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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 stat@gth principal quantum numbenrs=80-250

of large molecules, e.g., 1,4 diaza bicy¢®2,2] octane(DABCO) and bis (benzeng chromium

(BBC) [U. Even, R. D. Levine, and R. Bersohn, J. Phys. Ch@8n3472(1994] and of autoionizing
Rydbergs of atom$F. Merkt, J. Chem. Physl00, 2623 (1994], interrogated by time-resolved
zero-electron kinetic energ? EKE) spectroscopy. We pursue the formal analogy between the level
structure, accessibility and decay of very high Rydbergs in an external (ifeaR.1—1 V cm?)
electric field and intramoleculaiinterstate and intrastgteelaxation in a bound molecular level
structure. The onset=n,, of the strong mixingin an external field= and in the field exerted by
static iong of a doorway state, which is characterized by a low azimuthal quantum nup@énite
quantum defecs, and a total nonradiative width,=T"o/n®, with the inactive high manifold is
specified by ny,=80.65"(F/V cm™Y)~Y5. At n=n,, the level structure and dynamics are
characterized by the produgp, wherep is the density of states ang=1";D(n) is the average
decay width of the eigenstates, with the dilution fac®(n)~n~2 for (Im,) mixing and
D(n)=n""1 for (1) mixing, whereuponyp=(I'y/48R)(ny/n)°, being independent dd(n). The
sparse level structure is realized fgp<l, while the dense level structure prevails fgs>1,
resulting in two limiting situations(a) a dense limit fom=n,, and a sparse limit fon>n,,, and

(b) a sparse limit for alin=n,,. The experimental information currently available on the decay
dynamics of molecula(DABCO and BBQ and atomic(Ar) Rydbergs fom=n,, corresponds to
case(b). The time-resolved dynamics was characterized in terms of the excited state total population
probability P(t) and the population probability(t) of the doorway stateP(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-7/y. | (t) can be used to interrogate coherence effects, which in(basee
manifested in quantum beats, while cégecorresponds 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 lifetimgs/T';D(n) with D(n)~n~1] of the high
Rydbergs (~100-200) of BBC and oDABCO are in accord with the predictions of the theory

for the limit of strong () mixing. While strong mixing is realized fdf =Fn®/3.4x10%5>1, we
expect that for the weak mixing regimé=€1) the dynamics of ultrahigh Rydbergs will be
characterized by two distin¢t-ns and~ us) 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.1@95 American Institute of Physics.

I. HIGH RYDBERGS AND ZEKE RYDBERGS for n=3 andI'(n)<8 cm ! for n=6],° and by one-photon
jet spectroscopy for the B, [with a total widthI'(3)=34

During the development of the theory of intramolecularcm™1],” reveal that the lifetimes(n) of these Rydbergs are

coupling and dynamics in isolated molecdlésit was  7(n)=#/T'(n), where

recognized™* that the internal conversion rates of lofm _

=3-5, wheren is the principal quantum numbeRydberg T =Te(m+Tp(n) (&0

states of aromatic moleculesas inferred from line increase superlinearly with increasing the principal quantum

broadening) are considerably slowsi.e., by 12 orders of numbern. The well knownn™? scaling law?~** which was

magnitude than those of the intravalence electronic excita-originally developed for vibrationalT'y,) and rotational

. . . . i~B—13 ; -3

tions in the same energy domain. The decay channels of lofra) autoionizatiofi** whose widths arel’y<n * and
Rydbergs of large aromatic molecules involve both “nonre-T'ra>n ", is also applicable to predissociatith,i.e.,
active” internal conversion, with a partial widtf,., which ~ Ln(n)=n %, and for internal conversidh with

is dominated by the RydbergS; —S; relaxatior? (where* I'e(n)=n~3. One gxpects that the total width of a molecular
denotes high vibrational excitatiopsand possibly also “re- Rydberg, Eq(1.1), is

active” predissociation channels with a partial widkh, . I'(n)=Iy/n3 (1.2
Quantitative data on Lorentzian line broadening of Rydberg
states of benzene explored by two-photon spectroscopy St
the nR, series,n=3-7 [with total widthsI'(n)=80 cmt 7(n)=(AITy)n3, (1.3

nd the lifetimes are

5630inloadeFhemFRAYS012 {1488 ARSI - RedistribD0RL-2000R%L 19261 AV RESRLLLSE. 00y right:~s<BHA9D AMEHcAR IMstis 9f i Finysiss



J. Jortner and M. Bixon: High Rydberg states

5637

wherel’y is a numerical constant. The energies of the Ryd{3) The universality of the lifetime lengthening of ZEKE

berg states, which are characterized by the lifetirfie$)—
(1.3), are

E(n)=IP (1.4)

C(n—§)%

whereR is the Rydberg constant, IP is the ionization poten-
tial, and &, is the quantum defectwhich depends on the
azimuthal quantum numbéy. Equations(1.2) and(1.3) are
approximate as they do not include interchannel mixing.

Nevertheless these relations serve as a useful overall descri

tion. Even, Levine, and Bersotthave reported the lifetimes
(obtained from line broadeningf a long Rydberg series of
large molecules, i.en=10-30 ofbis(benzengchrominum
(BBC) [whereI'(n)=I"c(n)+I'y(n)], and n=11-40 of
the vibrationally excited 1,4 diaza bicycl®,2,2] octane
(DABCO) [wherelI'(n)=I"ys(n)+I',c(n)+T'p(n)], demon-
strating that a scaling law, i.er(n)«<n® andI'(n)en™ ¢, is
well obeyed(with =2.6+0.2), being close to the® scaling
inferred from the approximate relatiof.2) and(1.3). This
significant quantification of the overall decay dynamics of
molecular Rydbergs n(<40) in conjunction with then?®
scaling law, allows for estimates of the lifetime of a very
high (e.g.,n=100) Rydberg to ber(100~5 ns. This pre-
diction is not borne out by recent experiménts®1%):190)
using zero-electron kinetic energfZEKE) spectros-
copy!®?° The application of time-resolved ZEKE spec-
troscopy® 1819190 1o interrogate the lifetimes of ultrahigh
(n=80-250)molecular and atomic Rydberg stat@ehich
will be referred to as ZEKE Rydberggrovided the follow-
ing novel information on the experimental front:

(1) Long lifetimes of ZEKE Rydbergs of NO. Reiser
et al?®® have observed high lyingwithin ~10 cm*
below the ionization potentigl very long lived (~us
lifetimes) Rydbergs of NO. ChupKa pointed out that

the lifetimes of these states are considerably longer than

expected on the basis of scaling for the predissocia-
tive p series of NO.

The lifetime lengthening of molecular ZEKE Rydbergs.
The lifetimes of the ZEKE Rydbergsn(~80-250) of
large molecules—18:1%):190.21-23 5ra |onger by several

()

(2—4) orders of magnitude than those expected on the

basis of then® scaling relations. Even, Levine, and
Bersohi® have established that the lifetimes of ZEKE
Rydbergs 1=80) of BBC and of DABCO are longer by

2-3 orders of magnitude than those expected on the ba-

sis of EQ.(1.3), exhibiting a dramatic break in the(n)
vs n relation between the lowenE10-50) Rydbergs

interrogated by energy-resolved line broadening and the

high (n=80-250) Rdbergs explored by time-resolved
ZEKE spectroscopy. The lifetimes,(n) of ZEKE Ryd-
bergs can be empirically expressed by

72(n) = (RIT)n3D(n), (1.5

where D(n) (<1) is a dilution factor. The accurate
dependence oD (n) cannot be yet determined, but the
experimental dafd indicate that D(n)ecn # with
B=1-2.

Rydbergs. The lengthening effect is manifested for inter-
nal conversion, predissociation and autoionization in
large molecule$®~*® for predissociation in diatomic
moleculeé*~#and for autoionization in atonfé.

(4) The independence af,(n) on the external pressuté?!®

(5) The dependence af,(n) on the laser fluenc¥.

(6) The reduction oD(n) for NO predissociatioff and for
the autoionization of ArRef. 24 by the increase of a
homogeneous dc electric field.

Iﬁ)._ 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.

(@ The Rydberg electron-core rotation model. Levine,
Rabani, and Evén®>?®have 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 (highep Rydbergs:>?°
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
exchangé&>2® From 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 Rydberds:1"2>26Such a pic-
ture seems to be incompatible with the general charac-
teristics of lowl 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
terminology’'?8, where the potential and kinetic ener-
gies of the Rydberg election exceed the molecular vi-
brational and rotational energies. Accordingly, ultra-
high n low | states are expected to undergo
“conventional” intramolecular relaxation in ranga,
and an “inverse” Born—Oppenheimer separafiofr2

is not warranted. Furthermore, in analogy to the theory
of intramolecular dynamick?®~32the characterization
of nonstationary ZEKE Rydbergs, which undergo
rotational-induced  relaxation (treated  classic-
ally),*>?>26requires 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.

The (I,m;) Stark splitting and mixing model. Chupka
proposed:? that the Stark splitting and mixing of all
the | ZEKE Rydbergs(with a fixed n) is induced by
very weak stray fields inevitably present in the
systeni® or/and by the weak dc background electric
field (~0.1-1 V/cm in the experimental ZEKE
setupt®~?°This Stark mixing spreads the low(=0-2)

(b)
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Rydberg wave function, which is active in absorption
and intramolecular relaxation, among all the manifolds
of then states. A “democratic” admixture of the active
low | statés) results in an amplitude of n~*2in each
eigenstaté>?23334 a5 originally proposed by = @oSLt——
Bordaset al3* in their study of electric field hindered

vibrational autoionization. Accordingly, for the in- Is>
tramolecular decay channdly(n)=n~1. Furthermore,

Chupk&!?2 suggested that collisional interactions with o
neutrals and with ions could induee, mixing, result- i

ing in a manifold ofn? states withD (n)ecn™2. Merkt

and Zaré® have modified Chupka’s modéf? replac-

ing the collisionalm; mixing [which seems to be in- 19>
compatible with observatiofd)] by perturbations ex- F=0
erted by long-range electric fields of the static i¢ims

accord with observatiofb)]. FIG. 1. A schematic energy level scene for the splitting and mixing of
Rydberg states in an external electric field. F=0. The low| doorway
The Stark splitting and mixing modé considers state|s) is separated from the high degenerate manifold. This) state

the decay of a single eigenstz(tar a small number of eigen- carries an oscillator strength from the ground statenoted by a vertical

. . . . arrow) and has a total nonradiative decay widith, which constitutes a sum
state$, which is (are optlcally selected from a dense mani- of the partial decay widths of all, e.g., internal conversion, predissociation,

fold of eigenstates formed byt,n;) mixing. This problem  and/or autoionization, channel®) The F dependence of the splitting of the
bears a close ana|ogy to the intramolecular dynamics in isd_uighl manifold in th(_a external fiel_d, which r_esult_s in the onset of the merg-
lated smafi®-32:3% and |argé0—32,36 molecules. where inter- N9 of the|s) state into the manifold(c) Mixed independently decaying

.. .. . . ! . levels at a finite field, which are characterized by coarse grained widths
state mixing is induced by nonadiabatic or/and Spm_orb'tyzl“SD(n) and density of statgs All these levels carry oscillator strengths

coupling! while intrastate mixing is induced by anharmonic from the ground state.
and Coriolis interaction¥®® In this paper we explore the

consequences of the optical excitation process and the re
tion between the decay and the level structure within th
dense mixed Stark manifold. We shall consider the dynamics
of the dense mixed Stark manifold of high Rydbergs excited
by a weak optical pulse, incorporating two new aspects,
which pertain to the decay characteristics of the molecular
eigenstates and excitation modes.

(a)

19

~

|22,33,34

54) The characterization of the response of the dense and
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 beat
(@ The relation between the widthgeciprocal lifetime$ phenomenH will be exhibited in the sparse limit, while

of the mixed eigenstates and the mean level spacing, the decay of a giant resona&®will be manifested in

which provides two limiting cases, i.e., the dense limit  the dense limit.

of overlapping resonances and the sparse limit of well-

separated resonances. These limits bear a close analogy RYDBERG LEVEL STRUCTURE

to the statistical limit and to the “small molecule” limit db ¢ | | itich | .
in intramolecular dynamic%?o‘32'38 A Rydberg state of a molecule or multichannel atom in-

(b) Optical excitation modes induced by a weak electro-terrOgated by ZEKE spectroscopy correspondston the

magnetic field of a variable temporal coherence |ength.range~80—2501. 2';% a smg_lel In a zero electric field, the
The distinct response of the dense and sparse lev&oorway states)™<*“"for optical excitation from the ground
structures will be considered state and the escape staj#?®for intramolecular radiation-

less decaypredissociation, internal conversion, vibrational
The present note will attempt to elucidate the following autoionization correspond to a small number bin, states
interesting issues pertaining to the dynamics of the denseith low valugs) of | (0—2). For the sake of simplicity we
Stark manifold of many-electron atoms and of molecules. shall represent the doorway st@e|s) by a single state
[characterized by a low Vai(&) of =15 and m=mg] with
e : the energye,=IP—R/(n— ) and the total nonradiative de-
lifetime of the doorway state can be determined. cay widthI'.=T'(n), Egs.(1.1) and(1.2), i.e.,l“s=1“0/n3. At

(2) The determination .Of the _range_of values where iso- zero field this state is separated from the degenerate hydro-
lated, nonoverlapping, mixed eigenstates can be opti- " "

. . . : enic manifold of 6°—1) highl,m, states (>1,) with the
cally excited. In this sparse domain the lengthening efd . D D/n2 ) NS
fect of the lifetime, i.e., the dilution of the lifetime of the ©ne'9i€sE=IP—R/n" and decay widthd',=0, which are

doorway-exit state, will be exhibited not optically accessible from the ground stéfgg. 1). In the
(3) The identification of systems where the dense limit Ofpresence of a\{vea(IF~1 Vicm) homogengous electric field
mixed states can be realized over a narowlomain, F, and of the inhomogeneous electric field exerted by the

; 33 : : H ,32,39 ;
where the lifetime is determined by the width of the ions;” the effective Hamiltoniatt for the system is

(1) The determination of the domain afvalues where the
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TABLE I. Characterization of mixing and level structure o

Rydberg states 5639

f high molecular and atomic Rydbergs.

Rydberg Ty
system Decay channels (cm™) 5 n,° ¥
DABCO Vibrational autoionization 3.0x10° 0.41 67 1.&10°2
n=11-53% internal conversion

predissociation
BBC internal conversion 1o 1.38 66 61073
n=12-3%
Xe° autoionization 3.x10* 2.32 64 0.23
d series
XeP autoionization 19 4.00 0.7%1073
s series
ArP autoionization 4.610" 0.26 61 0.39
d series
ArP autoionization 2.310° 2.14 54 3.%10°2
S series
NeP autoionization 1.410 0.015 35 2.4
d series
NeP autoionization 3.X10? 1.30 63 2.&10°°
s series

%Reference 15.
PReferences 41 and 42.
n,=nyFY5, Eq.(3.4.
dyp atn=ny, Eq.(3.9).

where Hy is the (diagona) field-free Hamiltonian with the
energieE€, and{E}. I' is the diagonal decay matrix with the
elementd’, {I';=0}. Hgyagrk is the Stark Hamiltonian with
the operatoreFz coupling the doorway statemg and the
states{l’,m’'} with |'=1,+1, m'=mg, while the states
{lI,m;} are coupled wit{I'=1=1, m}. V is the off-diagonal
perturbation exerted by the static ioffsThe n?xn? effective
Hamiltonian Eq.(3.1) can be diagonalized by a complex
orthogonal transformation, resulting in the independently de-
caying leveld!32390f the system

liy=adls)+ 2 X bily[l,my), 32 (2
Im

wherea( and{b(}),} are(complex coefficients. Thécom-
plex) eigenvalues areH;—(i/2)y;], where E; are the en-
ergy levels andy; the decay rates of the molecular eigen-
states(From now on we shall sét=1 in all our equations.

In what follows we shall consider some limiting situations of
the decaying level structure.

(1) The “isolated” doorway statéFig. 1). The E; resonance
atF =0 is well separated in energy from tB¢ manifold
(Fig. 1). When the very weak electric field is increased,
the |s) state will undergo a quadratic Stark shift, while
the{|I,m;)} manifold will undergo a linear Stark mixing
and splitting®® The physical situation of an “isolated”
|s) will be realized when the zero-field splitting
|Es— Ej|=26R/n® [with 6=8&modl)] exceedsAW/2,
whereAW is the energetic spread of the Stark manifold
of the (n?—1) |I,m,) states

tity. Under these conditionésee Fig. 1 the resonance
width I'g of the isolated doorway state can be interro-
gated by optical spectroscopy. The experimental spectro-
scopic studies of Eveet all® on the vibrationally au-
toionizing Rydberg states of DABC®5=0.4), which
were conducted in weak electric fiells<1 V/cm), al-

low for studies of the linewidti g for n<67. In fact,
isolated Rydberg resonances were observed by Even
et al'® up to n=52. However, this upper limit for the
observation of the isolated loWwRydbergs is not intrin-
sic, being limited by the experimental conditions.

The strong mixing of the doorway state with tfjé,m;)}
manifold. This situation will be realized when the ener-
getic spreadAW/2 exceeds the zero-field splitting
26R/n%. When |[Eq— E||<AW/2 (Fig. 1), the doorway
state strongly mixes with the hydrogenic highemani-
fold. This situation will be realized when

F>3.4x10°8n°. (3.9

Condition (3.4) for effective mixing is expected to be
applicable for the Rydberg manifold of molecules and of
many-electron atoms. The lower limity, for the n
values for strong mixing is specified by
ny=n.(F/V cm™ )~ wheren,;=80.55%5. In Table |
we present the ny data for the
Rydberg manifolds of the DABCO and BBC molectfes
as well as for the autoionizing and d series of the
rare-gas atomd-+2

In the domaim=n,, the energetics and dynamics of the

_ system will be dominated by the strong mixing of the door-
= 14X .
AW=6RIF(F/5.14x10), @3 way state among the split and mixeldrf) levels. The di-

(whereF is expressed in V cm'). Accordingly, when ago

nalization of the effective Hamiltonian, E.1), will

F<3.4x10%/n® the mixing of |s) with the {|I,m)}  result inJ molecular states in the energy domailV, being

manifold is weak and the doorway state retains its idenchal
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I'; of the doorway state is then diluted among the moleculasf)

eigenstates. The dilution fact@(n) will be approximated
by a coarse grained quantity with an equal contribution to al
the eigenstates, i.e(n)=1/J, so that the decay widths of
the individual molecular eigenstateg=y; (all j) will be
given by

y~TD(n). (3.5

These averaged decay widths are determined by the nature
the dilution. In the absence of perturbing iof¥%=0), a ho-
mogeneous field results in Stark) (splitting, so thatD(n)
=1/n and y=I'y/n. In the case of I(m;) mixing,
D(n)=1/n? and y=I"y/n.

The averaged energetic spacing between the adjacent

molecular eigenstates is
p =AW/, (3.6)

being characterized by the density of stagedVe can now
distinguish between the situations of the dense limit of over
lapping resonances

yp>1 (3.79
and of the sparse limit of separated resonances
vp<l. (3.7b

From Egs.(3.5 and (3.6) we infer thatyp=T/AW,
whereupon the dense limit can be realized whelAW>1,
while the sparse limit prevails wheh/AW<1. We note
that these conditions are independentxfn). Equations

(1.1) and(3.3) result in
I's/AW=0.86x10T,/RF°. (3.9

The magnitude of the parametéy/ AW, in conjunction with

the merging condition, determines the level structure. At the

onset of merging, i.e., fon=n,,, Eq. (3.8 results in

vp=T/46R; n=ny. (3.9

We note thatyp at n=ny, is independent ohy, and of the
external field strength. Far>n,, we have

yp=(To/46R)(ny /n)>; (3.10

which decreases as ° and is proportional t&=. From this
analysis we conclude that

(@

n>ny,

level mixing, is independent dd(n), being essentially
identical for both () and for (,m,) mixing.

The parameteryp at n=n,,, which determines the
level structure of the mixed states, is determined by th
ratio I'y/46R, being independent aofy, .

The parametewp at n>n,, decreases as > with in-
creasingn.

The parametersy, and yp are independent o (n),
being invariant with respect to the mixing mechanism,
i.e., being identical forl() mixing and for (,m;) mix-
ing. The partial widthy, Eq. (3.9), is, of course, deter-
mined by the mixing mechanism.

The energetic spreatlw, Eq.(3.3), of the mixed states

(b)

(©
(d)

(e)

ny, , which provides the signature of the onset of strong

&

High Rydberg states

Regarding the external electric field dependence of the
relevant parameters, we note thaf,>F */® and
AWoxF, yp(n=ny) is independent ofF, while
yp(n>ny)=F L,

In the vicinity of n=n,, the level structure can corre-
spond either to the dense limitase(a)] or to the
sparse limit[case(b)]. For n>n,, the level structure
always corresponds to the sparse limit.

The interrogation of the mixed Rydberg level structure
(in the domainn=ny) by time-resolved or energy-
resolved experiments will not result in the total reso-
nance widthI'g. Rather, the relevant energefice.,
lifetime) parameters which emerge from the analysis of
the total population of the Rydberg manifold corre-
spond toy. The exploration of the population of the
doorway state will result iny for the sparse limit or in
AW (andT) for the dense limi{Sec. I\).

_ 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:

(¢))

o

(@ A dense limit forn=n,, changing to the sparse limit
for n>n,,. This physical situation is realized when
I'y/46R>1.

(b) A sparse limit for alin(=n,,), i.e.,I')/46R<1.

From the values ofyp (atn=ny,) estimated for the mo-
lecular Rydberg series of DABCO and BBEand for the
autoionization ofs andd Rydbergs of some rare-gas atoms
(Table ) we infer that

(1) The Rydbergs of the DABCO and BBC correspond to

the sparse limit of isolated resonances for all relevant

[case(b)].

(2) The mixing of thes Rydbergs of rare-gas atoms are char-
acterized by low values df,.**2

(3) The mixing of thed Rydbergs of Ar or of Ne, which are

characterized by high values bf and by low values of

8, are characterized by high valueswf. Then Rydbergs

of n=ny, exhibit overlapping resonances.

The mixing of thed Rydbergs of Ar and Xe correspond

to an intermediate situation between ca&gsand (b).

Of considerable interest is the mixing of tdeRydbergs

of Ne, which corresponds to casa. For a typical field

of F=1 V/cm, we expect the dense limit to prevail from

n=n,;=235 (Table ), up ton=50, while the sparse limit

sets in forn>70.

Both the sparse and the dense mixed Rydberg level

structures can be realized under realistic physical condi-

tions.

(4)
®)

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

We are concerned with the optical excitation to and the

is essentially unrelated to the intrinsic resonance widthdecay of a congested level structure of a single i n,,)

T..

Rydberg manifold subjected td,(m;) or to (I) mixing, a
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problem which is analogous to the theory of time-resolvedions f;(x) are given by Eq(A9), while E; and y; are the
photon scattering from excited molecular staf&s2The is-  energies and decay widths of the molecular eigenstates, re-
sues we would like to address are spectively. Let us consider firgt(t) for a sparse level struc-
ture, i.e.,y;<|E; — Ej/| for all j andj’. Under these cir-
cumstances the photoselection of a single molecular gtate
can be realized when

(1) Under what conditions will the diluted lifetime, Eq.
(1.5), be exhibited?

(2) What are the observable decay modes for distidehse
or sparsglevel structures under different optical excita- |Ej—Ej+1|>Awp>7y;. (4.2

. N
tion conditions? The decay will be then of the approximate form

The strongly mixed and split Rydberg manifold will P(t)= exp(—v;t). Next, we consider the excitation of sev-
be excited by a weak electromagnetic light pulse whicheral molecular eigenstates whehW>Aw,> ;. Under
is characterized by an electromagnetic field(t) these circumstances a wave packet of several eigenstates is
=€ eXp(Et) exp(— |t|/7'p), and the autocorrelation func- initially excited. The total population probability consists of
tion is (€*(t)e(0))=(|€(0)|*) exp(Et) exp(—~Aw,t/2),  several decay terms
where g, is the pulse amplitudet is the central energys,
th.e pulse decc_ety time, anlw, correspont_js to the spectral P(t)=, |Bj|2 exp(— ¥t), 4.3
width of the light pulse. For a conventional ns dye laser i
commonly used in ZEKE experiments®* 1/7,=5x10"3
cm L, and the laser pulse is not uncertainty limited with Where
phase and energy laser fluctuations spanning the energy szagj)/[Ej—E—(i/Z)Awp]. (4.4)
range Aw,=0.1-0.5 cm’ For ps and fs lasers _ _
Aw,=1-500 cm”, the laser pulse being uncertainty lim- P(1) in Eq. (4.3 corresponds to the sum of decaying expo-
ited with 1/r,=Aw,. Now, the|s) state constitutes the nentials, with lifetimesy;, while the amP"tZLJdeéij| are
doorway state for optical excitation from the ground stgle ~ determined by the excitation coefficierits|* weighted by
and the time evolution of the system is monitored. the Lorentzian line shape of the excitation pulse. Finally, we
To make contact with the experimental real-life situa-consider the broad-band excitation whem,>AW, and the

tion, we consider two experimental observallappendiy. ~ entire sparse manifold is excited by the “white” light pulse,
] ] . which in this case ige(0)e(t))= 5(t). The population prob-
(@ The excited-state total population probabilify(t). ability is then
This corresponds to the time-dependent population of
the entire Rydberg manifold?(t) is interrogated by _ (12 _
time-resolved ZEKE spectroscopy;2°by the applica- P(t)_z 8’| exp(=x), .5
tion of the extracting pulsed electric field at the delay
time t after the optical laser field. exhibiting a superposition of decaying exponentials for all
(b) The population probability (t) of the doorway state timest. Next, we turn toP(t) for the dense level structure,
|s). 1(t) represents the time-dependent population ofi.e., v;>|E;—E;-4| for all j. This limit corresponds to case
the low angular momentum stésg|s), which is(are (&) for n=ny, . For overlapping resonances, the excitation of
active in absorption. In principld(t) could be moni- a single eigenstate cannot be accomplish®d®? A wave
tored by time-resolved fluorescerite?to the ground packet of overlapping eigenstates can be excited. When
state, however, the extremely low oscillator strengthsAW>Aw,>v;, a wave packet of several overlapping reso-
(and extremely long radiative lifetimes, i.ecn®) of nances is excited. The total population probability for the
high Rydbergs preclude this approatft) can be ex- dense limit is given by Eqg4.3) and (4.4). For the broad-
perimentally interrogated by the subsequent photoionband excitation of the dense level structure, i%w,>W,
ization of the Rydberg manifold, with the doorway P(t) is given by Eq.(4.5).
state being also the active state for ionization. In this ~ From this analysis of the population probabilities three
Rydberg photoionization experiment a second ionizingconclusions emerge. First, the only difference between the
light pulse should be applied at the delay titafter ~ sparse and dense level structures is that the photoselection of
the exciting optical laser pulse. a single molecular eigenstate is possible only in the sparse
limit. Second, the total population probabilities for the dy-
namics of partial or of coherent wave packets are identical
for the sparse and the dense limits. Thus both in the sparse
limit (for Aw,> |E; — E;/|), and in the dense limi®(t) is
obtained in terms of a superposition of decaying exponen-
tials. Third, the time-dependence of the excited state popula-

J

The excited-state population probabili®(t) is interro-
gated by the novel method of time-resolved ZEKE
spectroscopy® 1819190 The excited-state population prob-
ability (apart from proportionality constraintss obtained
(see Appendixfrom Eqgs.(A4), (A8), and(A9) in the form

o2 [ t . tion probability for both the sparse and the dense level struc-

P(t)=2 |af° fﬁ dTJf dr'fi (t—=7")fj(t—17) tures and under all excitation conditions, contains only a

i superposition of exponential decay terms and does not con-

/ tain interference terms, i.e., temporal quantum beats. As is
®(e*(7')e(T)), 4.1 poral g 530

known from the theory of intramolecular dynamits:
where the coefficienta}s) are given from Eq(3.2), the func-  the total decay probability involves only direct exponential
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5642 J. Jortner and M. Bixon: High Rydberg states

decay terms, while quantum beats can be manifested by dsible states. Finally, we consider broad band excitation of the
cay of a specific wave packet of statés., a subspace of the sparse manifold, i.eAw,>AW. The doorway state popula-
discrete Hilbert spage such as the decay of the doorway tion probability is
state.

As all the available experimental information on the dy- (H=> > |a(SJ')|2|a<SJ">|2
namics of high Rydbergs emerges from time-resolved ZEKE i
experiment$?~?°the characterization of the feasible experi-
mental conditions is of interest. Taking X ex;{ _ ( Yityy
(AW/cm 1)=1.3x10"*n%, (F/Vcm™!) atn=n,,, we esti-
mate (for F=0.1 VcmY) that AW=0.13 cm* for 5, the short time domain No,) '<t  and

_ _ 1 _ -
Ny =100 and thahW=0.033 cm ~for ny =50. We infer ¢ Awy/3)~1< -1 which corresponds to the recurrence

. N _ 1 j
Zhat for a conventional ns lasedwp=0.1-0.5 cM")  |gjation! the decay mode being(t)=exp(—tAW). For
w

wp>AW, so that broad-band excitation will be accom- |onq imest> (AW/J) 2, exceeding the recurrence time, the
plished under ns _excnatlon. The population d_ecay pattern ig ierference terms in Eq4.4) vanish and the molecular
expected to be given by E@4.6). On the basis of general gjganstates will exhibit an independent decay of the form
coarse graining arguments we expect that for strong.m|X|ngL(t):2j|aJ(s)|4 exp(— 1), corresponding to a superposi-
the averaged reciprocal lifetimes will Bg;)=I"sD(n) with 01" ¢ decaying exponentials, analogousft@t), Eq. (4.5).

. . . . 2
D(n) being in the range I/ (for | mixing) to 1/n” (for Im;  he ratio between the amplitude of the decay modes of the
mixing). Of course, the decay will not be strictly exponential .oharent component and of the long component is

and will involve a supgrppsit?on of exponentia!s, reflecting|s(0)/lL(O)zll‘]_ Thus the interrogation df(t) for the to-
some homogeneous distribution of the decay times. tal manifold is of minor physical interest. What will be of

Complementary information on the decay dynamics andigngjgerable interest is the conduction of photon echo or FID
coherence effects will emerge from the population probabll-decay experiments to monitor the coherence decay of the
ity 1(t) of the doorway statés). The interrogation of (t) by manifold 3738

photoionization of the Rydberg manifold for high80— Of considerable interest in the population probability of
250) states constitutes an experimental challenge, whicly,g qoorway state is the second limit of the dense level struc-
was not yet undertaken. Such an approach was already uﬁ—”e, i-e-,')’j>|Ej_Ejt1| for all j. This limit corresponds to

Ii_zed to probg temporal coherence, i.e., quantum beats in.tr}%lse(a) for n=n,, . For overlapping resonances, the excita-
time evolution of a wave packet of bound atomiCon of a single molecular eigenstate cannot be

Rydbergs“.3'44_Accordineg, the exploration of(t) is of in- 50complished:®-32This physical situation fof(t) is analo-
terest. EquationgA6), (A8), and (A9) result in the explicit 5,5 to photon scattering from a giant resondhoé width

t+i(Ej,—Ej)t}. 4.8

expression AW (with AW=T ) and a central energf, with the popu-
lation probability being of the forA?~32
_ A t _ _
(=2, > |al|3al >|2f drf d7'f;(t—7) | (t)ocexp(—tAW) +exp( —tAw,) +expli(Eg— E)t]
b AW+Aw,
X5 (1= 7)(e* () e(7), 4.6 o “9

) The time evolution, Eq(4.9), consists of a “molecular” de-

where the coefficiental)) are given by Eq(3.2), andf;(x) cay characterized by a decay timei (AW) ! of the pulse
is defined by Eq(A9). As is well known;°~*1(t) contains  gecay and an interference term. The only “molecular” life-
a direct term [=]") and oscillatory termsj(#j’). time corresponds té (AW) ~*, which can be also explored

Considerl (t) for a sparse level structure. The photose-py s or fs excitation in conjunction with the interrogation of
lection of a single molecular eigenstate will be realized undeggnerent optical effects, e.g., photon echoes or free-induction
condition (4.2). The decay will be of the approximate form gecay3”:38A possible victim for the exploration of this novel
I(t)<exp(—¥;t), being of the same form aB(t) for this  gomain forl (t) may involve the mixing of the autoionizing
physical situation. More interesting is the excitation of sev-q geries of Ne. From this analysis we conclude that the in-
eral molecular eigenstates. EquatiGh6) consists now of  terrogation ofl(t) will provide a distinction between the
several direct terms and of oscillatory interference terms sparse and the dense level structure of high Rydbergs.

I(t)=2 |Bj|? exp(—yj)+ > > BB, V. CONCLUDING REMARKS
j i’
Our analysis of the novel featur@s®* of the dynamics

Xexfi(Ej—Eptlexd —(y;+v;)t/2], (47  of extremely high Rydbergs pursues a formal analogy be-
tween relaxation phenomena in a bound level structure origi-
whereB; is given by Eq.(4.4). The single sum in Eq4.7)  nating from intramoleculafinterstate and intrastgtecou-
corresponds to a sum of decaying exponentials, a® {by, pling and from the mixing of thé components of a high
Eqg. (4.3). The interference term manifests temporal oscilla-Rydberg in external electric fielg). The basic physical pic-
tions with frequencie/(E; — E;/) of the optically acces- ture of coupling and dynamics in a bound level structure

Downloaded-12-Feb~2009-t0~132.66.152.26 LIFREEHR s - Yabid Q2 Noy 241 8AREL SR pyright; ~see-http://jcp.aip.orgljcp/copyright.jsp



J. Jortner and M. Bixon: High Rydberg states 5643

formally rests on the partition of the Hilbert space into thenamics and the dynamics of thstrongly mixed Rydberg
relevant discrete level structure and the continummqua- level structure bear a close analogy. In particular, our distinc-
sicontinuum decay channels, together with the characterization between the sparse and dense level structures for the
tion of the accessibility conditiongvia excitatior) of the  energetics and dynamics of high Rydbergs is analogous to
former subspace. It is also applicable for the description othe small molecule limit and the statistical limit, respectively,
the dynamics of the ZEKE Rydbergs, which is characterizedor intramolecular dynamic®323%3%rom the experimental
by the following featuresia) The relevant discrete level point of view all the information currently available on the
structure consists of a lowstatés) and a hydrogenic mani- decay dynamics of molecufar'81%:140.21.22 gnq atomié*
fold of high|. (b) The few low!| statés) constitute the door- ZEKE Rydbergs in weakF ~0.1—-5 V cm'}) external fields
way statés) for excitation.(c) The lowl| statés) are coupled corresponds to the sparse limit.
to decay channels, i.e., internal conversion, predissociation Our analysis of the novel features of the level structure
and/or vibrational autoionization for molecular Rydbergs andand dynamics of high Rydbergs focused on the strong mixing
atomic spin—orbit autoionization for atomic Rydbergd)  situation, withF being determined by conditio(8.4), i.e.,
The discrete subspace is mixed Vidgrarc+V) in Eq.(3.D. F>3.4x10%5/n®. Our treatment has been limited to a mix-
The nature of the coupling and structure of the effectiveing with a single n manifold, which is realized for
Hamiltonian differs, of course, for intramolecular coupling AW/2<R/n3, i.e., F<1.7x10%n®. When the latter condi-
and for the electric field induced high-Rydberg mixing. tion is violated, mixing of severah manifolds will occur.
While the (imaginary decay contribution—iI'y/2 to Hg, However, this effect will not modify the gross features of the
Eq. (3.1, is identical for both cases, the nature and details ofevel structure and dynamics for strong mixing. In this situ-
the couplings are qualitatively different. For intramolecularation we were able to
(interstate and intrastateoupling the doorway state couples
in parallel to the entire background manifold and the indi-
vidual relevant coupling terms are of comparable
magnitude?®—322°>0On the other hand, the electric field in-
duced coupling between the zero-order Rydbergs, due to
Hstark in Eq. (3.1), is* (i) sequential, with — (1 =1) non-
vanishing matrix elements, ard) hierarchial, with the se-
quential matrix elements decreasing with increasingeing
proportional ton? for low | and being proportional ta for
high |. This qualitative difference between intramolecular
and Stark coupling also results in a difference in the mixed
level structure. For intramolecular coupling the doorway
state is usually located within the energy domain of the back-
ground manifold and mixed with #7323 0n the other
hand, when field induced mixing of Rydbergs with increas-
ing F is accomplished at a constamtthe doorway state does
not energetically overlap the Stark split inactive manifold,
but rather approaches it from its low energy range. This
problem is analogous to the coupling of a discrete zero-order
state with a manifold, which is bound from bel6WStrong
mixing is then accomplished when conditid8.4) is ful-
filled. This physical situation of the doorway state “ap-
proaching the manifold from below” is clearly demonstrated
for the energetics in the atlas maps of the Stark 1&¢als
then=15 atomic Rydbergs of alkali atoms, e.g., Figs. 6—8
of Ref. 46. These Stark specttdeautifully demonstrate the
mixing of the doorway state, with the onset of strong mixing
of the 15 (m=0) doorway statgwith §=0.05 (Ref. 45]
into the n=15 manifold being realized & >250 V/cm,
with this value ofF being in accord with Eq(3.4). This
transparent physical situation is realized for a low quantum
defect (6<0.5), when the mixing between neighboring dif-
ferentn manifolds is negligible. Of course, the bound alkali .
Rydberg spectf4 pertain solely to the energetics and the limit. : . o o .
(4) Assert a “universality” principle for the unified descrip-

oscillator strength of the mixed level structure and do not . . :
. o . o tion of the level structure and dynamics of high Ryd-
provide any dynamic information, which is the central theme 2
bergs of molecules and of autoionizing atoms.

of the present study.
When field-induced Rydberg strong mixing has been ac-  The strong mixing situation constitutes an important lim-
complished, the gross physical features of intramolecular dyiting case for the understanding of the level structure and the

(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
(y)=T D(n) [D(n)<1, being~n~1t for (I) mixing
and ~n~2 for (Im;) mixing], in accord with the inter-
pretation originally proposed by Bordast al3* by
Chupka?t?? and by Merkt and zZar& What is new in
our analysis is the advancement of the theoretical frame-
work for a detailed calculation of the level structure
(Sec. ) and the dynamicgSecs. Il and 1Y). Making
contact with real-life situations, we note the experimen-
tal data for the DABCO and BBC high Rydbers,
which exhibit long ZEKE lifetimes fon>100 for BBC

and n>63 for DABCO, where for n=100,

D(n)~10"2 for BBC and D(n)=3x103 for

DABCO. These experimental results are consistent with

then, data presented in Table | and with the rough esti-

mate of D(n) for (I) mixing. Accordingly, under the
experimental conditions of ZEKE spectroscopy with a dc
field in the rangee=1 V cm ™%, which was employed by

Evenet al,’® the strong [) 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 stafg). 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 Ikdft) 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
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dynamics of high Rydbergs. This strong mixing limit does Although this relation does not do justice to the broad distri-
not set up abruptly. Rather, we expect that a gradual erbution of lifetimes in rangdii), it nicely demonstrates the
hancement of the mixing of the doorway sta$® with the  separation of time scales in the weak mixing regime where
inactive {|I,m;)} manifold will occur with increasing=. It  |al?<0.1. _ _

will be useful to provide a qualitative description of the evo- With the increase of aboveF>1 we expect that in
lution of the field-induced mixing, limiting ourselves to the range(i), 750t iNcreasegtowardsnr,) and the amplitude
case of () mixing. Taking a single doorway state as |a{’)|? of the short component decreases, while in rafige
|s)=|1s=0, m=0) we have to consider sequential and hi- the average diluted value ¢f onc) tends towardsizs. The
erarchial coupling to and within the inactive manifold strong mixing limit is realized foF >1 with |a§1)|2—>1/n,
{|1,m;=0)}. It will also be useful to specify the electric field, TshorT» (TLona)—NTs. Then the contribution of rang@) to
which induces the coupling, in terms of reduced units.p(t), Eq. (5.2), becomes small and indistinguishable from
Guided by Eq.(3.4) we scale the electric field in the useful that of rangdii), which provides the dominating contribution
form to P(t) with the mean lifetimer/D(n). This heuristic, but

_ physical, description predicts that
F=(F/Vcm 1Hn®%3.4x10°5. (5.1 o ,
(1) Two distinct(~ns and~ us) time scales for the dynam-

ics for F<1 will be exhibited.

(2) The lengthening of the shoths) temporal decay com-
ponent with increasing is expected folF<1.

(3) A broad distribution of long lifetimes with the average

obtained from the diagonalization ¢ Eq. (3.1). With value of=(10-20Nn7s, i.e., in theus time domain, is
increasingF the doorway stat¢s) starts shifting and mixing expected forF <1.

towards the inactive|l) manifold, approaching it from (4) The long lifetimes exhibit a broad distribution.  _
below’® Thus for a single n manifold, with (5) The average long lifetime decreases with increaging

0<&mod1)<0.5, the lowest energy eigenstate, which we de{6) Coalescence of the lifetimes towards the mean diluted

For F=0 the truly isolateds) resonance is characterized by
the lifetime 7,=%/T's=%An3/T . The level mixing at a finite
F is characterized by the parameteisn, and F, which
determine the mixing coefficiena in Eq. (3.2), which are

note by|j=1) in Eq. (3.2, with the mixing Coefﬁcienagl), lifetime TSD.(n) occurs in the strong mixing limit
has a parentage is). For this|j=1) eigenstatdal?|?—1 (F>1), which constitutes the central theme of the
for F—0. The weight|al’|? of the doorway state in the present paper.

special|j=1) eigenstate will constitute an important param-
eter for the characterization of the decay dynamics.

For very low (reducedl electric fields, i.e.F<1, weak
mixing already sets in. Without alluding to detailed calcula-
tions, two distinct time scales are expected to be exhibited i

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

this weak mixing regime. (@ The possibility of observation of extremely lorig a
(i) A short lifetime, few us) lifetimes of ZEKE Rydbergd”
(b) Pronounced nonexponentiality of the long-time decay
Tonor=7s/|all)|? (5.2) of ZEKE Ry_dbergsl.5'17’18'195)'19(f> _
(c) The dramatidtwo to three orders of magnitugbreak
(where 74 is on the ns time scale for am~100 doorway in the Rydberg lifetimes ve (Ref. 13 which corre-
Rydberg and so will berg;orp. With increasingF(<1) sponds to the “transition” from rangé) to rangeii),
|a{M|? decreases and we expesf;orr to increase(on the occurs atn=ny (F~1), when the contribution of
~1-10 ns time scaje range(ii) to the decay dynamics becomes dominant.
(if) A broad distribution of long lifetimes. A very crude The central prediction for the occurrence of two distinct

approximation provides an average value of time scales for the dynamics of Rydbergs<{1) was not yet

verified experimentally. Our analysis calls for the extension
(tLoney=n7s/[1-|aM|?] (5.3 of the time-resolved ZEKE technique into the time domain
of 1-10 ns.
for these long lifetimes. In the weak mixing regime, we take  The picture of the “transition” from the weak mixing
for the sake of a rough estima@{"|°~0.95-0.90 esult-  regime F<1) to the strong mixing limit E>1) has to be

ing in (7 ong)=(10—-20N7s, which forn=100 isintheus  extended to include additional effects.
time domain. With increasing, (7 ong) decreases, due to

the decrease dal®|?. (1) Mixing of severaln manifolds. We have considered a
The total population probability in the weak mixing re-  Single n manifold, when the quantum defect is suffi-
gime is approximately given by the superposition of the con- ~ iently low_to preclude the mixing of several mani-
tributions from rangeﬁ) and (”), in the form fOIdS, |e,F<l/25 For Iarger values ob (~03—05,
the mixing of several doorway states and of several
P(t)=|a® |2 exn( —t/ +71—|a®)? manifolds will be significant and the physical picture for
(t=la"| A=t 7snorm (113571 the level structure and dynamics in the strong mixing
X exp(—t/{ T ong))- (5.9 limit will be qualitatively modified.
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(2) Multichannel mixing. Our simple picture, which rests on |(t)=|<s|qf(t)>|2, (A5)
a single doorway state and a single escépecaying ) ) )
state, has to be modified. Several lbwtates (=0-3), which, together with Eqs(A2) and(3.2) gives
each characterized by a distinct quantum defect and de- 2
cay width, have to be incorporated in the effective (=], Cj(t)ag)* . (AB)
Hamiltonian, Eq.(3.1). In some cases the decay matrix j

in iI'/2 is nondiagonal. The doorway stédeare deter- btai lici ) h lati b
mined by the specific, e.g., one-photon or two-photon 10 obtain explicit expressions for the population prob-
o o abilities P(t), Eq. (A4), andI(t), Eq. (A6), we utilize the
excitation conditions. . e . :
time dependent Schdinger equation for the equations of
Our physical picture for the level structure and dynamicsmotion for amplitudes(at the time domain &t’<t). For
of high Rydbergs considered herein is truly full of surprises,weak exciting electromagnetic fields the equations of motion
providing an exciting hunting ground for further experimen- within the rotating wave approximation yield
tal and theoretical studies.
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POPULATION OF THE RYDBERG MANIFOLD where e(7) = e,(t) exp(iEt) and
The molecular or atomic system is characterized by the  fj(x)=exd —iE;x—(y;/2)x]. (A9)
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