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Theoretical treatment of quasibound resonances
in two-color resonant four-wave mixing spectroscopy

F. Di Teodoro and E. F. McCormack
Department of Physics, Bryn Mawr College, Bryn Mawr, Pennsylvania 19010
(Received 30 June 1997; revised manuscript received 10 Septembegr 1997

A treatment of continuum states in the application of diagrammatic perturbation theory to calculate the
signal produced in two-color resonant, four-wave mix{figc-RFWM) spectroscopy is developed. The third-
order susceptibility is significantly modified from that obtained when considering only discrete states. To
illustrate the contribution of continuum states, the line profile of a quasibound resonance arising from the
configuration interaction of bound and continuum states is derived. Analytic expressions for line profiles are
presented for two specific experimental implementations of TC-RFWM used in gas-phase spectroscopic stud-
ies. While the TC-RFWM line profiles are found to be very distinct from the line profiles measured in linear
spectroscopic techniques, the results demonstrate the important capability to characterize the TC-RFWM line
profiles in terms of the same fundamental and physically significant paran&&650-294{8)01301-9

PACS numbdps): 32.70.Jz, 39.3&:w, 42.65—k

[. INTRODUCTION excited states that decay rapidly by intramolecular, nonradi-
ative processedor example, internal energy conversion and
Resonant four-wave mixinRFWM) is a nonlinear spec- predi§sociatioh These states can be difficult to study by
troscopic technique that can offer distinct advantages ovelraditional spectroscopic techniques, such as laser-induced
linear techniques for studying the structure and dynamics ofluorescence and resonantly enhanced multiphoton ioniza-
atomic and molecular systems in the gas phase. Several afjon. The recent application of TC-RFWM to studies of pre-
pealing features of RFWM have made it attractive for doingdissociating and autoionizing states in nitric oxit#20]
state-selective spectroscopy. It is a coherent, backgroundovide examples where this capability of TC-RFWM can be
free technique with favorable signal-to-noise ratios and sincd€veloped agq teitec:. In these experiments, Contlr;m;lm states
the signal is based only on absorption and not on a particulael1re accessed In the four-wave mixing process and the inter-
decay mode for detection, any excited state may be prob etation of the measured line profiles can provide important
. e . o information on the dynamics of the decay processes. How-
regardless of its decay modgonization, dissociation, or X ) ! .
fluorescence High sensitivity can be obtained for a range of ever, to obtain that information, a model of the expected line
9 Y € arange ol , ofile that takes into account the role of the continuum
pressures and number densities and low detection limits i

9102 | 3 h tates in the four-wave mixing process is needed.
the range 10-10"" molecules cm™ per quantum state ave Diagrammatic perturbation theory has proven to be a very
been observell,2]. These attributes have led to the appli- gffective tool in analyzing the signals obtained in gas-phase,

cation of RFWM to a wide variety of investigations in Tc.RFWM spectroscopy. It has been used successfully by
atomic and molecular physics and many have been describ&gjlliams and co-worker§21] to develop expressions for sig-
in several informative review articld2-5. nal intensities observed in degenerate four-wave mixing
Four-wave mixing spectroscopy relies on the interactior[22], TC-RFWM for the case of stimulated emission pump-
of three laser beams in a medium of interest to produce &g [18], and most recently they have reported general ana-
nonlinear polarization via the third-order term of the electriclytic signal expressions that can be applied to TC-RFWM
susceptibility ¢®) [6]. The induced polarization generates experimental schemes used in double-resonance spectros-
a fourth, coherent light beam that is detected as the signal. Bopy [21]. In this paper a similar approach is adopted to
dramatic enhancement in the signal intensity occurs whenealculate the four-wave mixing signal that arises in cases
ever the frequency of the incident laser beams is resonanthere continuum states of the medium make contributions to
with a transition in the medium. Thus a spectrum can behe third-order susceptibility. In these cases, the rotating-
obtained by selectively tuning the frequency of the inputwave approximation plays a key role and leads to distinct
laser beams. Two-colofTC) RFWM is a doubly resonant line-shape factors in the expression for the third-order polar-
implementation of resonant four-wave mixing in which two ization. To illustrate these effects, the line profile of a qua-
optical fields have frequencies resonant with two differentsibound resonance is derived for several experimental imple-
transitions. TC-RFWM techniques have received considermentations of TC-RFWM. It is shown that the TC-RFWM
able attention due to their state-selective capabilities and rdine profile for a quasibound resonance, modeled as a bound
cent results include studies of numerous stable and transieahd continuum state coupled by configuration interactions,
species[7-17], stimulated emission pumping of;Cand can be written in terms of the same line-shape parameters
HCO using RFWM[18], and the application of a pulsed used in the analysis of linear spectra. A comparison shows
slit-jet expansion source to RFWM spectroscopg]. that the quasibound line profile observed by using TC-
One area in which TC-RFWM spectroscopy has signifi-RFWM is significantly different from the line profile ob-
cant potential to contribute to our understanding is that okerved by using a linear spectroscopic technique and a proper

1050-2947/98/5)/162(12)/$15.00 57 162 © 1998 The American Physical Society
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treatment is required to obtain accurate decay parameters. (a) (b)
An analysis of the line profile of a quasibound resonance
observed by using RFWM techniques has been reported pre- Continuum ¢, )

viously by Wynne and co-workers in the context of third-
harmonic generation in alkali-metal atomic vap@8]. Their
experiment used a configuration where a two-photon transi-

Fano states |n)

tion between two bound states of the metal was excited, fol- e P
lowed by single-photon absorption to the autoionizing level. o\

The detected, third-harmonic signal arose from the down- le> —— o> —t
ward transition from the autoionizing level to the lowest of 0, O

the two bound states. In this case, the theoretical analysis of i>— > —"

the observed spectf@4,25 involved the coupling between

each of the two bound states and the autoionizing state and, FIG- 1. (& Configuration-interactionCl) model of a quasi-

as a consequence, required the introduction of two sets &ound resonancéb) Nonparametric TC-RFWM process discussed

line-shape parameters. The TC-RFWM schemes considerdd the text.

here, however, are distinct from this third-harmonic genera- . L

tion scheme and thus require a different analysis. f[alned. A Fanp state is indicated by), where the reduced

The paper is organized in the following way. In Sec. 11, index 7 is defined as

the configuration-interaction treatment of quasibound states

is briefly reviewed and in Sec. Il the implementation of this

model in the derivation of the third-order electric suscepti-

bility is presented. In Sec. IV the expected line-shape func-

tion for several TC-RFWM experimental configurations usedHerefiw,. is the energy difference between the Fano state

in double-resonance spectroscopy is explicitly calculated. I@nd the intermediate stafe) and%wg corresponds to the

Sec. V those line profiles are discussed and compared to thegnergy difference between the original autoionizing staje

equivalents in linear spectroscopy. Finally, in Sec. VI theand|e) plus a small energy shift factor that dependsIon

results are summarized. and is often negligibld29]. The energy index; takes on
numerical values within a suitable continuous intera)
that spans the set of Fano states.

W pe ™ WR

"= "1 1

Il. CONFIGURATION-INTERACTION TREATMENT The spectral density of the dipole transition probability
OF QUASIBOUND STATES for photoexcitation frome)—|») is given by[29]
In the context of atomic and molecular spectroscopy, qua- (q+7)?
. . . . . 2_
sibound states arise from the interaction of discrete and con- (el .| m)|*= Pe—”——5 *Pu- 2

tinuum configurations of a system. Well-known examples 1+7

include autoionization and predissociation. The mixed nature. . \ioht-hand side of E (2) represents the well-known
of quasibound states can result in asymmetric resonant strur: g d P

tures in measurements of, for example, photoemission, pho—ano Iine_ profil_e of an isolated au_toionizir_lg resonance mea-
toabsorption, photodetachment, and photofragmentation res_ured using a I|nee_1r spectroscopic tgch_mqge such as .phOtO'
; ’ : ' - ) : absorption. Herg, is the direct photoionization probability,
flecting the competing processes in the time evolution of thel;|ame|y Kc,| /@), where|c,) is the unperturbed con-
system. The observed line profiles hold important informa—,[inuum ,statg/;?:wing’ the sameﬂ energy of the Fano $tgke
tion about the decay dynamics of these resonances and_a ; " o R
large number of different theoretical approaches have bee hd Py 1S the_probapll|ty O.f tranS|t|on§ to_ (_)ther lonization
devised to analyze them including the general and effectivgom'nu"’1 hot mteractmg with t'he gutmonlzmg state. e
tool of multichannel quantum-defect theofWIQDT) [26]. asymmetry parameter in E(R) is given by
The interaction of a single, isolated discrete level with a (Alw,e)
single continuum, however, can be treated more simply by q= Ky '
using the configuration-interaction method of FdBd,28 m(AlH[c,)(c,|u.le)
and this is the model we use below to illustrate the role of o o o
continuum states in the calculation of TC-RFWM signals. While the lifetime of the autoionizing level is given by
The configuration-interaction model is illustrated in Fig. #I'=2m|(A[H|c,)?. The values of}, p;, p,, andl’ may
1(a) for the example of an autoionizing state. The stag ~ Pe considered to be nearly independent for a range of
well separated from any other discrete state, lies above théalues of abouty=0 [29].
first ionization potentia(lP) of the field-free Hamiltoniar
and autoionizes with a raté. Because of the degeneracy in  |Il. FOUR-WAVE MIXING INVOLVING QUASIBOUND
energy betweenA) and the ionization continuum, neither STATES
|A) nor the unperturbed continuum is an exact eigenstate of
H. By diagonalizing the portion of the energy matrix that
belongs to the set of states above the IP, includigand The signal intensity in a four-wave mixing-WM) pro-
the unperturbed continuum, a new set of eigenstates thatss is proportional to the squared modulus of the cycle av-

form a continuous manifold of so-called Fano states is oberage of the third-order polarization induced by the incident

)

A. General considerations
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fields. The expression of theth Cartesian component of the  In addition, the following abbreviation for the four-point
polarization, at a given point and timet, can be written in ~ dipole matrix element has been adopted:
the general case §6]

ia, ab bc ci

" W Moot = (il eyl a)(@l g DY(D| syl C)(Cl sy i)
Py(r,t)=
In the square brackets are eight triplets of formal Green
o o o propagator$30]. In the weak-field limit where no saturation
fodwsﬁxdwzﬁwdwl effects occur and assuming no velocity effects, each Green
propagator in Eq(5) is given by

3
LS
(277)3a3,a2,a1=l
XX Cag(F03) € (T, @2)

Va3a2a1 a3

1
gab(ﬁ)e) =

_ 6
x@al(r,wl)exp(—iwst). (4) we— wapTilap ©)

he indi . dth and is a function of a field-related frequeney, which can
The indicesas, a;, @, refer to Cartesian components and the ;o on the values;, wy+wy, Of ws+ wy+ wy. The Green

numerical _sublndlces_ identify the time ordering: namely’propagators depend parametrically upon an intrinsic fre-
Qiam(r,wm) is the Fourier transform of the,, component of quency w,,, Where w,,= — wp, and #|w,y| is the energy
mth field interacting with the medium. The signal frequencygap between statefa) and |b), and onT,,, which is
ws equalsw; + v+ g andx?) , , is the third-order elec-  a relaxation factor. The relaxation fact®t,, is regarded
tric susceptibility tensor. simply as the average decay rate of stdgsand |b) be-
The expression fOl;((3)  asa function ofwy,w,, w3 cause there is no collisional pure dephasing of the coherence

Va3a2a . _ . . .
may be obtained by solving, o the third perturbative order inEetween states in the low-density environments considered

the interaction with external fields, the von Neumann equa;
tion that describes the time evolution of the material densit
operator. This procedure is described in R&0] and will
not be recalled here. We adapt the general expression of the
susceptibility to the situation shown in Fig(al by making The TC-RFWM schemes can often be interpreted in terms
the assumption that the thermal equilibrium population of allof a conceptually simple picture of the formation and
states is negligible except for the lowest stéite and by the scattering from laser-induced gratings. Two nearly co-
observing that the relevant matter states entering the evalugropagating laser beams overlapped at a small crossing
tion of ®® include two discrete states and the continuousangle in a medium and resonant with a transition in that
manifold of Fano states. The susceptibility can then be exmedium will produce a spatial modulation in the optical
pressed as properties of the medium that constitutes a diffraction grat-
ing. A third laser beam is then scattered off this
laser-induced grating and the scattered beam is detected as

ere[18,21]. The decay rate of any Fano state is assumed to
el.

B. Incident fields

3 :_pioi_N2 d 2 ia ab b ci the four—wave_ mixing signal. The. first two_laser beams
Xvazaya, 672 D n b Moy Mg Mg Mg, are calledgrating beamsand the third beam is called the
perm 7 a,n,c=l1,e,»p . . .
probe beam The two excitation schemes to be considered
X[GP( w3+ wpt+ w1) G (wo+ w1) G (w1) are depicted in Figs. (h) and Za). For example, in the
) scheme shown in Fig.(b), the grating beams with frequency
+G%( w3+ wpt 01)FH o+ 01) G (1) wy are tuned on the transitio) < |e), and the third beam
ch ib ia having the frequencyv, is tuned to scan over transitions
TG st 0t 0)G (@t 0) G (1) le)—| 7). The scattered light beam detected as the signal is
+ G (w3t wy+ ©71) G (wy+ ©1) G (wy) shown as a dotted downward arrow with a frequency
) W= Wp.
— G (w3t w2+ 01) G o+ 01) G (1) Assrijming S-like laser bandwidths, the plane-wave ap-
— 3Pt Wyt ©1) G ot ©1)G% (1) proximation, and the same linear polarization for all laser
_ _ beams, the Fourier-transformed fields in Et).may be writ-
— G w3t 0yt 01) G (Wt 01) G (w1) ten as
~G% w3t oyt 01)G% (w2 01)G%(w1)],  (5) €, (r,o)=E%, 8w~ wg)expliky 1)
where pﬁ is the diagonal element of the material density +Eg*ealﬁ(w1+ wg)exp(—ikgl-r),
matrix corresponding to the thermal-equilibrium population
of the stateli) and N the number density of the medium. €, (I, w2) = E%,,0(wy— wg)expliky, 1)
The first summation accounts for the six possible permuta- )
tions of w;, w,, and wg, while a, b, andc in the second +E9%e,,0(w1+ wg)exp(—ikg, r),
summation are matter state indices that may take as values .
i, e, or 7. The integration over, represents the summation €, (1, w3)=EPe, S(w3— wp)expliky r)
over the set of Fano states as required by the definition of )
¥, +€p*ea35(w3+ wg)exp(—ikyr).  (7)
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(a) (b) (a) (b) (©)
- O=—0, SO5-0,  —0Z-0, -05-0,
Fano states  |1) ‘mi> <if le><el le><el le><el
=
= -0, le > ‘n) ‘n) \n)
®
¢ ®
[n) ® 0)/ b
/ e Cle>) " ‘}m
o, /’ /4 ¢
o le>

|
[ [OX
| g o,

(0]
g

e : / ¢ i<l \i><i‘\}m i<l
o /1> <i *

) ) ] FIG. 3. Double-sided Feynman diagrams for the TC-RFWM
FIG. 2. (a) Parametric TC-RFWM scheme discussed in the teXt.scheme shown in Fig. 1.

(b) Corresponding double-sided Feynman diagrams for the scheme
shown in(a).

To clarify the criterion underlying the choice of the
diagrams in Fig. 3, the connection between the terms in
Eq. (5) for the susceptibility and the diagrams is recalled
[30]. Each diagram represents one of the triplets of Green
propagators in Eq(5) and a single propagator, associated
; with a specific interaction, is symbolized by a wavy line.
Overall, any triple. product, (1, ws) €a,(1,@2) €a,(Nw) argument of each propagator is determined by adding

has eight terms. Substituting the three expressions fotrh : .
. i . . e frequency that labels the corresponding wavy line
the fields written in the form of Eq(7) into Eq. (4) for to the qfrequ)e/ncies of all wavy Iines? precge]:ding );t in

}rmemepgilztr:j;tlgg,rfé?; etdrlpIeN ef;::-qub(;ncgh g:;%;a“t%l c;r: asbee- chronological order, if any. The indices of intrinsic fre-

matching condition asws=w,, the number of terms quency and relaxqtion factdisee Eq.(6)] r_efer_ to the
in the triple product is reduced from eight to three, with pair _Of state_s forml_ng thg coherence_that IS given by t_he
Fourier transforms centered omg,, —wy, and wp, considered interaction. Finally, the sign of the triplet is

respectively, in any time-ordering permutation. Correspond{~1)", wheren is the number of wavy lines acting from the
ingly, the argumentw, of the Green propagator in Mght. . _ o _ _
Eq. (6) assumes only six valuesie=w,,* 0,0y~ 0g,0. The_: ch0|ce_ of_d|agrams in Fig. 3 is equwalgnt to the
selective application of the RWA to the expression for the
third-order susceptibility, Eq.(5). When the argument
of a propagator in EQq(5) is we=w,, T 0y, 0,1 0g,0
and the intrinsic frequency i%,e,+ wej,w,;,0, respec-
The expression for the third-order susceptibility in E8).  tively, a resonant term is obtained, that is, the frequencies
can be simplified by carefully applying the rotating-wavein the denominator of the propagator cancel each other
approximationfRWA) using the double-side@S) Feynman and only a relaxation factor remains whose order of
diagram formalism[31]. Consider the excitation scheme magnitude is always in the radio-frequency range thereby
shown in Fig. 1b) and the Feynman diagrams that describeproducing an overall value for the propagator that is
it, depicted in Fig. 3. At thermal equilibrium the material |arge and dominates in its contribution to the susceptibility.
density operator contains only the projector onto the lowesin any other case, a noncancelling optical frequency
state, namelyp{|i)(i|, and therefore the first interaction results in the denominator and the entire triplet to which
must be an absorption and resonance is obtained onithat propagator belongs can be neglected as being much
if the frequency of the field iswy= w; (creation smaller in magnitude than the contribution due to resonant
of the coherenceyjle)(i|) or wg=—w,; (creation of the terms.
coherence;c|i)(€|). The interaction with the probe field can ~ The application of the RWA to terms including the Fano
only take place when the coherengge){i| (or the states, however, does not simplify in the same manner and
populationp.de){e|) has been generated and therefore notequires careful consideration. The nonvanishing terms will
before the interaction with the field at frequenayy. include in the summation each propagator with an argument
That is, the temporal sequencg,,—wy is not allowed. w, (Or w,+wg) for anyvalue of  in D, that is, for any
The effect is the creation of a continuous manifold of coher{possible value ob ¢ (or w ;). This is justified from a physi-
encesp,i|7)(i| (or p,e|7)(e|) involving all Fano states. cal point of view. Asz scans continuously ovep, , select-
At the end of the three interactions, a signal at frequencyng different Fano states, the corresponding detuning values
w, is detected, that is, an emission takes place by a,—w,e (Or wp+wy—w,;), at afixedw, (or at afixed w,
downward transition ) —|e) and a populationp.de){e| andwy) fall in a frequency interval typically ranging from O
is left in the medium. Only three resonant diagramstoI’, which is the characteristic width of the Fano state dis-
are consistent with this scheme and they are represented iribution as given by Eqgs(1) and (2). Thus we have two
Fig. 3. Each diagram is continuously replicated for everytypes of nonvanishing terms. In the purely resonant case, that
[ 7). is, when the detuning is 0, the denominator of the corre-

In Eq. (7), €9 and &P are the complex amplitudes of grating
and probe beams, respectively, and kg, (|kg,|=|kg,|

= wy/c) are the wave vectors of the grating beaksis the
wave vector of the probe beam, aads a real unit vector.

C. Rotating-wave approximation
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sponding Green propagator will consist again only of a re- p°N
1

laxation factorl, (T',;). In the case where the detuning is (¥

ie en mne ei
Vg,
32 6hBD

_ _ Moy Mo o, A 0g, 05 7)d 7,

of the order ofI', we obtain a denominator of the type ”

+iT",e (or+il’,;), which is of the same order of magni- 9
tude as the denominator for the zero-detuning case. Inffact,
dominates over the decay rate of bound states and theref

the relationship

Owhere_ the(complex line-shape functionS(wg,w,;7) has
Been introduced as

1
r,=T,.=I2 8 ) —
7 ne (8) Lwg,0p5;7) PP
holds. «| o
The derivation from first principles of the expression for ITee wg— wei+iTg))
the susceptibility involving a quasibound resonance is useful
because it highlights that the entire manifold of Fano states + 1
contributes to the susceptibility. At first sight, the Feynman iTee —wgt wei+ilg)
diagrams that describe this process are the same diagrams
that would be found by considering a level scheme of three 1
- i + - - .

discrete states, roughly repeated as many times as there are (wg— et Tep)(@pt+ wg— @y +iT ;)

Fano states. However, it is ambiguous to borrewpriori, (10)
the DS Feynman diagrams that apply to the case of discrete

states and somehow coherently add these diagrams to geguation(10) for the line-shape function may be simplified
sense of the effect of the continuum. The risk is to argue thagy observing that

the range of continuum states to be included depends on the

laser bandwidth. The presentation here, however, demon- = W0t O (11
strates that this would not be correct. No coherent excitation ) _ )

of states takes place in the model because the laser ban@@d by assuming that the grating beams are in resonance, that
width is regarded as simply-like, yet all the Fano states IS, wg=we;. Also, in the limit of an infinitely long-lived
contribute to the susceptibility and thus to the TC-RFwMground state, the following two approximations hol8]:

signal.

This is a direct result of the general definition of the sus- Dye=LeitT, (129
ceptibility combined with the proper application of the
RWA. According to the general definition given in RE3Q]
and substantially recalled here in E§), the susceptibility is Substituting these relations into EQ.0) yields a more com-
a property inherent to the medium, depending only on thef)act line-shape function
distribution of stationary statebelonging to both discrete

[oe=2T,. (12

and continuum configuratiopnsf the medium itself and does 1
not involve features of the external field. In addition, the Lwp;m) == - . (13
application of the RWA to the susceptibility uses only the Ieilop—w, e til',;)

center-line frequency of the fields, with no consideration of i L ) ,
their bandwidth. Overall, therefore, the entire evaluation of8Y @ssuming further that the polarizations of the input fields

the susceptibility carried out here does not depend on th@'® all orientated along theth axi_s in_the reference_ frame of
laser bandwidth. It is rather the third-order polarization that€ laboratory, the overall polarization can be written as
exhibits such a dependence as explicitly shown by(Egin oN

which the Fourier transform of the input fields is directly (3) Pii 21/i 2 ;

. ) . P (r,t)= ——= i X — i +Kger
involved. Apart from practical consequences concerning cal- (r,H 6h35p|59| Kilse.le)Fexd (0pttks1)]
culations and numerical results, this conceptual aspect of

treating continuum states is important and emphasized here 2 .

because it is strictly correlated with the nonlinear nature of x DnKe'“V' 7l Log,wp;n)dn, (14)

the technique and represents an important difference from

conventional linear spectroscopy. where|k,| satisfies the phase-matching condition
|ks|=|kgl—kgz+ Kp|=wp/c. (15

IV. RESULTS
An example geometry, often referred to as the laser-induced
grating configuratiof17] and used by many experimental-

In standard, nonlinear optics terminology, a FWM processsts, is illustrated in Fig. 4. The direction &f is derived in
described by DS Feynman diagrams in which interaction®ppendix A.
occur on both sides is calletbnparametricand this conven- Frequently, in TC-RFWM experiments that use pulsed la-
tional label is adopted for the processes shown in Fi¢s. 1 sers, probe light pulses can be either overlapped or delayed
and 3. Carrying out the prescriptions discussed above for thig time with respect to the grating beam light pulses. In the
excitation scheme, Ed5) for the susceptibility reduces to  case of a delayed probe pulse, the diagram shown in Fay. 3

A. Nonparametric process
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1
£:((f‘)g yWp ; 77) = . . .
(wp— weiTi Fei)z(wp+ wg— i +il )
(19
By using Eqs(8) and(11) and introducing the reduced vari-
ables
FIG. 4. Wave-vector diagram illustrating an example phase- Wy~ @R
matching condition for the TC-RFWM process. &= 2 (209
has no physical meaning. As a consequence, the line-shape Wp— Wei
function for the case of a delayed probe, obtained under the dp:T’ (20D
el

same assumptions used to derive E), is given by

the line profile factor in the expression for the signal inten-
1 sity is given by
(16)

Llwy;n)= - .
P T2 (w0p— e tiT o)

1 1
ﬁ(gg,dpw‘—, f dp
An expression for the intensity of the TC-RFWM signal (dp+')2 p, Opt &g nti

can now be obtained by introducing the reduced frequency (q+ 7)?
{ pc—2 + Py (21)
_ wWp— wWR 1+ 7
&= rre2

By using again the integration procedure illustrated in Ap-

o N - pendix B, the line profile in this case is given, to within a
and substituting Eq(2) for the transition probability to the constant coefficient, by

Fano states into the equatigh4) for the polarization and

taking the absolute square. The same final expression is ob-

tained for both line-shape functions given in E¢s3) and J(&g,dp) =
(16). In this expression for the TC-RFWM signal, the factor

relevant to the line profile is given by

2 2 2
(d2—1)%+4d?

><(q2+ 2r+1)24+[2q+(1+r1)(&g+dp) ]2

2
(| | dn— [ @ (Eatdp)™4
I * | == . +
Porer)o, € 77+|ch 142 P (22
17
V. DISCUSSION

By using the integration procedure illustrated in the Appen- A. Nonparametric process
dix B, the line profile can be written, to within a constant ) . i )
coefficient, as In Fig. 5@ the line profile given by Eq(18) has been

plotted in units ofl'/2 for different values of the coefficient
g. A suitable normalization has been adopted in all of the
(18) profiles shown in Fig. 5 and the profiles shown in the fol-
lowing figures in order to make comparisons of the different
line profiles. Note that the Fano profile described by &4.
wherer=p,/p.. Before proceeding with a discussion of @nd the profiles described by Eq$8) and(22) are nonnor-

this line profile, the analogous line profile for the mixing Malizable on a large energy scale since they tend to 1 far
scheme shown in Fig. 2 is derived. from resonance, which implies that their integral over the

entire range of detuning will diverge. This behavior can be
traced back to the assumption that the parameters involved in
Eq. (2) are nearly energy independent. The profiles are there-
In Fig. 2(a) a second excitation scheme used to advantagére normalized by the area under the curves calculated on an
in TC-FWM experiments is shown. Here the grating beamsabscissa interval of 10 to 10. The difference introduced by
are in resonance with the upper transition and the probe ithis normalization compared to a normalization extending
tuned to the lower transition. The detected signal then arisesver all detunings will be small as long as the real behavior
from the bound-to-bound transitige)— |i). Based upon the of the line profiles is to go to zero far away from resonance,
same principles illustrated for the previous case, only one D®hich is the expected behavior as required for the total tran-
Feynman diagram, shown in Fig(l, is involved in the sition probability to be unitary.
mixing process. In this diagram all interactions are on the It is immediately evident from Fig. (8 that the TC-
same side and thus the process is labelgghaametric Fol-  RFWM line profiles show an asymmetry degree that depends
lowing the same prescriptions used above, the line-shapen g. The physical parametey is an important objective of
function for this process is found to be spectroscopic investigations concerning quasibound states

(q*+2r+1)%+[29+(1+1)&,1?
§§+4

I(&p)=

B. Parametric process
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027] profile in Eq.(18) has no zero. In fact, the numerator consists
i q=15 " (a) of the sum of two squares that vanishes if and only if both
! terms vanish, but the first terng{+ 2r +1)? is strictly posi-

'-| tive for any value ofy (andr). Such a natural background is

\ physically expected as evidence of the nonlinear nature of

q the process exhibited in these line profiles. Indeed, the re-
sponse of the medium is always determined by the entire set
of Fano states as discussed in Sec. lll, which implies that, at
any value of¢,, there are susceptibility terms containing
non-vanishing dipoles of the forfde|u,|7)|?, with »#q,
which give a nonzero contribution to the signal. The result-
ing difference in the line profile is particularly evident in the
inset in Fig. %b) showing the slope of the profiles in the
range of detuning of interest. In addition to the separation
between the slope zeros corresponding to the profile minima,
the slope of the Fano profile goes through a minimum close
to the zero of the profile. This peculiarifgesulting in a local
inversion of curvature in the corresponding line profiie
P absent in the TC-RFWM signal and causes the pedestals of

{o.or / 3 (b) the two line profiles to differ substantially. This behavior is a

-—-=g=

J 0
0.157] d

1
1
1
1
!
————— =10 |
4 1
1
1
1

TC-RFWM Profile

feature that is of crucial importance in analyzing observed
line profiles and may represent, if experimentally confirmed,
an important test of the model presented here.

While the sharp distinction in the shape of the two profiles
tends to be reduced in the limit of very small and very large
g, the above-mentioned natural background of the TC-
RFWM line shape remains even whgs-0. This is in con-
trast to the Fano profile which can exhibit a so-called win-
dow resonance that reaches zero at its center. As shown in
Fig. 5a), the TC-RFWM window resonance does not reach
the zero level, even when=0. For large values of], both
TC-RFWM line profiles given by Eqgs(2) and (18) tend to Lorentzian
profiles with the following asymptotic behavior:

Slope
i

0.127]

10.01

0.087]

Profiles

0.047]

----- Fano

T T (<31+77)2~
E .m 1+7*  7°+1

(Fano, (249

FIG. 5. (a) TC-RFWM profiles for different values af for the ~ - 1 _
nonparametric TC-RFWM process depicted in Figé) land 3. I(&p) gg-f- (TC-RFWM). (249
Profiles for negative values a@f are obtained by reversing the ab-
scissa scale(b) Comparison of a TC-RFWM profile and a Fano The full width at half maximum(FWHM) of the Lorentzian
profile_ Wit_h g=1.5. Inset: slope of the two profiles ifb) for the in Eq. (249 is 2 in units of'/2 (or T" in unreduced units
detuning interval ¢10,0). while the FWHM extracted from Eq24b) is 4 in units of
I'/2 (or 2I' in unreduced uniys This is another important
and may be extracted from experimental data through a fitdetail from an experimental point of view. Even though both
ting procedure based on E(L8). Thus TC-RFWM can be profiles are asymptotically Lorentzian for largethe physi-
used effectively to obtain the same information made availcal value ofl" is given by the FWHM when the autoionizing
able by linear photoabsorption techniques. Further, the lingeature is probed by a linear photoabsorption technique, but
profile given by Eq.(18) exhibits invariance under simulta- it is given by the half-width at half maximum when it is

neousq and ¢, reversal expressed by probed by means of TC RFWM. In general, the difference in
o~ _ the denominators on the right-hand sides of E8sand(18)
I =T(=&p;—a)- (23 will make the width of the TC-RFWM profile larger, for a

given value ofq, than the width of the corresponding Fano
The line profiles with oppositg mirror each other about the profile.
axis §,=0, which is also a characteristic of the Fano profiles In Fig. 6, TC-RFWM line profiles from Eq(18) are
described by Eq(2). (See Appendix B for details. shown for different values of=p,/p.. For g~0 and
In Fig. 5(b) the line profile given by Eq(18), forq=1.5 |g|>1, increasingr simply results in rescaling the entire
andr=0, is plotted along with the corresponding Fano lineprofile with respect to the case of negligible The same
profile given by Eq(2). Unlike the Fano profile, which exi- aspect is observed in Fano profiles at any valuegodis
bits a zero aty= —q for every value ofg, the spectral line shown in Fig. Tb). A distinction does occur between the two



57 THEORETICAL TREATMENT OF QUASIBOUND ... 169

0.07
0.06 =

0.05

0.04

0.03-

TC-RFWM Profile
TC-RFWM Profile

0.02

0.01 F———

0.137 5 10

0.15_:

0.127

0.09_:

e
=
|

TC-RFWM Profile
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FIG. 6. TC-RFWM profiles for the nonparametric process de- 1
picted in Fig. 2 for several values of=p,/p.. (@ q=0 and(b) O+ 7T 1T T
q=10. -10 5 0 5 10

cases, however, fdg|~1. Here the interplay betweenand
g, which is determined by the particular functional depen- FIG. 7. Comparison ofa) TC-RFWM profiles for the nonpara-
dence upon these parameters that characterizes the line praetric process anb) Fano profiles with fixedj= 1.5 and different

file in Eq.(18), gives rise to a geometrical deformation of the values ofr=p,/p;.

TC-RFWM profile, which is indicated by the arrow in Fig.
7(a). Thus the asymmetry of the TC-RFWM profile is influ-
enced by botlg andr. This is in contrast to the behavior of
the Fano line shape shown in Fig(by whose asymmetry

depends only omj.

w,, acrossw,;, for different values oy, which in this case

is treated as an experimental parameter. Line profiles for

r=0, g=0, andq=1.5 are shown. Although the detected

signal arises from a bound-to-bound transition, because of

. the presence of quasibound states in the overall FWM pro-
B. Parametric process cess, the profile is non-Lorentzian for all values&f, q,

The first result to note about the parametric process i@ndr. This behavior is in contrast to the TC-RFWM line
that, in the case of negligible probe detunird,£0), the shapes involving only bound states, which can be shown to
line profile given by Eq(22) becomes that of Eq18) with be Lorentzian, as discussed by Williams and co-workers
&g in place ofé,. This implies that by scanning the grating [21]. The profiles in Fig. 8 are also unlike the line profiles
beam frequency over the Fano states and detecting the ctitat would be observed by directly probing the transition
herent beam that emerges from the downward transitiofe)—|i) by means of a linear technique.
|e)—|i), profiles identical to those shown in Figafor the Both sets of profiles in Fig. 8 show the effect of tuning the
nonparametric process are obtained. grating beams to different frequencies within the manifold of

In this scheme, one can also fix the grating beam freFano states. The effect consists of both a shift in the peak
guency and scan the probe laser to obtain a TC-RFWM spe@nergy of the profile and a variation of the profile width. In
trum. This is the case shown in Fig. 8. The profiles showrthe case ofj=0, for example, the line profile in E22) can
are obtained by scanniry, though zero, that is, by scanning be written as
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0.6

TC-RFWM Profile
i

=4
e
|

TC-RFWM Profile

are observed for profiles withQ=0. The example 0f=1.5

is shown in Fig. 8). For q=0, 3(d,;&;) is asymmetric,
even for;=0, and also the magnitude of line shift depends
on the sign ofé,;. The plots in Fig. 9 illustrate all of the
above-mentioned effects by showing the overall variation of
the profile induced by changing the grating detuniggfor
different values of the probe detunirly .

The dependence of the line profile on the grating detuning
for different values ofy shown in Figs. 8 and 9 suggests that
quasibound states may be investigated in a different way by
measuring the peak shift and the linewidth as a function of
detunings. Since these parameters can be obtained from a fit
of experimental data in a straightforward manner, the para-
metric TC-RFWM scheme represents an alternative and po-
tentially efficient spectroscopic configuration that can take
advantage of coherently controlling the signal line shape by
modifying an experimental input parameter, in this case, the
grating detuning .

VI. CONCLUSIONS

A theoretical prediction for the signal line profile ob-
served by probing an isolated, quasibound state by means of
TC-RFWM has been developed. In Sec. lll, starting from
first principles, the expression of the electric susceptibility
that applies to this case has been derived. Even though the
derivation has been specifically carried out for a resonant
feature modeled as a configuration-interaction between a
bound and continuum state leading to E2), the same pro-
cedure can be applied to any continuum resonance. Only two
phenomenological inputs are needed: an appropriate model
describing the probability of a transition from a lower state
to a continuum resonance as a function of energy and a
qualitative knowledge of the width of the distribution of con-
tinuum states involved. The first input consists of replacing

FIG. 8. TC-RFWM profiles for the parametric process depicted|(€| | 7)|? with an appropriate dipole element that may be

in Fig. 2 obtained by scanning the probe detunifygfor different
values of grating detuning, . (8 q=0 and(b) q=1.5.

1 1+ (&g+dy)?
(d5-1)2+4d] (&5+dp)2+4

j(dp;gg): (25)

According to Eq(25), both for£;=0 and asymptotically for
|€/>1, 3(dp; &) is an even function ofd,. For £;,=0,

where the process is still resonant, the following non-

Lorentzian profile is obtained:

1 1+d3
(d2-1)%+4d3 d2+4’

3(dy;£,=0)=

For other values of the parametég, the resulting profile
has no symmetry with respect th because, as is evident in
Eq. (25, the expression fob(d,;&,) is the product of two
even factors centered af,=0 andd,= — &, respectively.

available, for example, from a MQDT treatment of a Ryd-
berg series interacting with a continuu@6] or from the
Wigner threshold lawW32] for electron-ion photodetachment
or photodissociation-photoassociation processes. The second
input determines the selection of the resonant terms in the
susceptibility. The final step in deriving a function for the
line profile requires the calculation of an integral, which may
be performed by numerical methods, if necessary. Param-
eters of physical interest can then be extracted from mea-
sured line profiles by a fitting procedure. Also, in principle,
numerical deconvolution methods may be implemented to
extract from the observed TC-RFWM spectra an experimen-
tal cross section for particular processes in which no model is
a priori available.

In Secs. IV and V we have performed and discussed an
analytic derivation of the TC-RFWM line profile in the case
of a quasibound state described by a configuration-
interaction. Two possible variations of the doubly resonant
scheme were explored and the results demonstrate the ability

As ¢, is changed, it is the shift of the profile peak from to analyze observed line profiles in terms of the same physi-
d,=0 that is most evident in comparison to the variation incal parameters accessed by traditional linear techniques. Sev-
the width and asymmetry of the line profile. Further, sinceeral distinctive aspects of the TC-RFWM profiles have been

J(dp;€g) =3(—dy;—&y) in Eq. (25 the shift of the profile
peak will be in the opposite directiaibut of the same mag-
nitude when switching fromé, to —¢,. Different effects

pointed out by comparing these results to the Fano profiles
for quasibound resonances observed with linear spectro-
scopic techniques. Finally, in the parametric scheme, the
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q=0
r=90 r=90

2 -1 0 1 2
dP

FIG. 9. TC-RFWM profiles for the parametric process depicted in Fig. 2 plotted as a function of the probe defuamtgthe grating
detuning¢, . (a) and(c) 3D plots of3(&4,d,) for =0 and 1.5.(b) and(d) contour plot of the surfaces i@ and(c), respectively.

possibility of controlling the line shape observed in scanning

w
the probe frequency by using different grating detunings was ol + 2?‘) cos3=0. (A2)
highlighted as a possible approach for probing quasibound
resonances. If 64 is the angle betweeky andkg,, then
ACKNOWLEDGMENT lg|= 2% sin% (A3)
This work was supported by the National Science Foun-
dation, Grant No. PHY-9623569. and Eq.(A2) may be written as
0
. g
APPENDIX A: DIRECTION OF THE PHASE-MATCHED g SIN 5"+ wp C0SS=0. (A4)

WAVE VECTOR K

Equation(A4) expresses the phase-matching condition in Eq.
(15 as a geometrical constraint that relates the direction of
incidence of the probe beam to the anglg. Finally, by
calling 6,5 the angle betweek, andks and substituting Eq.
(A3) into the vectorial identity

The direction ofks in Eq. (14) is uniquely determined by
the phase-matching conditions=w,, introduced in Sec.
[l B and expressed in terms of wave vectors by Edp). If
the grating wave vectog= kg —Kg, is introduced 17], Eq.
(15 may be rewritten as

|ks| cos eps: | kp| + |g|cos,3,

9l gl +2ﬂc038) =0, (A1) Eq. (A4) may be cast in the form
c
sine—pS
where g is the angle betweeg andk,, as shown in Fig. 4. Wg _ 2 (A5)
Equation(Al) has two solutionsg=0 (i.e., kglzkgg)' im- wp sin% ’

plying ks=k,, and the solution 2
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Im {z} the integrand of Eq(17) is evaluated ire, and three poles of
, Zpore=Ept i first order are foundz,je= *i,§,+i. The semicircle patlc
Zpole = ! ' shown in Fig. 10 is chosen and the residue theorem is ap-
***** c T o plied to give the identity
" » 1 +7)?
Re {z}=n IEPJ dr _[pc(q . )
—w Epm Tt I{ 1+ 72
¢ _ (o jel’de
:—ZWIRGQ—I)‘F“mJ ﬁ
FIG. 10. Integration path in the complex plane used to evaluate R 7T _glfy 20
R
Eq. (BL).
2
which is the well-knowrBragg scattering conditiof6] used %+ei9
to establish proper ph_ase matching in laser-induced grating X| pe————+pu| . (B1)
spectroscopy geometries. 20
+e

APPENDIX B: EVALUATION OF THE INTEGRAL
IN EQ. (17) Here P indicates a principal-part integrd, is the radius of
C, and Res{i) is the residue of the integrand = —i.

The evaluation of the integral in E¢17) may be per- The final result is

formed by means of contour integration in the complex

plane. The integration rang®,, is taken over the entire in- (g2+ 2r+1)—i[2g+(1+1)&,]

terval (—,»). This choice, however, requires discussion. I= &,+2i ' B2

The extension of the integration interval te ¢,~) causes a P

divergence in the integral in Eq17). The source of this By calculating the absolute squareladf Eq. (B2) the signal

unphysical behavior is the assumption that the parameters intensity in Eq.(18) is obtained. As long a®,, is a symmet-

the Fano profile in Eq2) are energy independent. This is anric interval with respect ton=0, the transformation

appropriate assumption near resonancesfer0; however, {q— —q,&,— —§&,,7— — 77} applied to Eq(B1) results inl

far from resonance, the Fano profile actually goes to zerbecoming—I1* and thus this transformation does not affect

ensuring the expected convergence. This problem of convethe calculation of|1|2. This behavior explains the mirror

gence is addressed by calculating the Cauchy principal pagymmetry for the profiles with oppositg discussed in Sec.

of the integral in Eq(17) for D, — (—,%). This procedure V.

is sufficient to make the integral converge, which confirms Finally, the integral in Eq(21) may be evaluated in an

that the correction with respect to the exact situation may bédentical manner by substituting{+d,) for £, in Eq. (B1)

thought of as small. and by using the same the integration procedure described
A complex variablez is introduced such thay=Re(2), above.
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