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In coherent control experiments the product signal intensity is modulated

by interference between two excitation paths. This modulation is produced
by varying the relative phase of the electromagnetic elds used to excited the
target. It is observed that the modulated signals for di®erent channels may
be out of phase with respect to each other. The phase lag between di®erent
channels is energy dependent and contains information about the dynamics
of the system. This paper explores di®erent mechanisms that produce such

phase lags and assesses what may be learned from them.

[. Il TRODUCTIOI

Interference between competing paths plays a central role in the formulation of quantum
mechanics [1] and is responsible for a wide variety of physical phenomena. Examples of
processes that depend on quantum mechanical interference are asymmetric spectroscopic
lineshapes[2], rainbow scattering [3], photofragment and phot oelectron angular distributions
[4,5], and atomic and molecular interferometry [6,7]. The key ingredient in all of these
phenomena is the relative phases of the wave functions for various paths connecting the
initial and nal states of a system. The values of these phases are important because they
carry the information about the scattering dynamics of the system. This fact is explicit in
the semiclassical description of a wave function [8] and in inversion schemes used to extract
potential energy functions from spectroscopic data [9].

In the examples cited above, interference is produced by the superposition of two waves
having a de nite phase relation. The resultant signal is either enhanced or diminished,



depending on whether the waves composing it arein or out of phase. | swas demonstrated
by Brumer and Shapiro over a decade ago [10], this fact can be exploited to control the
yields and branching ratios of chemical reactions [11,12]. If the two excitation paths consist
of absorption of m and n photons, respectively, then thetotal (angle-integrated) probability
of obtaining product S is given by [10]

p>(E) = p3(E) + po(E) + 2ip5n(E)jcos(A +£3,); ()

where E isthetotal energy, and p3, and p3 arethetransition probabilities for the absorption
of n and m photons, respectively 1. The crossterm hasan amplitude, 2jp;,,(E)j, and a phase,
A+ 13, where A = nA,, i mA, is the relative phase of the electromagnetic ~elds, and +5
is given by

Z
jprsnnjeiir%n = gilA 4R <ng(m)jESQi S< ESQijD(n)jg > 2

wherejESKi > isa continuum eigenstate, jg > istheground state, and D isthe j- photon
dipole operator. The quantity 3, which we shall refer to as the channel phase, depends
solely on the properties of the material target.

In a typical coherent control experiment, the laser phase, A, is varied continuously, pro-
ducing a sinusoidal modulation of the product signals. Because +3, depends on the product
channel, the modulated signals for any pair of channels, A and B, di®er in phase by a
quantity,

C+(AB) = i ton (3)

which we refer to as a phase lag. | n example is shown in the bottom two panels of Fig. 1
for the ionization and dissociation of HI.

The phase lag is important in control experiments because it provides a tool for altering
the branching ratio of a reaction. In recent years it was realized that the value (and energy
dependence) of the phase lag is inherently interesting because of fundamental information
that it providesabout thesystem. Inthe present paper we present a catalogue of interference

LIn keeping with the convention used in nonlinear optics, we will use subscripts m and n to denote,
respectively, the nj and m j photon paths, such that n!,, = m!,. But it will also be convenient
to use the parenthetical superscript (j) to denote a j j photon transition; e.g., D® denotes the

three-photon dipole operator.



eRects that produce a phase lag, summarizing the main theoretical conclusions and giving,
when possible, experimental examples. In addition, we present new data on a \ molecular
interferometer” that allows one to extract the absolute phase of a wave function.

1. XP: RIM: I TALM: T# OD

1l the experiments discussed here were performed using one- and three-photon excita-
tion, with laser frequencies '; = 31;. The details of the experiment have been presented
elsawhere [13] and need not be repeated here. Sut ce it to say that '3 was produced from
1, by third harmonic generation in a rare gas, thereby establishing a de nite phase relation
between the two elds. The relative phase of the elds was controlled by passing the laser
beamsthrough a gasthat has a di®erent index of refraction at the two frequencies. Products
from the various reaction channels were measured with a time-of-° ight mass spectrometer.

Onedetail which needsto be emphasized isthe method used to isolate individual channel
phases. | Ithough the observed phase lag is the di®erence between two channel phases, by
selecting one of the channels, say channel A, to have areal transition amplitude (i.e,, & =0
or %), it is possible to determine /3 absolutely (modulo 8%). | convenient way of selecting
such areference channel isto use a gas mixture, one component of which is known empirically
to have a zero (or %) channel phase. In our experiments to date we have used the ionization
of H,S as such a reference channel [14]. | n example of how this channdl is used to isolate
+H1™ and £, (the channel phases for ionization and dissociation of H1) is shown in Fig. 1.

I11. ORIGIN OF Th = P AS LAG

}casual inspection of Eq. (2) might suggest that +3, should be zero because the phases
of the bra and ket in the integrand cancel. | Ithough such cancelation does occur in a certain
limiting case [15], there are many scenarios that produce a non-zero channel phase. Our
goal in this section isto provide an overview of these cases, while referring the reader to the
literature for the details of their derivation.

Figure 2 is a catalogue of the conditions that might lead to non-zero channe phases.
I Ithough theillustrationsrefer to the speci ¢ case of one- vs. three-photon excitation, they
may be readily generalized to other pairs of excitation paths. Broadly speaking, there are
three types of conditions that lead to non-zero channel phases. First, coupling of the three-
photon continuum state to some other continuum introduces a channel phase which has
been referred to in some of the literature as a \ molecular phase." Second, the existence of
resonances at the three-photon level may also produce a channel phase, sometimes referred
to as a \resonance phase." Third, resonances at intermediate energies in the three-photon



path contribute a Breit-Wigner phase to the overall channel phase.

Figure 2a depicts the limiting case in which there is no channel phase. If there are
no resonances present, and if the continuum is not coupled to any other continua, then
cancelation occurs and the channel phase vanishes. The continuum in this case produces
only elastic scattering. The phase shifts of the component partial waves of the scattered
state are independent of coordinates, resulting in a term-by-term cancelation of the phases
in a partial wave expansion. | n example of this case is seen in ¢ £(HI1™"; H,S™) shown in
Fig. 3, where the peaks near 355.0 and 356.0 nm ride on top of a baseline of zero phase lag
[16].

If the three-photon continuum is coupled to some other continuum (i.e., if it isinelastic),
then term-by-term cancelation of the phases does not occur. | nother way of stating this
result is to express JESRi > in Eq. (2) as a linear combination of zero-order continuum
states. The integrand then contains cross terms with di®erent bras and kets, so that the
phases do not cancel. 1 n example of this case is seen in the dissociation channel of HI in
Fig. 3 (i.e, ¢ x(1";H,S™)), where the weak structure rides on top of a molecular phase
baseline of approx. j120°.

Panels (c) through (f) of Fig. 1 show the channel phases produced by resonances lo-
cated energetically at the three-photon level. In case (c), an isolated resonance interacting
with a purely elastic continuum gives rise to a maximum at the resonance energy. The
relative phase arises from the interference of the direct and resonance-mediated routes and
is maximized where interference is constructive. The mechanism is analogous to | oung-
type interference from four dlits. The four pathways in this case are one-photon direct,
one-photon resonance-mediated, three-photon direct, and three-photon resonance-mediated
excitation. For arotationally resolved experiment in which the parent state is prepared in
a single ro-vibrational level and the resonance vibration is resolved, tan +3; has the form of
a shifted Lorentzian function [17],

2q® § q®)

tan +3, = h - it — i
25500 +q9®) + 4§ 2(qD §j q®)2

(4)

where g0 is the channedl-speci” ¢ Fano asymmetry parameter [2] for a j j photon transition,
2= (E i Eo)=2j isthereduced energy shift, E, is the resonance energy, and j isthe width
of the resonance. The reader is referred ro Ref. [17] for the general case of many rotational
levels. | n example of a resonance phase where many rotational levels are present is given
by the 356.0 nm peak in Fig. 3, which is produced by the 5d(%;t) resonance of HI [16].
(The smaller peak at 355.0 nm is probably caused by another resonance that has only been
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tentatively assigned.) | nother example isthe 5s% ionization resonance of HI and DI shown
in Ref. [18].

If an isolated resonance is present and the direct process is negligible compared to the
resonance-mediated one (case (d)), the phase shift vanishes at the resonance energy. In this
limit, the excitation and decay processes decouple, and all memory of the excitation scheme
islost oncethe moleculereacts. | n experimental signature of this case is a minimum in jt3;j
on resonance, with a non-zero value of the phase lag produced o®-resonance by a molecular
phase. The reader isreferred to Ref. [15] for a derivation of this result. | n example of such
a\window" isthe 5s% dissociation resonance for DI shown in Fig. 4 [18]. The strong dip in
¢ £(HI™;1) is also caused by this mechanism; however, the additional structure near 353.7
nm is as yet unexplained.

I more complex pattern is produced in case (f), where coupled resonances interacting
with acoupled (i.e., inelastic) continuum produce a structured maximum in +3; superimposed
on a nonzero, slowly varying background [17]. There are asyet no reported examples of this
case. + t rst it wasbelieved that the 5d(¥; ) featurein Fig. 3is produced by such a coupled
resonance; however, in this instance the three-photon resonant-mediated transition is much
weaker than theother paths. Thereresultsa\three-dlit" mechanism, with one-photon direct,
one-photon resonance mediated, and three-photon direct paths.

IV. AMOL CULARII T RF ROM: T R

I qualitatively di®erent mechanism is depicted in Fig. 1g. In this case a resonance is
present at the two-photon level, making D® a complex operator. In the event that there
are no molecular or resonance phases present at the three-photon level, the channd phase
is identical to the phase of the two-photon state. The system behaves as a \ molecular
interferometer," with +3, providing a measure of the phases of states present in only one
arm.

The quantity of interest in this case is the Breit-Wigner phase of a quasi-bound state.
The formalism required for computing the relative phase arising from complex intermediates
isdeveloped in Ref. [17] and only brie°y summarized here. Integration over scattering angles
and thermal averaging transform the relative phase in Eqg. (2) to the form

5, = argXWJg 1 D(JHESI)T @7 (J,iESJ); (5)

Jg J
where T @ s an angle-averaged j j photon transition dipole matrix element, de ned in the
body- xed frame, J4 and J are total angular momenta in the initial and continuum states,
and W,, are Boltzmann weights, determined by the rotational temperature of the molecular
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beam. Complex intermediates in the three-photon process give rise to a complex energy
denominator in T ®, which translates into an observable phase, +7;.

Inthecasethat therotational levelsarewell-separated, B, A | where B, istherotational
constant, 3, traces in the vicinity of each line position the Breit-Wigner phase of that
resonance. That is,

3, = argfT W(JGHESI)T @7 (J,JESI)g = £1 + +(E); (6)

where £ is an asymptotic phase that that reduces to 8% in the absence of the coupling
mechanisms discussed in the previous section, and

tes = i@Q(E i Ez) = itan**[(j =2)=(E i E})] (7)

is the Breit-Wigner phase, E;, being the complex energy eigenvalue of the J, rotational
resonance and EJR2 its real part (the line position). The Breit-Wigner phase has a value of
i %o tothered of the resonance position, reaches j%=2 on resonance, and approaches 0 above
resonance. The energy dependence of +,,s for an isolated rotational level is plotted in Fig.
5a.

For a thermally averaged parent state, Eq. (6) generalizes as [17]

P -
g2 As3,31 3,1(Ey, + 20 § ER)2 + 3 =4]it

tan ils3 =P R R)2 2 i1
3932 Aaga,(Egy + 21§ ER)[(Es, +21 § ER)? +i5,74]

(8)

where A;,.;5, isamultiple sum over products of dynamical, geometric, and Boltzmann weight -
ing factors, given explicitly in [17], and 5 is set equal to zero. The exact form of Eq. (8)
depends (through the A;,;3,) on the ground, intermediate, and continuum potential energy
surfaces and isthus useful only in caseswherethisinformation isavailable. | fully analytical
expression, which does not rely on knowledge of the electronic structure of the molecule and
also provides better insight into the origin and structure of +3,, can be derived by introducing
a single (and common [19]) approximation in Eq. (8). | amely, we neglect the dependence
of the body- xed eigenfunctions and the corresponding eigenvalues on the total angular
momentum. Within this approximation, it is readily shown [17] that all dynamical factors
in the A;,;, cancel out between the numerator and denominator of Eq. (8), obtaining an
analytical expression that depends only on the resonance width and the beam temperature.

Model calculations of t,.¢ for a thermal mixture at 200 K are presented in Fig. 5b-d for
arange of i values. Throughout the range the overall S shape of the phase is evident. For
the broadest case considered (j = 3B, in Fig. 5b), theO j and S jtype rotational branches
are evident as weak oscillations far from resonance, whereasthe P j, Qj, and R j branches
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strongly overlap. For the sharpest case considered (j = 0:3B, in Fig. 5d), all the rotational
branches are well resolved.

In an experimental study we measured the Breit-Wigner phases of complex intermediate
states of hydrogen iodide molecules[21]. These statesare members of therotational manifold
of theb® ; Rydbergstatethat arelocated energetically at two-thirdsof theionization energy,
i.e, at E;, +213. 1 partial level scheme of : | showing the relevant levels is given in Fig. 6.
The inset shows the rotational levels of the quasi-bound b3 ; state, which is predissociated
by the All continuum state. The lasers are tuned away from any three-photon resonances,
so that only a direct transition to theionization continuum occurs. Theionization of HI and
H,S at the three-photon energies considered here do not contribute to the phase lag, and
hence ¢ +(HI1™; H,S™) is a direct measure of the absolute phase of the two-photon resonant
statesof HI.

The experimental results are shown in Fig. 7. In panel (a), 5, for the ionization of H1
(obtained as the phase lag between the! 1™ and! ,S" yield curves) is plotted as a function
of the three-photon wavelength. The three-photon spectrum of HI™ is given in panel (b),
with the peaks assigned by the O-branch rotational resonances at the two-photon level [20].
In panels (c) and (d) are shown the one-photon ionization spectra of HI and H,S. The
lack of structure in the one-photon spectra demonstrates the absence of resonances at the
three-photon level.

The observed +3; (Fig. 3a) is seen to follow the shape predicted by Eq. (8), providing
a direct measure of the Breit-Wigner phase of the quasi-bound b3 ; rotational manifold.
The solid curve in Fig. 3a shows a least squares t of the data to the analytical form
of Eq. (8). | llowing up to a linear dependence of the resonance width on J,, we nd a
rotational temperature of 236 K and j ;, = (5:5+ 0:61J,) cmil. ( quadratic expansion of
i 3, gives a similar quality t.) The Breit-Wigner phases of individual rotational resonances
[see Eq. (7)] obtained from the t are shown by the dot-dashed curves in Fig. 7a. The
increase of j 5, with J, is indicative of a rotational perturbation coupling the b° ; stateto
the continuum and is consistent with our spectroscopic observation that the branchingratio
of predissociation vs. ionization in creases with J, [22].

V. FUTUR DIR CTION S

Thetheoretical and experimental results summarized in this paper demonstrate how the
phase lag obtained in coherent control experiments can be a powerful tool for studying the
properties of the continuum. The availability of both the phase and modulus of the dipole
transition matrix element opens up various exciting possibilities for future research. One



of these is the direct inversion of the phase lag spectrum to determine the cross correlation
function that underlies the intermediate state dynamics. | nother direction that we are ex-
ploring isuse of the phase lag to detect spectroscopictransitionsthat aretoo weak to observe
by conventional absorption spectroscopy. Finally, with a more complete understanding of
its physical origin, we are better equipped to exploit the phase lag as a tool for coherent
control.

We wish to thank the | ational Science Foundation for its generous support.
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Fig. 1. Modulation curves for H,S™, HI* and I for a mixture of H,S and HI. The
wavelength of the 1; eld is 353.80 nm. Taken by permission from Ref. [14].

Fig. 2. Schematic drawing showing di®erent sources for the channel phase, 3. (a) In the
case that the continuum potential induces only elastic scattering, +5; vanishes. (b) If the
continuum is coupled to a second continuum, +3; isa smooth, nonzero function of energy. (c)
I nisolated resonancethat interactswith a purely elastic continuum givesrise to a maximum
at the resonance energy. The relative phase arises from the interference of the direct and
resonance-mediated routes and is maximized where interference is constructive. (d) In the
case that an isolated resonance interacts with a coupled continuum, the phase shift is non-
zero o®-resonance and falls to a minimum on-resonance. (€) ¢ Ithough an isolated resonance
with no direct route to the continuum does not produce a phase, coupled resonances give
rise to a nonzero +3; regardless of the availability of a direct route. (f) Coupled resonances
interacting with a coupled (i.e., inelastic) continuum produce a structured maximum in 3,
superimposed on a nonzero, slowly varying background. (g) ! qualitatively di®erent source
of arelative phaseisaresonance located at an intermediate energy in the three-photon path.
In the case that the continuum at the three-photon level is dagtic, +3; is the Breit-Wigner

phase of the intermediate resonance.

Fig. 3. Phase lag spectrum (top panel) for the photodissociation and photoionization of H1
(circles) and for the photoionization of a mixture of HI and H,S (triangles) in the vicinity
of the 5d(%; ) resonance of HI. The bottom panel is the one-photon ionization spectrum
of HI. Taken with permission from Ref. [16].

Fig. 4. Phase lag spectrum (top panel) for the photodissociation and photoionization of H1
(open circles) and DI (closed circles)in the vicinity of the 5s% resonance. The bottom two
panels are the one-photon ionization spectrum of HI and DI. Taken with permission from
Ref. [18].

Fig. 5. Model calculation of the Breit-Wigner phase for a Boltzmann ensemble of molecules
for various values of the temperature, T, and resonance width, j. The abscissa is the
displacement of the energy from the O j O transition divided by the rotational constant of
the excited state. The rotational constant was taken to be 6.427 cmi1 for both the ground
and excited states,anda8 ¥ 8 ¥ | ¥ | threephoton transition was assumed. (a)T=1
K, i = 3Be. Inthiscaseonly the S(0) transition occurs. (b) T=200K, j = 3B.. (¢) T=200K,
i = 1Be. (d)T=200K, j = 0:3Be.
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Fig. 6. Excitation scheme of HI. One and three photons are used to produce ground state
HI*(? 3,) ions. The b® , state, located near the two-photon level, is predissociated by
several continuum states. The inset shows the rotational levels of the b3 ;v = 0 state,
which are predissociated by the All continuum state.

Fig. 7. Phase lag and ionization spectra of HI and H,S. Panel (a) shows the observed
phase lag between the HI* and H,S™ signals. The solid curve is a least squares t of Eq.
(8) tothe data. The dot-dashed curves are the Breit-Wigner phases of individual rotational
resonances, deduced, using Eg. (8), from the data. Panel (b) isthe three-photon ionization
spectrum of H1, showing the two-photon, O-typerotational branch of theb® (v, = 0;J,) A
X18*(vy = 0;Jy) transition. Panels (c) and (c) show the one-photon ionization spectra of
HI1 and H,S, respectively.
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