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In this paper we explore the level structure, the optical excitation modes and the dynamics of a
mixed Stark manifold of very high Rydberg states~with principal quantum numbersn580–250!
of large molecules, e.g., 1,4 diaza bicyclo@2,2,2# octane~DABCO! andbis ~benzene! chromium
~BBC! @U. Even, R. D. Levine, and R. Bersohn, J. Phys. Chem.98, 3472~1994!# and of autoionizing
Rydbergs of atoms@F. Merkt, J. Chem. Phys.100, 2623 ~1994!#, interrogated by time-resolved
zero-electron kinetic energy~ZEKE! spectroscopy. We pursue the formal analogy between the level
structure, accessibility and decay of very high Rydbergs in an external weak~F.0.1–1 V cm21!
electric field and intramolecular~interstate and intrastate! relaxation in a bound molecular level
structure. The onsetn5nM of the strong mixing~in an external fieldF and in the field exerted by
static ions! of a doorway state, which is characterized by a low azimuthal quantum numberl , a finite
quantum defectd, and a total nonradiative widthGs.G0/n

3, with the inactive highl manifold is
specified by nM.80.6d1/5(F/V cm21!21/5. At n>nM the level structure and dynamics are
characterized by the productgr, wherer is the density of states andg5GsD(n) is the average
decay width of the eigenstates, with the dilution factorD(n)'n22 for ( lml) mixing and
D(n).n21 for ( l ) mixing, whereupongr5(G0/4dR)(nM/n)

5, being independent ofD(n). The
sparse level structure is realized forgr!1, while the dense level structure prevails forgr.1,
resulting in two limiting situations;~a! a dense limit forn>nM and a sparse limit forn@nM , and
~b! a sparse limit for alln>nM . The experimental information currently available on the decay
dynamics of molecular~DABCO and BBC! and atomic~Ar! Rydbergs forn>nM corresponds to
case~b!. The time-resolved dynamics was characterized in terms of the excited state total population
probability P(t) and the population probabilityI (t) of the doorway state.P(t), which is
interrogated by time-resolved ZEKE spectroscopy, will exhibit for both the sparse and dense level
structures and for all excitation conditions a superposition of exponential temporal decay terms with
an average lifetime of;\/g. I (t) can be used to interrogate coherence effects, which in case~b! are
manifested in quantum beats, while case~a! corresponds to a giant resonance with a molecular time
characterized by the reciprocal energetic spread of the Stark manifold. The experimental data for the
onset of strong mixing and for the diluted lifetimes@\/GsD(n) with D(n);n21# of the high
Rydbergs (n;100–200) of BBC and ofDABCO are in accord with the predictions of the theory
for the limit of strong (l ) mixing. While strong mixing is realized forF̄5Fn5/3.43109d.1, we
expect that for the weak mixing regime (F̄,1) the dynamics of ultrahigh Rydbergs will be
characterized by two distinct~;ns and;ms! time scales. Finally, we emphasize the universality of
the model, which provides a unified description of the level structure and dynamics of high
Rydbergs of molecules and of autoionizing atoms. ©1995 American Institute of Physics.
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I. HIGH RYDBERGS AND ZEKE RYDBERGS

During the development of the theory of intramolecula
coupling and dynamics in isolated molecules1,2 it was
recognized2–4 that the internal conversion rates of low~n
53–5, wheren is the principal quantum number! Rydberg
states of aromatic molecules~as inferred from line
broadening4! are considerably slower~i.e., by 1–2 orders of
magnitude! than those of the intravalence electronic excita
tions in the same energy domain. The decay channels of l
Rydbergs of large aromatic molecules involve both ‘‘nonre
active’’ internal conversion, with a partial widthGIC , which
is dominated by the Rydberg→Sn

1→S1
1 relaxation5 ~where1

denotes high vibrational excitations!, and possibly also ‘‘re-
active’’ predissociation channels with a partial widthGD .
Quantitative data on Lorentzian line broadening of Rydbe
states of benzene explored by two-photon spectroscopy
the nRg series,n53–7 @with total widthsG(n)580 cm21
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for n53 andG(n),8 cm21 for n56#,6 and by one-photon
jet spectroscopy for the 3Ru @with a total widthG~3!534
cm21#,7 reveal that the lifetimest(n) of these Rydbergs are
t(n)5\/G(n), where

G~n!5G IC~n!1GD~n! ~1.1!

increase superlinearly with increasing the principal quantu
numbern. The well knownn23 scaling law,8–14 which was
originally developed for vibrational~GVA! and rotational
~GRA! autoionization8–13 whose widths areGVA}n23 and
GRA}n23, is also applicable to predissociation,14 i.e.,
GD(n)}n

23, and for internal conversion15 with
GIC(n)}n

23. One expects that the total width of a molecula
Rydberg, Eq.~1.1!, is

G~n!.G0 /n
3 ~1.2!

and the lifetimes are

t~n!5~\/G0!n
3, ~1.3!
/102(14)/5636/11/$6.00 © 1995 American Institute of Physicsto¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5637J. Jortner and M. Bixon: High Rydberg states
whereG0 is a numerical constant. The energies of the Ry
berg states, which are characterized by the lifetimes~1.1!–
~1.3!, are

E~n!5IP2
R

~n2d l !
2 , ~1.4!

whereR is the Rydberg constant, IP is the ionization poten
tial, and d l is the quantum defect~which depends on the
azimuthal quantum numberl !. Equations~1.2! and ~1.3! are
approximate as they do not include interchannel mixing.11,13

Nevertheless these relations serve as a useful overall desc
tion. Even, Levine, and Bersohn15 have reported the lifetimes
~obtained from line broadening! of a long Rydberg series of
large molecules, i.e.,n510–30 ofbis~benzene! chrominum
~BBC! @where G(n)5GIC(n)1GD(n)#, and n511–40 of
the vibrationally excited 1,4 diaza bicyclo@2,2,2# octane
~DABCO! @whereG(n)5GVA(n)1GIC(n)1GD(n)#, demon-
strating that a scaling law, i.e.,t(n)}na andG(n)}n2a, is
well obeyed~with a52.660.2!, being close to then3 scaling
inferred from the approximate relations~1.2! and~1.3!. This
significant quantification of the overall decay dynamics o
molecular Rydbergs (n,40) in conjunction with then3

scaling law, allows for estimates of the lifetime of a ver
high ~e.g.,n5100! Rydberg to bet~100!;5 ns. This pre-
diction is not borne out by recent experiments15–18,19~e!,19~f!

using zero-electron kinetic energy~ZEKE! spectros-
copy.19,20 The application of time-resolved ZEKE spec
troscopy15–18,19~e!,19~f! to interrogate the lifetimes of ultrahigh
(n.80–250)molecular and atomic Rydberg states~which
will be referred to as ZEKE Rydbergs! provided the follow-
ing novel information on the experimental front:

~1! Long lifetimes of ZEKE Rydbergs of NO. Reiser
et al.19~b! have observed high lying~within ;10 cm21

below the ionization potential!, very long lived ~;ms
lifetimes! Rydbergs of NO. Chupka21 pointed out that
the lifetimes of these states are considerably longer th
expected on the basis ofn3 scaling for the predissocia-
tive p series of NO.

~2! The lifetime lengthening of molecular ZEKE Rydbergs
The lifetimes of the ZEKE Rydbergs (n;80–250) of
large molecules15–18,19~e!,19~f!,21–23 are longer by several
~2–4! orders of magnitude than those expected on t
basis of then3 scaling relations. Even, Levine, and
Bersohn15 have established that the lifetimes of ZEKE
Rydbergs (n*80) of BBC and of DABCO are longer by
2–3 orders of magnitude than those expected on the
sis of Eq.~1.3!, exhibiting a dramatic break in thet(n)
vs n relation between the lower (n510–50) Rydbergs
interrogated by energy-resolved line broadening and t
high (n580–250) Rydbergs explored by time-resolved
ZEKE spectroscopy. The lifetimestZ(n) of ZEKE Ryd-
bergs can be empirically expressed by

tZ(n) 5 (\/G0)n
3/D(n), ~1.5!

whereD(n) ~!1! is a dilution factor. The accuraten
dependence ofD(n) cannot be yet determined, but the
experimental data15 indicate that D(n)}n2b with
b51–2.
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~3! The universality of the lifetime lengthening of ZEKE
Rydbergs. The lengthening effect is manifested for inter-
nal conversion, predissociation and autoionization in
large molecules,15–18 for predissociation in diatomic
molecules21–23and for autoionization in atoms.24

~4! The independence oftZ(n) on the external pressure.
16,18

~5! The dependence oftZ(n) on the laser fluence.18

~6! The reduction ofD(n) for NO predissociation23 and for
the autoionization of Ar~Ref. 24! by the increase of a
homogeneous dc electric field.

II. MODELS FOR THE LIFETIMES OF ZEKE
RYDBERGS

The fascinating novel characteristics of ZEKE Rydbergs
triggered interesting theoretical activity, which falls within
the framework of two models.

~a! The Rydberg electron-core rotation model. Levine,
Rabani, and Even15,25,26have proposed that for ZEKE
Rydbergs all the intramolecular decay channels consid-
ered above are switched off and Rydberg-core rotation
coupling dominated the dynamics, inducing ‘‘down’’
~‘‘up’’ ! relaxation to lower ~higher! Rydbergs.15,26

Weak electric fields reduce the frequency of the close
encounter of the Rydberg electron with the core, result-
ing in the retardation of the electronic-rotational energy
exchange.25,26From the point of view of general meth-
odology, the switching off of all the intramolecular de-
cay channels implies new physical features, e.g., the
breakdown of the Born–Oppenheimer separability for
the relevant ultrahigh Rydbergs.15–17,25,26Such a pic-
ture seems to be incompatible with the general charac-
teristics of low l molecular Rydberg states, for which
photoabsorption, electron-core interaction and intramo-
lecular dynamics are manifested in the spatial region
close to the nucleus ~range A in Fano’s
terminology27,28!, where the potential and kinetic ener-
gies of the Rydberg election exceed the molecular vi-
brational and rotational energies. Accordingly, ultra-
high n low l states are expected to undergo
‘‘conventional’’ intramolecular relaxation in rangeA,
and an ‘‘inverse’’ Born–Oppenheimer separation15,25,26

is not warranted. Furthermore, in analogy to the theory
of intramolecular dynamics,1,29–32 the characterization
of nonstationary ZEKE Rydbergs, which undergo
rotational-induced relaxation ~treated classic-
ally!,15,25,26 requires further elucidation. From the ex-
perimental point of view this model is applicable only
for molecules and not for multichannel atoms, being
apparently incompatible with the experimental obser-
vation ~3!. The further pursuit of this approach will be
of interest.

~b! The (l ,ml) Stark splitting and mixing model. Chupka
proposed21,22 that the Stark splitting and mixing of all
the l ZEKE Rydbergs~with a fixed n! is induced by
very weak stray fields inevitably present in the
system33 or/and by the weak dc background electric
field ~;0.1–1 V/cm! in the experimental ZEKE
setup.15–20This Stark mixing spreads the lowl ~50–2!
, No. 14, 8 April 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5638 J. Jortner and M. Bixon: High Rydberg states
Rydberg wave function, which is active in absorptio
and intramolecular relaxation, among all the manifol
of then states. A ‘‘democratic’’ admixture of the active
low l state~s! results in an amplitude of;n21/2 in each
eigenstate,21,22,33,34 as originally proposed by
Bordaset al.34 in their study of electric field hindered
vibrational autoionization. Accordingly, for the in
tramolecular decay channelsD(n)}n21. Furthermore,
Chupka21,22 suggested that collisional interactions wit
neutrals and with ions could induceml mixing, result-
ing in a manifold ofn2 states withD(n)}n22. Merkt
and Zare33 have modified Chupka’s model21,22 replac-
ing the collisionalml mixing @which seems to be in-
compatible with observation~4!# by perturbations ex-
erted by long-range electric fields of the static ions@in
accord with observation~5!#.

The Stark splitting and mixing model21,22,33,34considers
the decay of a single eigenstate~or a small number of eigen-
states!, which is ~are! optically selected from a dense man
fold of eigenstates formed by (l ,ml) mixing. This problem
bears a close analogy to the intramolecular dynamics in i
lated small30–32,35 and large30–32,36molecules, where inter-
state mixing is induced by nonadiabatic or/and spin–or
coupling,1 while intrastate mixing is induced by anharmon
and Coriolis interactions.37,38 In this paper we explore the
consequences of the optical excitation process and the r
tion between the decay and the level structure within t
dense mixed Stark manifold. We shall consider the dynam
of the dense mixed Stark manifold of high Rydbergs excit
by a weak optical pulse, incorporating two new aspec
which pertain to the decay characteristics of the molecu
eigenstates and excitation modes.

~a! The relation between the widths~reciprocal lifetimes!
of the mixed eigenstates and the mean level spac
which provides two limiting cases, i.e., the dense lim
of overlapping resonances and the sparse limit of we
separated resonances. These limits bear a close ana
to the statistical limit and to the ‘‘small molecule’’ limit
in intramolecular dynamics.1,30–32,38

~b! Optical excitation modes induced by a weak electr
magnetic field of a variable temporal coherence leng
The distinct response of the dense and sparse le
structures will be considered.

The present note will attempt to elucidate the followin
interesting issues pertaining to the dynamics of the de
Stark manifold of many-electron atoms and of molecules

~1! The determination of the domain ofn values where the
lifetime of the doorway state can be determined.

~2! The determination of the range ofn values where iso-
lated, nonoverlapping, mixed eigenstates can be o
cally excited. In this sparse domain the lengthening
fect of the lifetime, i.e., the dilution of the lifetime of the
doorway-exit state, will be exhibited.

~3! The identification of systems where the dense limit
mixed states can be realized over a narrown domain,
where the lifetime is determined by the width of th
distribution.
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~4! The characterization of the response of the dense an
sparse level structures to the optical excitation mode
The interrogation of the total population probability of
the Rydberg manifold will result in a superposition of
exponential temporal decay terms. In the exploration of
the population probability of the doorway state wave
packet dynamics internal dephasing and quantum bea
phenomena37 will be exhibited in the sparse limit, while
the decay of a giant resonance26,28will be manifested in
the dense limit.

III. RYDBERG LEVEL STRUCTURE

A Rydberg state of a molecule or multichannel atom in-
terrogated by ZEKE spectroscopy corresponds ton in the
range;80–250. For a singlen in a zero electric field, the
doorway state~s!1,26,28for optical excitation from the ground
state and the escape state~s!26,28 for intramolecular radiation-
less decay~predissociation, internal conversion, vibrational
autoionization! correspond to a small number ofl ,ml states
with low value~s! of l ~0–2!. For the sake of simplicity we
shall represent the doorway state~s! us& by a single state
@characterized by a low value~s! of l5 l s andm5ms# with
the energyEs5IP2R/(n2d)2 and the total nonradiative de-
cay widthGs[G(n), Eqs.~1.1! and~1.2!, i.e.,Gs5G0/n

3. At
zero field this state is separated from the degenerate hydro
genic manifold of (n221) high l ,ml states (l. l s) with the
energiesEl5IP2R/n2 and decay widthsG l50, which are
not optically accessible from the ground state~Fig. 1!. In the
presence of a weak~F;1 V/cm! homogeneous electric field
F, and of the inhomogeneous electric field exerted by the
ions,33 the effective Hamiltonian31,32,39for the system is

Heff5H02~ i /2!G1HSTARK1V, ~3.1!

FIG. 1. A schematic energy level scene for the splitting and mixing of
Rydberg states in an external electric field.~a! F50. The low l doorway
state us& is separated from the highl degenerate manifold. Theus& state
carries an oscillator strength from the ground state~denoted by a vertical
arrow! and has a total nonradiative decay widthGs , which constitutes a sum
of the partial decay widths of all, e.g., internal conversion, predissociation,
and/or autoionization, channels.~b! TheF dependence of the splitting of the
high l manifold in the external field, which results in the onset of the merg-
ing of the us& state into the manifold.~c! Mixed independently decaying
levels at a finite field, which are characterized by coarse grained widths
g.GsD(n) and density of statesr. All these levels carry oscillator strengths
from the ground state.
2, No. 14, 8 April 1995¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp



5639J. Jortner and M. Bixon: High Rydberg states
TABLE I. Characterization of mixing and level structure of high molecular and atomic Rydbergs.

Rydberg
system Decay channels

G0

~cm21! d n1
c grd

DABCO
n511–53a

Vibrational autoionization
internal conversion
predissociation

3.03103 0.41 67 1.831022

BBC
n512–35a

internal conversion 103 1.38 66 631023

Xeb

d series
autoionization 3.23104 2.32 64 0.23

Xeb

s series
autoionization 103 4.00 0.731023

Arb

d series
autoionization 4.03104 0.26 61 0.39

Arb

s series
autoionization 2.33103 2.14 54 3.731022

Neb

d series
autoionization 1.43104 0.015 35 2.4

Neb

s series
autoionization 3.73102 1.30 63 2.831023

aReference 15.
bReferences 41 and 42.
cn15nMF

1/5, Eq. ~3.4!.
dgr at n5nM , Eq. ~3.9!.
d
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whereH0 is the ~diagonal! field-free Hamiltonian with the
energiesEs and$El%. G is the diagonal decay matrix with the
elementsGs , $G l50%. HSTARK is the Stark Hamiltonian with
the operatoreFz coupling the doorway statel sms and the
states $ l 8,m8% with l 85 l s11, m85ms , while the states
$ l ,ml% are coupled with$ l 85 l61,ml%. V is the off-diagonal
perturbation exerted by the static ions.33 Then2xn2 effective
Hamiltonian Eq.~3.1! can be diagonalized by a complex
orthogonal transformation, resulting in the independently d
caying levels31,32,39of the system

u j &5as
~ j !us&1(

l

(
ml

bl ,ml

~ j ! u l ,ml&, ~3.2!

whereas
( j ) and$bl ,ml

( j ) % are~complex! coefficients. The~com-

plex! eigenvalues are [Ej2( i /2)g j ], whereEj are the en-
ergy levels andg j the decay rates of the molecular eigen
states.~From now on we shall set\51 in all our equations.!
In what follows we shall consider some limiting situations o
the decaying level structure.

~1! The ‘‘isolated’’ doorway state~Fig. 1!. TheEs resonance
atF50 is well separated in energy from theEl manifold
~Fig. 1!. When the very weak electric field is increased
the us& state will undergo a quadratic Stark shift, while
the $u l ,ml&% manifold will undergo a linear Stark mixing
and splitting.40 The physical situation of an ‘‘isolated’’
us& will be realized when the zero-field splitting
uEs2El u.2dR/n3 @with d5d~mod1!# exceedsDW/2,
whereDW is the energetic spread of the Stark manifol
of the (n221) u l ,ml& states

DW56Rn2~F/5.143109!, ~3.3!

~whereF is expressed in V cm21!. Accordingly, when
F,3.43109d/n5 the mixing of us& with the $u l ,ml&%
manifold is weak and the doorway state retains its ide
J. Chem. Phys., Vol. 102Downloaded¬12¬Feb¬2009¬to¬132.66.152.26.¬Redistribution¬subject¬
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tity. Under these conditions~see Fig. 1! the resonance
width Gs of the isolated doorway state can be interro
gated by optical spectroscopy. The experimental spect
scopic studies of Evenet al.15 on the vibrationally au-
toionizing Rydberg states of DABCO~d50.4!, which
were conducted in weak electric fields~F<1 V/cm!, al-
low for studies of the linewidthGs for n,67. In fact,
isolated Rydberg resonances were observed by Ev
et al.15 up to n.52. However, this upper limit for the
observation of the isolated lowl Rydbergs is not intrin-
sic, being limited by the experimental conditions.

~2! The strong mixing of the doorway state with the$u l ,ml&%
manifold. This situation will be realized when the ener
getic spreadDW/2 exceeds the zero-field splitting
2dR/n3. When uEs2El u,DW/2 ~Fig. 1!, the doorway
state strongly mixes with the hydrogenic higherl mani-
fold. This situation will be realized when

F.3.43109d/n5. ~3.4!

Condition ~3.4! for effective mixing is expected to be
applicable for the Rydberg manifold of molecules and o
many-electron atoms. The lower limitnM for the n
values for strong mixing is specified by
nM5n1(F/V cm21!21/5 wheren1580.5d1/5. In Table I
we present the n1 data for the
Rydberg manifolds of the DABCO and BBC molecules15

as well as for the autoionizings and d series of the
rare-gas atoms.41,42

In the domainn>nM the energetics and dynamics of th
system will be dominated by the strong mixing of the doo
way state among the split and mixed (l ,ml) levels. The di-
agonalization of the effective Hamiltonian, Eq.~3.1!, will
result inJ molecular states in the energy domainDW, being
characterized by the individual decay widthsg j . The width
, No. 14, 8 April 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5640 J. Jortner and M. Bixon: High Rydberg states
Gs of the doorway state is then diluted among the molecu
eigenstates. The dilution factorD(n) will be approximated
by a coarse grained quantity with an equal contribution to
the eigenstates, i.e.,D(n)51/J, so that the decay widths o
the individual molecular eigenstatesg.g j ~all j ! will be
given by

g'GsD~n!. ~3.5!

These averaged decay widths are determined by the natu
the dilution. In the absence of perturbing ions~V50!, a ho-
mogeneous field results in Stark (l ) splitting, so thatD(n)
.1/n and g.Gs/n. In the case of (l ,ml) mixing,
D(n).1/n2 andg.Gs/n

2.
The averaged energetic spacing between the adja

molecular eigenstates is

r215DW/J, ~3.6!

being characterized by the density of statesr. We can now
distinguish between the situations of the dense limit of ov
lapping resonances

gr.1 ~3.7a!

and of the sparse limit of separated resonances

gr!1. ~3.7b!

From Eqs.~3.5! and ~3.6! we infer thatgr5Gs/DW,
whereupon the dense limit can be realized whenGs/DW.1,
while the sparse limit prevails whenGs/DW!1. We note
that these conditions are independent ofD(n). Equations
~1.1! and ~3.3! result in

Gs /DW50.863109G0 /RFn
5. ~3.8!

The magnitude of the parameterGs/DW, in conjunction with
the merging condition, determines the level structure. At t
onset of merging, i.e., forn5nM , Eq. ~3.8! results in

gr5G0 /4dR; n5nM . ~3.9!

We note thatgr at n5nM is independent ofnM and of the
external field strength. Forn.nM we have

gr5~G0 /4dR!~nM /n!5; n.nM , ~3.10!

which decreases asn25 and is proportional toF. From this
analysis we conclude that

~a! nM , which provides the signature of the onset of stro
level mixing, is independent ofD(n), being essentially
identical for both (l ) and for (l ,ml) mixing.

~b! The parametergr at n5nM , which determines the
level structure of the mixed states, is determined by
ratio G0/4dR, being independent ofnM .

~c! The parametergr at n.nM decreases asn25 with in-
creasingn.

~d! The parametersnM and gr are independent ofD(n),
being invariant with respect to the mixing mechanism
i.e., being identical for (l ) mixing and for (l ,ml) mix-
ing. The partial widthg, Eq. ~3.5!, is, of course, deter-
mined by the mixing mechanism.

~e! The energetic spreadDW, Eq.~3.3!, of the mixed states
is essentially unrelated to the intrinsic resonance wid
Gs .
J. Chem. Phys., Vol. 10Downloaded¬12¬Feb¬2009¬to¬132.66.152.26.¬Redistribution¬subject
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~f! Regarding the external electric field dependence of the
relevant parameters, we note thatnM}F21/5 and
DW}F, gr(n5nM) is independent ofF, while
gr(n.nM)}F

21.
~g! In the vicinity of n*nM the level structure can corre-

spond either to the dense limit@case ~a!# or to the
sparse limit@case~b!#. For n@nM the level structure
always corresponds to the sparse limit.

~h! The interrogation of the mixed Rydberg level structure
~in the domainn>nM! by time-resolved or energy-
resolved experiments will not result in the total reso-
nance widthGs . Rather, the relevant energetic~i.e.,
lifetime! parameters which emerge from the analysis of
the total population of the Rydberg manifold corre-
spond tog. The exploration of the population of the
doorway state will result ing for the sparse limit or in
DW ~andGs! for the dense limit~Sec. IV!.

From the foregoing general analysis we infer that the
level structure of strongly mixed atomic and molecular high
ZEKE Rydbergs can correspond to the following two limit-
ing situations:

~a! A dense limit forn5nM changing to the sparse limit
for n@nM . This physical situation is realized when
G0/4dR.1.

~b! A sparse limit for alln(>nM), i.e.,G0/4dR,1.

From the values ofgr ~at n5nM! estimated for the mo-
lecular Rydberg series of DABCO and BBC,15 and for the
autoionization ofs andd Rydbergs of some rare-gas atoms
~Table I! we infer that

~1! The Rydbergs of the DABCO and BBC correspond to
the sparse limit of isolated resonances for all relevantn
@case~b!#.

~2! The mixing of thes Rydbergs of rare-gas atoms are char-
acterized by low values ofG0.

41,42

~3! The mixing of thed Rydbergs of Ar or of Ne, which are
characterized by high values ofG0 and by low values of
d, are characterized by high values ofgr. Then Rydbergs
of n*nM exhibit overlapping resonances.

~4! The mixing of thed Rydbergs of Ar and Xe correspond
to an intermediate situation between cases~a! and ~b!.

~5! Of considerable interest is the mixing of thed Rydbergs
of Ne, which corresponds to case~a!. For a typical field
of F51 V/cm, we expect the dense limit to prevail from
n5n1535 ~Table I!, up ton.50, while the sparse limit
sets in forn.70.

~6! Both the sparse and the dense mixed Rydberg leve
structures can be realized under realistic physical condi
tions.

IV. LIFETIMES AND DECAY MODES OF A STRONGLY
MIXED RYDBERG MANIFOLD

We are concerned with the optical excitation to and the
decay of a congested level structure of a single highn(>nM)
Rydberg manifold subjected to (l ,ml) or to (l ) mixing, a
2, No. 14, 8 April 1995¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5641J. Jortner and M. Bixon: High Rydberg states
problem which is analogous to the theory of time-resolve
photon scattering from excited molecular states.30–32The is-
sues we would like to address are

~1! Under what conditions will the diluted lifetime, Eq.
~1.5!, be exhibited?

~2! What are the observable decay modes for distinct~dense
or sparse! level structures under different optical excita
tion conditions?

The strongly mixed and split Rydberg manifold will
be excited by a weak electromagnetic light pulse whic
is characterized by an electromagnetic fielde(t)
5e0 exp(iĒt) exp(2utu/tp), and the autocorrelation func-
tion is ^e* (t)e(0)&5^ue(0)u2& exp(iĒt) exp(2Dvpt/2),
wheree0 is the pulse amplitude,Ē is the central energy,tp
the pulse decay time, andDvp corresponds to the spectra
width of the light pulse. For a conventional ns dye lase
commonly used in ZEKE experiments15–24 1/tp5531023

cm21, and the laser pulse is not uncertainty limited wit
phase and energy laser fluctuations spanning the ene
range Dvp50.1–0.5 cm21. For ps and fs lasers
Dvp.1–500 cm21, the laser pulse being uncertainty lim-
ited with 1/tp.Dvp . Now, the us& state constitutes the
doorway state for optical excitation from the ground stateug&
and the time evolution of the system is monitored.

To make contact with the experimental real-life situa
tion, we consider two experimental observables~Appendix!.

~a! The excited-state total population probabilityP(t).
This corresponds to the time-dependent population
the entire Rydberg manifold.P(t) is interrogated by
time-resolved ZEKE spectroscopy,15–20by the applica-
tion of the extracting pulsed electric field at the dela
time t after the optical laser field.

~b! The population probabilityI (t) of the doorway state
us&. I (t) represents the time-dependent population
the low angular momentum state~s! us&, which is ~are!
active in absorption. In principle,I (t) could be moni-
tored by time-resolved fluorescence30–32 to the ground
state, however, the extremely low oscillator strength
~and extremely long radiative lifetimes, i.e.,}n3! of
high Rydbergs preclude this approach.I (t) can be ex-
perimentally interrogated by the subsequent photoio
ization of the Rydberg manifold, with the doorway
state being also the active state for ionization. In th
Rydberg photoionization experiment a second ionizin
light pulse should be applied at the delay timet after
the exciting optical laser pulse.

The excited-state population probabilityP(t) is interro-
gated by the novel method of time-resolved ZEKE
spectroscopy.15–18,19~e!,19~f! The excited-state population prob-
ability ~apart from proportionality constraints! is obtained
~see Appendix! from Eqs.~A4!, ~A8!, and~A9! in the form

P~ t !5(
j

uaj
~s!u2E

2`

t

dtE
2`

t

dt8 f j* ~ t2t8! f j~ t2t!

^ ^e* ~t8!e~t!&, ~4.1!

where the coefficientsaj
(s) are given from Eq.~3.2!, the func-
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tions f j (x) are given by Eq.~A9!, while Ej andg j are the
energies and decay widths of the molecular eigenstates, r
spectively. Let us consider firstP(t) for a sparse level struc-
ture, i.e.,g j! uEj 2 Ej 8u for all j and j 8. Under these cir-
cumstances the photoselection of a single molecular statej
can be realized when

uEj2Ej61u@Dvp@g j . ~4.2!

The decay will be then of the approximate form
P(t)} exp(2g j t). Next, we consider the excitation of sev-
eral molecular eigenstates whenDW.Dvp@g j . Under
these circumstances a wave packet of several eigenstates
initially excited. The total population probability consists of
several decay terms

P~ t !5(
j

uBj u2 exp~2g j t !, ~4.3!

where

Bj5as
~ j !/@Ej2Ē2~ i /2!Dvp#. ~4.4!

P(t) in Eq. ~4.3! corresponds to the sum of decaying expo-
nentials, with lifetimesg j , while the amplitudesuBj u

2 are
determined by the excitation coefficientsuas

( j )u2 weighted by
the Lorentzian line shape of the excitation pulse. Finally, we
consider the broad-band excitation whenDvp@DW, and the
entire sparse manifold is excited by the ‘‘white’’ light pulse,
which in this case iŝe(0)e(t)&5d(t). The population prob-
ability is then

P~ t !5(
j

uas
~ j !u2 exp~2g j t !, ~4.5!

exhibiting a superposition of decaying exponentials for al
times t. Next, we turn toP(t) for the dense level structure,
i.e., g j.uEj2Ej61u for all j . This limit corresponds to case
~a! for n>nM . For overlapping resonances, the excitation of
a single eigenstate cannot be accomplished.1,30–32 A wave
packet of overlapping eigenstates can be excited. Whe
DW.Dvp@g j , a wave packet of several overlapping reso-
nances is excited. The total population probability for the
dense limit is given by Eqs.~4.3! and ~4.4!. For the broad-
band excitation of the dense level structure, i.e.,Dvp@W,
P(t) is given by Eq.~4.5!.

From this analysis of the population probabilities three
conclusions emerge. First, the only difference between th
sparse and dense level structures is that the photoselection
a single molecular eigenstate is possible only in the spars
limit. Second, the total population probabilities for the dy-
namics of partial or of coherent wave packets are identica
for the sparse and the dense limits. Thus both in the spars
limit ~for Dvp. uEj 2 Ej 8u!, and in the dense limit,P(t) is
obtained in terms of a superposition of decaying exponen
tials. Third, the time-dependence of the excited state popula
tion probability for both the sparse and the dense level struc
tures and under all excitation conditions, contains only a
superposition of exponential decay terms and does not co
tain interference terms, i.e., temporal quantum beats. As
known from the theory of intramolecular dynamics,30–32,39

the total decay probability involves only direct exponential
, No. 14, 8 April 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5642 J. Jortner and M. Bixon: High Rydberg states
decay terms, while quantum beats can be manifested by
cay of a specific wave packet of states~i.e., a subspace of the
discrete Hilbert space!, such as the decay of the doorwa
state.

As all the available experimental information on the d
namics of high Rydbergs emerges from time-resolved ZE
experiments,15–20 the characterization of the feasible exper
mental conditions is of interest. Taking
~DW/cm21!51.331024nM

2 ~F/V cm21! at n5nM , we esti-
mate ~for F50.1 V cm21! that DW50.13 cm21 for
nM5100 and thatDW50.033 cm21 for nM550. We infer
that for a conventional ns laser~Dvp.0.1–0.5 cm21!
Dvp.DW, so that broad-band excitation will be accom
plished under ns excitation. The population decay pattern
expected to be given by Eq.~4.6!. On the basis of genera
coarse graining arguments we expect that for strong mix
the averaged reciprocal lifetimes will be^g j&.GsD(n) with
D(n) being in the range 1/n ~for l mixing! to 1/n2 ~for lml

mixing!. Of course, the decay will not be strictly exponenti
and will involve a superposition of exponentials, reflectin
some homogeneous distribution of the decay times.

Complementary information on the decay dynamics a
coherence effects will emerge from the population probab
ity I (t) of the doorway stateus&. The interrogation ofI (t) by
photoionization of the Rydberg manifold for high (n.80–
250) states constitutes an experimental challenge, wh
was not yet undertaken. Such an approach was already
lized to probe temporal coherence, i.e., quantum beats in
time evolution of a wave packet of bound atom
Rydbergs.43,44Accordingly, the exploration ofI (t) is of in-
terest. Equations~A6!, ~A8!, and ~A9! result in the explicit
expression

I ~ t !5(
j

(
j 8

uas
~ j !u2uas

~ j 8!u2E
2`

t

dtE
2`

t

dt8 f j~ t2t!

3 f j 8
* ~ t2t8!^e* ~t8!e~t!&, ~4.6!

where the coefficientsas
( j ) are given by Eq.~3.2!, and f j (x)

is defined by Eq.~A9!. As is well known,30–32 I (t) contains
a direct term (j5 j 8) and oscillatory terms (jÞ j 8).

ConsiderI (t) for a sparse level structure. The photos
lection of a single molecular eigenstate will be realized und
condition ~4.2!. The decay will be of the approximate form
I (t)}exp(2g j t), being of the same form asP(t) for this
physical situation. More interesting is the excitation of se
eral molecular eigenstates. Equation~4.6! consists now of
several direct terms and of oscillatory interference terms

I ~ t !5(
j

uBj u2 exp~2g j t !1(
j

(
j 8

Bj*Bj

3exp@ i ~Ej 82Ej !t#exp@2~g j1g j 8!t/2#, ~4.7!

whereBj is given by Eq.~4.4!. The single sum in Eq.~4.7!
corresponds to a sum of decaying exponentials, as forP(t),
Eq. ~4.3!. The interference term manifests temporal oscil
tions with frequencies\/(Ej 2 Ej 8) of the optically acces-
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sible states. Finally, we consider broad band excitation of th
sparse manifold, i.e.,Dvp@DW. The doorway state popula-
tion probability is

I ~ t !5(
j

(
j 8

uaS
~ j !u2uaS

~ j 8!u2

3 expF2S g j1g j 8
2 D t1 i ~Ej 82Ej !t G . ~4.8!

For the short time domain (Dvp)
21,t and

t&(DW/J)21!g j
21, which corresponds to the recurrence

relation,1 the decay mode beingI s(t)5exp(2tDW). For
long timest@(DW/J)21, exceeding the recurrence time, the
interference terms in Eq.~4.4! vanish and the molecular
eigenstates will exhibit an independent decay of the form
I L(t).( j uaj

(s)u4 exp(2g j t), corresponding to a superposi-
tion of decaying exponentials, analogous toP(t), Eq. ~4.5!.
The ratio between the amplitude of the decay modes of th
coherent component and of the long component i
I s(0)/I L(0).1/J. Thus the interrogation ofI s(t) for the to-
tal manifold is of minor physical interest. What will be of
considerable interest is the conduction of photon echo or FI
decay experiments to monitor the coherence decay of th
manifold.37,38

Of considerable interest in the population probability of
the doorway state is the second limit of the dense level stru
ture, i.e.,g j.uEj2Ej61u for all j . This limit corresponds to
case~a! for n>nM . For overlapping resonances, the excita
tion of a single molecular eigenstate cannot be
accomplished.1,30–32This physical situation forI (t) is analo-
gous to photon scattering from a giant resonance32 of width
DW ~with DW@Gs! and a central energyE0 with the popu-
lation probability being of the form30–32

I ~ t !}exp~2tDW!1exp~2tDvp!1exp@ i ~E02Ē!t#

3 expF2S DW1Dvp

2 D t G . ~4.9!

The time evolution, Eq.~4.9!, consists of a ‘‘molecular’’ de-
cay characterized by a decay time;\(DW)21 of the pulse
decay and an interference term. The only ‘‘molecular’’ life-
time corresponds to\(DW)21, which can be also explored
by ps or fs excitation in conjunction with the interrogation of
coherent optical effects, e.g., photon echoes or free-inductio
decay.37,38A possible victim for the exploration of this novel
domain forI (t) may involve the mixing of the autoionizing
d series of Ne. From this analysis we conclude that the in
terrogation of I (t) will provide a distinction between the
sparse and the dense level structure of high Rydbergs.

V. CONCLUDING REMARKS

Our analysis of the novel features15–24 of the dynamics
of extremely high Rydbergs pursues a formal analogy be
tween relaxation phenomena in a bound level structure orig
nating from intramolecular~interstate and intrastate! cou-
pling and from the mixing of thel components of a high
Rydberg in external electric field~s!. The basic physical pic-
ture of coupling and dynamics in a bound level structure
2, No. 14, 8 April 1995t¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5643J. Jortner and M. Bixon: High Rydberg states
formally rests on the partition of the Hilbert space into th
relevant discrete level structure and the continuum~or qua-
sicontinuum! decay channels, together with the characteriz
tion of the accessibility conditions~via excitation! of the
former subspace. It is also applicable for the description
the dynamics of the ZEKE Rydbergs, which is characterize
by the following features:~a! The relevant discrete level
structure consists of a lowl state~s! and a hydrogenic mani-
fold of high l . ~b! The few low l state~s! constitute the door-
way state~s! for excitation.~c! The low l state~s! are coupled
to decay channels, i.e., internal conversion, predissociat
and/or vibrational autoionization for molecular Rydbergs an
atomic spin–orbit autoionization for atomic Rydbergs.~d!
The discrete subspace is mixed via~HSTARK1V! in Eq. ~3.1!.
The nature of the coupling and structure of the effectiv
Hamiltonian differs, of course, for intramolecular coupling
and for the electric field induced high-Rydberg mixing
While the ~imaginary! decay contribution2 iGs/2 to Heff ,
Eq. ~3.1!, is identical for both cases, the nature and details
the couplings are qualitatively different. For intramolecula
~interstate and intrastate! coupling the doorway state couples
in parallel to the entire background manifold and the ind
vidual relevant coupling terms are of comparabl
magnitude.29–32,35On the other hand, the electric field in-
duced coupling between the zero-order Rydbergs, due
HSTARK in Eq. ~3.1!, is40 ~i! sequential, withl2( l61) non-
vanishing matrix elements, and~ii ! hierarchial, with the se-
quential matrix elements decreasing with increasingl , being
proportional ton2 for low l and being proportional ton for
high l . This qualitative difference between intramolecula
and Stark coupling also results in a difference in the mixe
level structure. For intramolecular coupling the doorwa
state is usually located within the energy domain of the bac
ground manifold and mixed with it.29–32,35 On the other
hand, when field induced mixing of Rydbergs with increas
ing F is accomplished at a constantn, the doorway state does
not energetically overlap the Stark split inactive manifold
but rather approaches it from its low energy range. Th
problem is analogous to the coupling of a discrete zero-ord
state with a manifold, which is bound from below.45 Strong
mixing is then accomplished when condition~3.4! is ful-
filled. This physical situation of the doorway state ‘‘ap
proaching the manifold from below’’ is clearly demonstrate
for the energetics in the atlas maps of the Stark levels46 of
the n515 atomic Rydbergs of alkali atoms, e.g., Figs. 6–
of Ref. 46. These Stark spectra46 beautifully demonstrate the
mixing of the doorway state, with the onset of strong mixin
of the 15p (m50) doorway state@with d50.05 ~Ref. 45!#
into the n515 manifold being realized atF.250 V/cm,
with this value ofF being in accord with Eq.~3.4!. This
transparent physical situation is realized for a low quantu
defect ~d!0.5!, when the mixing between neighboring dif-
ferentn manifolds is negligible. Of course, the bound alka
Rydberg spectra46 pertain solely to the energetics and th
oscillator strength of the mixed level structure and do n
provide any dynamic information, which is the central them
of the present study.

When field-induced Rydberg strong mixing has been a
complished, the gross physical features of intramolecular d
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namics and the dynamics of the~strongly mixed! Rydberg
level structure bear a close analogy. In particular, our distinc-
tion between the sparse and dense level structures for the
energetics and dynamics of high Rydbergs is analogous to
the small molecule limit and the statistical limit, respectively,
for intramolecular dynamics.30–32,35,36From the experimental
point of view all the information currently available on the
decay dynamics of molecular15–18,19~e!,19~f!,21,22 and atomic24

ZEKE Rydbergs in weak~F;0.1–5 V cm21! external fields
corresponds to the sparse limit.

Our analysis of the novel features of the level structure
and dynamics of high Rydbergs focused on the strong mixing
situation, withF being determined by condition~3.4!, i.e.,
F.3.43109d/n3. Our treatment has been limited to a mix-
ing with a single n manifold, which is realized for
DW/2,R/n3, i.e.,F,1.73109/n5. When the latter condi-
tion is violated, mixing of severaln manifolds will occur.
However, this effect will not modify the gross features of the
level structure and dynamics for strong mixing. In this situ-
ation we were able to

~1! Characterize the dilution effect of the doorway state on
the lifetimes of the strongly mixed Rydberg manifold,
with the coarse grained average decay rate being
^g&.GsD(n) @D(n)!1, being;n21 for ( l ) mixing
and;n22 for ( lml) mixing#, in accord with the inter-
pretation originally proposed by Bordaset al.34 by
Chupka,21,22 and by Merkt and Zare.33 What is new in
our analysis is the advancement of the theoretical frame-
work for a detailed calculation of the level structure
~Sec. III! and the dynamics~Secs. III and IV!. Making
contact with real-life situations, we note the experimen-
tal data for the DABCO and BBC high Rydbergs,15

which exhibit long ZEKE lifetimes forn.100 for BBC
and n.63 for DABCO, where for n.100,
D(n);1022 for BBC and D(n).331023 for
DABCO. These experimental results are consistent with
then1 data presented in Table I and with the rough esti-
mate ofD(n) for ( l ) mixing. Accordingly, under the
experimental conditions of ZEKE spectroscopy with a dc
field in the rangeF.1 V cm21, which was employed by
Evenet al.,15 the strong (l ) mixing situation is realized.

~2! Provide a new and useful classification of the strongly
mixed Rydberg level structure in terms of the distinct
sparse and dense level structures.

~3! Specify the decay modes of the total population decay
P(t) and of the decay of the doorway stateI (t). P(t) is
expected to involve a superposition of exponentials for
both the sparse and dense level structures and for all
excitation modes. The interrogation ofI (t) will result in
the possibility of the observation of quantum beats in the
decay of a few molecular eigenstates in the sparse limit
and the observation of a giant resonance in the dense
limit.

~4! Assert a ‘‘universality’’ principle for the unified descrip-
tion of the level structure and dynamics of high Ryd-
bergs of molecules and of autoionizing atoms.

The strong mixing situation constitutes an important lim-
iting case for the understanding of the level structure and the
, No. 14, 8 April 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5644 J. Jortner and M. Bixon: High Rydberg states
dynamics of high Rydbergs. This strong mixing limit doe
not set up abruptly. Rather, we expect that a gradual e
hancement of the mixing of the doorway stateus& with the
inactive $u l ,ml&% manifold will occur with increasingF. It
will be useful to provide a qualitative description of the evo
lution of the field-induced mixing, limiting ourselves to the
case of (l ) mixing. Taking a single doorway state as
us&5u l s50, ml50& we have to consider sequential and h
erarchial coupling to and within the inactive manifold
$u l ,ml50&%. It will also be useful to specify the electric field,
which induces the coupling, in terms of reduced unit
Guided by Eq.~3.4! we scale the electric field in the usefu
form

F̄5~F/V cm21!n5/3.43109d. ~5.1!

For F̄50 the truly isolatedus& resonance is characterized by
the lifetimets5\/Gs5\n3/G0 . The level mixing at a finite
F̄ is characterized by the parametersd, n, and F̄, which
determine the mixing coefficientsas

( j ) in Eq. ~3.2!, which are
obtained from the diagonalization ofHeff Eq. ~3.1!. With
increasingF̄ the doorway stateus& starts shifting and mixing
towards the inactiveu l & manifold, approaching it from
below.46 Thus for a single n manifold, with
0,d~mod1!!0.5, the lowest energy eigenstate, which we d
note byu j51& in Eq. ~3.2!, with the mixing coefficientas

(1),
has a parentage inus&. For this u j51& eigenstateuas

(1)u2→1
for F̄→0. The weightuas

(1)u2 of the doorway state in the
specialu j51& eigenstate will constitute an important param
eter for the characterization of the decay dynamics.

For very low ~reduced! electric fields, i.e.,F̄,1, weak
mixing already sets in. Without alluding to detailed calcula
tions, two distinct time scales are expected to be exhibited
this weak mixing regime.

~i! A short lifetime,

tSHORT.ts /uas
~1!u2 ~5.2!

~where ts is on the ns time scale for ann;100 doorway
Rydberg and so will betSHORT!. With increasingF̄(,1)
uas

(1)u2 decreases and we expecttSHORT to increase~on the
;1–10 ns time scale!.

~ii ! A broad distribution of long lifetimes. A very crude
approximation provides an average value of

^tLONG&.nts /@12uas
~1!u2# ~5.3!

for these long lifetimes. In the weak mixing regime, we tak
for the sake of a rough estimateuas

(1)u2.0.95–0.90,result-
ing in ^tLONG&.(10–20)nts , which forn5100 is in thems
time domain. With increasingF̄, ^tLONG& decreases, due to
the decrease ofuas

(1)u2.
The total population probability in the weak mixing re

gime is approximately given by the superposition of the co
tributions from ranges~i! and ~ii !, in the form

P~ t !.uas
~1!u2 exp~2t/tSHORT!1@12uas

~1!u2#

3 exp~2t/^tLONG&!. ~5.4!
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Although this relation does not do justice to the broad distri-
bution of lifetimes in range~ii !, it nicely demonstrates the
separation of time scales in the weak mixing regime where
uasu

2&0.1.
With the increase ofF̄ above F̄.1 we expect that in

range~i!, tSHORT increases~towardsnts! and the amplitude
uas

(1)u2 of the short component decreases, while in range~ii !
the average diluted value of^tLONG& tends towardsnts . The
strong mixing limit is realized forF̄.1 with uas

(1)u2→1/n,
tSHORT, ^tLONG&→nts . Then the contribution of range~i! to
P(t), Eq. ~5.2!, becomes small and indistinguishable from
that of range~ii !, which provides the dominating contribution
to P(t) with the mean lifetimets/D(n). This heuristic, but
physical, description predicts that

~1! Two distinct~;ns and;ms! time scales for the dynam-
ics for F̄,1 will be exhibited.

~2! The lengthening of the short~ns! temporal decay com-
ponent with increasingF̄ is expected forF̄,1.

~3! A broad distribution of long lifetimes with the average
value of.(10–20)nts , i.e., in thems time domain, is
expected forF̄,1.

~4! The long lifetimes exhibit a broad distribution.
~5! The average long lifetime decreases with increasingF̄.
~6! Coalescence of the lifetimes towards the mean diluted

lifetime tsD(n) occurs in the strong mixing limit
(F̄.1), which constitutes the central theme of the
present paper.

These predictions for the novel and rich dynamics in the
weak mixing (F̄,1) domain provide guidelines for the un-
derstanding of experimental data. In particular, our analysis
provides clues for

~a! The possibility of observation of extremely long~; a
few ms! lifetimes of ZEKE Rydbergs.19~f!

~b! Pronounced nonexponentiality of the long-time decay
of ZEKE Rydbergs.15,17,18,19~e!,19~f!

~c! The dramatic~two to three orders of magnitude! break
in the Rydberg lifetimes vsn ~Ref. 15! which corre-
sponds to the ‘‘transition’’ from range~i! to range~ii !,
occurs atn.nM (F̄;1), when the contribution of
range~ii ! to the decay dynamics becomes dominant.

The central prediction for the occurrence of two distinct
time scales for the dynamics of Rydbergs (F̄,1) was not yet
verified experimentally. Our analysis calls for the extension
of the time-resolved ZEKE technique into the time domain
of 1–10 ns.

The picture of the ‘‘transition’’ from the weak mixing
regime (F̄,1) to the strong mixing limit (F̄.1) has to be
extended to include additional effects.

~1! Mixing of severaln manifolds. We have considered a
single n manifold, when the quantum defect is suffi-
ciently low to preclude the mixing of severaln mani-
folds, i.e.,F̄,1/2d. For larger values ofd ~;0.3–0.5!,
the mixing of several doorway states and of severaln
manifolds will be significant and the physical picture for
the level structure and dynamics in the strong mixing
limit will be qualitatively modified.
, No. 14, 8 April 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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5645J. Jortner and M. Bixon: High Rydberg states
~2! Multichannel mixing. Our simple picture, which rests on
a single doorway state and a single escape~decaying!
state, has to be modified. Several lowl states (l50–3),
each characterized by a distinct quantum defect and d
cay width, have to be incorporated in the effective
Hamiltonian, Eq.~3.1!. In some cases the decay matrix
in iG/2 is nondiagonal. The doorway state~s! are deter-
mined by the specific, e.g., one-photon or two-photo
excitation conditions.

Our physical picture for the level structure and dynamic
of high Rydbergs considered herein is truly full of surprises
providing an exciting hunting ground for further experimen
tal and theoretical studies.
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APPENDIX: THE TIME DEPENDENCE OF THE
POPULATION OF THE RYDBERG MANIFOLD

The molecular or atomic system is characterized by th
ground stateug& with the energyEg50 and the molecular
eigenstatesu j &, Eq. ~3.2!, with the complex energies
Ej2( i /2)g j . The system is driven by a~weak! electromag-
netic fielde(t), whose autocorrelation function is

^e* ~ t !e~0!&5exp~ iĒt !exp~2Dvpt/2!, ~A1!

whereDvp is the spectral width of the light pulse andĒ is
the central energy of the pulse. The time dependent wa
function is given in the interaction representation

C̄~ t !5Cg~ t !ug&1(
j

Cj~ t ! exp~2 iE j t !u j &, ~A2!

with the time dependent amplitudesCg(t) and$Cj (t)% obey-
ing the initial conditionsCg(2`)51, andCj (2`)50 for
all j . Again we set\51.

We now consider the experimental dynamic observable
~a! The excited state total population probabilityP(t). The

population probability of the entire Rydberg manifold
is

P~t!5(
j

u^juC~t!&u2. ~A3!

Equations~A2! and ~A3! result in

P~t!5(
j

uCj~t!u2. ~A4!

~b! The population probabilityI (t) of the doorway state
us&, which is given by
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I~t!5u^suC~t!&u2, ~A5!

which, together with Eqs.~A2! and ~3.2! gives

I~t!5U(
j

Cj~t!as
~ j!*U2. ~A6!

To obtain explicit expressions for the population prob-
abilities P(t), Eq. ~A4!, and I (t), Eq. ~A6!, we utilize the
time dependent Schro¨dinger equation for the equations of
motion for amplitudes~at the time domain 0<t8<t!. For
weak exciting electromagnetic fields the equations of motion
within the rotating wave approximation yield

iĊg~ t !5(
j

mg je0* ~ t ! exp@ i ~2Ej1Ē!t#Cj~ t !,

~A7!

iĊ j~ t !5m jge0~ t ! exp@ i ~2Ej2Ē!t#Cg~ t !2
ig j

2
Cj~ t !,

wheremg j5^gum̂u j & is the transition moment fromug& to u j &,
and according to Eq.~3.2!, mg j5aj

(s)mgs .
The solution of Eq.~A7! for weak fields is readily ob-

tained by settingCg(t)51 for all t in the equations of mo-
tion for $Cj (t)%, which results in

iC j~ t !5mg j exp~ iE j t !E
2`

t

dte~t! f j~ t2t!, ~A8!

wheree(t)5e0(t) exp(iĒt) and

f j~x!5exp@2 iE jx2~g j /2!x#. ~A9!

Equations~A4! and ~A6! together with Eqs.~A8! and
~A9! provide explicit expressions for the observables. In this
procedure the product ofe* ~t!e~t8! is replaced by the appro-
priate correlation function, Eq.~A1!.
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