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Duration of x-ray Raman scattering
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There has recently been much interest in using the notion of a duration time to analyze resonant x-ray
Raman scatteringRXS) of atoms, molecules, and solids. This notion implies a selection of processes with
different time scales responsible for the formation x-ray Raman spectra, and has been useful for actual pre-
dictions of various phenomena associated with RXS and that subsequently have been experimentally verified.
However, the notion of a duration time for the x-ray scattering event can also have some paradoxical conse-
guences, as when comparing the RXS duration with the relaxation time of the wave packet evolution in the
case when the inverse detuning of the excitation energy is shorter than the time of flight or the lifetime of the
core excited state. We present here a solution of this contradiction and give a detailed analysis of the notion of
the duration time for RXS. It is shown that this time is complex and consists of two qualitatively different
contributions. The first originates in the irreversible decay of the core excited state, while the imaginary part is
caused by a reversible dephasing in the time domain. We investigate also the evolution of the wave packets of
bound and dissociative states to stationary distributions. The theoretical analysis is accompanied by numerical
examples of the time evolution of the wave packet in bound and dissociative core excited states.ofutice N
HCI molecules[S1050-294@9)06101-9

PACS numbgs): 32.80-t, 32.30.Rj, 32.50+d

l. INTRODUCTION large|Q|. The relaxation of the wave packet is characterized
by the time of flight and the lifetime of the core excited state,
The continuous development of resonant x-ray Ramar ~*, both of which can considerably exceed the RXS dura-
scattering (RXS) spectroscopy has led to a revelation of tion. This leads to the following paradox: To reach the fast
many new phenomera—9]. Despite the fact that the studies limit for the RXS amplitude(short duration of RX§ the
of RXS at the present time have involved only stationarytime of the wave-packet evolution must exceed the lifetime
experiments, time-dependent treatments have gained an if- ! by several times.
creased popularity on the theoretical side owing to their in- A goal of this paper is to find an explanation for the
herent interpretability and our inclination to relate spectralcontradiction formulated above and to make a detailed analy-
features to processes rather than to states. One of the impajis of the notion of RXS duration together with the charac-
tant characteristics of the dynamics of a resonant x-ray Raeristic times of the wave-packet evolution on the core ex-
man scattering process is the “duration timgl0-14. It  cited state. After a short theoretical introducti@ec. 1) we
presents a pure quantum notion based on the interference, itroduce the ordinary time-dependent representation for the
dephasing, suppression of large time contributions to a scaRXS amplitude and three definitions of the RXS duration
tering amplitude. time (Sec. Ill). We show that the real and imaginary parts of
The concept of the RXS duration time has providedthe complex duration time are responsible for the irreversible
deeper insight into the formation of the RXS spectral profiledecay and reversible dephasing processes, respectively. The
[11,4,13-15 With the variation of the duration time through conceptually new time-dependent representation for the scat-
detuning the energy, one can control—or manipulate—tering amplitude presented in Sec. Ill C allows us to make a
different microscopic dynamical processes responsible fodirect connection between the RXS amplitu@e the wave
the spectral shape of RXS. The notion has lead to the prepacke} and the RXS duration. In Sec. IV we apply the gen-
diction of several new—and experimentally verified— eral theory to RXS of molecules with nuclear degrees of
features, such as “symmetry restoratiofil'l], “vibrational  freedom, and present an explanation of the above-formulated
collapse” [13], and “control of dissociation”[14]. A prin-  paradox. A detailed analysis of the relaxation times versus
cipal aspect of this notion, yet to be understood, is the coneore excitation below or above dissociation threshold is
tradiction between the time of the evolution of the wavegiven in Sec. IV. RXS and wave-packet evolution for core
packet at the core excited state and the duration TimEthe  excitation below the dissociation threshold are investigated
RXS process. Contrary to the relaxation time of the wavein Sec. IV A, while the qualitatively different picture for the
packet, the effective duration of RXS strongly depends orevolution of the wave packet and the RXS profile taking
the detuningQ of the frequency of incident radiation from place when the molecule is core excited above the dissocia-
the photoabsorption band. Moreovér,tends to zero for tion threshold is explained in Sec. IV B. An important point
here is the time evolution of the space distribution of the
wave packet of the core excited state. The final section, Sec.
*Permanent address: Institute of Automation and Electrometry)/, summarizes our findings. Atomic units are used through-
630090 Novosibirsk, Russia. out the paper.
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Il. THEORETICAL BACKGROUND F=F(»), F(r)=—1(f|¥(1)). (4)
The spectral properties of RXS are guided by the double
differential cross section Here
a(E,w)=f dwy06(E,0) P (01~ w,7) 1) «yT(T)zfo dte "TQy(t), w(t)=e '"D|o),

which is the convolution of the spectral distributidnw;
—w,v) of the incident radiation with the RXS cross section H=H-E, (5)
oo(E,wq) for a monochromatic incident light beam. To be
specific, let us assume that the spectral functibgw,

— w,y) with width vy is centered at frequenay. According

to the Fermi golden rule, the cross sectiog(E, w) reads

H is the molecular Hamiltonian, arlis the average energy
of a core excited statesee below.

A. Decay and dephasing times

To(E,w)x X [FIPA(0—E-wro.I'y), 2 , ,
f One can directly see from E¢b) that the complex time
where A(w,I')=T/m(w?+T?). We will consider the fol- 1 e® Q
lowing process: By absorbing an incoming x-ray photon with T=Tr+1Tg=r—F7= , tane=—= (6)
the frequencyw, the molecule in the ground stdt) is core =10 Jo?+r? T

excited to the statkc). Due to the Coulomb interaction and
vacuum fluctuations this intermediate core excited state decharacterizes the time scale of the RXS process. Following
cays to the final statff) by emitting an x-ray photon or an [11-14 we refer to this time as the duration of RX&.

Auger electron with the enerdy. o _ =w-—w is defined here as the detuning efrelative to the
Close to the resonant region the radiative and nonradiativey . - eristic frequency=E—E, of the x-ray-absorption

RXS amp_lltudes havg the same strucu[rla]; Physically, it . band. A more precise definition of this characteristic fre-
is convenient to consider the Kramers-Heisenberg scatterin . —
uency depends on the problem of intergstcan be the

amplitude as a projection of the stationary wave packet!™" " . .
(=) on the final state: position of the strongest peak or edge in the x-ray-absorption
T | spectrum. When the electron-vibrational band is analyzed, it

Q|c){(c|D|o) is convenient to choose as the position of the center of
F=—i{f[¥r()), Wr(=)= '; P ) gravity of the electronic peaisee below:
° Wave packetsy(t) and V4(7) (5) have the following
Herew.=E.—E;, E. is the energy of theth state, and’ physical meaning. At timeé=0 a molecule is core excited
andT; are the lifetime broadenings of the core excited and@nd arrives there as the wave packg¢0)="D|o). This ini-
final states, respectively. In order to make the formal matial wave packet propagates on the core excited state surface.
nipulations more transparent, we drop the indefor the At some timet the wave packet exp(t/T)y(t) decays with
scattering amplitudeF;—F. The operatorD describes the decay amplitude to any of the final states; exp(E; t)|f).
interaction of the target with the incident x-ray photon. In theSince the time of the decay transition is not known, we need
case of nonradiative RXSQ is the Coulomb operator and 1o integrate over the time domain beginning from the mo-
Q=D "* when the emitted particle is the final x-ray photon ment of the photoabsorptiob=0. The integration results in
[1]. The wave packe®(«) reflects one of the important & coherent sun¥’+(7) (5) of all photoabsorption-decay paths
peculiarities of RXS, namely that the incident photon create&P t© the timer. The amplitude=(r) of all decay events up
a coherent superposition of the core excited states. to this time is the projection o’ (7) on the particular final
We would like to note that the Kramers-Heisenberg am_state(S). Clearly, the RXS cross section collects all the decay
plitude (3) is based on an isolated-pole approximation. ThistP 10 7=. o
single-pole approximation leads to an exponential law for the !t is worth mentioning thai/(t), ¥r(7), andF(7) can-
decay of the core excited sta®. As is well known[16], the not be meas_ured in current stationary RXS expe.nmenltsf due
scattering amplitude can in the general case have double- & the small intensity of the x-ray beam and the insufficient
multiple-pole contributions. These contributions change thdime resolution. Here we clarify the meaning of the intro-
law for the decay of the excited state. However, the analysi§Iuced tlme-dep_endent wave p_ackets appeahng a!so to a
shows that these multiple-pole contributions are very exoti@edanken experiment. We consider the core excitation by a
[16,17, and we have therefore restricted our analysis to théhort x-ray pulse with duration time<(1/y) shorter thar’

traditional single-pole expressidB) for the scattering am- ©Of by a long x-ray pulse with a fas_t Swi_th-pff. The _fast mea-
plitude. surements at momentsallow us in principle to find the

squared wave packe#(t)|2. One can measure this squared
wave packelW+(7)|? [and|F(7)|?] if the signals in the time
domain O<t<r are collected. The wave packét; () and

The half-Fourier transform of the denominator at thestationary RXS amplitud& =F () correspond to measure-
right-hand side of Eq(3) yields the time-dependent repre- ments for a long duration timer&T 1) or to the ordinary
sentation for the scattering amplitude stationary RXS experiments.

IIl. COMPLEX DURATION TIME
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FIG. 2. The dependence of the absolute vaﬂeand phasep
Lifetime broadening, I" (eV)

=arcsin(|mﬁ|ﬂ) of the mean duration timé9) on the detuning.
FIG. 1. The dependence of the real and imaginary parts of th he RXS duration decreases when the excitation energy is tuned far
duration time(6) and (7) on the detuning and lifetime broadening. "M the photoabsorption bandw,=0.3 eV, I'=0.1 eV, 8

=1.5.
Going back to the main subject of our interest, we con-
sider the fact that the duration tinié) is complex and that it T_ lfwdt LR,  Ft)=(f|FLR))
consists of two qualitatively different contributions, Flo ' ’
S o9 @ | F(t,R))=—1Q|y(t))e "' . ®
"ozrz Y er?

Here F{(t) is the amplitude of x-ray scattering with decay at
time t, andF = [;dtZ(t). The use ofA(t) in the averaging
procedure(8) instead of as the real distributideF(t)|? can

be motivated by the fact that in the latter case the coherent
properties of the RXS amplitude—which play a crucial role

The real parfTt of T coincides with the lifetime of the core
excited statd” ~1 if Q=0. It is interesting to note that is
equal to the delay timgl6,20 Ty=dé/dw for scattering in
- = oC . . .
e e s eatoing, " e rolon of e RS duraon e ost
: . A . - " Making use of the resolution of the identity 1
The imaginary contributionl, vanishes whe)=0 and ) ) L=
TQZ.’L/Q if the lifetime broadening is small. ThU-SQ Ol'igi- :EC|C><C|, one receives the Statlonary representatloan,or
nates mainly from detuning. This time can be called the | (F|Qlc)(c|D]o)
“dephasing time” for to the following reason. The contribu- T=—1—InF== > =27 "1
tions toF (4) from different timest; andt, interfere destruc- Jw F T (o— weot1T)?
tively owing to the phase differende(t,—t,). This destruc- o
tive interference suppresses the long-time contribution to th&his representation shows immediately tatoincides with
scattering amplitudé= if || is large and if a damping’ the duration timeT (6) for large detuning or lifetime broad-
(even infinitesimal exists. We shall see below that only de- ening (T—T). The absolute valueT| and phase
cay transitions in the time domain<@t<|T| contribute sig-
nificantly to F. Real, Ty, and imaginary,To, parts of the
RXS duration time depend differently on the detuning and
the lifetime broadening, see Fig. 1.

One important feature of deserves a comment, namely
that the duration timé6) is complex. This is not “acciden-
tal” but has a deeper physical reason. We can refer to th
real (Tr) and imaginary Tq) parts of T as the irreversible
and reversible contributions, respectively. Indeed, th
dephasing is a reversible process contrary to the decay whi
is irreversible.

(©)

=arcsin(ImT/|T|) of this complex duration time are de-
picted in Fig. 2 assuming the harmonic approximation for the
nuclear degrees of freedofsee Sec. IV A The duration of
RXS increases up to the lifetime of the core excited state for
an exact photoabsorption resonance. One notes a honmo-
notonous behavior of the duration time in the region of the
gtrong photoabsorption, see Fig. 2.

One can also use an alternative definition of the RXS
itij]uration based on the averaging procedure

T=(t(RIt(R)™ |t(R)>=f:dtt|f(t—'R)>

/ )
B. RXS duration as a mean time of scattering (F(R)|F(R)>12(1O

The duration of RXS can be introduced also as the mean

time T over all RXS events with decay of the core excitedwhere|F(R))=[5dt|F(t,R)). Contrary to Eqs(6) and(8),
state at momerit the mean duration timél0) is real and gives a correct as-
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FIG. 3. The dependence of the mean durafiog10) on the U N
detuning. The resonant scattering through the.(@p~1o*) dis- ] -
sociative core excited state in the HCI molecul@l]. T r F/\F:\“‘-——-’
=0.065 eV. The resonant frequency of the vertical transition, m(F/F,)
oyer=U¢(Ro) —Uo(R,) — w,/2, is equal to 202.5 eV. The mean du- ‘10 0 0'5 1.0
ration timeT depends asymmetrically on the detuning- Oyer- T, (Vo)
ymptoteTz(Qz+ [‘2)_1/2 for large Q or I'. Such a defini- FIG. 4. The dependence of the relative RXS amplitkd€ ,

tion for the RXS duration is convenient for the analysis of (16) on the complex duration timé=Tr+1T, (6) and(7) for the

the decay transitions to the continuum final stafely. 3) ~ Pound core excited statsee Sec. IVA Fo=—1T (27). The po-
due to the independence Ffon the final state tentials of the ground and final states have the same shape. The

. — ~ RXS scattering from the lowest ground-state vibrational level to the
Figures 2 and 3 show a strong asymmetrf@&ndT asa  |owest final-state vibrational leve0-0 scattering B=1.5. (a)
function of the detuning. One can see that the RXS duratiofr/, =0.3. () 2=0. The curves(A) show the limit of the fast

decreases faster for core excitation below the frequency akxs (21) with the strict(o|y(T)) (25).
the vertical transitionU.(R,) —Uy(R,) — wo/2 than above

this crossing point. which time domain gives the main contribution to the sta-
tionary RXS amplitudeF=F(«) (4) with the stationary
C. RXS amplitude and wave packet versus wave packet
the RXS duration time L
g\ -
1. Dynamical representation W 1(0)=lim QT( 1_TE) P(t). 14
t—0

We now consider an entirely different time-dependent
representation for the RXS amplitude, one which is based o
the time-dependent representati@) and an integration of
the right-hand side of Ed5),

Hhis is most easily understood by considering the important
special case of short RXS duration, see Sec. Il C 3. It should
be pointed out that the expressi@h) is equivalent to the
following differential equation:

F(T)=<f‘Qm(l_e'(QHF_H”)D o>. (1D

d 1
ZPO=5(0)=QY(1), Wr(*)=¢(0) (19

A comparison of this equation with E¢4) and the identity

1 g\ -1 with the solution(5). The right-hand side of this equation
- =T Iim(l—T— e 'Ht (12 consists of a decay-dephasing part, (1)) #(t), and a
Q+iI'=H t—0 at source,— Qu(t).
yields the following general dynamical representation for 2. The exact dependence of the scattering amplitude
W¥+(7), which is valid for all values of the complex tine on the RXS duration
g\ -1 An exact formula for the scattering amplitude versus the
Vo(r)=lim QT 1_-|-_> [p()—e "Ty(r+1)] RXS duration follows directly from Eq(3),
at '
t—0
(flQlc)(c|Dlo) : ;
! — 7] = — —————————————— _ (n)
Vr(7) = QTIY(O) + T/ (0) +- - —e~ T P12 = TaE, o, (TITAET,
X{p(r)+Ty' (1) +- - - }]. (13

AE,=E,—E. (16)
Such a time-dependent representation differs conceptually
from the representatio(b) and allows us to predict directly This dependence is depicted in Fig. 4 for electrovibronic
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transitions(see Sec. IV A We introduced here the scattering One sees, contrary to intuition, that the wave pacKetéx)
amplitude [(14) and (21)] and¥+(7) [(13) and (22)] do not coincide
even whenr essentially exceeds the RXS duration tifiié.
Fo=—1T(f[Q(0))=—1T(f|QD|o) (17 A coincidence takes place only if the time of the wave-

packet evolutionr is larger than the lifetimd 1. One can
say that the fast limit21) for the RXS amplitude is obtained
only when the wave packéR1) must go through the long
time evolution (longer than the lifetime,r>T"1). This
> (f|Qlc){c|D|o)(AEL)" somewhat paradoxical statement shows the qualitative dis-

(18) tinction between the RXS duration tinfeand the character-

(f|QD|o)

istic time ' ~* of the wave-packet evolution.
) ) It should be pointed out that the interference of the inter-
The expansiori16) shows that the dependence of the stationmegiate core excited states serves as the key point in the
ary scattering amplitude and the wave packetygpresentation(13) and for the formulated contradiction.
() =2cQ|c)(c|D|o)T/(1+1TAE), on the RXS dura-  Thjs, together with the results of Sec. Il concerning the de-

tion T is defined by the momentSE™. One can see imme- structive interference in the time domain, stresses the quan-
diately that this expansion ov@&ris valid if the RXS duration  tym nature of the notion of the RXS duration.

is shorter than the inverse widthw of the photoabsorption

corresponding to the sudden RX$0]. The coefficients in
the expansior{16) are the moments of the RXS amplitude

AEM=

band close taw, IV. CHARACTERISTIC TIMES OF THE WAVE-PACKET
L EVOLUTION AND THE DURATION OF RXS

“Re

(19

7o The finite time representatio@) for the RXS amplitude

deserves further comments due to the contradiction between
This time scale characterizes the quantum beats of the wathe RXS duration and the characteristic time of the wave-
packetsy(t) and¥1(7) and is the main time scale in the packet evolution. Let us select froR(7) (4) the stationary
problem concerning the RXS duration. As is well known, RXS amplitudeF =F () and the time-dependent extra term
Aw=1 eV in problems connected with the nuclear dynam-

ics. This spectral width has an order of magnitude 1-10 eV F(r)=F+AF(7),
or more for the dynamics of the relaxation of the electronic (23)
shells due to creation of the core hole. (f|Q|c)(c|D|o)
To conclude this section, let us note that the observable AF(7)= —e’“E e (@m w7,
Cc

guantity in the RXS experiment is the real squared scattering @~ oot

amplitude|F|2 which depends on the real timd@s and T, o _
[see Eq(6)] but not on the complex tim& (6). This means | his time-dependent terdyF(7) accounts for the evolution
that the RXS experiment is characterized by real irreversibld the regiont<t<c. As one can see directly from EG#)
(Tr) and reversible Ty) times. A similar problem with ©F EQ.(23), this term does not contribute to the stationary
complex time appears in the discussion of traversal time ifRXS amplitudeF=F (=) (4) since
quantum tunneling18,19. L

3. Fast RXS AF(7)—0, if > T (29

If the excitation energy is tuned to the wing of the photo-

absorption band, the duration of the scatterigy can be According to Eqs(23) and(24) [compare also Eq$21) and
shorter thanr, (19), (22)], all times fromt=0 up toI'~! are important for the

scattering amplitudé-(7). So it is apparent that the RXS
IT|<7,. (200  duration time and the relaxation time of the wave packet do
not coincide, and one can ask what times characterizes the

Let us keep the first two terms in the expansion oveT EQ.  relaxation of the wave packet to the stationary value?
(13). This yields immediately the following remarkable re-
sult: A. Bound core excited state
F=—1T(flQu¥(T)), W()=QTHT), |[T[<7r,. We consider first a bound core excited state and a simple
(21 model based on the harmonic approximation of the poten-
tials. For more transparency we select only one final state

with the lowest vibrational levelf =0, and assume identical
vibrational frequencies, for the ground, core excited, and

the corresponding results from REE0]. Figure 4 shows that final states, and |dent|ca_l potentl(il)ls for the ground and final
the exact RXS amplitudél6) coincides with the fast limit States, Q—1, D—1. E=U(R;”)+ /2 and Q=ow
(21) only for small|T]|. —[U(RY?) —U,(Ry)]. HereU(RS) andU(R,) are inter-
It is worthwhile to comparel (=) (21) andW(7) (13,  Nuclear potentials for the equilibrium distances for the core
excited and ground states, respectively. The RXS spectral
Yo(r)=QT[Y(T)—e "Ty(r+T)], |T|<7,. (220  profile is defined by the Franck-ConddRC) factor {c|o)

Q!

We see that the spectral shape of fast RXS is given by
simple projection of the wave packéty(T) at the complex
time T (6) onto the final stat¢f). Equations21) generalize
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=BexpB2)I\e!  with  B=(R,~R{")/(a,\2), a,
=1Npw, ¢=0,1,2 ..., andu is the reduced mass of the
molecule.

1. Time of relaxation

Insertion of the resolution of the indentity=1=|c){(c|
and the FC factorséc|o) into Eq. (5) yields

(ol p(t))=e Fexp BPe o).

We emphasize the periodicity of this function. The origin of
this is the well-known Schidinger result for the wave packet
of the harmonic oscillator,

1/4
1
—| ex
mwaZ

(29

2

e'”,
a

(0]

l//(t)=( (26)

where #(0)=|0), x(t)=X—X,C0sw,t, x=R—R9, x,=R,
~R9,  and the phase 7=—(X,/a2)sin(wt){x
—(X,/2)cosw,t}. This periodic wave packet does not spread
during the motion since it is confined by the potential walls.
The center of gravityx,coswt, performs a harmonic oscil-
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FIG. 5. The dependence of the RXS amplitdele) (3) and(23)
on the real time for the bound core excited state shows damped
revival oscillations. The potentials of the ground and final states

lation, following the same path as a classical particle. Obvihave the same shape. The RXS scattering from the lowest ground-
ously, the back and forth periodic motion is present only forstate vibrational level to the lowest final-state vibrational l&@ed

a bound potential.
One can see clearly that the amplitude and (16) of the
bound-bound-bound RXS

F(r)=F{1—e "Texd g%(e '™~ 1)},

Fo=—IT, |Tlw,<1 (27)
does not coincide with the stationary valbe=F, even for
very larger if the lifetime broadenind’ is negligibly small.
Both F(7) and¥¢(7) (22) perform nondamped oscillations
and never reaclr and V(«) if I'=0, see Figs. 5 and 6.
Apparently,F(7)—F only when7>T""1,

So one can conclude that the time of relaxatipof F(7)
andW¥ () to the asymptot§ () and¥ () is equal to the

lifetime

n=I"1 (29

scattering.
=10.2 fs.

w,=0.3 eV, '=0.03 eV, Q=3 eV, g=15. T

where the integen also depends of andw, . In the special
case of Fig. 5, the revival time is equal to the vibrational
periodT(w,)=27/w,. Due to the finite lifetime of the core
excited state these “revival” oscillations become damped
[«exp(-I'n] and are totally suppressed whenI' "1, Itis
relevant here also to look at the time dependence of the space
distribution of ¥(7) neglecting lifetime broadening, =0.
Figure 6 shows nondamping oscillations with the revival
time 29T (w,) for N,. As we see, the character of these
oscillations depends strongly on the internuclear distdice
Equation (23) and Figs. 5 and 6 demonstrate that the
quenching ofF(7) has nothing to do with the RXS duration
T (6). One can see th&t(7) tends to the fast limif17) and
(21) only if =T (24) (but notI'"1>7>|T|). It is inter-
esting to note that the RXS duratioh can be estimated
approximately as the smallest complex reaif the equation

when the wave packet propagates the bound potential of the(7)= F(») (7~0 according to Fig. 5, where the case of

core excited statémore precisely, for core excitation below
the dissociation threshold of a bound potentidhis behav-
ior stands in contrast to the qualitatively different picture

large ) is presented
Since the ternA F( 7) is absent24) in the strict stationary
RXS amplitudg=, we cannot use time scales®df (7) in the

obtained in the case of core excitation above the dissociatiofime analysis of. On can then ask which time domain gives

threshold.

2. Revival time

Simulations (Fig. 5 for bound core excited and final
states show that the scattering amplitieler) nearly recov-
ers its fast() oscillations with the periodl (Q1)=2m/Q.

a main contribution toF=F()? According to Eqs(13)

and (21), it is the region restricted by the RXS duration
0<t=<|T| (but notI'"1). The contribution toF from the
long time region [T|<t<) is strongly suppressed due to
the destructive interference or the dephasing in the time do-
main[see the discussion following E€})]. This interference

Such a “revival” occurs because of the discreteness of thdeads also to the suppression of the large distance contribu-
spectrum and the constant value of the excitation frequencton to W() if the RXS duration is shorflarge detuning

w. The revival time depends on the both and w, and
is—according to our simulations—equal to

n maxT(Q),T(wo)}, (29

see Fig. 7. The wave packdt (o) copies the space distri-
bution of the ground-state wave functi¢o) in the limit of
the fast RXS(20), Fig. 7(c).

At this point it should be noted that the role of this de-
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FIG. 6. The nondamping time oscillations of the space distribu- FIG. 7. The space distribution ¢ ()| versus the RXS du-
tion of Re¥ (o) for the bound core excited stafél, of N, (I’ ration (detuning for the bound core excited statél, of N,. The
=0). (8 R—R,=0.32 a.u.,(b) R—R,=—0.18 a.u. The param- contribution of the region outside of the ground-state vibrational
eters forN, are taken fron{22]. The details of the corresponding wave function is suppressed whéh is large. Input data are the
time-dependent calculations are described in R&l]. o, same as for Fig. 6 except=0.065 eV andw. The RXS durations
=0.29 eV, R{”~R,=0.12 a.u. The resonant energy of the pho- are|T|=5.6 fs, 0.73 fs, and 0.35 fs for the excitation frequencies
toabsorption transitior) .(R,) — U, (R,) — /2, is equal to 400.95 =401 eV, 402 eV, and 403 eV, respectively.
eV. w=4025 eV. T(w,)=27w,~14.3 fs, T(Q)=27/Q
=2.7 fs. Here and in Figs. 7, 9, 10, and 11, a different definition ofOur simulations show that the maximum valueFdft) can
the detuning is used2 = w—[U(Ry) =~ Uo(Ro) — wo/2]. exceed several times the stationary RXS amplituée

=F(e). This leads to the important conclusion that in time-
structive interference IF(T) for 7<<1M is Strongly reduced resolved measurements one can obtain Sigh‘dsﬂz that
due to the extra termF () (23). The interference quenches are stronger in comparison with the stationary value
the contribution toF(7) of the long time evolution|T|<t  |F(%)|2. The destructive interference in the entire time do-

<7) only if ¥>T""1, see Figs. 5 and @he physical picture main is the reason behind this.
for a dissociative core excited state is more complex, see

Sec. IV B). Indeed, one can see th&a{r) tends toF(0) of
the fast RXS (=3 eV) only for large timesy>T""1.

Figures 5 and 6 show also the crucial role played by the ] o o
dampingl in the destructive interference or dephasing. One 10 emphasize the principal distinction between wave-
can see thaF(7) (4), as well as the space distribution of pfacket_ e_volutlon for core excn_at|on below an_d above th.e
V() (Fig. 6), oscillates in time due taF(7) (23) during dISSOCIa.tIOI’l threshold, we cons@gr a core excngd state with
the infinite time ifT'=0. The dephasing and the destructive & rePulsive potential. To be specific, let us consider RXS by
interference are again strong only whesT'~%. One can the HCI molecule close to the Gl edge. The excitation

conclude that the idea to connect the RXS durafforg) ~ €Nergy is tuned in the vicinity of thep *o* dissociative
with the characteristic evolution time &f(7) fails. core excited stat@etails of the time-dependent calculations

We can now select one of the main results of the disfor this example can be found in R421]). The repulsive
cussed problem: The time-dependent amplitiele) (4)  force 7(R)=—U(R)>0 moves the atoms in opposite di-
consists of two terms. The first orfe= F() is character- €Ctions. Instead of the back and forth periodic motion in a
ized by the frequency depending duration tifé6). How- bound potential(Fig. 6), the initial Gau55|_an wave packet
ever, the deviatiom\F(7) of the time-dependent RXS am- #(0)=|0) now spreads in the forward direction only, see
plitude F(7) has a different time scaléE(7) tends to the Fig. 8. It is necessary to mention that contrary to the absolute
stationary valueF exponentially with a characteristic time Value|#(t)| (Fig. 8), the wave packeg(t) has strong space
equal to the lifetime 1. oscillations in the dissociative regi¢@1]. The amplitude of

One can say that to receive the sudden limit, the time of/(t) decreases due to this spread and_the finitg lifetime. The
the “measurement” must be equal to infinity;~c, when  réason for the spread can be found in the different phase
T is small. Only in this case does the destructive interferenc¥elocities of the Fourier components of the wave packet.
suppress the contribution () for times larger than the
RXS duration,|T|. Such an experiment witlr=c corre-
sponds to the ordinary stationary RXS measuremghts A propagation of(t) only in the forward direction leads

Another property of(t) should be emphasizdfFig. 5): to the qualitatively different scenario for the formation of the

B. Space distribution of wave packets in the dissociative core
excited state versus RXS duration and time evolution

1. Time evolution behind and close to the wave front
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FIG. 8. Time evolution of 4(t)|? (5). CI L (2p~lo*) disso- 0 10 20 30
ciative core excited state in the HCI molecule. Maximal value of Internuclear distance (a.u.)

|4(0)|? is equal to 0.039.
FIG. 9. Time evolution of the absolute value of the wave packet
V(1) (5 for different excitation energies. The shape of the wave
wave packeW(7) (5). Recall that¥'(7) (5) is the sum of  packet behind the wave front does not changel @p~1o*) dis-
Y(t)exp((1Q—T)t) over all timest. Due to the forward sociative core excited state in the HCI molecules 0.045 eV.(a)
propagation, the wave packet&(t) will never reach the =0 eV, [T[=14.6 fs.(b) Q=4 eV, |T|=0.16 fs.
point R of departure. This results in the fact that the part of
the wave packeW (7) which is behind the wave fronR
—R,<vr, does not change for the later times>r. =2.4 a.u., aflat dissociative contribution which decreases as
Clearly, ¥1(7)=0 for R—R,>v 7 since the wave packets e i(® and an oscillatory front. The finite lifetime blurs
¥ (t) with t<<7 have no time to reach this region ahead of thethese oscillations and reduces the amplitude of the front
wave front of W'(7) (herev is some average speed of the (Figs. 9 and 1D The molecular contribution increases when
wave-packet propagatipnOne can summarize the results the RXS durationl (6) decrease§10,12,14, and one finds
given above as follows: indeed a quenching of the amplitude of the dissociative con-
tribution whenI' or detuning|Q}| increases, see Figs. 9 and
) 10. We stress only that the length of the dissociative contri-
7[0) it 7<o, bution toW1(7) increases as(>) up tov ()"~ Figures
Vi(r)={ Pr() if tx(R)<r, (30) 9 and -10 :_;how clearly the role of the RXS duratio-n and
0 it t(R)>7 relaxation times of the wave packét;(7) for the formation
f : of this wave packet.

where
20

=0.0045 eV a)

(R dR R-R,
tf(R)_fR R o

0

10

(o)

2 1/2
U(R)Z(Z[U(Ro)—U(R)]) (31)

is the time of flight from the crossing poifR, to R and 7,
=\2ua,/F(R,) is the time of flight through the width,, of 11
the initial wave packefo). This equation describes the
three-step formation of the wave packit(7) (5): (i) the 1=

beginning of the formation of the “molecular” partii) the 1008 fs

termination of the formation of the “molecular” part and 21.6fs 75.6fs
formation of the long distance or dissociative contribution; MWWMWWWV\/\

.ee . . . 0 ol
and(iii ) the formation in the region near the wave front. The 0 20 40 60

Internuclear distance (a.u.)

(o)l

results of numerical simulationg-igs. 9 and 1P confirm
Egs. (30) and(31) except for some transitions in the region
close to the oscillatory front R—R,=v7) of the wave FIG. 10. Same as Fig. 9 bul’'=0.0045 eV. (a Q
packetV (7). We see the “molecular” peak close g, =0 eV, |T|=146 fs.(b) Q=4 eV, |T|=0.16 fs.
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2. Role of the RXS duration time <> T " ' j
15 molecular — Q=0eV b

Figures 9 and 10 demonstrate another principal distinction region Q=2eV
between wave-packet evolutions in bouifdgs. 5, 6, and ¥ I
and unbound potentials. The forward propagation in the dis-
sociative potential changes drastically the role of the RXS
duration in the formation off +(7). One can see in Figs. 9
and 10 a strong suppression of the flat dissociative contribu-
tion when the RXS duration is small. We emphasize that this 5t
suppression takes place even 1o+ 0 (an effect which is
absent for discrete vibrational states, Fiy.Moreover, con-
trary to the dissociative state, the space distributiof( 7)
oscillates without damping in the case of the bound core 0
excited state and infinite lifetim&~* (compare Fig. 6 and
Figs. 9 and 11 It is necessary to mention that the suppres-
sion of the long distance contribution wlT(T)_ for bound FIG. 11. The absolute value of the stationary wave packet
core excited state takes place onlyri£l'"~, Fig. 7. W(=) (5) for different excitation energies. The dissociative part of

One obtains here an important conclusion: The spac () decreases faster than the molecular contribution when the
shape of the wave packdt(7) (30) behind its front(Figs.  RXS duration decreases. C(2p~1o*) dissociative core excited
9 and 10 does not depend on timiexcept for very smalf); state in the HCI moleculeI'=0.045 eV. The RXS durations
the amplitude of the flat dissociative contribution¥tg(7) is  are |T|=14.6 fs, 0.3 fs, and 0.16 fs for the detunings
suppressed when the RXS duration decreases. This meafis=0 eV, 2eV, and 4 eV, respectively. The wave packet for
that when the wave front has left the molecular region, the2=0 eV is increased six times.
role of 7 is only to change the intensity of the atomic-
like peak. This peak is formed due to a flat long-distance
contribution to ¥(7) (Figs. 9 and 1P which damps
as exfi— (R—R,)I'/v(=)) (as does the molecular contribu- 10 & bound potential differ qualitatively from a propagation
tion). The front of this Contributiomsz(o@)T propagates above the dissociative threshold. The relaxation time of the
with the velocityv (). wave packet in a bound potential is given by the lifetime of

ation of the wave packe¥ (7). The molecular contribution RXS duration. This relaxation time has nothing to do with
to W.(7) is formed during the time of propagation, the frequency depending RXS duration if the detuning is

—(Ry—R,)/v, into the dissociative regiolRy. After this large. An explanation of this paradox can be found in the
time, the dissociative contribution begins to shape during thélestructive interference or dephasing in the entire time do-
lifetime T . An important subsequent question refers to the™Main. It is shown here that the concept of the RXS duration
role of the RXS duratiofT in the formation of'r(=) and in ~ ¢an be applied only to the stationary RXS amplitude, but not
the time evolution of (7). The effect ofT is seen directly to the amplitude referring to the finite time of “measure-

from the dependence of the space distributionigf(7) on ~ Ment.”

the excitation energy. Both wave packdts(7) (Figs. 9 and The dephasing caused by the phéeis strong when the
10) and W (=) (Fig. 11 show the suppression of the ampli- absolute value of the detuning exceeds the effective width of

tude of the long distance contributidfor the dissociative the photoabsorption band. A second necessary attribute of

core excited stajewhen the RXS duration decreases. this dephasing in the case of a bound core excited state was
here emphasized, namely the lifetime damping of the wave

packet. This damping plays a crucial role for the problem
since without it the time-dependent scattering amplitude os-
V. SUMMARY cillates for an infinitely long time if the core excited state is
bound. A suppression due to dephasing is absent in this case,
With this paper we have shown that the notion of a durawhile the introduction of even an infinitesimal damping
tion time for the x-ray Raman scattering is far from trivial. It changes the picture drastically. The dephasing and the de-
contradicts the naive picture of connecting the time lapse oétructive interference will again be strong for a sufficiently
the scattering process with the temporal evolution of thgarge time of measurement>>T ~*. The final result of this
wave packet of the core excited state. The RXS duratiogiephasing in a bound core excited state is a strong suppres-
provides a well defined notion for the stationary RXS ampli-sjon of the dynamical contributions to the scattering ampli-
tude and for the corresponding stationary wave packet. Thgyde F=F () from the time domain beyond the RXS dura-
time-dependent representation for the scattering amplitudgon, r>|T|.
leads to a complex duration time consisting of two qualita- The wave packet evolves in one direction in a dissociative
tively different contributions, the decay and dephasing partspotential, in contrast to a bound potential where it moves
which are irreversible and reversible, respectively. The meaBack and forth periodically. As a result, two relaxation times
timesT andT of the RXS process provide stricter definitions characterize the evolution of the wave packet in the con-
of the RXS duration. We found a strong asymmetry of thesdinuum: the time of flight and the lifetime. We found that the
mean times as a function of the detuning. space distribution of the wave packet behind the wave front
The evolution and relaxation of the wave packet confinedceases to depend on time when this front leaves the molecu-

I (o)l

L&Qupn
[ Su55x

Internuclear distance (a.u.)
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lar region. Even without damping, the amplitude of the dis-obtain stronger signals than in the stationary RXS experi-
sociative contribution to the wave packet decreases if thenent.

RXS duration decreases, something that agrees with the na-

ive picture. Without damping, the wave front propagates for ACKNOWLEDGMENTS
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