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Time-delay spectroscopy of autoionizing resonances
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The approach of time-delay spectroscopy is proposed as a tool for the study of high-lying autoionizing states
through fast laser sourcgs51050-294{08)50212-Q

PACS numbeps): 32.80.Dz, 32.80.Qk

For years, the use of short pulse lasers has been devoted
to the temporal analysis of fast relaxation phenomena in sev- |T)=cq4(D)]g)+ce(t)|e)+ J dwc,|o) )
eral fields of research, ranging from solid-state studies, to

liquid-phase studies, and to high intense field processes i terms of the bound and continuum states. We work in the
isolated atoms and molecul¢$—4]. Recently, a temporal interaction picture, and use the rotating-wave approximation

technique involving two delayed short laser pulses in resoand the usual procedures of Markov elimination for the con-
nance with a transition of the physical systétime delay tinuum amplitude, to get

spectroscopy, TDShas been introduced for extracting spec-

tral information[5—10]. A short pulse induces a coherence in d T i
. . . . . g 7 . iAt
a two-level system, creating a polarization in the medium. a+ > cg=?(—q+|)e Ce, 2

The induced polarization will oscillate at the transition fre-

qguency with decreasing amplitude during the dephasing .

time. The second pulse, depending on the phase of the po- d Te| iy At

larization oscillations, can enhance or destroy the residual gt "2 )G (matie Teg. @)

polarization and the population of the upper level. As a re-

sult, the radiative decay, at the end of the second pulse, exn these equations the notations

hibits interference fringes vs the delay between the two

pulses. Information on the energy differences between Q.0

nearby states in the atom and the dephasing time of the po- I'y= ( W%) v Te=27[TeuTuelw=uwg:

larization, i.e., the line shape of the transition, are extracted w=w,

from the time modulation of the fringe patterf8]. This (4)

method, which can be thought as a variation of the Ramsey _ - T

fringe experiment§11], may be very useful for the high- =m0 Tuedo-ue= VEgle

resolution spectroscopy of high-lying states with short laser

pulses. In fact, the high peak intensity of many pulsed laser P/d ngTwe+Q

sources opens many possibilities for multiphoton spectros- @ wo— @ ge

copy, as well as single-photon spectroscopy in the far uv, 0= T A=wgtw,—we (5

where the laser field generates the probing radiation through S

high-order harmonic processes. Moreover, the spectral reso-

lution of TDS is not limited by the time duration of the pulse.

TDS has been recently used to investigate the coherent su- T

perposition states of several excited discrete stdt2d3. ew
Up to now TDS has been used for the study of bound- le>

bound transitions. In this paper we present its possibilities in

the study of structured continua, namely, autoionizing states.

We will show that the information extracted allows the de- O

termination of the important parameters of the continuum Qge 8w

resonance: energy, decay time, and Fano parameter. This

method appears to be an alternative to the synchrotron

sources in one-photon spectroscopy of highly energetic states

embedded into the continuum; it can be also considered a

complementary spectroscopic tool, as it allows multiphoton  fiG. 1. Laser-induced autoionization procegs, is the Rabi

transitions to probe the structured continua. frequency for the coupling between the ground stateand the
The coupling scheme is depicted in Fig. 1. The groundaytoionizing statée); Qg is the analogue for the continuum states

state is coupled to the autoionizing st@® by means of the  |w). The coupling between the autoionizing state and the con-

laser at frequencw, . We start from the atomic state vector tinuum, due to an intra-atomic interaction, has been denoted by
expansion Teo-

[w>

|

lg>
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have been used for the decay constdhjsindI’, the cou-  pulses, because our aim is to extract spectroscopic informa-
pling constantsy, the Fano parametey, and the detunind.  tion from the quantum interferences; the passage from two
In these definitionsuy= wy+ w,~ w, is the frequency in the overlapping pulses to the separated case is indeed the pas-

continuum where the laser is tuned, sage from optical interferences to quantum interferences, as
shown in Ref[14].
Q=Ep(w|d-gk)/h  (k=g,e) (6) In order to study pulse shape effects we solve perturba-

tively Egs.(2) and(3) for A7=0. By denoting withc{” and
¢ the parts of the amplitudes that are of the order of
E=E,& cos wpt 7 (NTg)¥ thatis, of the order of the Rabi frequenci{,,)¥,

we find, to second order, at the end of the first pulse, and

is the (linearly polarized probe field, andr,, are the matrix ~ Using the notatiofy=(—q-+i)7,
elements of the autoionizing interaction. In E¢®). and(3),

are the Rabi frequencies,

the dynamic and static Stark shiffey and 6w, have been Cg(T):1+C<(912)(T)

included in the detuning; nevertheless, as will be shown in 1 (r

the following, they are irrelevant for the determination of the =1— > f dt'Ty(t")
0

autoionizing state parameters. Equati¢?2isand(3) are rela-

tive to the field(7); if we had assumed a nonvanishing phase 1 ¢+ ,

¢, i.e., E=Eye cosyt—¢), instead of Eq.(7), we would -z J dt’?(t’)J't dt"y(t")e e’ =172 (g)
have obtained the same E¢®) and(3), with the amplitude 4 Jo 0

C. replaced by

i (7 ,
cL=cce '?. (8) ce(1)=cg (1) =5 fodt’"i/(t’)e_r‘*“_t 2 (10

The effect on the dynamics caused by the relative phse Tg eyolution between the two pulses is given simply by
between the two pulses can easily be seen in the perturbative

case where,~ 1. For the case of two pulses, E@), inte- Co(T)=Cy(7), Ce(T)=Ce( r)e Te(T-772, (11)
grated over the duration of the first pulse, directly gives the

value of the amplitude,(7) at the end of the initial pulse. Finally, at the end of the second pulse we find

The same evolution happens during the second pulse, except

for the the phase factor efipp—AT)}, which is due both to Cy(T+ T)=1+C52)(t)

delay and to the phase difference between the two pulses.

The phase factor can thus give rise to a destructive or a _ _} T / _E T e
oo ) o g 1 dt’'I'y(t") dt’y(t")
constructive interference in the excitation of the atomic sys- 2 4
tem. There are two main cases: /
(i) In the case of TDS, the system interacts with two laser % Jt dt/rt)'/(tu)efre(t'ft")IZ
pulses, where the second pulse is a replica of the first one T

delayed byT; in this case, the interaction with the second e (D)

pulse includes the phase facir w,T and the fringe expo- 4 ie”'%eaicy(7) o TeT-712

nential factor is exp-i(¢p—AT)}=exg —iwegT]. 2
(i) Another possibility is that the system interacts with s

the same wave field in two different instants. _Th|s is th_e xf dtr'?(t/)e—Fe(t’—T)IZ_l_ C(z)(T), (12)

analogue of Ramsey spectroscopy, where the time delay in- g

troduced by the flight time of the atoms is substituted by two

amplified sections of a cw fielflL0]. In this casep=0 and Co(TH+7)=cM(T+7)

the fringe exponential factor is e{AT}. T
Here we will study the time-delay spectroscopy. By using _le® J”Tdtw(t,)e,pe(t,tr)/zJF o

the dressed-states formalism, it is possible to find an exact, 2 T Y €

analytical and reasonably simple solution for the case of flat

pulses. We prefer, anyhow, to present an analytical solution X(r)e Tet=72 (13

that is valid for an arbitrary pulse shape by using a perturba- ] )

tive approach in the probe field-atom interaction. In fact, thisThe extremes of the integrals can be shiftedby, as we

approach takes into account the effects of the pulse shag!PPOse that the two pulses are identical and well separated

emitted by real laser systems. Furthermore, as the method i€, ¥(t+T)=%(t), whenever &t<r]. At the end of the

based on probing the residual excitation on a time scale th&ulse, whert=T+ 7, the first row in Eq(12) is equal to the

is necessarily greater than the pulse duration, it is not intertast termc{?)(7), as given by Eq(9), giving

esting to investigate a strong-probe-field regime, when the i A —iwegT

ionization probability during the pulse approaches unity. e Ce(7) o
We solve Egs(2) and (3) perturbatively with two well- 2

separated pulses of duratierand separatiod (which rep-

resents the time betwee_n the beginnings of the two ident.ical % detl'?(tI)e—Fet’/Z. (14)

pulses. We do not consider the case of the two overlapping 0

Cy(T+7)=1+2cP(7)+ ~le(T-nl2
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The ionization probability] =1—|cy(T+ 7)|?, is thus given
by

I=21,+[g?+1]1;e "MV 2cog v+ weyT),  (15)
where

2q

q°—

tanv= 1

(16)
1 o ’ T ’
|f=z J'O dtr,y(tl)efl"e(rft )/Zfodtly(tr)efret 12

andl, is the ionization probability characteristic of just one
pulse:

I =1—|cy(7)[?
2

2

T li li q T ! !
=f dt'Ty(t')+ f dt’ y(t")
0 0

t, ! 4
% JO dt”y(t”)e_re(t —t )/2. (17)

In the limit T—, we recognize from Eq15) the ionization
probability of the single pulse doubled. The novelties intro-

duced by the coupling to the continuum are important in

determining the structure of the interference fringes, which
compared to the discrete state case, are shifted by the ph
v. In the limit g>1, when the dynamics of the autoionizing
state is nearly the same as that of a discrete state(15).

shows the discrete-state result, which is obtained, for ex
ample, when studying a discrete transition by observing the

fluorescence with the time-delay technique. From Bd)
we can obtain the the result of Rdfl0] by substituting
qzl“el“g with the Rabi frequencﬁge, and considering that
the ionization yield corresponds, in that paper, to the fluo-
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FIG. 2. Time-delay ionization fringes. The ionization probabil-
ity [see Eq(15)], normalized by the value off resonance, is plotted
against the time delay. We suppose flat pulses With=0.4 and
q=1.5. For graphical purposes, in the plot we chagg/I".=50.
Also indicated are the envelopés that, as discussed in the text,
can be used to obtaig? andI", when the experimental conditions
prevent reliable detection of the fringe structure.

off-resonance measurement, from the mean valyeo2 Eq.

(17). Obviously, in order to obtain the Fano parameter value
from I, — Jgdt'T'y(t"), it is necessary to know the temporal
shape of the pulses. This knowledge is not necessary if we
suppose that the autoionization probability is negligible dur-
ing the pulsel’,7<<1. In this case, the second integral in Eq.

a(slg) is equal tol;, and the off-resonance measurement, to-

gether with the fit of the fringe envelope, directly givEs
and @>—1)/(q%+1), as can be explicitly shown by the fol-
lowing formula:

I —1_ q’+1

_ — —Te(T-1)12
I +1_—2ly g°—1 ’

(18

p(t) e

wherel . andl _ are the two branches of the envelope of Eq.

15):

rescence yield. As expected, the peculiarity of the autoioniz-

ing state interaction appears in the case whgr@pproaches
unity or zero. In fact, folg|~ 1, the v shift becomes impor-

=21+ (q?+1)l;e Te(T-72 (19

tant. Forq=0, this shift is absent but the cosine term has thewhenI 7 is of the order of unity, the factor multiplying the
sign opposite that expected from the discrete case. In prirexponential inp(t) is no longer a function of thg parameter

ciple, Eqg.(16) provides a measure @f, which is based on
the fringe phase extrapolated Bt 0. From an experimental
point of view this is quite difficult, as it involves a measure-

alone, as the ratio betwed¢pand the corresponding integral
in Eq. (17) depends upon the pulse shape. In the case of flat
pulses, one obtains

ment of the origin of the time scale that is accurate to within

N/c and the monitor of this origin during the whole time-
delay measurement.

From the fringe period of the ionization profile V¥sit is
possible to measure the autoionization eneigy.4, which

q2+ 1 ,u,2 Ier

- - = —T'o(T—7)12
p(t) q2_1 1_M 4 € ¢ '

(20

where u=2(1—e "e™)/T',7, which reduces tou~1

is unaffected by ac-Stark shifts. This method of measurement I" 7/4 in the limitI'y7<< 1. In Fig. 2 we report a ionization
is accurate, provided that the delay line allows delays of therofile I (t) normalized to the off-resonance ionization yield

order 1I',. From the expression of the ionization probability | ;.
we can see that it is not necessary to.pe.rform an interfgro- The results obtained here are valid for one-photon excita-
metric measurement of the fringe profile in order to derivetion. The extension to multiphoton excitation is straightfor-

the resonance parametegsandI' from the two-pulse re-
sponse. In fact, by fitting the envelope bf-2l, [for ex-
ample, the upper envelope, corresponding to @Q3(tv)

ward, at least for the case in which the intermediate levels
are nonresonant. For instance, for the case of three-photon
excitation, the formal results are the same as the preceding

—1in Eq.(15] to an exponential, we find the excited-state one-photon ionization, provided that the ground-state Rabi
width I'g. Theq value can be determined by subtracting thefrequency and the detuning are changed according to the
termlqg=2[odt'T'y(t"), which can be determined from an following prescriptions:
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1 E Qa0 Qg of autoionizing states using two-pulse time-delay spectros-
Qyg— —+ ; copy. With the high power provided by short-pulse laser
©97" 4 4 (@ag—20p) (@ gg— wp) py gn p p y p

sources, we have shown that the method is suitable for the
(21 study of high-lying autoionizing states, either through multi-
A—wgt 3wy~ we, photon excitation of the structured continua or by the use of
a one-photon transition with a high harmonic of the laser
wherea and g are two indices running over the intermediate field. In comparison with synchrotron source experiments,
states. the method might be a complement for multiphoton excita-
In conclusion, we have presented a method for the studtion or an alternative to the one-photon case.
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