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In 4 murder of experiments involving multiphoton excitanon with strong laser fields the ground state is coupled to one
exerted state — often by a two-photon resonance — and also the higher excited states via additional one-photon resonances.
In multiphoton-ionization experiments this second interaction can be used to induce the ionization. The Rabi frequency for
this second 1nteracuon is ofien very large compared with the linewidth of the state of interest. In this letter the effect of
this strong mteraciton on the lneshapes ot multiphoton ionization and fluorescence excitation spectra are described using
an earlier developed multilevel muiti-resonant model for the non-linear response in fields having arbitrary strengths. The re-
sults predict broadening, splittings and shifts of the linc. in terms of the dynamical parameters of the system, and they pre-
dict etfects not y et observed.

1. Introduction

In recent years there were many new applications of moderately high-powered lasers in spectroscopic experi-
ments. It is therefore of great interest to develop a detailed understanding of the effects of strong fields on the
multilevel systems characteristic of molecular energy levels. In a previous paper [1] we presented detailed results
of a calculation of the reduced density matrix for a multilevel system interacting with strong fields. The off-diago-
nal elements of this density matrix give the “susceptibilities™ for coherent light generation in these multilevel sys-
tems. The results can be applied to all the common non-linear spectrosccpies such as CARS. CSRS, ccherent
Rayleigh mixing. polarization spectroscopy and sum or difference frequency generation. However there are many
common forms of spectroscopy that measure the consequences of the loss of macroscopic polarization rather than
the coherently generated light. Examples of incoherent spectroscopies include absorption, fluorescence excitation.
phiotoionization spectroscopy. and any form of chemical action spectroscopy. These spectroscopies can also be
described in terms of the matrix elements of the reduced density matrix, and hence our method [1] can be used
1o study the strong field etfects in incoherent spectroscopies as well. Both the off-diagonal (coherences) and the
diagonal elements (populations) of the density matrix are needed in order to predict the form of the lineshapes
and line positions of such spectra under the influence of intense fields.

The purpose of the present note is to describe the spectra that are expected to arise in some rather common
experimental situations. as schematically shown in fig. 1. The system consists of three levels which could corre-
spond to a set of molecular electronic rovibrational states singled out of a more complex spectrum as a result’of
the choice of laser frequencies. A reservoir can be incorporated without changing the form of the results. The three
arbitrarily spaced levels l@), 15 and {¢) are coupled through two interactions denoted in fig. 1 by W, and W5, re-
spectively. These interactions could involve one-photon resonant transitions, as assumed through-out in previous
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er order equivalent for the weak and the strong interaction, re-
spectively. A reservoir state ir? which does not couple to any
of the three states |a), |§) or [c) via the madiation field has no
influence on the calculated lineshapes.

\\\ in this paper. ¥, and i3 are the Rabi {requencies or their high-
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L T 1A Fig. 1. Schematic representation of the three-level model used
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work ¥, but they could involve higher-order processes in general. The only requirement is that the coupling of
levels 7 and j can be written in the form:

W= 17> Wy exp(ic?) (i, ¢))

where the frequency c is close enough to the resonance frequency w;; to validate the rotating wave approximation.
For a one-photon resonant laser field we have, e.g.
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W=la) 8, &' expli(w' + w")r] bl ©)

where 8, represents a two-photon absorption tensor. Extension to even higher-order processes is straightforward.

An interaction can be considered weak if the scalar factor W in eq. (1), that is the resonant Rabi frequency p-gor

its higher order equivalent §: £'e”_ etc., is smaller than the linewidth I" associated with the transition. This quan-

tity may be kept small by restricting to the case of weak fields £ and/or transition moment p,§ etc. In the case of

two-photon absorption, for example, the magnitude of the iwo-photon iransition tensor 8 is often smail enough

for the interaction to beiconsidered weak even when the fields £’ and £” are quite intense.
T

Le miode!l disciissed hera W iz chasen se a weal interaction whi e H ation 1 <
In the model discussed here W, is chosen as a weak interaction, while the ;"’3 interaction may be arb

strong. This model corresponds closely to a photoionization experiment in which ions or electrons 1csult from an
upper state {l¢)) which is excited by 2 strong laser field, while 2 weak field interaction excites the lower energy
states: For example in a two-color two-photon resonant, three-photon ionization ¥¥. Naturally, questions arise
regarding the effect of the strong field on the spectrum obtained by tuning the weaker one, and how the strong
field affects the absorption or the fluorescence excitation spectrum. Furthermore in two-photon absorption situa-
tions there is often a {5)— [¢) transition at the proper frequency to be driven by one of the fields already present
[3]. and its effects should be carefully considered.

2. Treatment of strong field effects

In ref. [1] it was shown that the solution to the Liouville equation of motion for the density operator of an V-
fevel system excited by as many as /V — 1 resonant sources can be written in the steady-state form:

p()=X"la. “@

~ Y

unm v

TS PR B4 T 7N

Here p{==) is the col ector of steady-state density matrix elements and a is the equilibrium density matrix in
the absence of the external fields. The matrix X, given explicitly in ref. [1]. is a function of the damping param-
% ‘The numbering scheme for the interaction has been adopted from our previous work as have been all other symbols describing

dynamic parameters of the system or 1he fields. In this nomenclature W5 couples levels 153 and 1¢), while the interaction con-
pling {2} and {¢? is called W5,

** We are not aware of such an experiment yet, but a two-color MPI experiment with time-separated pulses has been performed
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eters I'y; for level pairs separated by energy %1 (w; — wy) = fiwy;. the frequency mismatches between the exciting
fields and the molecular transitiors. the feeding parameters 7;; corresponding to the rate constants for populatior.
transfer betweer. molecular levels. and the field coupling factors W, (i - j) where the field frequency o, is near
resonant to the transition 7 — j. The explicit form of X for the three-level case discussed here is:

(1

~

1 1 0 0 0 0 0 0
0 Ty Y —iW3 —ils iwy O —il, 0
0 0 T, iW; —ily 0 0 0 0
0 Wy iW; —-id,. O 0 iwy 0 0
X=] 0 iy —iW; 0 iAp, 0O 0 0 W, |, )
—-iw, i, O 0 0 —id,, —ilv; 0 0
0 0 0 iw, 0 —iW; —id,. 0 0
iwy vy 0 0 0 0 0 iay, il
Lo 0 0 0 —iW; 0 0 Wy A

where Aah = Wah twy - i[‘ab . Aln: = Wpe + W3 — il‘bc* Aac Swye twy twy — irac"p(w) = (paa' Ppp - Pcc~ Ppe-
Pch - Pats+ Pac+ Ppa-Peg)-

Under the stated conditions. inversion of the 9 X 9 matrix X will provide the diagonal and off-diagonal elements
of the system density matrix for any values of W, and W3. However. analytical solutions are readily obtained for
the case that one or the other of these coupling strengths is small enough to allow a perturbative treatment.

In order to calculate the steady rate of a spontaneous process deriving from levels |b) or j¢) we require to cal-
culate pgy, and p.. In the case of lonization of state |¢) we ascribe a rate constant -y, to this process, and assume

that the system population Tr p is not significantly altered by this decay. The form of the multiphoton-ionization
spectrum. /. is then given by

Hwyp.w3) =P -

©

In on analogous manner the fluorescence excitarion spectrum. F, of the @ - b transition with the radiative rate
constant 7y, for state [h) is:

[?(OJ‘ . (.03) =:h Ppb -

O
This result is exact if the fluorescence is detected wide-band (i.e. integrated over all frequencies). otherwise dis-
tmctions between fluorescence and Raman would need to be made [4]. These results are appropriate for either

beam or bulb experiments. Both photoionization and fluorescence excitation spectra are usually regarded as a
measure of the absorption spectrum A, which has the form [5.6]:

Awy. w3) = (P(w)) & (w))=Imlp,,], ®

where P(cwy ) is the macroscopic polarization induced in the medium by the applied fields. This form is also appro-
priate for the case of two-photon absorption using the fields in the general form given in eq. (3). In the following
we obtain explicit formulas for the three types of spectra described by egs. (6)—(8).
The damping parameters [; which appear in the theory have the form:
~ _ 1 s '
Fp=s+ M+ 1y,

®

where I7; avd I; are the population decay rates, and P,-'i is the rate of pure dephasing. The pure dephasing which
can be a rest.1t of collisions in the impact limit is zero for beam conditions, in which case some of the formulas
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are simplified because any two of the transition linewidths in the three level system, I'y; . T, or I, then deter-
mine the third one.

3. Results

We treat W3 as the strong field in (5) and expand the solution of (4) in powers of the weak interaction W;. This
yields in first order (eq. (71a,d) of ref. [1]):

WA, W, Wy a0
Pap == "5 Ppet T - 1
Aab Aac WS Aab Aac - W‘;

The populations are obtained from the 5 X 5 equation system of the second order problem. This vields for Pec
and pyp:

Wiz W§211‘€C . (-?Pbcfrbb)Aac - AZC )
m .

Ppe ™ s 5 5 an
AbcAbc + 2grbc w§ AabAao:: - W§
2wi Sy Yeb — Tee
Ppp = T Il’ﬂ( ,,) + T Pee » (l 2)
bb AabAac — W3 bb
withg=(Typ + T — ¥opW(Tpp Tpp)- According to egs. (6)—(8), p,, determines the absorption spectrum, p,. the
photoionization spectrum and py;, the fluorescence excitation spectrum. All three spectra contain the resonance:
A i1y r
Im( hd 2) ——3—? Im(1/4,,)= ab > T, 13)
AabAm: w3 ( “ap * w1)~ + FEb

which reduces to a simple lorentzian in the limit of weak W;. If all the population of level |¢) decays only into
tevel {b), which means v, = T, then the fluorescence excitation spectrum is identical with the direct absorption
spectrum. The origin of the extra term that occurs when 7, # I',. is readily seen from the expansion of p,, in
powers of I¥3. The lowest order factor is the fourth-order populatxon term p( of the conventional perturbation
theory treatment [7-9] of the Liouville equation:

2
@) 4wy W3

Pee =FCC—P;~ Im(1/A, ) Im(1/4, ) {14a)
2wiws

cc

The part (14a) describes a stepwise excitation, leading first to a population of level {b) (the 1/A ;b TESONAnce)
which is consequently excited to a level [} (the 1/A, . resonance). In contrast (14b) does not involve a population
of level |b), but describes a direct two-quantum excitation of level |c) through simultaneous absorption of one
quantum from each of the W and the W5 fields. For example, if the W, field describes a two-photon type inter-
action, eq. (14b) accounts for the direct three-photon excitation of level |¢). Obviously this leads to an additional
resonance if o3 is fixed detuned by an amount d from the w,;, resonance. The ordinary resonance occurs at w;

= wy, independent of the detuning while the double-quantum resonance peaks at w; = w,, — w3 = wp, T 4d.
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4. Simulations of spectra and predictions

The spectra for various common experimental conditions are readily obtained from egs. (10)~(12). The parame-
ter values are chosen to represent molecular or atomic systems that are likely to be encountered in realistic experi-
mental situations.

The largest variety of spectral lineshapes and resonances is expected when both excited levels |5} and {¢) have
small knewidths compared with the Rabi frequency W3. An example of such a situation could be an atomic system
with the level ) just below the ionization energy. Ionization of atoms excited to level j¢) can then be achieved
though a pulsed dc electric field afrer the excitation. under which conditions sharp-line spectra for the level i) can
be obtained by monitoring the photoelectron current {10—13]. Fig. 2 shows typical lineshapes expected in such a
situation, if the W field is fixed on the {5) = |c) resonance. and ¢y is tuned over the |a)— |b) resonance. The
choice of the decay parameters I" and 7y correspond to the case of no pure dephasing, this means collisionless condi-
tions in the gas phase or very low temperatures in solids. For a very weak Wj field a single lorentzian line having
the width I, is found in the absorption and fluorescence excitation spectra. The photoionization spectrum in this
limit is considerably narrower in the wings, obviously as a consequence of interference between non-linear processes
involving the population of level |5} and the direct two-quantum excitation of level |¢). With increasing W3 the line
-roadens and finally splits svmmetrically into two lines. This splitting occurs at higher field strengths in photoioni-
zation than in fluorescence excitation (fig. 2). In the limit of a very strong W3 field, W3 > T, [, the spectrum
consists of two nearly lorentzian lines separated by 2}y and both having a width of the average of the |@) — |b)
and g} = |¢) transitions (Jast spectrum in figs. 2a and 2b).

A somewhat different situation arises when the stron_ teld W'y is fixed but detuned from the |b) > |¢) resonance
by a frequency d. The spectra expected in this case are simulated in fig. 3 with the same dynamical parameters used
for fig. 2. The splitting of the signal is now unsymmetrical: wiale the line at Wy = wyp, shifts, a new line evolves at
w) = wy, — d for absorption and fluorescence excitation (fig. 3b). This second line rapidly grows in intensity with
increasing 3. and in the limit of large W3 the two line maxima are separated by 2 W3 +d. While it shows the same
behaviour as the absorption and fluorescence excitation spectra for large Wj. the photoionization spectrum differs
in the limit of small W5 since the resonance at w) = wp, — d is always present. The origin of this resonance corre-
sponds 1o the situation w; + w3 = w,, and is. therefore. related to the direct 1wo-quantum excitation of level |¢).

{2) (b)

1 34
.

2| - :
w ‘ o
> l! \\ o
% ; 15 E ~15
g -~ §
(=]
< ‘ /‘/ &
3 e =2
:‘-= ; !/ W3 e

4 rd
25 g ~2s

Fig. 2. Simulation of hineshapes with the strong field fined on resonance. (2) photoionization spectrum, (b) fluorescence excitation
spectra. The parameters chosen for this simulation are: I'gp = 1. Tge = 2. Tpe = 3. Yhg = Yeg = Yob = 2. corresponding to pure radia-
tive damping. Al specira have been scaled to their manimum values.
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Fig. 3. Simulation of lineshapes with the strong field detuned from the [b) — [} resonance. (2) photoionization spectra. (b) fluo-
rescence excitation spectra. Parameters are the samie as for fig. 2, with the detuning set tod = §.

In an expansion in powers of Wy these terms are contained in the photoionization expression already in the lowest
order while corresponding processes in absorption or fluorescence excitation appear only in higher orders.

Another situation more often encountered in experiments on molecular systems is described by a model which
contains a sharp 12> — {b) transition, but a very broad {a} — |¢) transition (T, <T, ¢)- This will naturally be the
case if {¢) is an autoionizing level embedded in a continuum. Values of W5 achievable with conventional dye lasers
could be larger than I' 5, but could be much smaller than T A splitting of the various signals can therefore not
be produced, and the two-quantum contribution to the lineshape will become negligible. Absorption, fluorescence
excitation and photoionization will, therefore, yield the same spectral lineshapes. Some simulations for such a
case are shown in fig. 4. For a weak W; field a resonance with essentially the natural linewidth I, of the {a)
- |b) transition is observed. With increasing Wy this line is broadened to

=T, + WiT,, .

but remains essentially lorentzian. If W5 represents a one-photon resonant interaction, the line-broadening will vary
linearly with the intensity of the w3 source and scale with the oscillator strength of the b —> ¢ transition. A plot of
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Ws Fig. 4. Simulation of lineshapes for the case of a very-short-
w ° 10 lived final state 1¢). Parameters are: Tp = 1, Iy = 100,
- - ta ac Yba
bo ~w / = 2, ¥¢q = 200 and no pure dephasing. The detuning of the
! 25 o strong field from the {b) — | resonance was set to d = 100.
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th’e observed linewidth T versus the intensity of the W field should yield the molecular parameters T,y and
Hp /T4~ This could give information about linewidths of transitions in the far VUV region and dipoles of excited
state transitions not easily accessible by direct absorption measurements.

A detuning of w3 from resonance merely results in a shift of the resonance with increasing W3. This shift should
only be detectable if the detuning is on the order of the linewidth of the broad state |¢). If the photoionizing level
te) is sufficiently broad it makes no difference whether w3 is fixed or is tuned over a small range corresponding to
the linewidth of level |b). The wpectra in fig. 4 are. therefore. also appropriate. when both interactions W, and W3
result from the same laser. An example for this situation is the two-photon resonant three-photon ionization with
a single laser. In this case wpp =~ %wba. Two w; photons cause the # = b transition. and one «; photon causes the
photoionization.

5. Conclusions

The purpose of this paper was to show that common forms of spectroscopy. such as fluorescence excitation, ab-
sorption or photoionization. can be modelled even in the presence of strong fields. A matrix (X) is given which can
be used to predict these spectra in the steady-state approximation. As an example of the use of this time-indepen-
dent form of the Liouville equation the specira of a three-level system were obtained explicitly for the case of two-
color resonant excitation with one of the light sources being weak. The absorption, photoionization and fluorescence
excitation spectra can be different depending on conditions of laser power and defuning from resonances. In the
case where the photoiunizing state (or more generally, photochemically active state) is diffuse. having a lifetime
less than the Rabi times of the fields. then the spectra are all the same and simply broaden with increasing laser
power. These same techniques can be used to study spectra in four-level systems using the 16 X 16 matrix in our
previous paper [1].
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