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Multichannel quantum defect calculation of the phase lag in the coherent
control of HI
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Multichannel quantum defect theory~MQDT! is applied within a unified framework to compute the
ionization and dissociation channel phases of HI. Our numerical results illustrate the mathematical
origin of a channel phase within the MQDT formalism, and are consistent with the existing theory
of this phenomenon, based on the collision formalism and with experimental measurements. The
present study explains why previous MQDT calculations predicted that the channel phase vanishes
identically. © 2001 American Institute of Physics.@DOI: 10.1063/1.1370081#
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I. INTRODUCTION

The channel phase, an observable in frequency dom
coherent control experiments, has been the subject of int
interest during the past five years.1–11 The channel phase i
the relative phase of two transition dipole elements lead
from a given bound state into a continuum via two pathwa

dab
S 5argE dk̂^guDauEnSk̂2&^EnSk̂2uDbug&, ~1!

whereug& is the initially prepared bound state,uEnSk̂2& is an
incoming-wave continuum eigenstate of energyE, correlat-
ing asymptotically with fragments in channelS, internal state
n, and scattering vectork̂, andDk (k5a,b) are two distinct
dipole operators, corresponding to two different excitat
modes.12 In coherent control experiments13 the channel
phase appears as a phase shift of the modulated yield c

pS5pa
S1pb

S12upab
S ucos~f1dab

S !, ~2!

wherepa
S andpb

S are the probabilities of forming products i
channelSvia the noninteracting pathways, andf is the rela-
tive phase of the laser fields. Although the absolute phas
the beat pattern is not an observable, it is possible to mea

the phase lag,Ddab(S,S8)5dab
S 2dab

S8 , between the modula
tion curves of two different product channels or processeS
andS8.

The first observation of a phase lag in 1- vs 3-pho
control experiments1 raised significant controversy in th
theoretical literature.2–4 In this experiment, a molecula
beam of HI molecules was simultaneously excited above
first ionization threshold with three UV photons of frequen
v1 and one photon of frequencyv353v1 . The excited mol-
ecules decay both by ionization and dissociation. The iod
dissociation fragment was detected by ionization with

a!Electronic mail: helene.lefebvre-brion@ppm.u-psud.fr
9400021-9606/2001/114(21)/9402/6/$18.00

Downloaded 21 Mar 2005 to 131.193.195.198. Redistribution subject to A
in
se

g
,

n

ve,

of
re

n

e

e
-

other v1 photon. The signals produced by HI1 and I1, re-

sulting, respectively, from the photoionization and photod
sociation channels, were modulated by variation of
relative phase of the two laser beams.

Early analyses of the phase lag between these two
nals argued that this quantity should vanish identically,2,3 or
that it should vanish unless complex intermediates contrib
to the multiphoton process.4 The experimental results, how
ever, ruled out the latter mechanism. More recent theoret
work6,8 developed a general expression for the channel ph
and established the relation of its energy dependence an
properties of the underlying continuum. By exploring seve
limits of the general expression, it was possible to rationa
the experimentally observed energy dependence of the c
nel phase as well as to make several predictions, a numb
which have since been verified experimentally. It w
shown, furthermore, that the channel phase could be app
to derive information about molecular continua, which is n
available from more conventional observables.6 A numerical
study of the channel phase in atomic ionization channe14

was found consistent with the theory.6,8

Although the physical origin, structure, and informatio
content of the channel phase of a general process are
rently understood, numerical work has so far been limited
simple models6 and to atomic ionization channels.14 A nu-
merical study of the competing ionization and dissociat
reactions of HI, the system for which all experiments ha
been performed,1,5,7,9–11has not been carried out as yet. Th
reason is clear. The spectroscopy of HI in the energy reg
probed experimentally is complicated, involving spin–or
autoionization, which has been treated by only a f
authors.15,16 The dissociation dynamics has not been e
plored at all to our knowledge. The states responsible
predissociation of the resonance state have not been id
2 © 2001 American Institute of Physics
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fied, and their structures are unknown. Also unknown is
magnitude and nature of electrostatic coupling within
scattering manifold. Below we suggest a possible assignm
~that remains to be verified! of this predissociating state
based on recent experiments of Loocket al.17

One of the goals of the present work is to describe
method by which the two-step unified multichannel quant
defect theory~MQDT! of Refs. 18–24 can be adapted
compute the channel phases of competing ionization and
sociation channels. A second goal is to apply the metho
model numerically the ionization and dissociation chan
phases of HI. Our third goal is to clarify the reason for whi
previous MQDT calculations2 predicted that the channe
phase should vanish identically.

Our present study is preliminary in several ways. W
consider a simplified model, consisting of an isolated re
nance coupled to two continua, an ionization and a disso
tion continuum, each of which is otherwise uncoupled. R
tations are omitted, and attention is confined to the regim
the 5dd Rydberg state of HI. These restrictions will be sy
tematically relaxed in future work.

In the next section we outline the theory, and in Sec.
we present the numerical model and discuss the results.
final section concludes with an outlook to future research

II. THEORY

With rotations neglected, the channel phase reduces
ter integration over the scattering angles, to the rela
phase of two distinct transition dipole operators betwe
bound and unbound vibronic wave functions6 where, in the
problem at hand, the unbound manifold decays into both
ionization and a dissociation continuum. These vibronic tr
sition dipole elements are computed within the two-step u
fied MQDT framework.19

Following the standard quantum defect procedure,
partitions configuration space into a ‘‘reaction zone,’’ an
ner region, and an external zone. Corresponding to this
titioning of space is a separation of the interaction into
short-range and a long-range part. One can write the t
HamiltonianH as

H5H01H2 , ~3!

where

H05T1HLR1H1 , ~4!

and HLR is the long-range potential. The reaction zone
defined by the range of electron-core interactions other t
long-range~here Coulombic! forces. In the first step of the
treatment, onlyH0 is taken into account. The short-rang
interactions confined to a single electronic channel are c
tained inH1 . The reaction matrix associated withH1 is de-
noted byK1 , and the induced phase shift ispm. In the sec-
ond step of the treatment, the residual interactions betw
different channels are introduced throughH2 , which con-
tains the part of the spin–orbit and electrostatic interacti
not included inH0 . The reaction matrix associated with th
interchannel interactions is denoted byK2 . The complete
reaction matrix is the sum ofK1 andK2 , and the scattering
matrix takes a product form.
Downloaded 21 Mar 2005 to 131.193.195.198. Redistribution subject to A
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In the external region the ionization channel wave fun
tions are expressed as superpositions of long-range~here
Coulombic! functions,

C iv~r ,R,e i !5x ivF i$ f l~e i ,r !cos@pm i~R!#

2gl~e i ,r !sin@pm i~R!#%, ~5!

where R is the internuclear separation,r denotes the elec
tronic coordinates,i is an electronic index, andv the vibra-
tional quantum number. In Eq.~5! the x iv are bound vibra-
tional functions,F i are the core electronic functions,f l and
gl are, respectively, the regular and irregular Coulomb fu
tions, l being the electron angular momentum,m i are the
quantum defects of the electronic continuum, ande i denotes
the continuum electron energy with respect to the ion co

The dissociative channels are given as

Cd~r ,R,ed!5Fd~r ,R!Fd~ed ,R!, ~6!

whereFd is a bound electronic wave function, and theFd

are energy normalized scattering solutions of the nuc
Schrödinger equation with total scattering energyed above
the dissociation limit. Equation~5! corresponds to bound
motion in the nuclear modes, whereas Eq.~6! corresponds to
bound motion of all electrons. The former includes bo
bound (e i,0) and free (e i.0) states in the electronic mode
distinguished by their asymptotic boundary conditions.

The short-range part of the electronic Hamiltonian,H2 ,
couples the closed (e i,0) channels of Eq.~5! with both
ionization and dissociation continua. Direct coupling of t
ionization and dissociation continua was not included h
but will be incorporated in a future study. The matrix el
ments ofH2 in the electronic basis,

Vi ,i 8
~2!

5^F ic i uH2uF i 8c i 8& ~7!

and

Vi ,d
~2!5^FduH2uF ic i&, ~8!

c i being the radial function of the Rydberg electron in t
reaction zone, are assumed independent of energy and i
nuclear separation. Because of the latter approximation,
matrix elements of the interaction in the vibronic basis, E
~5! and ~6!, factorize into products of electronic and vibra
tional factors,

Viv,i 8v85Vi ,i 8
~2! ^x i ,vux i 8,v8&~12d i ,i 8! ~9!

and

Viv,d5Vi ,d
~2!^x ivuFd&. ~10!

We proceed by defining a set of eigenchannels at
boundary of the reaction zone by diagonalizing the react
matrix K2 in the zero-order basis of Eqs.~5! and ~6!,

Ca5(
v

Uiv8,ax ivF i@ f l cos~pm i1ha!2gl sin~pm i1ha!#

1Ud,aFd@Fd cosha2Gd sinha#, ~11!

whereUa are eigenvectors ofK2 with components in both
ionization and dissociation channels,2tanha /p are the cor-
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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9404 J. Chem. Phys., Vol. 114, No. 21, 1 June 2001 Lefebvre-Brion, Seideman, and Gordon
responding eigenvalues, andGd is the second real solution o
the nuclear Schro¨dinger equation, lagging in phase byp/2
with respect toFd .

In the present work the reaction matrixK2 is approxi-
mated within first-order perturbation theory and is thus o
tained directly from the matrix elements of Eqs.~9! and~10!.
The energy eigenfunction outside the reaction zone,Cr , is
given as a linear superposition of theCa with coefficients
Aa determined through application of the boundary con
tions at infinity,

Cr5(
a

AaCa . ~12!

Finally, following the procedure of Refs. 18 and 19, the fin
open channel,Fiv , is given by a superposition of the energ
eigenfunctions,

Fiv5(
r

Tiv,rCrei tr, ~13!

where

Tiv,r5(
a

Aa
r F(

v8
Uiv8,a@cos~pm i1ha!^x ivux iv8&#

1Ud,a cosha^x ivuFd&Gcostr ~14!

1F(
v8

Uiv8,a@sin~pm i1ha!^x ivux iv8&#

1Ud,a sinha^x ivuFd&Gsintr . ~15!

Using Eqs.~11! and ~13!, the matrix elements of the
transition dipole operator,Dk in Eq. ~1!, between the initial
vibronic stateF0 and the final open channelFiv , are ob-
tained as linear superpositions of the corresponding dip
elements between the initial vibronic state and the diab
~single configuration! states of Eqs.~5! and ~6!,

Div
~ j !~E!5(

r
ei trTiv,r(

a
Aa

r F(
v8

(
i 8

Ui 8v8,aDi 8
~ j !

3^xv8ux0
0&1Ud,aDd

~ j !^Fdux0
0&G , ~16!

where

Di
~ j !5^F ic i uD ~ j !~r !uF0& ~17!

and

Dd
~ j !5^FduD ~ j !~r !uF0&, ~18!

D ( j ) being thej-photon transition dipole operator~j 51 or 3!.
Before proceeding to compute the observable, we tra

form the single configuration transition dipole elements,Di
( j )

in Eq. ~16!, from standing to traveling waves so as to impo
implicitly the physical boundary conditions for theK1

matrix.25,26 This last transformation was incorrectly omitte
in previous MQDT formulations of similar problems.2,18 The
use of standing wave dipole matrix elements has no co
Downloaded 21 Mar 2005 to 131.193.195.198. Redistribution subject to A
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quence when only total cross sections are computed. In
calculation of phase-sensitive observables, such as the c
nel phase, however, it is crucial to use the proper~traveling-
wave! primitive dipole matrix elements, as shown below.27

III. APPLICATION TO THE HI PROBLEM

We consider the simultaneous autoionization and pre
sociation of the 5dd1/&(1P113P1) Rydberg state of HI.
This state converges on theX 2P1/2 state of the ion and au
toionizes to the continuum of same symmetry of theX 2P3/2

ion state, namelyedd1/&(1P123P1). Autoionization is
due to spin–orbit interaction, and hence the coupling int
action in Eq.~7! assumes the form15

V~2!5tanpS m12m3

2 D , ~19!

wherem1 and m3 are, respectively, the quantum defects
the singlet and triplet Rydberg states converging to the2P1/2

continuum. Note that because of our choice of normalizat
of the wave function this interaction is dimensionless.

Simultaneous predissociation is due to electrostatic in
action with a repulsive neutral state of the same~P! symme-
try. Autoionization is known to be dominated by the grou
vibrational levels of both the resonance and the ionic sta
and in the present study we limit our attention to these lev

The potential energy curve of the Rydberg resonanc
taken to be parallel to that of theX 2P1/2 state, namely, a
Morse potential with the parameters determined in Ref.
~ve52249.2 cm21, vexe550.8 cm21, andr e51.6228 cm21!
up to v520, but modified at higher energies to give th
correct dissociation energy,De525164 cm21. The ionization
potential of X 2P3/2 used in these calculations is 83 72
cm21, and theX 2P1/2 state lies 5356.6 cm21 higher.29–31

The quantum defect of thedd resonance is taken equal t
0.162. With these parameters, the ground vibrational leve
the 5dd resonance is located 541 cm21 above thev50 level
of the X 2P3/2 state. The coupling matrix element betwe
the two ionization channels@Eq. ~19!# is taken to be 0.1.

The repulsive state responsible for predissociation of
Rydberg state is not known. Wigner–Witmer correlati
rules suggest that this state has either1P1 or 3P1 symmetry,
and we assume that it dissociates into theI * (2P3/2)1H con-
tinuum at 80 724.88 cm21, where I * is (3P)6s. A recent
photofragment imaging study17 has presented evidence for
dissociative Rydberg state with a4S2 core and a 6p Ryd-
berg electron at higher energy. This suggests that our di
ciative state is a Rydberg state with the samea 4S2 core
~mixed by the spin–orbit operator with the4P core! but with
a 6s electron. Because one of the configurations of this
pulsive state differs by two electrons from that of the 5dd
resonance, an electrostatic interaction between these
states is possible. This coupling is estimated from the spe
of Hart and Hepburn32 using the following considerations: In
Fig. 3 of Ref. 28 the peak corresponding ton55d(p1d)
has a smaller intensity than the peak corresponding tn
56d. Theoretically, the autoionization peaks should ha
the same intensity~see, for example, Ref. 33!. This intensity
anomaly can be explained only if there is a local predis
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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ciation. A simulation of this predissociation is shown in F
1. The dotted curves show the results of a MQDT calcu
tion, accounting only for autoionization and including rot
tion in an intermediate coupling case between Hund’s ca
~a! and~e! ~Ref. 34!. The transition moments are taken su
that the intensities for 5dp and 5dd would equal those of
the higher (n56,7,8) Rydberg states. The intensity of th
n55 peak is lowered with respect to that of the higher sta
if local predissociation that affects only the 5dp and 5dd
states is taken into account in the simulation, as shown
the solid curves of Fig. 1. The experimental decrease of
intensity of the 5dd peak to about one-half that of the oth
peaks is reproduced with a dimensionless coupling of 0.
for ed54320 cm21 @Eq. ~10!#, and this value is used in th
calculation below.

The four electronic transition dipole matrix elements
volved are not known. Because only their ratios are reflec
in the observable, these elements serve as three indepe
adjustable parameters and are determined by a fit to the
perimental phase lag data. The modulus of the one-pho
transition moment element to the ionization channels is ta
to be 1.58 a.u. The modulus of the three-photon elemen
systematically varied in the 0.1–1.0 a.u. range to optim
agreement with experiment. A value of 0.6 a.u. is determi
through this procedure and employed in the calculation. T
modulus of the one-photon transition moment element to
dissociative state is varied in the 0.1 to 0.2 a.u. range,
that of the three-photon transition moment element is va
between60.05 and 60.005 a.u. The values of 0.1 an
20.03 a.u. for the one- and three-photon transition mome
respectively, are found to produce best agreement with
perimental data. Our model potential energy curves are g
in Fig. 2.

The cross sections for ionization and for dissociation
shown in Fig. 3 for one-photon excitation.

FIG. 1. Simulation of predissociation of the 5dp and 5dd resonances of HI
at 300 K. The dotted curves were calculated assuming equal transition
ments for all then peaks. The solid curves were calculated with the tran
tion moment for excitation of the 5dp state reduced by a factor of 1.4 an
that for excitation of the 5dd state reduced by a factor of 2.1. See the te
for further details.
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IV. RESULTS AND DISCUSSION

We first recall that previous MQDT calculations pr
dicted that the channel phase for both ionization and dis
ciation vanishes identically, in contradiction with the theo
of Refs. 6 and 7 and with observations. The source of
discrepancy is the use of standing wave primitive transit
dipole elements in Ref. 2. This effect is readily seen by
amining Eq.~16!. In the case considered here, where on
two channels are involved, one open and one closed, Eq.~16!
simplifies to

Div
~ j !~E!5ei trTiv,r221/2@A1

r~D1
~ j !2D2

~ j !!1A2
r~D1

~ j !1D2
~ j !!#,

~20!

o-
-

FIG. 2. Model potential energy curves for the 5dd state and for the state
responsible for predissociation.

FIG. 3. Ionization~solid curve! and dissociation~dotted curve! one-photon
cross sections in the regime of the 5dd resonance.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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where D1
( j ) and D2

( j ) are, respectively, the primitive elec
tronic transition moment elements to the zero-order disc
and continuum states. If the standing wave electronic
ments are used, the phases ofDiv

(1)(E) and Div
(3)(E) both

equaltr , and the channel phase accordingly vanishes.
When the proper traveling wave boundary conditions

imposed,25 i.e., whenc i in Eq. ~17! is replaced by26

c i
S5(

j
c jQji , ~21!

whereQ is the complex matrix (12 iK 1)21, we find that the
ionization channel phase is nonzero, irrespective of whe
the autoionization MQDT or the autoionizatio
1predissociation MQDT is used. Considering first the io
ization process alone within the former framework, we fi
an ionization channel phase that is constant with energy
depends on the phase of the primitive transition moments
however, the transition moment for the direct and resonan
mediated ionization pathways differ slightly, a Lorentzi
curve is obtained in agreement with the prediction of Re
~for the case of an isolated resonance embedded in an o
wise uncoupled continuum considered here! and consistent
with experiment.13 The choice of unequal transition mome
is physically correct; it follows if the approximation o
energy-independence of the transition moment is relaxed
causee i differs for the 2P3/2(e i.0) and the2P1/2(e i,0)
cores~see Ref. 35 for the energy dependence of the ph
ionization cross section!.

FIG. 4. The solid and dashed curves are, respectively, the calculated ch
phases for dissociation and ionization via the 5dd resonance. The circles
and triangles are the corresponding experimental values~see Ref. 10!. Error
bars indicate one standard deviation for typically ten measurements.
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Considering next the predissociation problem alone,
have verified that the channel phase is nonzero and take
shape predicted in Ref. 8 for the model considered here
vanishes when the transition dipole element to the repuls
state is set to zero. Thus as the frequency is tuned to
vicinity of the center of an isolated resonance and
resonance-mediated process becomes dominant, the ch
phase decreases to a minimum, consistent with prev
theory and with observations.5,6

Continuing to include both the ionization and the diss
ciation channels within a unified MQDT simulation, we fin
that the ionization channel phase is modified from the re
of the MQDT simulation with only one open channel. Th
result is expected because, with the dissociation channe
cluded, an additional source of interference is introduc
interference between two continua, that was identified in e
lier work5,6 as a source of a channel phase. Here the coup
between the two continua is indirect, mediated through
resonance. The ionization phase is constant, except in
vicinity of the resonance where it has a dispersion-like sha

Within the unified MQDT, the dissociation phase takes
Lorentzian shape. The indirect interaction with the ionizati
continuum has only a minor effect. Experimentally one o
serves a rather different shape, indicative of coupling in
dissociation manifold, which our present model does not
count for.

We have used for the primitive complex transition m
ments to the two ionization channels a value of 1.510.496i
for the one-photon transition and 0.59310.09i for the three-
photon transition, corresponding to the moduli of 1.58 a

nel

FIG. 5. The solid curve is the calculated phase lag~ionization–dissociation!
in the region of the 5dd resonance; the circles and error bars are the co
sponding experimental measurements.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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0.6 a.u., respectively. The channel phases for both the
ization and dissociation of HI, obtained within the unifie
MQDT simulation, are plotted in Fig. 4 versus the on
photon wavelength. Also shown in Fig. 4 are the experim
tal ionization and dissociation channel phases in the s
region. The experimental channel phase was obtained f
measurement of the phase lag between the process of int
and a process known to produce no channel phase, as
cussed in Ref. 9.

In Fig. 5 we show the calculated phase lag between
ionization and dissociation channels in the vicinity of t
5dd resonance and compare it with the measurement of
7. A maximum of 180° is obtained, which agrees with t
experiment in magnitude but lies at slightly too low an e
ergy. The second maximum in the experimental data at 11
nm is probably due to the 9d resonance with a2P3/2 v51
~Ref. 36! core, which has not been introduced in the calc
lation. A more complete spectroscopic assignment of
phase lag spectrum will be forthcoming.37

V. CONCLUSIONS

We present MQDT calculations of the ionization a
dissociation channel phases of HI. Our results explain
reason for which previous MQDT calculations incorrec
predicted that the channel phase should vanish identically
the case that a single decay channel is open~i.e., for an
elastic continuum!, when standing wave boundary conditio
are improperly used, the channel phase is strictly zero. In
porating the correct, traveling wave boundary conditio
gives rise to a channel phase that agrees in structure with
current theory of the phase lag phenomenon and with ob
vations. If the resonance has a symmetric profile~i.e., for q
→`!, the phase lag is identically zero, again, in agreem
with the existing theory and with experimental results.

In the present study we considered the case of spin–o
autoionization, pertaining to the existing experimental da
It would be interesting to study both theoretically and expe
mentally resonances that can decay by autoionization me
nisms other than spin–orbit interaction. Problems wh
autoionization and predissociation take place on compar
time scales are of particular interest.~See Ref. 38 for a re-
view of this subject.!

Our model has neglected effects of coupling betwe
continuum channels, overlapping resonances, and rotat
Extending the present study to account for these effect
another goal of future work.
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