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Origin of the Phase Lag in the Coherent Control of Photoionization and Photodissociation
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The phase lag associated with coherent control by two-pathway excitation in the presence of
autoionizing and/or predissociating resonances is studied experimentally and theoretically. For a
mixture of HI and DI, the phase lagDd between the two-parent ion signals vanishes to within
experimental accuracy, whereas for an HIyH2S mixture, jDdj reaches a maximum in the vicinity of
the HI 5ss resonance. These and previous observations are all explained within a single theoretical
model which clarifies the origins of the phase lag in different atomic and molecular systems.
[S0031-9007(98)08101-0]

PACS numbers: 33.80.Eh, 32.80.Qk, 33.80.Gj
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There has been much recent interest in using the ph
of electromagnetic radiation to manipulate the motion
electrons and nuclei [1,2]. The method of coherent co
trol uses two coincident laser fields to induce a transitio
in an atom, a molecule, or a solid. Control is achieve
by varying the relative phase of the two fields so that th
induced transition amplitudes interfere constructively
destructively. This method has been used, for examp
to control the ionization rate of an atom [3], the dissoci
tion rate of a molecule [4], and the direction of the curre
generated in a semiconductor [5]. An especially intere
ing opportunity arises when an excited particle decays in
more than one product. In this case, variation of the re
tive phase of the two fields can be used to control not on
the total decay rate but also the branching ratio for the va
ous channels [6].

A much cited example of coherent control is th
quantum mechanical interference between one- and thr
photon transitions [7]. In this case, the probability o
obtaining productS is given by [8]

pS ­ pS
1 1 pS

3 1 2jpS
13j cossf 1 dS

13d , (1)

wherepS
3 andpS

1 denote the one- and three-photon trans
tion probabilities, and

jpS
13je

id
S
13 ­

Z
dk̂ kgjD̄s3djESk̂2l kESk̂2jD̄s1djgl . (2)

HereDs jd are effectivej-photon dipole operators,̄Ds jd ­
e2ifs jd

Ds jd, f ­ fs1d 2 fs3d is the relative phase of the
lasers,E is the total energy corresponding to either thre
photons of frequencyv1 or one photon of frequencyv3 ­
3v1, k̂ denotes the scattering angles of the photoelectr
or photofragment, anddS

13 is referred to as thephase shift
for channelS. Variation of f produces a modulation in
the signal for each channel. For any pair of channels,S
and S0, a phase lagDdsS, S0d ­ d

S
13 2 d

S0

13 appears be-
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tween the modulated signals. Because the phase shi
channel specific, it is possible to maximize the yield
productS by settingf ­ 2d

S
13. The origin of this phase

shift is important for understanding and optimizing contr
mechanisms and, more significantly, as a route to disc
ering new molecular properties that could not be inferr
from more conventional observables. This is particular
true when the continuum is structured (i.e., in the presen
of predissociating or autoionizing resonances), in whi
casekESk̂2jD̄s jdjgl is markedly energy dependent, bot
in magnitude and in phase.

The phase shift in Eq. (1) appeared in the coherent c
trol theory of Brumer and Shapiro [2]. Its very existenc
its possible origin, and its significance have been the s
jects of controversy in recent literature [9,10]. The fir
experimental measurement of a phase lag was repo
in Ref. [6] for the case of ionization vs dissociation o
HI molecules. Further experiments found the phase
between the ionization and dissociation channels to v
strongly with the transition energy in the vicinity of the
5ss resonance of HI and DI [11]. In particular,jDdj was
found to have a large value far from the resonance and
fall to a steep minimum at the center of the resonance. T
phenomenon was explained in terms of a model [11,12]
unimolecular decay into several competing channels, e
of which may take place both directly and via a manifo
of resonances. Reference [12] relates the structure of
phase lag to the underlying system properties. For the s
cific case of a single resonance with a direct componen
was shown that near the center of a single resonance the
coupling of the excitation and decay processes causesd

S
13

to reach a minimum. The phase lag far from resonan
arising solely from the direct process, is a consequen
of the phase of the complex continuum wave functio
(the so-called “molecular phase”), whereas the structu
of the phase lag near the center of the resonance relate
© 1998 The American Physical Society 65
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properties of the resonance state [11,12], as is further
plained below.

More recent experiments revealed new and surpris
behavior. In the present study we present new d
along with theoretical results which provide a glob
understanding of the origin of the phase shift in differe
physical scenarios. In particular, we identify two distin
sources of the phase shift. One origin ofd

S
13 is the phase

of the complex transition amplitude, which, under certa
circumstances [12], survives integration over scatteri
angles and leads to a nonvanishing molecular phase.
second, independent source ofd

S
13, which has not been

previously recognized, is the Breit-Wigner phase of
scattering resonance. As illustrated below, the phase s
in this case displays qualitatively different behavior fro
that produced by the molecular phase. The identificati
of this new source ofdS

13 resolves a controversy regardin
the origin of the phase lag and its implications for contr
[9,10]. Specifically, it shows that a molecular phase is n
required for the appearance of a phase lag.

A key step in unraveling the possible sources ofDd is to
separate the effects of the photodissociation and photoi
ization channels. It is important to emphasize that the e
periment provides only relative phase information. That
Dd is the difference between the phase shifts for two cha
nels. For example, for pure HI, the phase lag is the diffe
ence between the phase shifts for ionization and disso

tion of that molecule; i.e.,DdsHI1, Id ­ d
HI1

13 2 d
IyHI
13 .

A way to isolate the effect of ionization is to measur
the relative phase shifts for the ionization of two diffe
ent molecules. Because the absolute phase of the mo
lated signal for each molecule is not reproducible from r
to run, we obtain the relative phase shift by ionizing bo
molecules simultaneously in amixture of gases. For ex-
ample, for a mixture of HI and DI, the phase lag betwe
the ionization of the two molecules isDdsHI1, DI1d ­
d

HI1

13 2 d
DI1

13 . We show that for a suitably chosen mix
ture it is possible to eliminate the effect of the molec
lar phase and thereby to uncover the contribution from t
Breit-Wigner phase. To quantify this argument we deriv
a general expression fordS

13 and examine its behavior in
the limit where molecular phases do not contribute to t
phase lag.

The experimental method has been described previou
[13]. Briefly, the third harmonic of a dye lasers4 mJy
pulsed was generated by focusing the ultraviolet (UV
fundamentalsv1d into a cell containing 5–10 Torr of Xe
gas. The relative phase of the UV beam and its vacu
ultraviolet (VUV) third harmonic (v3) was varied by
passing the copropagating beams through a cell contain
1–10 Torr of H2 gas. A pulsed (10 Hz) molecular beam
consisting of equal partial pressures of HI and a referen
gas, was crossed at a right angle to the laser beams.
density of the molecular beam was always low enou
that collisional effects were absent. A pair of AlyMgF2-
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coated spherical mirrorss f ­ 20.3 cmd mounted in the
phase tuning cell focused the two laser beams to a comm
point within the molecular beam between the electrodes
a time-of-flight mass spectrometer. The ions produced
the reaction region were detected by a microchannel pl
mounted at the end of a 1-m-long flight tube.

In a separate experiment, the single-photon (VUV
spectrum of each gas was obtained by focusing the out
of the third harmonic generating cell into the main vacuu
chamber with a MgF2 lens (f ­ 8.9 cm at 355 nm) at
45± to the molecular beam axis. The VUV focal poin
was separated from the UV focus by at least 4 cm. T
sample gases were introduced into the vacuum chambe
room temperature, and the molecular ions were detec
as before.

The gas mixtures used in this experiment were HI1 DI
and HI 1 H2S. Typical modulation data for the HIyH2S
mixture are shown in Fig. 1. The I1 signal, produced
from the photodissociation channel of HI, and the pare
ion signals, HI1 and H2S1, were recorded simultaneously
Modulation of the three signals was produced by variatio
of the pressure of the H2 phase tuning gas. The solid
curves are least squares fits of the functiona 1 b cosfsx 2

cdydg, wherex is the H2 pressure. The phase lag betwee
any pair of channels is given byDd ­ sc 2 c0dyd. The
single-photon ionization spectra of HI and H2S are shown
in Figs. 2(b) and 2(c). For HI the5ss autoionizing

FIG. 1. Modulation curves for H2S1, HI1, and I1 recorded at
a UV wavelength of 353.80 nm for a mixture of H2S and HI.
The phase lag between HI1 and H2S1 is 225± 6 3±, whereas
the phase lag between HI1 and I1 is 22± 6 10±.
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FIG. 2. Phase lags and photoionization spectra. Panel
shows the phase lagDd between the photoionization of HI
and DI (squares) and of HI and H2S (triangles) in separate gas
mixtures. Panels (b) and (c) show the single photon (VU
spectra of HI and H2S, respectively. The data points an
spectra are each averages of at least ten wavelength scans
the error bars are 1 standard deviation.

resonance is clearly visible (see Ref. [11] for DI), where
for H2S there are no observed resonances at the ener
studied.

Previously [11], we found that the phase lags for ioniz
tion vs dissociation of both pure isotopomers displa
a deep minimum near the resonance. In contrast,
new results show thatDdsHI1, DI1d ­ 0 within experi-
mental accuracy. It follows that the strongly energy d
pendent difference betweenDd observed for pure HI and
pure DI arises solely from the dissociation channel. [Th
is, DdsHI1, Id 2 DdsDI1, Id ­ d

HI1

13 2 d
IyHI
13 2 d

DI1

13 1

d
IyDI
13 ø d

IyDI
13 2 d

IyHI
13 .] Reference [10] showed nu-

merically that the molecular phase for ionization of HI
zero. In Ref. [14] it is shown that, subject to the approx
mations of Ref. [10], this result applies more generally
linear and symmetric top molecules. Provided that t
continuum channels are not coupled directly, the molec
lar phase for an ionization process vanishes, irrespec
(a)

V)
d
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of the angular momentum coupling scheme. The pres
observations are consistent with these predictions [10,1

Qualitatively different behavior is observed for ion
ization of the mixture of HI and H2S. In this case,
DdsHI1, H2S1d falls to zero far from the HI resonanc
and rises to amaximumin the vicinity of the resonance
This maximum is blueshifted with respect to the minim
of DdsHI1, Id andDdsDI1, Id. The finding thatdHI1

13 ø
d

H2S1

13 off resonance is again consistent with the predicti
[10,14] that the molecular phase for ionization is zero.
shown below, the maximum inDdsHI1, H2S1d near reso-
nance is explained by a model in which the contributio
from the molecular phases vanish.

In order to understand the energy dependence ofd
S
13, it

is useful to express the transition probability in the gene
case in terms of the complex-valued one- and thr
photon transition amplitudes for both resonance-media
(at energyv3 ­ 3v1) and direct paths. Equation (1) i
rewritten as [12]

pS ­
Z

dk̂ j f
s1d
S,deid

s1d
S,d 1 f

s1d
S,reid

s1d
S,r

1 eifs f
s3d
S,deid

s3d
S,d 1 f

s3d
S,reid

s3d
S,r dj2. (3)

In Eq. (3) we consider, for clarity, the case of a single res
nance, but our results are more general. Here,f s jd

S,d
andf s jd

S,r
are the amplitudes for thej-photon-direct and resonance
mediated transitions, andds jd

S,d
andds jd

S,r
are the respective

phases. The phaseds jd
S,r

may be further partitioned into the

sumds jd
g2i

1 di2S 2 di, whereds jd
g2i

pertains to the tran-
sition from the ground state to the resonance,di2S is the
phase of the matrix element coupling the resonance w
the continuum,di ­ cot21s2ed is the Breit-Wigner phase,
e ­ 2sE 2 Ei 2 DidyGi is Fano’s dimensionless energ
variable [15],Ei is the zero-coupling limit of the resonanc
eigenvalue, andGi and Di are the resonance width an
shift, respectively, due to coupling with the continua.

Evaluating the square in the integrand of Eq. (3), w
find that a phase shift may arise from three sets of ter
[12]: interference between the direct one- and three-pho
paths with amplitudef s1d

S,d
f s3d

S,d
, interference between the

resonance-mediated one- and three-photon paths with
plitudef s1d

S,r
f s3d

S,r
, and “double” cross terms with amplitude

f s1d
S,r

f s3d
S,d

andf s1d
S,d

f s3d
S,r

. Far from the resonance, only the firs
set of terms contributes. In the absence of a direct pa
d

S
13 vanishes in the particular case of an isolated resonan

If both direct and resonance-mediated paths are pres
jDdj reaches a minimum near the center of the resonan
where the resonance-mediated path dominates (excep
the limit where neither direct path carries a phase). T
is the structure predicted [12] and observed [11] for pu
HI and pure DI.

Qualitatively different behavior is expected in the sp
cial case of a purely elastic scattering Hamiltonian. T
analyze the form ofpS in that case, we first decompos
67
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tandS
13 ­

P
JM Im f

s3dS
EJMf

s1dSp

EJMP
JM Ref

s3dS
EJMf

s1dSp

EJM

, (4)
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-where f s jdS
EJM

are j-photon matrix elements coupling th
partial wavesjESJMl with the initial state. Partitioning
f s jdS

EJM
into their direct and resonant parts, by analogy

the decomposition of the angle-resolved elements
Eq. (3),fs jdS

EJM
­ f s jd

J,d
1 f s jd

J,r
eid

s jd
J,r , we have
in the
tandS
13 ­

P
JMf2f

s1d
J,rf

s3d
J,d sind

s1d
J,r 1 f

s1d
J,df

s3d
J,r sind

s3d
J,r 2 f

s1d
J,rf

s3d
J,r sinsds1d

J,r 2 d
s3d
J,r dgP

JMf f
s1d
J,df

s3d
J,d 1 f

s1d
J,rf

s3d
J,d cosd

s1d
J,r 1 f

s1d
J,df

s3d
J,r cosd

s3d
J,r 1 f

s1d
J,rf

s3d
J,r cossds1d

J,r 2 d
s3d
J,rdg

, (5)

where the index of the magnetic state (which is conserved in a linearly polarized field) and the channel indexS have been
omitted for clarity of notation. The molecular phases make no contribution in the limit of Eqs. (4) and (5), and,
absence of the resonant route,d

S
13 vanishes.

Equation (5) can be rewritten in terms of generalizedj-photon asymmetry parametersqs jd [15] as

tandS
13 ­

sqs1d 1 edSs1d 2 sqs3d 1 edSs3d 1 sqs1d 2 qs3ddSs1,3d

1 1 e2 1 s1 2 qs1dedSs1d 1 s1 2 qs3dedSs3d 1 s1 1 qs1dqs3ddSs1,3d , (6)
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whereSs jd ­
P

J R
s jd
J , Ss1,3d ­

P
J R

s1d
J R

s3d
J ,

R
s jd
J ;

P
Jg ,M nJg kJgMjD̄s jdjESJiMlP
Jg ,M nJg kJgMjD̄s jdjESJMl

, (7)

Jg and Ji are the ground state and excited resonan
rotational levels, respectively, andnJg are Boltzmann
weights. Becauseqs jd and Ss jd are, at most, weakly
energy dependent, Eq. (6) describes a shifted and as
metric Lorentzian function. This result agrees with a
explains the observed phase lag of HI vs H2S. In addition
to providing qualitative insight, this analysis, in principl
permits the extraction of quantitative system-spec
asymmetry parameterssqs jdd from the observed phase lag
For the present system, because the identity and form
the zero-order scattering state(s) are unknown, quantita
analysis must await either rotationally resolved phase
measurements or (partial) electronic structure calculati
which would permit evaluation of the overlap elements
Eq. (7).

In conclusion, we have shown that the observed ph
lags between the ionization and dissociation of HI a
between those of DI are caused by the molecular phase
sociated with the dissociation channel. This effect is a g
eral phenomenon which typically arises from, and hen
provides information about, interactions in the continuu
For the ionization of an HIyH2S mixture, the phase of the
product wave function does not contribute to the phase
In this situation the observed phase lag is caused by the
currence of resonance(s) (in the present case, the autoio
ing resonance of HI) and hence conveys information ab
the resonance properties.
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