resonant frequency
@Uc(R0)2E0# of the vertical photoabsorption transition is equal
202.58 eV.E is the energy of the Auger electron. One can see
fast decrease of the RXS cross section when the excitation ener
tuned out of the resonant frequency of the vertical photoabsorp
transition.g50 eV.
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PRA 59 1155WAVE-PACKET DYNAMICS OF RESONANT X-RAY . . .
tuned below or above the photoabsorption band is show
Fig. 10 in comparison with the spectral shape of photo
sorption. One can see that neither the RXS nor the absorp
cross sections are symmetrical functions of the detuning.
necessary also to emphasize that both these cross sec
decrease slowly, more like Lorentzians than Gaussians~see
also Sec. VI B!. The switching over from Gaussian t
Lorentzian behavior takes place forE,200 eV and is there-
fore not seen in the long-wave region~Fig. 10!.

To focus attention only on theV dependence of the RXS
spectral shape we depicted in Figs. 7–9 the RXS cross
tions on the area of the corresponding spectral profiles.
cording to the reflection approximation~see Sec. V D! the
RXS spectral profile maps the space distribution of the w
packet. This leads to the appearance of additional fine st
ture in the RXS profile@26,29# ~Figs. 7 and 8! caused by the
inhomogeneous space distribution of the core excited w
packet uC~0!& in the molecular region~see Fig. 1, V
53 eV, R,3 a.u.).

B. Interference between molecular and dissociative
scattering channels

Figure 8 demonstrates the appearance of the additi
spectral feature of the RXS profile when the narrow atom
like resonance is embedded in the smooth molecular b
ground. One can see that the atomiclike resonance con
into a spectral hole whenv is tuned from the photoabsorp
tion resonance. This anomaly is the result of an interfere
between the molecular background and the atomiclike re

FIG. 7. RXS cross section for the nonbound2S2 final state of
HCl for different excitation energies. The RXS cross sections
normalized; the integral cross sections are the same for diffe
excitation energies.g50 eV.
in
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nance channels. The possibility for such interference
tween resonant and off-resonant contributions was m
tioned earlier @26#. Here we give a more extende
explanation. We first note that the manifestation of this p
nomenon is not the same as the Fano profile@35#, although it
reminds one thereof. For the sake of transparency we ass
that both the core excited and the final states are dissocia
and that the incident light beam is monochromatic. Then
get

s~E,v!5uFu2, e f5v1E02U f~`!2E. ~43!

It is convenient to consider here the real core exciteduc&
5uec& and finalu f &5ue f& continuum nuclear states with th
released dissociation energiesec ande f , respectively. Since
the continuum-continuum Franck-Condon factor^e f uec& is
singular one can conclude that

^e f uec&^ecu0&5r ~e f ,Dec!1s~ec ,Dec!d~e f2ec!.
~44!

Here Dec5ec2DUc and DUc5Uc(R0)2Uc(`). The
smooth functions(ec ,Dec) shows the weight of the narrow
atomiclike contribution while the smooth profiler (e f ,Dec)
is responsible for the molecular background@26,27#. Since
the continuum wave functions are real functions,s(ec ,Dec)
and r (e f ,Dec) are also real quantities. Equations~2! and
~19!, ~44! infer that the scattering amplitude also is the su
of molecular and atomiclike contributions

e
nt

FIG. 8. RXS cross section for the unbound4P final state of HCl
for different excitation energies. The RXS cross sections are n
malized; the integral cross sections are the same for different e
tation energies.g50 eV. The lower panel shows in more detail th
region near the spectral hole.
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F5h~V,DE!1
s~e f ,V!

DE1ıG
,

h~V,DE!5h1~V,DE!1ıh2~V,DE!, ~45!

s~e f ,V!}expF2
1

2 S V

gc
D 2G .

The essential point here is that the molecular contribut
h(V,DE) is now complex,

FIG. 9. RXS cross section for the bound2S1 final state of HCl
for different excitation energies. The RXS cross sections are
malized; the integral cross sections are the same for different e
tation energies.g50 eV.

FIG. 10. Cross section of RXS integrated overE ~solid line! and
the Cl 2p x-ray photoabsorption~dashed line! in HCl. The core
excited and final states are 2p21s* and 2S2, respectively. The
Gaussian profile is depicted as a dot-dashed line. Both cross
tions have a maximum forv'202.58 eV. The half-width at hal
maximum~HWHM! of the Gaussian is equal to 0.84 eV.
n

h1~V,DE!5E
2DUc

`

dD ec

~V2Dec!b~e f ,Dec!

~Dec2V!21G2 ,

~46!

h2~V,DE!52E
2DUc

`

dD ec

Gb~e f ,Dec!

~Dec2V!21G2 ,

as well as the atomiclike part. The interference between
molecular and the atomiclike contributions comes out na
rally if the cross section~1! is written as the sum of direc
and interference terms

s~E,v!5sdir~E,v!1s int~E,v!,
~47!

sdir~E,v!5sdir
mol~E,v!1sdir

at ~E,v!.

The direct molecular and atomiclike contributions and int
ference term read

sdir
mol~E,v!5uhu2, sdir

at ~E,v!5
s2

DE21G2 ,

~48!

s int~E,v!5
2s~DEh12Gh2!

DE21G2 ,

were h i[h i(V,DE), s[s(e f ,V). One can observe a re
semblance of the spectral shape of the atomiclike resona
with the well-known Fano profile@35# which describes the
interference between continuum states and a discrete
embedded in this continuum. However, qualitative diffe
ences exist. In the case of interest the discrete state is mis
both in the core excited and the final nuclear states. T
reason for the appearance of the discrete resonance in
x-ray Raman spectrum is the cancellation of the kinetic
ergies in the resonant frequency of the decay transit
Uc(`)1ec2U f(`)2e f5Uc(`)2U f(`), due to the effec-
tive conservation of the kinetic energy under decay in
dissociative region. This conservation relation is reflected
the singular part}d(e f2ec) in the continuum-continuum
overlap integral̂ e f uec& ~44!.

Before proceeding to the analysis of the interference
discuss briefly the properties of the functionsh1 and h2
which are responsible for the formation of the molecu
band. Consider first the core excitation at the far wings of
photoabsorption bandAV1G2@gc . In accordance with Eq
~45! the intensity of the narrow atomiclike resonance ten
here exponentially to zero@26,27#. Its position does not de
pend on the excitation energy@26,25#, Fig. 6. The molecular
contribution also decreases, whenuVu increases, but not so
fast, only like a Lorentzian@26#,

h1.
V

V21G2 ^ f u0&, h2.2
G

V21G2 ^ f u0&,

~49!

^ f u0&}expF2
1

2 S V2DE0

g f
D 2G .

Since the photoabsorption cross section is the imaginary
of the elastic RXS, apparently such a behavior~Lorentzian
wings and a steep Gaussian-like resonant part! takes place
also for photoexcitation to dissociative states. Equation~49!
demonstrates the general phenomenon that the cente
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gravity of the RXS profile follows the Raman law@15#:
DE05V, where DE05E2@U f(R0)2U f(R0)# and g f

5auU f8(R0)u is the width of the FC factor̂f u0&. h1 andh2

quench faster only whenv is tuned close to the photoabsor
tion band AV1G2&gc : h1}h2}^ecu0&}exp(2V2/2gc

2).
The dispersion law in the photoabsorption region stron
differs from the Raman law@15#. The present numerica
simulations also show this clearly, Figs. 7–9.

The limit of fast RXS is reached for quite large highuVu.
The simulations show that the RXS profile begins to co
the photoabsorption profilez^ f u0& z2 ~Figs. 7 and 8! of the 0
→ f direct transition only whenV&23 eV or when V
*4 eV. As was shown in Sec. V D, the molecular contrib
tion for moderate detunings has fine structure~Figs. 7,8!
@26,29# caused by the inhomogeneous space distribution
the core excited state wave packet~Fig. 1!. This fine struc-
ture disappears for very large detuning since in t
asymptotic region the RXS cross section copies the profil
direct photoabsorption 0→ f ~49!. When the final state is
bound (2S1 state! this photoabsorption profile has fine stru
ture caused by the decay transitions to the vibrational le
of the final state~Fig. 9!.

Apart from the evident asymmetry of the atomiclike pr
file, the interference leads to new striking spectral featu
The first one is the total suppression of the atomiclike re
nance if

h150, h25
s

2G
. ~50!

When uh1u!uh2u ~as in our simulations! and the weight of
the molecular pedestal exceeds the amplitudes of the atom-
iclike part,

2Gh2s.s2, ~51!

an atomiclike ‘‘hole’’ emerges instead of the resonance p
~Fig. 8!. This ‘‘hole’’ disappears for large detunings whe
the RXS profile coincides with the photoabsorption ba
~49! of the direct 0→ f transition~see lower panel in Fig. 8!.

A naive picture prompts that any narrow spectral feat
is blurred when the spectral widthg of the incident radiation
increases. The computations show something different, h
ever, see Fig. 11. Indeed, one can see that the width of
spectral hole as well as that of the atomiclike band is pr
tically independent ofg @26,25#. Moreover, Fig. 11 demon
strates another unexpected effect, namely, the transforma
of the hole into a peak wheng increases. This atomiclike
feature can be understood if one recalls that broadband e
tation implies a summation of the RXS cross sections
differentv. If the particularv with the sharp peak, Fig. 8, i
included in the summation, then it might dominate for lar
g and there will be a peak instead of as a hole.

Figure 10 shows simulations of the asymmetry of t
RXS profile as a function ofV @h(V,DE)Þh(2V,DE)#.
One reason for the asymmetry is the finite value ofDUc in
Eq. ~46!. In general, this asymmetry is caused by the inh
mogeneous density of core excited states.
y

y

-

of

s
of

ls

s:
-

k

d

e

-
he
-

on

ci-
r

-

VII. SUMMARY

In the present paper three qualitatively different tim
dependent wave-packet formalisms for radiative and non
diative x-ray Raman scattering were presented and c
pared. The first one, a ‘‘two-step’’ method, is based on t
coupled Schro¨dinger equations describing the dynamics
the core excited and final states, respectively. The secon
‘‘one-step’’ approach, requires the solution of only one tim
dependent Schro¨dinger equation, but with the effective time
dependent Hamiltonian depending on the potentials of b
the core excited and the final states. In the problems conc
ing only nuclear dynamics this Hamiltonian reduces in t
interaction representation to the simple difference of the
tentials of the core excited and final states. The third met
is based on the convolution of the spectral function of
incident radiation with the RXS cross section for the mon
chromatic incident light beam. This approach requires
solution of only a single Schro¨dinger equation. We used th
latter time-dependent formalism to calculate the reson
Auger electron decay spectra of the HCl molecule for
2p21s* core excited and three different final states; t
bound 2S1 and the dissociative2S2 and 4P states, having
all potential surfaces computedab initio. Our simulations
demonstrate the strong dependence of the spectral profil
the excitation energy—that is, on the RXS duration time. W
demonstrate that the RXS profile of HCl consists of a narr
atomiclike peak and a broad molecular background~far
wing! with fine structure that agrees with previous resu
@26,27#. We have shown that the center of gravity of th
molecular background follows approximately the Raman l

FIG. 11. Spectral profile vs spectral widthg of incident radia-
tion. The final state is4P ~see Fig. 8!. The RXS cross sections ar
normalized. The spectral function is approximated by a Gaus
~6! with the pilot frequency 206 eV and the following values
HWHM: gAln 250.01, 0.3, 0.5, 1 eV. The RXS cross section f
monochromatic excitation is depicted by a dashed line.
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1158 PRA 59SAŁEK, GEL’MUKHANOV, AND Å GREN
when the excitation energy is tuned out of the photoabso
tion band, while the position of the atomiclike resonan
does not depend on the excitation energy. When the ex
tion energy is tuned inside the photoabsorption band the
persion law for the center of gravity of the molecular ped
tal shows non-Raman behavior@15#. According to previous
results@26,27# the ratio of the atomiclike spectral feature
the molecular background strongly depends on the RXS
ration. The atomiclike resonance is suppressed, up to de
tion, for fast RXS corresponding to the excitation energ
tuned out of the photoabsorption band.

We predict an effect of a total quenching of the atomicli
resonance for certain excitation energies. Moreover, w
the excitation energy continues to change, the atomic
resonance turns into a narrow spectral hole. The phys
origin of these new phenomena is given by the interfere
between the molecular background and the atomiclike ch
nels. We have also found a corresponding transformatio
this spectral hole into an atomiclike resonance when
spectral width of incident radiation increases.

We have shown that the spectral profile of the atomicl
resonance is formed by a central Lorentzian part with bl
shifted or redshifted near wings. These near wings are ca
by the long-range part of the interatomic potentials.
method was suggested based on the ‘‘spectroscopy of
wings’’ of the atomiclike resonance, by which the long-ran
part of the potentials is mapped.

The present theory shows that the RXS cross sectio
proportional to the square wave packet of the core exc
state and copies in a certain sense its space distribu
something that allows a mapping of the square of this w
packet.
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APPENDIX A: WIGNER’S TRANSFORM

We recapitulate here some basic results from the theor
the Wigner transform concerning the Franck-Condon pr
lem ~see papers@36,37#, and references therein!. The first
results refer to the fact that the trace of the Wigner transfo
~24! of the product of two operators is equal to the product
the two Wigner transforms. The application of this fact
Eq. ~23! yields

s~E,v!5
1

2p\ E dp dRd~E2H f !w~p,R!rw~p,R!.

~A1!

Then we need also the expansion

d~E2H f !w~p,R!

5F12\2S f 2

]2

]E22 f 3

]3

]E3D Gd„E2H f~p,R!…10~\4!,

~A2!
p-
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a-
s-
-

u-
le-
s

n
e
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e
n-
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e
-
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he
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d
n,
e

by

il.

of
-

f

where H f(p,R)5p2/2m1U f(R) is the classical Hamilton
function, f 051, f 25U f9(R)/(8m), f 35U f8

2/(24m)
1p2U f9(R)/(24m2). This equation results in the following
expansion of the RXS cross section:

s~E,v!5s~0!~E,v!2\2

3S ]2

]E2 s~2!~E,v!2
]3

]E3 s~3!~E,v! D1¯ ,

s~ i !~E,v!5
1

2p\ E dp dRd~E2H f !w~p,R!rw~p,R! f i .

~A3!

If the HamiltonianH f is replaced by the classical Hamilto
function H f(p,R), the first term,d„E2H f(p,R)…, in the \
expansion for the density of statesd(E2H f)w(p,R) is ob-
tained, and so we may write the semiclassical version~25! of
Eq. ~A1!. One needs also the following connection betwe
the diagonal element of the density matrixr in the R andp
representations and the Wigner functionrw :

r~R,R!5
1

2p\ E dp rw~p,R!, r~p,p!5E dRrw~p,R!.

~A4!

APPENDIX B: SPACE DISTRIBUTION OF STATIONARY
WAVE PACKETS

In this appendix the space properties of the wave pac
C(R,0) ~17!, ~22! are outlined. To be specific we restrict th
present analysis to the caseD5const, Q5const ~19!. We
begin with the representation of the wave packet~22!,

C~R,0!5^RuC~0!&5^RuGu0&5Gu0&

. i E
R0

Rd
dR8G~R,R8!w0~R8! ~B1!

in the terms of the lifetime-broadened Green function

G~R,R8!5E dec

^Ruec&^ecuR8&
E02Ec1 iG

, ~B2!

whereE05v1E0 andEc5ec1Uc(`) is the eigenvalue of
Hc . The continuum nuclear wave function can be written
the semiclassical approximation as

^Ruec&5
A

Ap~R!
expS 2ıE

R0

R

p~R8!dR8D , ~B3!
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with momentump(R)5@2m(Ec2Uc(R)#1/2 and A as the
normalization constant. Insertion of this into Eq.~B2! shows
that the lifetime-broadened Green function is defined by
product@26#

G~R,R8!.G0~R,R8!e2Gt f ~R,R8!, t f~R,R8!5E
R8

R dR9

v~R9!
~B4!

of the ordinary Green functionG0 ~with G50),
y

g
,

. 3

ro

A

o,

.
.

K

o,

y

s.
e
G0~R,R8!.2

2pıuAu2

Ap~R!p~R8!
expS ıE

R8

R

p~R9!dR9D
~B5!

and the factor exp@2Gtf(R,R8)# which is responsible for the
damping of the emission rate due to the finite lifetime of t
core excited state. HereEc5E0 .
ev.

H.

F.

m.

s.
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M. Köppe, K. Maier, A. M. Bradshaw, and R. F. Fink, J. Phy
B 30, 5677~1997!.

@15# F. Gel’mukhanov and H. A˚ gren, Phys. Rev. A54, 3960
~1996!.

@16# R. Colle and S. Simonucci, Mol. Phys.92, 409 ~1997!.
@17# R. Colle and S. Simonucci, Nuovo Cimento D20, 29 ~1998!.
@18# F. Gel’mukhanov, T. Privalov, and H. A˚ gren, Phys. Rev. A56,

256 ~1997!.
@19# S. Sundin, F. Gel’mukhanov, H. A˚ gren, S. J. Osborne, A. Ki-
.

5

-

.

F.

.

s.

kas, O. Björneholm, A. Ausmees, and S. Svensson, Phys. R
Lett. 79, 1451~1997!.

@20# Y. Ma, P. Skytt, N. Wassdahl, P. Glans, D. C. Mancini, J.
Guo, and J. Nordgren, Phys. Rev. Lett.71, 3725~1993!.

@21# L. S. Cederbaum, J. Chem. Phys.103, 562 ~1995!.
@22# P. Skytt, P. Glans, J.-H. Guo, K. Gunnelin, J. Nordgren,

Gel’mukhanov, A. Cesar, and H. A˚ gren, Phys. Rev. Lett.77,
5035 ~1996!.

@23# A. Cesar, F. Gel’mukhanov, Y. Luo, H. A˚ gren, P. Skytt, P.
Glans, J.-H. Guo, K. Gunnelin, and J. Nordgren, J. Che
Phys.106, 3439~1997!.

@24# Z. F. Liu, G. M. Bancroft, K. H. Tan, and M. Schachter, Phy
Rev. Lett.72, 621 ~1994!.

@25# E. Kukk, H. Aksela, S. Aksela, F. Gel’mukhanov, H. A˚ gren,
and S. Svensson, Phys. Rev. Lett.76, 3100~1996!.

@26# F. Gel’mukhanov and H. A˚ gren, Phys. Rev. A54, 379~1996!.
@27# O. Björneholm, S. Sundin, S. Svensson, R. R. T. Marinho,

Naves de Brito, F. Gel’mukhanov, and H. A˚ gren, Phys. Rev.
Lett. 79, 3150~1997!.

@28# E. Pahl, H.-D. Meyer, and L. S. Cederbaum, Z. Phys. D38,
215 ~1996!.

@29# E. Pahl, L. S. Cederbaum, H.-D. Meyer, and F. Tarante
Phys. Rev. Lett.80, 1865~1998!.

@30# F. Gel’mukhanov, H. A˚ gren, and P. Sałek, Phys. Rev. A57,
2511 ~1998!.

@31# F. Gel’mukhanov and H. A˚ gren, Phys. Rev. A49, 4378
~1994!.

@32# T.-Y. Wu and T. Ohmura,Quantum Theory of Scattering
~Prentice-Hall, New York, 1962!.
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@37# B. Hüpper and B. Eckhardt, Phys. Rev. A57, 1636~1998!.


