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The duration-time concept, vastly successful for interpreting the frequency dependence of resonant radiative
and nonradiative x-ray scattering spectra, is tested for fine-scale features that can be obtained with state of the
art high-resolution spectroscopy. For that purpose resonant photoelectron~RPE! spectra of the first three
outermost singly ionized valence statesX 2Sg

1 , A 2Pu , andB 2Su
1 , are measured for selective excitations to

different vibrational levels~up to n513) of the N 1s→p* photoabsorption resonance in N2 and for negative
photon frequency detuning relative to the adiabatic 0-0 transition of this resonance. It is found that different
parts of the RPE spectrum converge to the spectral profile of direct photoionization~fast scattering! for
different detunings, and that the RPE profiles are asymmetrical as a function of frequency detuning. The
observed asymmetry contradicts the picture based on the simplified notation of a common scattering duration
time, but is shown to agree with the here elaborated concept of partial and mean duration times. Results of the
measurements and the simulations show that the duration time of the scattering process varies for different final
electronic and different final vibrational states. This owes to two physical reasons: one is the competition
between the fast ‘‘vertical’’ and the slow ‘‘resonant’’ scattering channels and the other is the slowing down of
the scattering process near the zeros of the real part of the scattering amplitude.

DOI: 10.1103/PhysRevA.69.022707 PACS number~s!: 33.80.Eh, 33.70.Ca, 34.50.Gb
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I. INTRODUCTION

During the last decade our knowledge of resonant Ram
x-ray scattering~RXS! has increased considerably, both f
the radiative and nonradiative cases which are essent
coherent processes going through a manifold of interfer
vibrational levels in the intermediate, core-excited, electro
states@1–5#. The crucial role of lifetime vibrational interfer
ence~LVI ! @6# on the formation of the RXS spectral profile
is now firmly established. An interesting dynamical aspec
LVI is that the duration of the scattering process is stron
influenced by LVI@4,6–11#. An important question related t
this behavior is the dependence of the RXS duration time
the detuning of the photon energy from the photoabsorp
resonance. The notation of scattering duration for photon
quency detuning is well established as shown by a numbe
examples concerning different physical subproces
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@12–20#. There is, however, lack of experimental applicati
of this concept in the region of considerable photoabsorp
~see Ref.@4#!. According to the simplified picture@12#, the
scattering duration is sensitive only to the potential-ene
surface of the core-excited state, while the experimen
spectra presented here demonstrate that an evolution o
spectral profile with change of the detuning frequency is
well very sensitive to the final electronic state and to the fi
vibrational state. This indicates that a more detailed dyna
cal characteristic is needed, namely, one in which a pa
duration time of the scattering process for each final stat
taken into consideration. The aim of the present article is
present an experimental and theoretical investigation of
dynamics involved in the formation of resonant x-ray pho
electron~RPE! spectra at high resolution where these cons
erations about final-state dependent duration times can
evaluated and experimentally tested.

The paper is organized as follows: The experimental c
ditions are briefly described in Sec. II, the scheme of co
putations is outlined in Sec. III, and the experimental spec
together with the numerical simulations are presented
discussed in Sec. IV. The nuclear dynamics, essential for
formation of the RPE profiles, which is related to the ‘‘res
nant’’ and ‘‘vertical’’ scattering channels, is investigated
detail, and an asymmetry of the scattering duration as a fu
tion of frequency detuning is studied in Sec. V A. We an

ry,
©2004 The American Physical Society07-1
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lyze the formation of the RPE spectra by making use of
notation of a partial and mean duration time in Sec. V B. T
role of the zeros of the scattering amplitude on the spec
profile and on the partial duration time is discussed as we
this section. A short discussion of the duration time conc
with respect to the Heisenberg uncertainty principle is giv
in Sec. V C. Finally our findings are summarized in the l
section, Sec. VI.

II. EXPERIMENT

The experimental spectra were recorded at the undul
beamline I 411@21# at the MAX II storage ring at MAX-lab,
Lund, Sweden. This beamline is equipped with a modifi
Zeiss SX700 plane-grating monochromator covering the
ergy range 50–1200 eV, and with a rotatable SES 200 h
resolution electron spectrometer using a hemispherical
lyzer. For the resonant Auger electron spectra
monochromator bandpass was set to 2g585 meV, the spec-
trometer resolution to 75 meV and the Doppler broadenin
estimated to be 50 meV, giving a total resolution of abo
124 meV. For the off-resonance spectra (\v595 eV) the
monochromator contribution was 10 meV, the spectrome
contribution was 30 meV and the Doppler broadening is
timated to be 20 meV, giving a total resolution of about
meV. The main axis of the spectrometer lens was set to
‘‘magic angle’’ (54.7°) with respect to the electric-field ve
tor of the linearly polarized synchrotron light. N2 gas with a
stated purity of.99.99% was commercially obtained. Th
purity of the gas has been carefully checked by on-line
lence photoelectron spectroscopy during measurements.
energy scale of the resonant Auger electron spectra an
the valence-band spectra is calibrated relative to the va
given in Ref.@22#. X-ray absorption spectra were record
around the N 1s→p* resonance before and after all res
nant Auger spectra in order to absolutely calibrate the pho
energy.

In some of our experimental spectra we encountered
additional spectral line due to Stokes doubling, which is
instrumental artifact caused by small contribution of no
monochromatic stray light passing through the optical s
tem of the beamline~see Refs.@23,24#!. In cases where the
Stokes line coincides in binding energy with the reson
Auger lines of interest upon photon frequency detuning,
indicate it in the figure by a dashed line. In cases where
Stokes line was sufficiently far away from the binding e
ergy region of interest, we subtracted it and correspond
spectra are marked by an asterisk. The Stokes doubling
the N2 molecule is discussed in detail in Ref.@25#, where we
show that the relative intensity of the Stokes line is stron
related to the detuning of the undulator harmonic. The in
ested reader may refer to this work for further discussion

III. NUMERICAL SIMULATIONS

In order to compare the experimental data with theory
performed numerical simulations. In these calculations
RPE cross section is computed as the following@4#:
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0 ~E,v!5uFmu2D~v2E2v00

f 02«m
f ,G f !. ~1!

In the simulations we used the binding energy, BE5v
2E, instead of the kinetic energy of the Auger electron,E.
The spectral function of the incident radiation is assumed
be Gaussian,F(V,g)5@exp(2V2/g2)ln 2#Aln 2/Apg, with
g as half width at half maximum~HWHM!. The small final-
state lifetime broadening is neglected in these numer
simulations (G f50).

The Kramers-Heisenberg~KH! amplitude of the RPE pro-
cess

Fm5(
n

Fmn , Fmn5
^mun&^nu0&

V2«n
c1ıG

~2!

written within the Born-Oppenheimer approximation d
pends on the Franck-Condon~FC! amplitudes between the
groundu0&, core excitedun&, and finalum& vibrational states.
The labels 0,c, and f mark the ground, core-excited, an
final electronic states, respectively, while 0,n, andm are the
vibrational quantum numbers of the electronic states 0c,
and f, respectively.G denotes the natural lifetime width o
the core-excited state@G50.0575 eV~HWHM! for N2], and
V is the detuning of the photon frequencyv from the nomi-
nal resonant frequency. For the present case of N 1s→p*
core excitation in N2 we define the nominal resonant fre
quency as the photoabsorption transition 0→c between the
lowest vibrational levels 0→0 of ground 0 and core-excite
c states,v00

c0 , andV reads asV5v2v00
c0 . It is worth noting

that v00
c0 for the N 1s→p* resonance in N2 is close to the

frequency of the vertical transition as can be seen from
NEXAFS-spectrum~see, e.g., Refs.@26,29#!.

We omit in Fmn @Eq. ~2!# the prefactor which depends o
the electronic transition matrix elements. Furthermore we
using atomic units and the notation«n

c5en
c2e0

c , whereen
c

5vc@n11/22xc(n11/2)2# is the vibrational energy of the
core-excited state with the anharmonicityvcxc . In the har-
monic approximation,«n

c'nvc , wherev i is the vibrational
frequency of thei th electronic state.

For the Franck-Condon factor calculations we used Mo
potentials based on spectroscopical constants from Hu
Herzberg~cf. Ref. @27#! for the neutral ground and the singl
ionized final states. Recently, we extracted from the reson
photoelectron data@28# of the X 2Sg

1 final state in N2 and
from NEXAFS data@29#, the equilibrium internuclear dis
tance and vibrational frequencies for the N 1s→p* core-
excited state, respectively~see Table I!. As it is pointed out in
Ref. @29#, the resonant Auger decay to the singly ioniz
final A 2Pu state following excitations to high vibrationa
levels of the core-excited state, seemed to be very sens
to the anharmonicity of the core-excited state. Therefore
performed a curve-fitting data analysis of our experimen
7-2



no
on

ef

f t

if-

ng
re
d
-

ab
-

s

l for
pec-

C

N
s
-

ns
ood

is

the

e to

ns.
d
-

the
p of
ct

by

th

GENERALIZATION OF THE DURATION-TIME CONCEPT . . . PHYSICAL REVIEW A 69, 022707 ~2004!
resonant Auger data for theA2Pu final state in order to ex-
tract the spectroscopical constants for the N 1s→p* core-
excited state in an alternative way. However, we did
obtain a significant difference from the spectroscopical c
stants determined recently by Refs.@28,29#. Thus we used in
the simulations the spectroscopical constants from R
@28,29#, which are summarized in Table I.

IV. RESULTS

Figures 1 and 2 show resonant Auger decay spectra o
first three outermost singly ionized valence statesX 2Sg

1 ,
A 2Pu andB 2Su

1 , measured for selected excitations to d
ferent vibrational levels of the N 1s→p* photoabsorption
resonance in N2 and for negative photon frequency detuni
relative to the adiabatic 0-0 transition of this resonance,
spectively. Corresponding off-resonance spectra recorde
a photon energy of\v595 eV are also included for com
parison. In Fig. 1, excitations up to the vibrational leveln
513 were investigated. As recent high-resolution photo
sorption spectra of N2 show sufficient population of vibra

TABLE I. Spectroscopic constants used for calculations of
Morse potential curves.

ve

(cm21)
vexe

(cm21) R0 (Å) E00 (eV) Refs.

N2 (X 1Sg
1) 2358.57 14.324 1.09768 0 @26#

N*N (1Pu) 1904.1 17.235 1.1645 400.88 @28#

N2
1 (X 2Sg

1) 2207.00 16.10 1.11642 15.581 @26#

N2
1 (A 2Pu) 1903.70 15.02 1.1749 16.689 @26#

N2
1 (B 2Su

1) 2419.84 23.18 1.0742 18.751 @26#
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tional levels up to onlyn57 in the N 1s→p* core-excited
state~see Refs.@26,29#!, the experimental photon energie
corresponding to the vibrational levelsn.7 of the core-
excited state were calculated assuming a Morse potentia
the core-excited state, based on the recently obtained s
troscopical constants from Refs.@28,29# ~see Table I!. A
similar experimental procedure was reported earlier for
1s→p* core-excited CO~see Ref.@30#!. In Fig. 3 we show
a detail of the experimental and numerical RPE spectra of2
for the singly ionizedA 2Pu final state, where the excitation
were altered between ‘‘on top’’ and ‘‘in between two vibra
tional levels.’’

As we can see from Figs. 1– 3, the numerical simulatio
presented alongside the experimental results show g
agreement with the experiment save for theB 2Su

1 final state.
Reasons for the deviations encountered in theB-final states
are manifold according to Ref.@31#. Equation~2! neglects
the amplitude of the direct photoionization process which
known to be important for this particular final state~see Ref.
@31#!. Furthermore, the decay rates for the transition from
core-excited to the finalB 2Su

1 state are shown in Ref.@31#
to strongly depend on the internuclear bond distance du
configuration interaction with the neighboringC 2Su

1 state in
N2

1 . This is not accounted for in the presented simulatio
As these peculiarities of theB 2Su

1 state have been discusse
in great detail in Ref.@31#, we would not elaborate this dis
cussion in the following.

In contrast, for the singly ionizedX 2Sg
1 andA 2Pu final

states we can estimate from our experimental data that
direct channel compared to the resonant channel is, on to
thep* resonance,,1%. Therefore, the neglect of the dire
channel in Eq.~2! is justified for theX 2Sg

1 andA 2Pu final
states in very good approximation. This is corroborated

e

tain
‘vertical’’
FIG. 1. Experimental and numerical RPE spectra of N2 for different final states for positive detuning. Resonant excitation to cer
core-excited vibrational levels is considered. The highest panels show the spectra of direct photoemission. The ‘‘resonant’’ and ‘
bands are marked by labelsR andV, respectively.
7-3
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FIG. 2. Experimental and nu
merical RPE spectra of N2 for dif-
ferent final states for negative fre
quency detuning. The lowes
panels show the spectra of dire
photoemission.
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the good agreement between the experiment and the num
cal simulations and shows that a resonant consideratio
indeed applicable for theX 2Sg

1 andA 2Pu final states in the
following discussion.

By looking closely at Fig. 1, we can see that all thr
outermost singly ionized valence states of N2 resemble the

FIG. 3. Experimental and numerical RPE spectra of N2 for the
singly ionizedA 2Pu final state, alternating the excitation on to
and in between two vibrational levels.
02270
ri-
is
intensity distribution of the direct photoionization spectru
for an excitation ton513. Note that the feature marked by
dashed line in theB 2Su

1 final state is due to Stokes doublin
of the A state@25# and should not be confused with an e
cited final-state vibrational line component of theB-final
state~see also Sec. V A 1!. The question of interest for the
following discussion is if all three electronic states conver
to the direct photoionization spectrum at the same excita
energy. As we can see, the group of lines on the high
binding-energy side of theB 2Su

1 final state, which are
known from Ref. @31# to be of pure resonant nature, ha
completely vanished for all excitationsn. 7. Furthermore,
the X 2Sg

1 final state resembles the vibrational envelope
the direct photoionization forn.8, and theA state reaches
the intensity distribution of direct photoionization forn.9.
This shows that different electronic states converge to
direct photoionization limit for different photon energies.

In addition to that, theA 2Pu final state exhibits an inter
esting behavior. For excitations up ton56, the strongest
final-state vibrational linem corresponds to the excited inte
mediate state vibrational leveln. In particular, for excitation
to n50 the final-state vibrational linem50 is dominant, for
excitationn51 the final-state vibrational linem51 is domi-
nant etc. This peculiar behavior is even more elaborate
Fig. 3, where we follow the development of the domina
final state vibrational line both for ‘‘on top’’ and ‘‘in be-
tween’’ excitations. Such a behavior of theA 2Pu final state
has already been reported earlier by Ref.@32#, however, the
data interpretation was at that time limited due to low
energy resolution. Returning our attention to the midd
panel of Fig. 1, we can see that for excitationsn.6 the
vibrational envelope shows two subgroups of lines, one
the lower-binding-energy side and the other one at
higher-binding-energy side of theA 2Pu final state. The
groups of lines on the lower-binding-energy side show
intensity distribution which is very reminiscent of the inte
sity distribution of the direct photoionization, whereas t
7-4
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GENERALIZATION OF THE DURATION-TIME CONCEPT . . . PHYSICAL REVIEW A 69, 022707 ~2004!
higher-binding-energy side is different and can be conside
being of pure resonant character, in analogy to the situa
encountered in theB 2Su

1 final state~see Ref.@8#!. This be-
havior suggests that different parts of the same electro
state reach the direct photoionization limit for different d
tuning valuesV.

By looking more closely at Fig. 2, we can see that
negative photon frequency detuning the resonant vibratio
progressions of theX 2Sg

1 and B 2Su
1 final states have al

most completely vanished for comparatively small detun
values (V'2150 meV), whereas theA 2Pu final state
builds up a vibrational progression upon negative freque
detuning, converging to the intensity distribution of dire
photoionizaton. The behavior seen in the N2 singly ionized
X 2Sg

1 and B 2Su
1 final states has earlier been observed

the singly ionizedX 2S1 state in CO and was noted as ‘‘th
collapse of the vibrational fine structure’’~see Refs.@15,16#!.
Furthermore, a behavior similar to the N2 singly ionized
A 2Pu final-state has been observed for theB 2S1 final state
in CO1 and is referred to as the buildup of the vibration
fine structure in the literature~see Refs.@15,16#!. An impor-
tant condition for the collapse effect to take place is that
ground and final state potential curves have approxima
the same equilibrium bond distance, whereas for the buil
effect the core-excited state and final state potential cu
have to coincide approximately in equilibrium bond distan
Indeed, as we can see from Table I, the conditions for
collapse effect are well fulfilled forX 2Sg

1 andB 2Su
1 final

states and the conditions for the buildup effect are well f
filled for the A 2Pu final state.

The identification of the collapse effect for theB 2Su
1

final state is somehow problematic due to the fact that
ready on top of thep* resonance direct photoionization
known to be important~see Ref.@8#!. However, the almos
instantaneous breakdown of the long extended vibratio
progression (V'2100 meV) indicates the presence of t
collapse effect for this final-state. Furthermore, as was
cently shown in Refs.@28,33#, the collapse of theX 2Sg

1 is
not a monotonic function of frequency detuning, but an
terference quenching of them 5 1 final-state vibrational line
occurs. This is seen in the right panel of Fig. 2 and in Fig
where we plot the ratio of integrated intensities of them
51 and m50 final vibrational lines as a function of fre
quency detuning. As we can see from Figs. 2 and 4,
intensity distribution of direct photoionization of theX 2Sg

1

is first reached for a detuningV'2150 meV before the
quenching occurs, and for a detuningV,22500 meV after
the relaxation of the quenching. Moreover, theA 2Pu final
state reaches the direct intensity distribution forV,
21500 meV. From these considerations we can concl
that similar to the situation for positive detuning, the spec
profile of different final electronic states converges to
intensity distribution of direct photoionzation differently als
for negative detuning.

V. DISCUSSION

As we have seen from Figs. 1 and 2, the RPE spec
shape converges to the same profile for large positive
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negative detunings. As it is known from Refs.@4,34#, the
RPE profile for largeuVu coincides with the spectral profile
of the direct photoemission~see the highest and lowest pa
els in Figs. 1 and 2, respectively!. This limiting case corre-
sponds to the fast RPE according to the approximate exp
sion for the RPE scattering duration time@4,34#

t'
1

AV21G2
. ~3!

This rough estimation shows that the formation of the pro
of the fast RPE is the same for positive and negative de
ings. However, both experiment and theory~Figs. 1 and 2!
show the opposite trend, namely, the RPE process
the A-final state starts to converge to the profile of t
direct photoionization ~to be fast! for V*2 eV and
V&21.5 eV. The main reason of a such anV asymmetry
@4# and break down of Eq.~3! is that contrary to negative
detuningsV,0, the photon frequency is in resonance w
some vibrational leveln if V.0. A similar nonsymmetricV
behavior has also been observed recently in the more c
plex system of the polyatomic molecule BF3, where the as-
symmetricV behavior was discussed to reflect the part
RPE cross section from the outer classical turning po
rather than in the convergence limit to the fast RPE spec
profile @35#. Finally, we would like to point out another pe
culiarity: The transition to the fast limit is different for dif
ferent final states. Let us explore in more details theV asym-
metry of the formation of the fast RPE spectral profile.

FIG. 4. Ratio (m51)/(m50) of the integrated intensities fo
the singly ionizedX 2Sg

1 final state of N2 as a function of detuning
V.
7-5
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A. Asymmetry of the scattering as a function of detuning

The simplified formula Eq.~3! says that the RPE duratio
depends on the natural lifetime of the core-excited statG
and on the detuningV. However, Eq.~3! neglects a depen
dence of the RPE duration time on the final state. As it w
mentioned earlier in Ref.@34# ~see also Sec. II! the duration
time of the scattering process can be different for differ
final states. Let us start from a rather simple physical m
vation why the duration time is sensitive to the final electro
vibrational state.

An important conclusion can be drawn directly from E
~3!, namely that the scattering is slow on resonanceV
50; long duration timet) and fast for large detuning, of
resonance~short duration timet). These two qualitatively
different cases will be referred to as ‘‘slow’’ and ‘‘fast’’ sca
tering processes in what follows. The amplitude of the f
scattering@34#

Fm'Fm
S[

^mu0&
V2«v1ıG

, @V,V2 ; V.V1# ~4!

is proportional to the FC amplitudêmu0& of the direct elec-
tronic transition of the nuclear subsystem from the ground
the final vibrational states. As was mentioned in the beg
ning of Sec. V the scattering starts to be fast differently
positive and negative detunings,V1ÞuV2u ~see also Sec
III !. For example, the corresponding marginal detunings
the A state areV1'2 eV and V2'21.5 eV. A similar
picture can be encountered for the resonant Auger decay
1s→p* core-excited CO to theX 2S1, where one can se
from Refs. @16,30# that the intensity distribution of direc
photoionization is reached for negative detuning
V2'20.45 eV, whereas for positive frequency detuning
leastV1'11.4 eV is required.

Equation~4! shows that the spectrum of the ‘‘fast’’ RP
copies the spectrum of direct photoemission and manif
itself nicely, for example, in the ‘‘collapse of vibrational fin
structure in the Auger resonant Raman spectrum’’~see Refs.
@15,16#!. Here«v5Uc(R0)2«0

c is the energy of the vertica
transition relative to the lowest vibrational level of the cor
excited state. For N2 : «v'mvc

2(R02Rc)
2/22vc/2'nvvc

'92 meV with the vibrational quantum number of the ve
tical transitionnv'0.

1. Positive detuning: Competition between resonant and vertic
scattering channels

Let us first consider the scattering process for posit
detuning as shown in Fig. 5. To be a little bit more speci
we consider here the potential surfacesU0(R), Uc(R) and
U f(R) which model qualitatively the RPE process for t
A 2Pu final state in the N2 molecule, whereUc(R), and
U f(R) have close potential shapes according to Table I
this casê mun&'dn,m .

The scattering amplitude has a maximum when the
merator is large or the denominator ofFm @Eq. ~2!# is small.
The first case corresponds to the vertical photoabsorp
transition with the vibrational energy«v'nvvc (nv'0 for
N2). Whenv is tuned away from the vertical transition, th
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denominator of the scattering amplitudeFm , V2en
c1ıG

'V2ev , becomes large. However, the smallness of 1/V
2ev) is compensated by the large FC amplitudes^nvu0& of
the vertical transition. The scattering amplitude correspo
ing to this vertical~V! scattering channel can be estimated
follows:

FV[Fmv
'

1

V2«v
(
nv

^mvunv&^nvu0&

'
^mvu0&
V2«v

;
1

V2«v
. ~5!

It is not difficult to understand that the RPE band of t
vertical channel~marked asV in Fig. 5! follows the Raman
dispersion lawE'v2vnv ,m

c f ~the vertical channel is seen a

a broad band in the spectrum of theA state, see Fig. 1!. Here
vnv ,m

c f 5Ecn2Ef m is the resonant frequency of the dec

transition. The comparison of Eqs.~4! and~5! shows that the
vertical band converges to the fast limit for largeuVu.

Let us consider now the second case, when the x-ray p
ton energy is resonant with some core-excited vibratio
statenÞnv ~cf. Fig. 5!. Now the smallness of the FC ampl
tudes^nu0& ~which becomes small whenv is tuned away
from the vertical transition! is compensated by a small de
nominator;G in Fm . The corresponding resonant scatteri
amplitude can be estimated as

FR[Fm'
^mun&^nu0&

V2nvc1ıG
'dmn

^nu0&
V2nvc1ıG

'dmn

e2h2/2hn/An!

ıG
, n'

V

vc
.0. ~6!

Here h5(Rc2R0)/aA2, a51/Amvc. Contrary to the
vertical channel, the resonant channel does not follow
Raman dispersion. For example, the peak positionE'vn,n

c f

of the narrow resonant band for theA state of N2
1 , Eq. ~1!,

does not depend on the excitation energyv5vn,0
c0 . Hence it

FIG. 5. Formation of vertical and resonant RPE profiles. Lab
R and V correspond to resonant, Eq.~6!, and vertical, Eq.~5!,
scattering channels. The shaded profile shows the Lorentzia
core excitation with HWHM5G.
7-6
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will stay fixed on the kinetic-energy scale and will disper
on the ~presented! binding-energy scale in Figs. 1 and
respectively, as a function of frequency detuning.Caution:
One might easily relate the additional spectral featu
marked by a dashed line in the spectra of theB state~see Fig.
1! to the resonant scattering channel of theA state~which is
too weak in this region!. The origin of these additional spec
tral features is, however, the non-Raman band of theA state
caused by Stokes doubling. The broad stray light excita
results in the collapse of theA band which one can see a
these additional spectral features~for further reading see Ref
@25#!.

The comparison of Eqs.~5! and ~6! shows that the reso
nant amplitudeFR decreases faster thanFV with an increase
of the detuning. The amplitudesFR and FV have the same
order of magnitude for vibrational statenc ~or detuningV
5ncvc),

nc2nv'
G

vc

Anc!e
h2/2

hnc
. ~7!

For the N2 molecule withh'1 this is expected to occu
whennc;10.

The explicit simulations show that it occurs fornc'9 for
the A 2Pu and fornc'6 for theB 2Su

1 final states, respec
tively ~see Fig. 1!. Hence, the off-resonant vertical scatteri
starts to dominate when

V.ncvc . ~8!

Thus, the RPE spectrum resembles for detunings larger
ncvc the direct photoemission and the RPE process can
treated as fast. One can see nicely from Fig. 1 that the r
nant Auger spectra of N2 split up into resonant and vertica
bands. Both experimental and simulated RPE spectra of
A-final state~see Fig. 1! show clearly that with increasing
detuning the broad low-binding-energy part of the spectr
~vertical scattering! tends to the spectrum of direct phot
emission or fast RPE.

As we can see from Fig. 1, the spectrum changes cont
ously with increasingv, whenv is tuned strictly on reso-
nance to thenth vibrational level,V5vn0

c0. However, when
the excitation energy is tuned between two vibrational sta
n11 andn „v5(vn11,0

c0 1vn,0
c0 )/2…, as shown in Fig. 3, the

spectrum differs considerably from the resonant spect
(v5vn11,0

c0 or v5vn,0
c0 ). The reason for this is that in thi

case both vibrational levelsn11 andn are populated and th
(n11)th and nth scattering channels compete with ea
other.

So far, we have demonstrated that for smallnv the sce-
nario of a transition to the spectrum of fast scattering
qualitatively different for negative and positive detunin
relative to the frequency of vertical transition,V2«v . In-
deed whenV2«v is negative the resonant region (0<n
<nv) is small compared to the case of positive detuni
V2«v.0, where the resonant region isnv<n<nc . Clearly,
this asymmetry becomes smaller when the vertical transi
corresponds to excitation of high vibrational levels,nv@1
~except excitation near a dissociation threshold!. The pre-
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sented analysis allows us to conclude that the resonant
tering is the slower channel in comparison with the fast v
tical channel.

2. Negative detuning

Comparison of Figs. 1 and 2 shows that whenV,0 the
RPE profile converges faster to the profile of the direct p
toemission@Eq. ~4!# in comparison withV.0. The main
reason for this is that all photoabsorption resonances lie
the regionV.0 which is above the bottom of the core
excited potentialU(R). According to equationt51/@(v
2vn0

c0)21G2#1/2 the RPE near these resonances is slow, c
trary to off-resonant regionV,0 where the scattering is
faster.

B. Partial and mean durations of the scattering process

1. Partial duration of scattering

To analyze the experimental data further, we need a qu
titative definition of the partial duration timetm of the scat-
tering process which depends on the final state. The de
tion of the RPE duration time is not unique@34#. The main
reason for this is the absence of a time operator in quan
mechanics. Here we define the RPE duration time as
expectation time

Tm5
1

Fm
E

0

`

t Fm~ t !dt, ~9!

with the ‘‘’density’’ Fm(t) and the RPE amplitude of th
decay at timet,

Fm5E
0

`

Fm~ t !dt,

Fm~ t !52ıe2(G2ı(v1E0))t^mue2ıHctu0&. ~10!

HereHc is the Hamiltonian of the core-excited state a
E0 is the ground-state energy. The stationary representa
for Tm writes as follows:

Tm52ı
]

]v
lnFm5

ı

Fm
(

n

^mun&^nu0&

~V2«n
c1ıG!2

. ~11!

The duration time is complex,Tm5Tm8 1ıTm9 , and con-
sists of two different contributions@34#. The real partTm8 and
the imaginary partTm9 refer to the irreversible~decay! and
reversible ~dephasing! contributions, respectively, and de
pend differently on the detuningV and the core-hole lifetime
G. Tm9 originates mainly from the detuning and can be nam
as the ‘‘dephasing time.’’ This destructive interference s
presses the long-time contribution to the scattering amplit
if the detuning is large.

Only decay transitions in the time domain 0,t,uTmu
contribute significantly to F. The absolute value of the du
tion time is used exclusively for this reason,

tm5@~Tm8 !21~Tm9 !2#1/2. ~12!
7-7
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FIG. 6. Partial duration times, Eqs.~11! and ~12!, for different electronic-vibrational final states of N2. The broken lines show the
duration for the case when the potentials of the core-excited and the final states are the same (1/G511.443 fs,«v'92 meV). The maxima
related to some zeros of ReFm are marked by stars.
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The simulated duration times for different final states acco
ing to Eq.~12! ~see Fig. 6!, which are in agreement with th
RPE profiles~see Figs. 1 and 2!, demonstrate the shift of th
region of slow scattering towards positive detunings~except
for the maxima in Fig. 6 marked by an asterisk which will
discussed in Sec. V B 3!. One can see a monotonic shift o
the short wavelength flank of thetm(V) to higher detunings
with an increase of the final-state vibrational quantum nu
ber m. The reason for this was already mentioned above
Sec. V A 1: The scattering becomes fast when the vert
channel starts to dominate compared with the resonant
This happens forn*9 andn*6 for A and B states, respec
tively. Apparently, the corresponding critical detuning d
pends strongly on the final electronic and vibrational sta
In the RPE spectrum of theB state the vertical channel co
responds to the final vibrational levelsm50,1, while the
resonant channel corresponds to the group of levels w
high binding energy. The strongest peaks at high bind
energy correspond to the resonant channel for theA state.
One can see that with increase of detuning, the different fi
vibrational states of the resonant channels disappear for
ferent detunings: largerm corresponds to largerV'nvc .
This correlation betweenm andn is very strong for the reso
nant channel of theA state @m'n due to almost paralle
potentialsUc(R) andU f(R)]. We can see the same trend f
the duration time~see Fig. 6!. To emphasize that the duratio
time is mainly related to the resonant channel, we calcula
alsotm for the same potential curves of the core-excited a
02270
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-
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al
e.

-
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th
g
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A-final states~see broken lines in Fig. 6!. In this casem
5n and the peak position of the duration followsV.

One can see from Fig. 6 that for someV the scattering
becomes slower than the lifetime of the core-excited st
tm.1/G511.443 fs. This contradicts the physics and sho
that our definition of the scattering duration, Eqs.~9! and
~12!, is not perfect. The main reason for this behavior is
above mentioned non-existence of a quantum-mechan
time operator. One encounters a similar problem in the d
nition of the tunneling time@36#.

2. Mean duration of scattering

We need also the duration time which characterizes
whole RPE spectral profile. Clearly, the partial duration tim
tm , is not as important for the whole RPE spectral profile
the corresponding partial cross sectionsm(E,v) is small. In
other words,tm does not take into account that different fin
vibrational statesm are represented in the RPE spectru
with different probabilitiesPm. This motivates us to intro-
duce the duration time for the whole RPE profile as the m
duration timet,

t5(
m

tmPm , Pm5
sm~v!

s~v!
~13!

where
7-8
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sm~v!5E sm~E,v!dE5uFmu2,

s~v!5(
m

sm~v!5(
m

uFmu25(
n

u^nu0&u2

~V2«n
c!21G2

~14!

are the integral partial and total RPE cross sections. One
see that the total integral cross section copies the shape o

FIG. 7. The mean duration time, Eq.~13!, for different final
electronic states of N2 vs detuning (G50.0575 eV). The positive
detuning where the duration drops down in two times is shown
the vertical line.
02270
an
the

photoabsorption cross section in accordance with the op
theorem@37#. The simulation~see Fig. 7! shows that the
mean duration is related more closely to the evolution of
gross features of the RPE profiles~see Figs. 1 and 2!. In
accordance with the measurements the largert are located in
the region of positive detunings and the shift of the rig
hand side flank of thet5t(V) distribution is larger for theA
state.

3. The effect of zeros ofReF m on the scattering duration

Figure 6 shows that the duration time has peaks~marked
by stars! which are not related to the photoabsorption re
nances. The position of these peaks coincide with the ze
Vc of ReFm :

ReFm~Vc!50. ~15!

These values lie in both the region of strong photoabsorp
and in the region of largeuVu. In the last case,uReFu
@Im F, because ReF;1/V and ImF;G/V2. This means
that the large rootuVcu of Eq. ~15! corresponds to an almos
complete quenching of the RPE cross section@28,33#. The
formation of this interference quenching needs long tim
Indeed, according to the uncertainty relationt;1/DV any
sharp feature of the RPE cross section~resonance or mini-
mum! takes a long time. Our simulations~see Fig. 6! show
that tm increases in the vicinity of zeros of ReF.

As it was observed recently@28,33# the zeros of the rea
part of the scattering amplitude can lead to an almost co
plete quenching of the themth vibrational peak in the RPE
spectrum. This effect takes place in the off-resonant reg
V,0. Apparently, the complete quenching of ReFm and of
the related peak in the RPE spectrum is a pure interfere
effect @28,33#. One can see~see Figs. 2 and 4! that the RPE
resonance, m51, vanishes for the X state when
V520.5 eV and it grows again forV.20.5 eV and
V,20.5 eV. Fig. 8 illustrates that the origin of the quenc
ing of this resonance is destructive interference. Indeed
direct term,sdir(E,v), in the RPE cross section of theX

y

r

d,

c-
e

FIG. 8. Theoretical RPE profiles fo
X 2Sg

1 , A 2Pu , and B 2Su
1 final states,

(V52500 meV). The dashed, dashed-dotte
and solid lines represent the direct,sdir(E,v),
and interference,s int(E,v), terms and the total,
s(E,v)5sdir(E,v)1s int(E,v), RPE cross
section, Eqs.~1! and ~16!, respectively. The ob-
servation of the collapse effect in theX and B
final states can be explained in terms of ‘‘destru
tive’’ interference, and the observation of th
buildup effect in theA state can be explained in
terms of ‘‘constructive’’ interference.
7-9



n
of
d
sc

v

a

ra
du

rin

e

to

tri-
hing

m
cord-
e
are

il-
e-
if

ll in
so-
al
lely
The

me-
rgy

rgy
not
ut

rge
in

for
ion
f
the

on-
me
of
tral

u-
ray
im-
e-
on

to-

gth
ive
een
on

tion
um
hen

de

t
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state is completely compensated by the negative interfere
contributions int(E,v). The direct and interference parts
s(E,v)5sdir(E,v)1s int(E,v) are defined by the first an
the second terms on the right-hand side of the squared
tering amplitude@Eq. ~2!#,

uFmu25(
n

uFmnu21 (
nÞn1

FmnFmn1
* ~16!

in accordance with Eq.~1!. It is worth to note that interfer-
ence quenching of the resonancem51 is absent for theA
and B states. We see here also the quenching of higher
brational peaks for theB and X states, but this is due to
another effect, namely, the collapse effect@15,16# which has
monotonic dependence onV. Near the zeroVc , Eq. ~15!,
the scattering amplitude deviates significantly from the sc
tering amplitude of the fast RPE, Eq.~4! ~see Fig. 9!. In
contrast, as we can see from Fig. 8, the buildup of a vib
tional fine structure upon negative frequency detuning is
to constructive interference.

To conclude this section one can say that the scatte
slows down near the zeros of ReFm which can be located
beyond the photoabsorption band~see Fig. 6!.

C. The duration time versus spectral resolution and its
compatibility with the Heisenberg uncertainty principle

The temptation exists to relate directly the duration tim
of the scattering process to the spectral resolutiondE accord-
ing to the Heisenberg uncertainty relation,

dE;
1

t
. ~17!

FIG. 9. The comparison of the strict scattering amplitu
ReFm , Eq. ~2!, with the scattering amplitude ReFm

S in the fast
limit, Eq. ~4!, for X 2Sg

1 (m53) final state of N2. The solid and
broken lines represent ReFm and ReFm

S , respectively. The inse
shows other zeros of ReF3. The zeros of ReFm , Eq. ~15!, are
shown by filled circles.
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However,t in the Heisenberg uncertainty relation refers
the time of interactiont int between light and matter, while
the duration time@see Eqs.~11! and ~12!# refers to the re-
versible interference discrimination of the large time con
bution in the scattering process and has in this sense not
to do with the time of interaction.

For example, when detuning the excitation energy fro
the resonance energy one changes the duration time ac
ing to Eq.~3!. By exciting at photon energies far outside th
resonance, all vibrational states of the resonance, which
intrinsically overlapping, are excited with a relative probab
ity which is proportional to the relative strength of the sp
cific vibrational state. This means in particular that even
one excites with a small photon energy bandpass, one wi
fact not excite the resonant intermediate state with this re
lution and hence will not only excite a specific vibration
level of the resonance, as the excitation bandwidth is so
determined by the properties of the intermediate state.
temporal resolution is, however, determined by Eq.~17!.
Hence, one excites for large detunings the resonant inter
diate state for a very short time, but with a large ene
spread@Eq. ~17! is fulfilled#. However, due to the narrow
photon energy bandpass one will still obtain high ene
resolution in the resulting electron spectra, as one does
probe the final ionic state with high temporal resolution, b
only the intermediate electronic state. In other words, la
frequency detuning shortens the evolution of the molecule
the core-excited state with loss of the spectral resolution
the core excitation. However, one still keeps high resolut
for the RPE resonance,u0,0&→u f ,m&, because the width o
the Raman peak depends only on the spectral width of
incident light.

According to this discussion, we can conclude that, c
trary to the pump-probe pulse technique the duration-ti
concept offers a unique possibility to make ‘‘snapshots’’
physical-chemical processes without loss of the spec
resolution.

VI. SUMMARY

The concept of the duration time has provided an intrig
ing analysis tool for spectroscopical applications of the x-
resonant Raman scattering process. In fact, owing to its s
plicity it has formed the basis for predicting, and subs
quently verifying, a set of new physical phenomena based
synchrotron radiation experiments, like, for example, ‘‘res
ration of symmetry selectivity’’@12,13#, ‘‘restoration of mo-
mentum selectivity’’@13,14#, ‘‘collapse of vibrational fine
structure’’@15,16#, ‘‘control of dissociation’’@17–19#, just to
mention some of the main examples. The qualitative stren
of the concept is thus indisputable, as well as its qualitat
capacity to predict integrated band intensities, as can b
seen, for example, from the original work on band formati
of the resonant x-ray spectrum of CO2 @12# and from more
recent work on resonant photoemission spectra of HF@20#.
Contrary to pump-probe techniques, the scattering dura
sets the timing of the scattering process with a continu
wave light source. The duration of the scattering process t
7-10
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acts effectively as a camera shutter with variable shu
speed.

The simplified picture claims that the scattering durat
depends only on the potential of the core-excited state. T
brings about the question on the applicability of the conc
to quantitatively analyze ultrahigh resolution spectra wh
fine structure is sensitively dependent on the character o
final ~vibronic! states. In this work we show that indeed t
duration time of the scattering process in general depend
the final electronic and the final vibrational states. The phy
cal reason behind this is that each final state ‘‘selects’’ cer
coherent superpositions of the core-excited vibrational sta

The spectral features of the partial duration correlate w
the main spectral features of the RPE. To characterize
gross features of the RPE profile it is, however, still usefu
use the mean duration time. Both partial and mean dura
times allow us to gain insight into the dynamics of the fo
mation of the RPE spectra at ultrahigh resolution, as dem
strated here for the N2 molecule. We have also shown th
the transformation of the RPE spectral shape to the spec
of the direct photoemission~fast RPE! can take place for
detuning considerably larger than the effective width of
photoabsorption profile. The RPE spectrum converges to
fast limit only when the detuning exceeds the zeros of
y

o,

e

o

-

F

m
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real part of the scattering amplitude. The transition to
limit of the fast RPE depends also strongly on the comp
tion between vertical and resonant scattering channels. M
over, the transition to the fast scattering is very sensitive
the final-state potential. We see this clearly for different fin
states of N2. The findings of the present work are gene
and cover also resonant radiative x-ray scattering.
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