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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 photoeléBRiE spectra of the first three
outermost singly ionized valence stadé$3} , A%Il,, andB 23, are measured for selective excitations to
different vibrational level§up ton=13) of the N — #* photoabsorption resonance in Bnd 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 photoioniZédiinscattering 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.
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[. INTRODUCTION [12-20Q. There is, however, lack of experimental application
of this concept in the region of considerable photoabsorption
During the last decade our knowledge of resonant Ramafsee Ref[4]). According to the simplified picturgl2], the
x-ray scatteringRXS) has increased considerably, both for scattering duration is sensitive only to the potential-energy
the radiative and nonradiative cases which are essentiallyurface of the core-excited state, while the experimental
coherent processes going through a manifold of interferingpectra presented here demonstrate that an evolution of the
vibrational levels in the intermediate, core-excited, electronicspectral profile with change of the detuning frequency is as
stated 1-5]. The crucial role of lifetime vibrational interfer- well very sensitive to the final electronic state and to the final
ence(LVI) [6] on the formation of the RXS spectral profiles vibrational state. This indicates that a more detailed dynami-
is now firmly established. An interesting dynamical aspect ofcal characteristic is needed, namely, one in which a partial
LVI is that the duration of the scattering process is stronglyduration time of the scattering process for each final state is
influenced by LVI[4,6—11. An important question related to taken into consideration. The aim of the present article is to
this behavior is the dependence of the RXS duration time opresent an experimental and theoretical investigation of the
the detuning of the photon energy from the photoabsorptiomlynamics involved in the formation of resonant x-ray photo-
resonance. The notation of scattering duration for photon freelectron(RPE spectra at high resolution where these consid-
quency detuning is well established as shown by a number @rations about final-state dependent duration times can be
examples concerning different physical subprocessesvaluated and experimentally tested.
The paper is organized as follows: The experimental con-
ditions are briefly described in Sec. Il, the scheme of com-
*Present address: Physical and Theoretical Chemistry Laboratorputations is outlined in Sec. Ill, and the experimental spectra
Oxford University, South Parks Road, Oxford OX1 3QZ, United together with the numerical simulations are presented and

Kingdom. discussed in Sec. IV. The nuclear dynamics, essential for the
TMAX-LAB, University of Lund, Box 118, S-221 00 Lund, formation of the RPE profiles, which is related to the “reso-

Sweden. nant” and “vertical” scattering channels, is investigated in
*On leave from Department of Physics, University of Bliasi  detail, and an asymmetry of the scattering duration as a func-

70910-900 Brasia, Brazil. tion of frequency detuning is studied in Sec. V A. We ana-
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lyze the formation of the RPE spectra by making use of the
notation of a partial and mean duration time in Sec. V B. The o(E,0)= J 0% (E,0" )P (o'~ w,y)do’,
role of the zeros of the scattering amplitude on the spectral

profile and on the partial duration time is discussed as well in

this section. A short discussion of the duration time concept o%(E,0)=2, o5(E,w),

with respect to the Heisenberg uncertainty principle is given m
in Sec. V C. Finally our findings are summarized in the last

section, Sec. VI. om(E,0)=|Fp/?A(0—E—o®—ef.I'). 1)

In the simulations we used the binding energy, B&
—E, instead of the kinetic energy of the Auger electrén,
The spectral function of the incident radiation is assumed to

The experimental spectra were recorded at the undulatdre Gaussian®(Q,y)=[exp(-Q%»)In 2]Jin2/\/ry, with
beamline | 41121] at the MAX Il storage ring at MAX-lab, ¥ as half width at half maximuntHWHM). The small final-
Lund, Sweden. This beamline is equipped with a modifiedstate lifetime broadening is neglected in these numerical
Zeiss SX700 plane-grating monochromator covering the ensimulations {";=0).
ergy range 50—1200 eV, and with a rotatable SES 200 high- The Kramers-Heisenbef¢(H) amplitude of the RPE pro-
resolution electron spectrometer using a hemispherical an&ess
lyzer. For the resonant Auger electron spectra the
monochromator bandpass was set =85 meV, the spec- F-SF F :<m|n><n|0> @)
trometer resolution to 75 meV and the Doppler broadening is oA MG el r
estimated to be 50 meV, giving a total resolution of about
124 meV. For the off-resonance spectfaw(=95 eV) the written within the Born-Oppenheimer approximation de-
monochromator contribution was 10 meV, the spectrometepends on the Franck-ConddRC) amplitudes between the
contribution was 30 meV and the Doppler broadening is esground|0), core excitedn), and finallm) vibrational states.
timated to be 20 meV, giving a total resolution of about 38The labels 0,c, and f mark the ground, core-excited, and
meV. The main axis of the spectrometer lens was set to thfinal electronic states, respectively, whilei),andm are the
“magic angle” (54.7°) with respect to the electric-field vec- vibrational quantum numbers of the electronic states,0,
tor of the linearly polarized synchrotron light,Mjas with a  andf, respectivelyI’ denotes the natural lifetime width of
stated purity 0f>99.99% was commercially obtained. The the core-excited stafd”=0.0575 eV(HWHM) for N,], and
purity of the gas has been carefully checked by on-line va{) is the detuning of the photon frequen@yfrom the nomi-
lence photoelectron spectroscopy during measurements. Thal resonant frequency. For the present case ofsN: 4*
energy scale of the resonant Auger electron spectra and @bre excitation in N we define the nominal resonant fre-
the valence-band spectra is calibrated relative to the valuaguency as the photoabsorption transition:0 between the
given in Ref.[22]. X-ray absorption spectra were recorded |owest vibrational levels 9-0 of ground 0 and core-excited
around the N $— 7* resonance before and after all reso-cstateswgg, andQ reads aﬂzw—wgg_ It is worth noting
nant Auger spectra in order to absolutely calibrate the photogat g for the N 1s— 7* resonance in Nis close to the
energy. _ frequency of the vertical transition as can be seen from the

In some of our experimental spectra we encountered aNEXAFS-spectrunisee, e.g., Ref§26,29).
additional spectral line due to Stokes doubling, which is an  \ve omit inF,,, [Eq. (2)] the prefactor which depends on
instrumental artifact caused by small contribution of non-the electronic transition matrix elements. Furthermore we are
monochromatic stray light passing through the optical SYSysing atomic units and the notatiar = €5 — €5, where €
tem of the bearnh_rmésee Rgfs[_23,24]). In cases where the = w N+ 1/2—x(n+ 1/2)?] is the vibrational energy of the
Stokes line coincides in binding energy with the resonant. ;. o cited state with the anharmonicityx . In the har-

Auger Iin_e_s of int_erest upon photon f_requency detuning, Wenonic approximationgé~nw,, wherew; is the vibrational
indicate it in the figure by a dashed line. In cases where th?requency of the th ele%tronié’state :

Stokes I|.ne was sufficiently far away fr.om the binding €N For the Franck-Condon factor calculations we used Morse
ergy region of interest, we subtracted it and correspondln%
T

. . otentials based on spectroscopical constants from Huber-
spectra are marked by an asterisk. The Stokes doubling f erzberg(cf. Ref.[27]) for the neutral ground and the singly

the N, molecule is discussed in detail in RE25], where we . . d final R | df h
show that the relative intensity of the Stokes line is stronglyIonlze Inal states. Recently, we e+xtr_acte rom the resonant
hotoelectron daté28] of the XZEgJ final state in N and

related to the detuning of the undulator harmonic. The inter? g . :
ested reader may refer to this work for further discussion. from NEXAFS data[29], the equilibrium internuclear dis-

tance and vibrational frequencies for the N-2#* core-
excited state, respective(gee Table)l As it is pointed out in
Ref. [29], the resonant Auger decay to the singly ionized
final AIl, state following excitations to high vibrational

In order to compare the experimental data with theory wdevels of the core-excited state, seemed to be very sensitive
performed numerical simulations. In these calculations theo the anharmonicity of the core-excited state. Therefore we
RPE cross section is computed as the followfidg performed a curve-fitting data analysis of our experimental

Il. EXPERIMENT

Ill. NUMERICAL SIMULATIONS
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TABLE I. Spectroscopic constants used for calculations of thetional levels up to onlyn=7 in the N 1s— 7* core-excited
Morse potential curves.

state (see Refs[26,29), the experimental photon energies
corresponding to the vibrational leveis>7 of the core-

@We . “’e)fel o excited state were calculated assuming a Morse potential for
(ecm™ (em™) R°(A) Ew(eV) Refs. the core-excited state, based on the recently obtained spec-
Ny (X139) 235857 14.324 1.09768 0 [26] troscopical constants from Reff28,29 (see Table )l A
N*N (41,) 1904.1 17.235 1.1645  400.88 [28] similar experimental procedure was reported earlier for C
N,* (X23]) 2207.00 1610 1.11642 15.581 [26] 1s—m* core-excited CQsee Ref[30]). In Fig. 3 we show
N,* (A2II,) 1903.70 1502 11749  16.689 [26] a detail c_>f the_ex_perlmzental_and numerical RPE speptra_\zof N
N,* (BZS)) 2419.84 2318 10742 18.751 [26] for the singly ionizedA 11, final state, where the excitations

were altered between “on top” and “in between two vibra-
tional levels.”

resonant Auger data for th&?lI1,, final state in order to ex- As we can see from Figs. 1 3, the numerical simulations
tract the spectroscopical constants for the §-dz* core- Presented alongside the experimental resHItg show good
excited state in an alternative way. However, we did no@greementwith the experiment save for Bi&Y | final state.
obtain a significant difference from the spectroscopical conRReasons for the deviations encountered inBrinal states
stants determined recently by Relf88,29. Thus we used in are manifold according to Ref31]. Equation(2) neglects

the simulations the spectroscopical constants from Refdhe amplitude of the direct photoionization process which is

[31]). Furthermore, the decay rates for the transition from the
core-excited to the findB 23 state are shown in Ref31]
to strongly depend on the internuclear bond distance due to
Figures 1 and 2 show resonant Auger decay spectra of teonfiguration interaction with the neighbori@ys | state in
first three outermost singly ionized valence stal@@g, N, . This is not accounted for in the presented simulations.
AZI1, andB 23, measured for selected excitations to dif- As these peculiarities of the 23, state have been discussed
ferent vibrational levels of the Nsl-7* photoabsorption in great detail in Ref[31], we would not elaborate this dis-
resonance in Nand for negative photon frequency detuning cussion in the following.
relative to the adiabatic 0-0 transition of this resonance, re- In contrast, for the singly ionized *%; andA Il final
spectively. Corresponding off-resonance spectra recorded atates we can estimate from our experimental data that the
a photon energy ofiw=95 eV are also included for com- direct channel compared to the resonant channel is, on top of
parison. In Fig. 1, excitations up to the vibrational lewel the 7* resonances<1%. Therefore, the neglect of the direct
=13 were investigated. As recent high-resolution photoabehannel in Eq(2) is justified for theX °%; andA “I1,, final
sorption spectra of Nshow sufficient population of vibra- states in very good approximation. This is corroborated by

IV. RESULTS
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FIG. 1. Experimental and numerical RPE spectra gffdt different final states for positive detuning. Resonant excitation to certain
core-excited vibrational levels is considered. The highest panels show the spectra of direct photoemission. The “resonant” and “vertical”
bands are marked by labefsandV, respectively.
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the good agreement between the experiment and the numenitensity distribution of the direct photoionization spectrum
cal simulations and shows that a resonant consideration i®r an excitation tan=13. Note that the feature marked by a
indeed applicable for th¥ *%.; andA?Il, final states in the  dashed line in th& 23 final state is due to Stokes doubling

following discussion.

of the A state[25] and should not be confused with an ex-

By looking closely at Fig. 1, we can see that all threecijted final-state vibrational line component of tigfinal
outermost singly ionized valence states of lidsemble the

theory

expt.
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FIG. 3. Experimental and numerical RPE spectra ¢ffdt the

singly ionizedA 21, final state, alternating the excitation on top

and in between two vibrational levels.

state(see also Sec. V A)1 The question of interest for the
following discussion is if all three electronic states converge
to the direct photoionization spectrum at the same excitation
energy. As we can see, the group of lines on the higher-
binding-energy side of theé8 23 final state, which are
known from Ref.[31] to be of pure resonant nature, has
completely vanished for all excitatioms> 7. Furthermore,
the XZEJ final state resembles the vibrational envelope of
the direct photoionization fon>8, and theA state reaches
the intensity distribution of direct photoionization foe>9.
This shows that different electronic states converge to the
direct photoionization limit for different photon energies.

In addition to that, the\ ?I1, final state exhibits an inter-
esting behavior. For excitations up to=6, the strongest
final-state vibrational linen corresponds to the excited inter-
mediate state vibrational leval In particular, for excitation
to n=0 the final-state vibrational linea=0 is dominant, for
excitationn=1 the final-state vibrational linen=1 is domi-
nant etc. This peculiar behavior is even more elaborate in
Fig. 3, where we follow the development of the dominant
final state vibrational line both for “on top” and “in be-
tween” excitations. Such a behavior of the’Il, final state
has already been reported earlier by R82], however, the
data interpretation was at that time limited due to lower-
energy resolution. Returning our attention to the middle
panel of Fig. 1, we can see that for excitatioms 6 the
vibrational envelope shows two subgroups of lines, one at
the lower-binding-energy side and the other one at the
higher-binding-energy side of thA?2Il, final state. The
groups of lines on the lower-binding-energy side show an
intensity distribution which is very reminiscent of the inten-
sity distribution of the direct photoionization, whereas the
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higher-binding-energy side is different and can be considered 0.25 - — /\/_
being of pure resonant character, in analogy to the situation ! )
encountered in th8 23" final state(see Ref[8]). This be- * Interference quenching

. + . +
havior suggests that different parts of the same electronic in the X*2", final state of N,

state reach the direct photoionization limit for different de- 0.20 -
tuning values(}.

By looking more closely at Fig. 2, we can see that for
negative photon frequency detuning the resonant vibrational
progressions of th& % and B2X | final states have al-
most completely vanished for comparatively small detuning
values (~—150 meV), whereas the\?ll, final state
builds up a vibrational progression upon negative frequency
detuning, converging to the intensity distribution of direct
photoionizaton. The behavior seen in the $ingly ionized
X?% andB?3 ) final states has earlier been observed for
the singly ionizedx 2%, * state in CO and was noted as “the
collapse of the vibrational fine structuréSee Refs[15,16]).
Furthermore, a behavior similar to the, Msingly ionized 0.05
AZll, final-state has been observed for 8183 * final state
in CO* and is referred to as the buildup of the vibrational
fine structure in the literaturesee Refs[15,16). An impor-

=0)

0.15 %

expt. values

0.10

Ratio (m = 1)/(m

theor. curve

valence (expt.)

tant condition for the collapse effect to take place is that the 0.00-; ; I T T I /\/—.—l
ground and final state potential curves have approximately 0O -1 -2 -3 -4 -5 9500
the same equilibrium bond distance, whereas for the buildup Detuning @ (eV) fio (eV)

effect the core-excited state and final state potential curves
have to coincide approximately in equilibrium bond distance. FIG. 4. Ratio (n=1)/(m=0) of the integrated intensities for
Indeed, as we can see from Table I, the conditions for thé¢he singly ionizedX 22; final state of N as a function of detuning
collapse effect are well fulfilled fox °X; andB 2%, final .
states and the conditions for the buildup effect are well ful-
filled for the A ?I1,, final state. negative detunings. As it is known from Refgl,34], the

The identification of the collapse effect for thi@?s;  RPE profile for larggQ| coincides with the spectral profile
final state is somehow problematic due to the fact that alof the direct photoemissiofsee the highest and lowest pan-
ready on top of ther* resonance direct photoionization is €ls in Figs. 1 and 2, respectivglyThis limiting case corre-
known to be importantsee Ref[8]). However, the almost Sponds to the fast RPE according to the approximate expres-
instantaneous breakdown of the long extended vibrationa#ion for the RPE scattering duration tirf34]
progression ~ —100 meV) indicates the presence of the
collapse effect for this final-state. Furthermore, as was re- 1
cently shown in Refs[28,33, the collapse of thX 2Eg is A VA ©)
not a monotonic function of frequency detuning, but an in-
terference quenching of the = 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 tie
=1 andm=0 final vibrational lines as a function of fre-
guency detuning. As we can see from Figs. 2 and 4, th
intensity distribution of direct photoionization of thezig
is first reached for a detuninf~—150 meV before the
guenching occurs, and for a detunifig< — 2500 meV after
the relaxation of the quenching. Moreover, théll,, final
state reaches the direct intensity distribution for<
—1500 meV. From these considerations we can concludge . o has also been observed recently in the more com-
that similar to the situation for positive detuning, the spectra

rofile of different final electronic states converges to the lex system of the polyatomic molecule §Rwvhere the as-
P T . : . verg symmetric{) behavior was discussed to reflect the partial
intensity distribution of direct photoionzation differently also

for negative detuning RPE cross .section from the OL.Ite.I’ classical turning points
' rather than in the convergence limit to the fast RPE spectral
profile [35]. Finally, we would like to point out another pe-
culiarity: The transition to the fast limit is different for dif-
As we have seen from Figs. 1 and 2, the RPE spectrderent final states. Let us explore in more detailsthasym-
shape converges to the same profile for large positive anthetry of the formation of the fast RPE spectral profile.

4This rough estimation shows that the formation of the profile
of the fast RPE is the same for positive and negative detun-
ings. However, both experiment and thedRigs. 1 and 2
how the opposite trend, namely, the RPE process for
e A-final state starts to converge to the profile of the
direct photoionization (to be fast for Q=2 eV and
(=<-1.5eV. The main reason of a such 8nasymmetry
[4] and break down of Eq(3) is that contrary to negative
detunings() <0, the photon frequency is in resonance with
some vibrational leveh if 0>0. A similar nonsymmetri€)

V. DISCUSSION

022707-5
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A. Asymmetry of the scattering as a function of detuning

The simplified formula Eq(3) says that the RPE duration
depends on the natural lifetime of the core-excited skate
and on the detuning). However, Eq.(3) neglects a depen-
dence of the RPE duration time on the final state. As it was
mentioned earlier in Ref34] (see also Sec. )lithe duration
time of the scattering process can be different for different
final states. Let us start from a rather simple physical moti-
vation why the duration time is sensitive to the final electron-
vibrational state.

An important conclusion can be drawn directly from Eq.
(3), namely that the scattering is slow on resonanf€e (
=0; long duration timer) and fast for large detuning, off

resonanCdShort QUrann timer). Thfse tY,VO qufl“tailvely FIG. 5. Formation of vertical and resonant RPE profiles. Labels
different cases will be referred to as “slow” and “fast” scat- 5 4,4 v correspond to resonant, E¢6), and vertical, Eq.(5)

tering processes in what follows. The amplitude of the fas attering channels. The shaded profile shows the Lorentzian of

scattering 34] core excitation with HWHM:=T .
mepﬁqE%' [Q<Q_; Q>0.] (4 denominator of the scattering amplitude,, Q—e+1T
&yt ~(—¢,, becomes large. However, the smallness of)1/(

. . _ . —¢€,) is compensated by the large FC amplitudes|0) of
is proportional to the FC amplitud@n|0) of the direct elec-  the vertical transition. The scattering amplitude correspond-

tronic transition of the nuclear subsystem from the ground tqng {9 this vertical(V) scattering channel can be estimated as
the final vibrational states. As was mentioned in the begintg|ows:

ning of Sec. V the scattering starts to be fast differently for

positive and negative detuning®,, #|Q _| (see also Sec. 1

l11). For example, the corresponding marginal detunings for FVEFmvwr > (m,|n,){n,|0)
the A state areQ),~2 eV andQ)_~—1.5eV. A similar oy

picture can be encountered for the resonant Auger decay of C (m,|0) 1

1s— a* core-excited CO to th& 23", where one can see (5)
from Refs.[16,3( that the intensity distribution of direct

ghoffg'i%“gs \I;herriz(;hf%(: (f)(;:tivr;efgrgtlxzncde(;ueT:jnngin f?;t It is not difficult to understand that the RPE band of the
Iez;stQ '~+1 4’ eV is requireg q y 9 A ertical channelmarked asV in Fig. 5 follows the Raman
+~ . .

Equation(4) shows that the spectrum of the “fast” RPE dispersion IaV\E’NV’”_’”ﬁZ m (the vertical channel is seen as
copies the spectrum of direct photoemission and manifestd broad band in the spectrum of thestate, see Fig.)1Here
itself nicely, for example, in the “collapse of vibrational fine ®n, m=Ecn—Efm is the resonant frequency of the decay
structure in the Auger resonant Raman spectrisee Refs. transition. The comparison of Eq#) and(5) shows that the
[15,16). Heree,=U(Ry) — &g is the energy of the vertical vertical band converges to the fast limit for large)|.
transition relative to the lowest vibrational level of the core- Let us consider now the second case, when the x-ray pho-
excited state. For N &,~puw’(Ry—R)%2— w/2~n,w,  ton energy is resonant with some core-excited vibrational
~92 meV with the vibrational quantum number of the ver- staten#n, (cf. Fig. 5. Now the smallness of the FC ampli-
tical transitionn,~0. tudes(n|0) (which becomes small whea is tuned away

from the vertical transitionis compensated by a small de-
1. Positive detuning: Competition between resonant and vertical hominator~1I" in F,. The corresponding resonant scattering

O—¢e, Q-¢g,°

scattering channels amplitude can be estimated as
Let us first consider the scattering process for positive
detuning as shown in Fig. 5. To be a little bit more specific, FR=F ~ {m[n)n|0) ~Smn (n|0)
we consider here the potential surfadég(R), U.(R) and Q—neo .+l Q—noc+1T
U;(R) which model qualitatively the RPE process for the o 72 0t Q
AZIl, final state in the N molecule, whereU(R), and ~5 — TINE s, 6)
U;(R) have close potential shapes according to Table I. In 1 W

this case{m|n)~ &, -
The scattering amplitude has a maximum when the nu- Here 7=(R;—Rg)/ay2, a=1/\/uw.. Contrary to the
merator is large or the denominatoref, [Eq. (2)] is small. ~ Vertical channel, the resonant channel does not follow the

The first case corresponds to the vertical photoabsorptioRaman dispersion. For example, the peak posifienwS,
transition with the vibrational energy,~n,w. (n,~0 for  of the narrow resonant band for thestate of N, Eq. (1),
N,). Whenw is tuned away from the vertical transition, the does not depend on the excitation enesgy wﬁ?o. Hence it
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will stay fixed on the kinetic-energy scale and will dispersesented analysis allows us to conclude that the resonant scat-
on the (presented binding-energy scale in Figs. 1 and 3, tering is the slower channel in comparison with the fast ver-
respectively, as a function of frequency detuni@aution tical channel.

One might easily relate the additional spectral features

marked by a dashed line in the spectra of Bretate(see Fig. 2. Negative detuning

1) to the resonant scattering channel of thetate(which is Comparison of Figs. 1 and 2 shows that wHer:0 the

too weak in this region The origin of these additional spec- Rpg profile converges faster to the profile of the direct pho-
tral features is, however,_ the non-Raman banq ofAfma_te _ toemission[Eq. (4)] in comparison withQ>0. The main
caused by Stokes doubling. The broad stray light excitatioeason for this is that all photoabsorption resonances lie in
results in the collapse of th& band which one can see as 4 regionQ>0 which is above the bottom of the core-
these additional spectral featur@sr further reading see Ref. excited potentialU(R). According to equationr= 1/ (w
[25]). — 0202+ T'2]¥2 the RPE near these resonances is slow, con-

The compansRon of Eqg5) and (6) show§ that Fhe reso- trary to off-resonant regiofl<<O where the scattering is
nant amplitudeR decreases faster th&Y with an increase faster

of the detuning. The amplitudds® and FV have the same

order of magnitude for vibrational state. (or detuning(} . . .
9 e ( 9 B. Partial and mean durations of the scattering process

=Ncwe),
" 1. Partial duration of scattering
Jn.le”
ne—n,~ L L. (7) To analyze the experimental data further, we need a quan-
@c  phe titative definition of the partial duration time,, of the scat-

) L tering process which depends on the final state. The defini-
For the N molecule with7~1 this is expected to occur on of the RPE duration time is not uniqlig4]. The main
whenn,~10. reason for this is the absence of a time operator in quantum

The explicit simulations show that it occurs for~9 for  mechanics. Here we define the RPE duration time as the
the A?I1, and forn.~6 for theB* [ final states, respec- expectation time

tively (see Fig. 1 Hence, the off-resonant vertical scattering

starts to dominate when 1 (=
To=2— f t Fn(t)dt, €]
O>nw,. (8) mJ0

Thus, the RPE spectrum resembles for detunings larger thaifth the “density” 7. (t) and the RPE amplitude of the
new, the direct photoemission and the RPE process can b@ecay at time,

treated as fast. One can see nicely from Fig. 1 that the reso- "

nant Auger spectra of Nsplit up into resonant and vertical Fm:f Fr(t)dt,

bands. Both experimental and simulated RPE spectra of the 0

A-final state(see Fig. 1 show clearly that with increasing

detuning the broad low-binding-energy part of the spectrum Fnl(t) = —16” T (@Bt m|e~1Hel| ). (10
(vertical scatteringtends to the spectrum of direct photo- ) o _
emission or fast RPE. HereH, is the Hamiltonian of the core-excited state and

As we can see from Fig. 1, the spectrum changes contind=o is the_ground-state energy. The stationary representation
ously with increasingo, when w is tuned strictly on reso- for Tm writes as follows:
nance to thenth vibrational level, 2= »%3. However, when J

o : o [ (m|n){n|0)

the excitation energy is tuned between two vibrational states Tp=—1—InF,=— R L b (12)
n+1 andn (o= (0% o+ wiy)/2), as shown in Fig. 3, the de Fm 7 (Q—ef+1D)?
spectrum differs considerably from the resonant spectrum o , .
(0=, 0r w=0w). The reason for this is that in this ~ The duration time is compleXl,=Tp,+1Ty,, and con-
case both vibrational levets+ 1 andn are populated and the Sists of two different contribution84]. The real parf;, and
(n+1)th andnth scattering channels compete with eachthe imaginary parfly, refer to the irreversiblédecay and
other. reversible (dephasing contributions, respectively, and de-

So far, we have demonstrated that for smmalithe sce- pend differently on the detuning and the core-hole lifetime
nario of a transition to the spectrum of fast scattering isl'. Ty, originates mainly from the detuning and can be named
gualitatively different for negative and positive detuningsas the “dephasing time.” This destructive interference su-
relative to the frequency of vertical transitiof,—¢,. In-  presses the long-time contribution to the scattering amplitude
deed whenQ)—¢, is negative the resonant region <0 if the detuning is large.
<n,) is small compared to the case of positive detuning, Only decay transitions in the time domain<®<|T|
Q—¢,>0, where the resonant regionrissnsn.. Clearly,  contribute significantly to F. The absolute value of the dura-
this asymmetry becomes smaller when the vertical transitiotion time is used exclusively for this reason,
corresponds to excitation of high vibrational levefs>1
(except excitation near a dissociation thresholthe pre- Tn=[(T) 2+ (Tr)?1M2 (12
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Partial duration, t(fs)

Q (eV) h T Qev) Q (eV)

FIG. 6. Partial duration times, Eq§ll) and (12), for different electronic-vibrational final states of,NThe broken lines show the
duration for the case when the potentials of the core-excited and the final states are the Fanid (443 fs,e,~92 meV). The maxima

related to some zeros of g, are marked by stars.

The simulated duration times for different final states accordA-final states(see broken lines in Fig.)6In this casem

ing to Eq.(12) (see Fig. & which are in agreement with the =n and the peak position of the duration followiks

RPE profiles(see Figs. 1 and)2demonstrate the shift of the One can see from Fig. 6 that for sorfie the scattering
region of slow scattering towards positive detuniiggcept becomes slower than the lifetime of the core-excited state,
for the maxima in Fig. 6 marked by an asterisk which will be 7,,> 1/T"=11.443 fs. This contradicts the physics and shows
discussed in Sec. V B)30ne can see a monotonic shift of that our definition of the scattering duration, E¢8) and

the short wavelength flank of the,(2) to higher detunings (12), is not perfect. The main reason for this behavior is the
with an increase of the final-state vibrational quantum numabove mentioned non-existence of a quantum-mechanical
berm. The reason for this was already mentioned above inime operator. One encounters a similar problem in the defi-
Sec. V A 1l: The scattering becomes fast when the verticahition of the tunneling tim¢36].

channel starts to dominate compared with the resonant one.

This happens fon=9 andn=6 for A and B states, respec- 2. Mean duration of scattering

tively. Apparently, the corresponding critical detuning de- We need also the duration time which characterizes the

pends strongly on the final electronic and vibrational states. . . o=
In the RPE spectrum of thB state the vertical channel cor- whole RPE spectral profile. Clearly, the partial duration time

responds to the final vibrational leveta=0,1, while the ’m> is not as important_ for the wholg RPE sp(_actral profile if

resonant channel corresponds to the group of levels witltr'e corresponding partial Cross sectiof(E, v) Is .small. Iq

high binding energy. The strongest peaks at high bindin 'ther.words,q-m does not take into account that different final

energy correspond to the resonant channel forAhstate. |_brat|(_)nal Statesm are represen_ted |n_the RPE spectrum

One can see that with increase of detuning, the different final/th dgfe(rjent probabmtflesth. T:]"SI r‘r;eoFt:I\E/ates}_Ius N rllntro-

vibrational states of the resonant channels disappear for digjuce the duration time for the whole protile as the mean

ferent detunings: largem corresponds to largef) ~new,. uration timer,

This correlation betweem andn is very strong for the reso-

nant channel of the\ state[m~n due to almost parallel 5 om(®)
m

potentialsU(R) andU;(R)]. We can see the same trend for =2, TmPm, Pm= (13

the duration timésee Fig. 6. To emphasize that the duration
time is mainly related to the resonant channel, we calculated
also ,, for the same potential curves of the core-excited andvhere

o(w)
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B-state |

10

o

—_
o

[5)]

Mean duration, t (fs)

(=

—_
o

-1 - 0;5 0 0i5 1 1.5 2
Q (eV)

FIG. 7. The mean duration time, E@L3), for different final
electronic states of Nvs detuning ['=0.0575 eV). The positive

PHYSICAL REVIEW A 69, 022707 (2004

photoabsorption cross section in accordance with the optical
theorem[37]. The simulation(see Fig. 7 shows that the
mean duration is related more closely to the evolution of the
gross features of the RPE profilésee Figs. 1 and)2In
accordance with the measurements the largame located in

the region of positive detunings and the shift of the right-
hand side flank of the= 7({}) distribution is larger for thé
state.

3. The effect of zeros oReF ,, on the scattering duration

Figure 6 shows that the duration time has pe@akarked
by starg which are not related to the photoabsorption reso-
nances. The position of these peaks coincide with the zeros
Q. of ReF,:

ReF (Q.)=0. (15

These values lie in both the region of strong photoabsorption
and in the region of largeQ)|. In the last case|ReF|
>ImF, because RE~1/Q) and ImF~T/Q2. This means
that the large roofQ) | of Eqg. (15) corresponds to an almost
complete quenching of the RPE cross sec{i?8,33. The
formation of this interference quenching needs long time.
Indeed, according to the uncertainty relatiory 1/AQ) any
sharp feature of the RPE cross sectio@sonance or mini-
mum) takes a long time. Our simulatiorisee Fig. & show

detuning where the duration drops down in two times is shown bythat 7, increases in the vicinity of zeros of ie

the vertical line.

om(w)= J om(E,w)d E:||:m|2,

[(n|o)|®
— — 2: -
7(©)= 2 onl@)= 2 [Frl*= 2 (Q—e8)2+12

(14

As it was observed recent[y28,33 the zeros of the real
part of the scattering amplitude can lead to an almost com-
plete quenching of the theath vibrational peak in the RPE
spectrum. This effect takes place in the off-resonant region,
0 <0. Apparently, the complete quenching of Rg and of
the related peak in the RPE spectrum is a pure interference
effect[28,33. One can seésee Figs. 2 and)4hat the RPE
resonance, m=1, vanishes for the X state when
Q=-0.5eV and it grows again fol>-0.5eV and
(< —0.5 eV. Fig. 8 illustrates that the origin of the quench-

are the integral partial and total RPE cross sections. One cang of this resonance is destructive interference. Indeed the
see that the total integral cross section copies the shape of théect term, oy, (E,w), in the RPE cross section of thé

Intensity (arb. units)

B-state A-state X-state
destructive constructive destructive
m=0
Q = -500 meV
m=0 m=o FIG. 8. Theoretical RPE profiles for

X%y, A%, and B?Y; final states,
” (2=-500 meV). The dashed, dashed-dotted,
and solid lines represent the direety;, (E,w),
and interferenceg;((E,»), terms and the total,
o(E,w)=0yj;(E,0) +oi,i(E,0), RPE cross
section, Egs(1) and (16), respectively. The ob-
servation of the collapse effect in th%é and B
final states can be explained in terms of “destruc-
tive” interference, and the observation of the
buildup effect in theA state can be explained in

terms of “constructive” interference.

21 20 19 18 17.5 16.017.5
Binding Energy (eV)
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However, 7 in the Heisenberg uncertainty relation refers to
the time of interactionr;,; between light and matter, while
the duration timgsee Eqgs(11) and (12)] refers to the re-
versible interference discrimination of the large time contri-

E bution in the scattering process and has in this sense nothing
5 to do with the time of interaction.

g For example, when detuning the excitation energy from
8 the resonance energy one changes the duration time accord-
L E ’ ing to Eq.(3). By exciting at photon energies far outside the
2 resonance, all vibrational states of the resonance, which are

intrinsically overlapping, are excited with a relative probabil-
ity which is proportional to the relative strength of the spe-
cific vibrational state. This means in particular that even if
: , one excites with a small photon energy bandpass, one will in
0 . 04 10.8 12 ‘ fact not excite the resonant intermediate state with this reso-

-4 L
-3 -25 -2 1.5 -1 -05 lution and hence will not only excite a specific vibrational
Q (eV) level of the resonance, as the excitation bandwidth is solely

determined by the properties of the intermediate state. The
temporal resolution is, however, determined by Ej7).
Hence, one excites for large detunings the resonant interme-
diate state for a very short time, but with a large energy
spread[Eq. (17) is fulfilled]. However, due to the narrow
photon energy bandpass one will still obtain high energy
resolution in the resulting electron spectra, as one does not
robe the final ionic state with high temporal resolution, but
ly the intermediate electronic state. In other words, large
guency detuning shortens the evolution of the molecule in
e core-excited state with loss of the spectral resolution for
e core excitation. However, one still keeps high resolution
for the RPE resonanc¢),0)— |f,m), because the width of
the Raman peak depends only on the spectral width of the
) ) N incident light.
|Fml :2 |l +n;1 ananl (16) According to this discussion, we can conclude that, con-
! trary to the pump-probe pulse technique the duration-time
concept offers a unique possibility to make “snapshots” of

ence quenching of the resonanme=1 is absent for thé\  resolution.

and B states. We see here also the quenching of higher vi-
brational peaks for thé and X states, but this is due to
another effect, namely, the collapse effEt,16 which has
monotonic dependence dn. Near the zerd)., Eq. (15),
the scattering amplitude deviates significantly from the scat- The concept of the duration time has provided an intrigu-
tering amplitude of the fast RPE, E() (see Fig. 9 In ing analysis tool for spectroscopical applications of the x-ray
contrast, as we can see from Fig. 8, the buildup of a vibraresonant Raman scattering process. In fact, owing to its sim-
tional fine structure upon negative frequency detuning is duglicity it has formed the basis for predicting, and subse-
to constructive interference. quently verifying, a set of new physical phenomena based on
To conclude this section one can say that the scatteringynchrotron radiation experiments, like, for example, “resto-
slows down near the zeros of Rg, which can be located ration of symmetry selectivity[12,13, “restoration of mo-
beyond the photoabsorption batske Fig. 6. 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 strength
of the concept is thus indisputable, as well as its qualitative
capacity to predict integrated band intensities, as can been
The temptation exists to relate directly the duration timeseen, for example, from the original work on band formation
of the scattering process to the spectral resolufieraccord-  of the resonant x-ray spectrum of GQL2] and from more

FIG. 9. The comparison of the strict scattering amplitude
ReF,,, Eq. (2), with the scattering amplitude R, in the fast
limit, Eq. (4), for X?Z; (m=3) final state of M. The solid and
broken lines represent R, and ReFﬁ, respectively. The inset
shows other zeros of Re;. The zeros of R&,,, Eq. (15), are

shown by filled circles.

state is completely compensated by the negative interferen
contributiono;,;(E,w). The direct and interference parts of fre
o(E,w)=0y;(E,»)+ oi(E, ) are defined by the first and th
the second terms on the right-hand side of the squared scaf,
tering amplitudd Eq. (2)],

VI. SUMMARY

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

ing to the Heisenberg uncertainty relation, recent work on resonant photoemission spectra off 2{H.
Contrary to pump-probe techniques, the scattering duration
5E~1 (17) sets the timing of the scattering process with a continuum

wave light source. The duration of the scattering process then
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acts effectively as a camera shutter with variable shuttereal part of the scattering amplitude. The transition to the

speed. limit of the fast RPE depends also strongly on the competi-
The simplified picture claims that the scattering durationtion between vertical and resonant scattering channels. More-

depends only on the potential of the core-excited state. Thigver, the transition to the fast scattering is very sensitive to

brings about the question on the applicability of the concepthe final-state potential. We see this clearly for different final

to quantitatively analyze ultrahigh resolution spectra wher&states of . The findings of the present work are general

fine structure is sensitively dependent on the character of thgng cover also resonant radiative x-ray scattering.

final (vibronic) states. In this work we show that indeed the

duration time of the scattering process in general depends on
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