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Decay Dynamics of the Predissociating High Rydberg States of NO

1. Introduction

F. Remacle*
Département de Chimie, B6, Urérsitede Ligge, B 4000 Lige, Belgium

Marc J. J. Vrakking
FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

Receied: April 29, 1998; In Final Form: July 1, 1998

The dynamics of predissociating high molecular Rydberg states of NO below the lowest ionization threshold
is computed in the presence of a weak external dc field using a quantum theory based on an effective
Hamiltonian formalism. The coreelectron interaction affecting the lomstates|( < 2) is taken into account

by molecular quantum defect theory, while for the higtates (> 2), a long range multipolar expansion is

used to describe the effect of the anisotropy of the molecular core. Time- and frequency-resolved ZEKE
spectra are computed. In the energy range investigated, the decay kinetics of the ZEKE intensity is found to
exhibit two time scales, which differ by more than an order of magnitude. The short decay constant typically
falls in the submicrosecond range and is in agreement with previous experimental results and computations.
In addition, our computations predict a long-time component, which decays in the tens of microseconds
range. The two decay times are discussed in terms of the short and long range interseries dynamics, in terms
of the strength of the external dc field, and in terms of the nature of the bottlenecks in phase space for a
predissociating molecular core with a rather large rotational consast & 1.9842 cm?). It is found that

for this particular case where all series are coupled to the fragmentation channels throudrbatiteneck,

the predissociation process does not quench the long time component in the decay kinetics. The reason is
that the interplay between the interseries coupling and the external dc field leads to a shift of the decay
constants to larger values together with an enhancement of the weight of the long time component in the
decay kinetics. Special attention is devoted to the role of the dipolar interaction and its synergy with the
external dc field.

Rydberg states by trapping the Rydberg electron in excited states
of the molecular core where it is not directly coupled to the

ZEKE (zero electron kinetic energy) spectroscopy has ihization continua. Classic? and quantum dynamical

provided valuable insight into the dynamics of high atomic and
molecular Rydberg staté$:2* In ZEKE spectroscopy, the
lifetimes of high Rydberg states have been found to be orders
of magnitude longer than what was expected by extrapolating
the lifetimes at lown using ann® scaling law and extremely

computation®4° showed that for a molecular core with a low
rotational constantg < 0.1 cntl) excited above the lowest

ionization threshold, the interseries coupling in synergy with
the external dc field can act to stabilize the Rydberg states.

sensitive to external perturbations such as an external dc field, 1N€ Purpose of our current study is to explore the dynamics
an external magnetic field, or the presence of neighboring ions. ©f Predissociating high Rydberg states of NO excited below
The role of the external dc field in diluting the coupling strength the lowest ionization threshold where predissociation is the only
to the decay channels over the entireanifold and increasing ~ dissipative mechanism energetically allowed. There have been
the lifetime was early on pointed out by Bordaand Chup- many experiment&#°3->9 and theoretica~°* studies of the
ka26.27 and then studied in more det&¥:37 The lifetimes of Rydberg states of NO previously, which makes this a “bench-

high molecular Rydberg states are also considerably enhancednark” molecule. In the molecular Hamiltonian, we take into
by collisional effects and the presence of a magnetic account the effect of the external dc field and the effect of the

field.315.18.3844 Moreover, experimentally, the decay kinetics Molecular anisotropy of NQ For the latter, both short range
of the ZEKE intensity very often exhibits a bimodal charac- (in the sense that they affect lowRydberg states, which are
ter 17:454jith a prompt and a delayed component. This bimodal localized close to the molecular core) and long range €ore
decay of the ZEKE intensity was also recovered theoretically €lectron interactions (affecting higtRydberg states localized
both from a kinetic modél and from dynamical computa- far from the core) are included together for the first time. The
tions#8-51 core—electron interaction among penetrating orbitdls (2) is
For large molecules, it was argued early*othat the  accounted for by using MQDT thed¥y®® (in a way similar to
interseries coupling induced by the anisotropy of the molecular previous studie€ %) and the long range one among nonpen-

core plays an important role in stabilizing high molecular e€trating orbitals I( > 2) is described by a multipolar expan-
sion?8:66.67ywhere we retain the dipolar and the quadrupolar

* Corresponding author. Chercheur QuAlifeNRS, Belgium. Fax: 32 terms. We use an effective Hamiltonian formalf$i¥fto take
4 3663413. E-mail: fremacle@ulg.ac.be. into account the predissociation process. We compute the

10.1021/jp982053x CCC: $15.00 © 1998 American Chemical Society
Published on Web 09/15/1998



9508 J. Phys. Chem. A, Vol. 102, No. 47, 1998

dynamics via the diagonalization of the effective Hamiltonian
as in previous theoretical studi#is!8.6162.7672 \We note that
when only core-electron interactions among lolvstates are
taken into account, it is also possible to incorporate the effect
of the external dc field in the MQDT formalisi#r 7> and an
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3) show that through the dipolar interaction, a large part of the
interseries coupling takes place among higRydberg states
belonging to adjacent rotational states of the molecular core
(states for whicANT = £1). This interseries mixing is assisted
by the intraseries mixing induced by the external dc field. As

extension to higher molecular Rydberg states has recently beer result, the long-time component of the ZEKE intensity, which

published’®

A key question to be answered by our study is whether
interseries coupling to Rydberg series converging on higher

is almost absent in the one series computation, is considerably
enhanced when the interseries coupling is included.

We have previously studied in det&if°the decay dynamics

rotational states of the NOcore is a mechanism that leads to  of the high molecular Rydberg states of the sodium dimer Na
trapping and the occurrence of an additional long-time com- excited above the lowest threshold for ionization. The phase
ponent, as in earlier studié?>4%527r is more importantas  gpace of high molecular Rydberg states of NO below the lowest
an additional decay channel, which quenches the long lifetimes. jonization threshold differs from that of Mabove the lowest
Compared to the earlier theoretical work on RO?we have  threshold for ionization in two fundamental aspects. The first
extended the treatment to higher electric field strengths in order 5,0 is that in the case of B no predissociation of the

to assess the importance of electric fields and interseries qecylar core was allowed and the only dissipative mechanism
poupllng under typical ZEKE cqnd|t|ons. At excitation energies ¢ the decay of the ZEKE intensity was the rotational

just below the lowest ionization threshold, these conditions 4 ysionization of the high molecular Rydberg states. In this
usually imply that one or more series converging on the case, the gateway to the ionization continua is localized in the

:r_(r)]ﬁtl?:naLlel\;e;Sof7gh(Ianc:rgha;ecgsgotrr]g tct:)?nlngtna-\sta'gigl(lr?s its low | Rydberg states built on the lowest rotational state of the
imit (Frr = 1/(3)). u ’ putat YIS molecular core that are isoenergetic with the continuum and

presented belqw will S.hOW that n addition tp the short range coupled to the states initially excited. There is, therefore, a
core—electron interactions affecting predominantly the low ? . L
o . . . narrow bottleneck to the exit channels, localized isiagle

states, itis also important for the dynamics to include the long series, since the Rydberg states built on higher rotational states

range interseries coupling terms among highetates. The of the'core are no)t/ diregtl coupled to theg continua. On the

computations reported in this study are done at the energy of ther hand. the low Rvdb >r/ i Ft) £ NO can pr di. iat

~ 100 in the lowest Rydberg seriés” = 0 in the presence of 0 def a t t'e OWRY! ebgls atﬁs IO t_ca_ pt_e ?rs]oc ﬁ ?d

an external dc field. As a result of their multiseries character &N '0r €xcilalion energies below the lowest ionization thresnold,
this is the only mechanism for dissipation. In the case of a

(isoenergetic Rydberg states belonging up to as many as five . C ; )
different rotational states of the NCcore are included in the  Predissociation process, there is a bottleneck to the fragmentation
channels in the low states ofeachseries. As the rotational

basis sets) and of the intraserleandn mixing induced by the X ' s
external dc field, the size of the basis sets becomes rapidly dUantum number increases, the rate for predissociation increases
prohibitive asn increases and it is not possible for us to repeat 00 (since for a given excitation energy, higher states of the
them atn ~ 200 (where ZEKE experiments are usually COreé mean lower values on the principal quantum number of
performed). However, by moving to higher strengths of the the electronn, and the predissociation widths scale as* Bt
field, we expect that our conclusions about the interplay between Z€ro order). The structure of the bottlenecks for predissociation
the short and long range interseries coupling and the intraseriedn the case of NO below the lowest ionization threshold is
coupling due to the external dc field can provide useful insight therefore different from that of the bottleneck for ionization in
about the dynamics in the rangero¥alues, i.e.n ~ 200, where the case of Na The second important difference between the
many series are above the IT limit, even for extremely small two molecules is the value of the rotational consBrBno* =
values of the stray field. 1.9842 cnt, while Byg,t = 0.1 cnl. The density of Rydberg

As we will show, the decay kinetics of the computed ZEKE States in neighboring series coupled by the molecular anisotropy
intensity can accurately be fitted to a biexponential form leading 1S much higher in the case of a molecular core with a low
to the determination of two time scales, a short one in the fotational constant, i.e., smaller than 0.1¢mthan for cores
submicrosecond range and a much longer one in the tens ofwith a rotational constant in the range of a few wavenumbers,
microseconds. The presence of a short- and a long-time like that of NO'. The sparser density of isoenergetic states in
component in the decay kinetics is typical of a dense manifold NO™ together with the structure of the bottlenecks characteristic
of quasibound states, coupled to a small number of productOf a predissociation process formed the motivation for the
channels? as is the case of high molecular Rydberg sfdtes current work and has important consequences for the dynamics
(see sections 2 and 3). The short decay time is in agreementthat are discussed in sections 3 and 4. The molecular Hamil-
with the previous experimentaland computed resulfd.52In tonian is described in section 2 together with a brief summary
addition, we predict the existence ofvrauch longeitime scale of the formalism used to compute the ZEKE cross section
in the decay. As is discussed below, this long-time component (which is described in detail in ref 80). The cylindrical
is due to a synergy between the interseries coupling and thesymmetry is preserved in the presence of an external dc field,
external dc field, which leads to a lengthening of the lifetimes and the symmetry-breaking interactions induced by the presence
and a better accessibility of the long-living states, despite the of surrounding ions are not included in the Hamiltonian.
fast zero-order predissociating rates of the lostates of the Qualitatively, the symmetry-breaking interactions of high Ryd-
higher rotational states of the core. berg states with neighboring ions are responsible for the mixing

An important conclusion of our work is that in NO in the between the highm states, which are better shielded from the
presence of external dc fields just below or beyond the Irglis molecular core sincé = m and therefore almost stable, and
Teller limit, the inclusion of the interseries coupling does not the lowm Rydberg states, which interact better with the core
shorten the lifetimes. This would certainly be the case if the and decay faster. As a result, the effect of the interactions with
interseries coupling were taking place predominantly among low surrounding ions is to lead to a further enhancement of the
| states. Rather, our computational results (discussed in sectiodifetimes. The inclusion of such effects in the formalism leads

~
~



Decay Dynamics of High Rydberg States of NO J. Phys. Chem. A, Vol. 102, No. 47, 199809

to even larger basis sets, which are, at the present stagecase (b) basis set, the diagonal elements of the Hamiltonian are
prohibitive from a computational point of view.
H®

ele

IINA, INA] = —, \° (2.2)
2. Details of the Computations where o is the quantum defect due to the cemdectron

interaction and is the effective principal quantum number of
the Rydberg state. As a result of the mixing between the s
and d configurations, the s andbdstates must be modified as

2.1. Molecular Hamiltonian. The Hamiltonian describes
a Rydberg electron interacting with a rotating singly charged
anisotropic core in the presence of the external dc field:

follows:0
H=Hoee T Hi +V+ U H®) JSNO,NO] = — (g, COZ 0 + g, SI? O)vy, ¥y, 3
Heee=p%2—1Ir, H,=BN'(N"+1) (2.1 HE) [ANO,dNO] = — (i, Sin* 6 + pg, oS O)Ivy, ¥, *?
(2.3)
U=r-F

and a nondiagonald term must be included

In eq 2.1, the Hamiltonian is written in atomic units, the vector
r is the distance to the cor& is the rotational constant, and  H®) [sNO,dNO] = — 1 gin D(ug, — 1), ve,>  (2.4)
N* the rotational angular momentum of the molecular core’NO 2

F is the electrical field, which is taken to be in thealirection In the case of NO, the mixing angté was determined to be
and serves as the quantization axis for the spaced fixed basis38 > ’

set. V describes the coreelectron interactions and is discussed o
below. The model Hamiltonian (2.1) is valid for an isolated
molecule in a cylindrical symmetric external field. It cannot
therefore be used to describe the effect of a finite ion density
surrounding the molecufel3840.44 The projection quantum
number,M, of the total angular momentum excluding spi,

= NT + |, is conserved. Consequently, in the computations,
the basis set is reduced to a subspace of a given vallé of

Neither the Hund’s case (b) basis set, which corresponds to
a Born—Oppenheimer description, nor the Hund’s (d) basis set,
which corresponds to an inverse Ber@ppenheimer situation,
leads to a diagonal molecular Hamiltonian. In the Hund'’s case
(b) basis set, the electronic Hamiltonian is almost diagonal but
the rotational part takes a complicated form. On the other hand,
in the Hund’s case (d) basis set, the rotational part is diagonal
and the effect of the external electrical dc field is more readily

To describe the coreelectron mtergcuonv, we dls_tmgl_ush included (for a recent treatment of the effect of an external dc
between low Rydberg electrons, which penetrate significantly field using a MQDT formalism, however, see ref 76.) More-

LT“O the.core region and experience strong ShOTt range mte'rac-over, it has been shown for a model Hamiltonian solvable
ions (with valence electrons_ and with the nuclei), _an(_j_the high analytically®? that in the regime of higin Rydberg states, the
:nﬁg?l?:rgoilaefgc}g?\’>V%/,eV\:1hslghtr?g ]% c;:np;igﬁrztfel\qug:égiqﬂy diabatic inverse BornOppenheimer basis set, here Hund’s case
short range (i eg for. < 2) as was done previoudkiZand a (d), is the most apprppriate zero ordgr descriptio_n. We will,
long range mljlti.i)olar_expansion at large ceetectron separa- there_fore_, as In previous studies:2 bu”q the matrix of the
tions, r (.., for| > 2) Hamlltonlan in the Hund’s case (d) basis set. This zero-order
ThoA Y o L basis set, where the electron is decoupled from the core, can be
| The M.QDT for.mallsm leads to a ?arameénze}tlorll of the eore thought of as the “natural” basis set for higtRydberg states,
electron interaction by quantum defects affecting Idtydberg since a higm Rydberg electron is for the major fraction of the

elec_trons (= 2).' When the e_Iectr_on is close to the core, |t_has electronic period far from the molecular core in a well-defined
a higher velocity than the vibrational and rotational motions rotational state
and therefore adjusts to the motions of the core (Bom For low| states] < 2, the electronic Hamiltonian including

gpggnheerertregw'ne)i Thei orbltallaggtulzﬁlmprpentmfﬂhe . the core-electron interaction as parametrized by the MQDT
yaberg electron 1s strongly coupied 1o the Intérnuciear axis theory is initially written in the Hund case (b) basis set (eqs

with a projectionA and combines wi_th the rotational angular 2.2-2.4). Itis transformed to the Hund’s case (d) basis using
momentum of the moleculdk to yield the total angular a frame transformatioff-83-85
momentum excluding spiMl = L + R. This situation
corresponds to Hund case (b) coupling schéhamd the good
zero-order quantum numbers &r8l, andA. On the other hand,
at long range, the electron moves much more slowly than the
vibrational and rotational motions of the core. Then, itis better \yitn
described in a spaced fixed rather than in a molecular fixed
basis set, which for a rotating core corresponds to Hund’s case S N
(d). The good zero-order quantum numbers in the Hund's caseAy:x = (—1) (—A A
(d) coupling scheme are N, andN*, and the total angular
momentum excluding spin is given By = L + N*. This O™ (2.6)
situation where the electron moves much more slowly than the
nuclei can be described as an inverse Bdbppenheimer WhereH(eﬁ’g({lNA,l'NA'] is given by egs 2.22.4. As already
regimé? where the electron moves in the potential generated noted previoushy? egs 2.5 and 2.6 show how, through the frame
by the fast motion of the nuclei. transformation, Rydberg series converging to different rotational
The MQDT electronic Hamiltonian for the low states is states of the core are coupled to one anothet,= N* + 1,
nearly diagonal in Hund'’s case (b), except for a few terms that 42, £3, &4, ... for A = 0 andN*"' = N* 4 2, 44, ... whenA
describe the mixing ofo anddo configurations. In the Hund = 0.

HeeINNTINNT] = 5 Ay HaedINAINATA. - (25)

’(\)ﬁ)(zN+ + 1)M20((1 +
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For the highl states, the coreelectron interaction is described  (interseries coupling and external dc field) leads to a mixing of
by the dipolar and quadrupolar terms of the long range the fully trapped (zero eigenvalue) and of the prompt eigenstates
multipolar expansion, since the core NMas a permanent (finite eigenvalues) of the rate matrix However, for dense

dipole and quadrupole quasibound structures such as high molecular Rydberg states,
this mixing is limited by dynamical bottlenecks in phase space
V= Z(Mpa(COSX))/THl, 1=1,2 (2.7)  andremains incomplef° As aresult, the individual lifetimes
of the Rydberg states follow a bimodal distribution with a very

small group (of about 50 states in this case) of promptly
wherey is the angle between and the molecular axis. The decaying states and a much larger group (of about 2500 states)
dipolar [l|(1/r3)|n'I' DN myImy|cos [N ml+I'm Dand qua- of slowly Qecaylng states, which are re§pon§|ble for thg short-
drupolar(dl|(1/r3)|n'l' CIN* myImy | Pa(cosy) [N i 1", Cmatrix and long-time components of the ZEKE intensity, respectitly.
elements are determined as follows. The computation of the The eigenstates of the full effective Hamiltonian have a
angular part is standafd. For the radial partsnl|(1/r3)|n'I'C biorthogonal charactéf. In such a case, the total decay law
andnl|(1/r3)|n'I'[Jwe use exact radial electronic wave functions P(t) is not a single sum of decaying exponentials but takes the
rather than the simple Bessel function approximationthis form
was showf#:66to be important to get a quantitatively exact value
of the integral, in particular for the dipolar interactiéh.The N N ) ) .
latter has a long range character and therefore is not well P(t) = Z (A |r* 8| sLIs* |AliCexp(—i(ds — 4,)UR)  (2.9)
screened by the centrifugal barrier, with the consequence that ST
high | values [ up to aboutn/2) are significantly coupled.

In the presence of the external dc field, the total angular
momentum quantum numbé@t is not conserved. Therefore, L ; LAY . .
for the molecular Hamiltonian (2.1), the only conserved quantum can exhibit plateaus. This behavior is typ|_cal of overlapping
number isM, the projection of the total angular momentixn resonance; and has alregdy been reported. in othgr co?ﬂ'é%ts.
The Stark matrix elements af!|r|n'l'CTImy|cosé|I'n,[J where A grouping proced'ur“é is used to numerically d!agonallze
0 is the angle betweanand the quantization axis The angular the full effective Hamiltonian. Zero order states with common
part leads to the selection rulég = +1, Am = 0, and the ~ values of the quantum numbers I, N*, and M (but with
radial part is analytic8l for An = 0. TheAn = 0 coupling different values of the projection quantum numberandmy’
terms, which are responsible fomixing and become important ~ Such thamy- + m = M) are grouped together. This grouping
above the Inglis Teller limit, are computed exactly using the procedure typically reduces the size of the basis set from a few

same numerical procedure as for the long range dipolar andt€ns of thousands to a few thousands. To get a correct
quadrupolar matrix elementgs® description of the effect of the stray field in assisting the

2.2. Effective Hamiltonian. The low| Rydberg states of interseries coupling, all thevalues from O ton = 1 for eachn

NO are known to strongly predissoci&feand we use an value are individually included in the basis set and are not

) S . . d together.
effective Hamiltonian formalisf#%° to take into account the ~ 9'°UP€ ) . _
coupling to the fragmentation channel. The full effective 2.3. ZEKE Cross Section. The ZEKE intensity is computed

where A is the transition operator from the intermediate
electronic statdill The decay ofP(t) (2.9) is monotonic but

Hamiltonian,H, in the bound subspac®, (I = Q + P), is both as a function of the delay time,and as a function of the
v ' ' excitation laser frequency for a given strength of the delayed
H = QHQ — iQI'Q pulsed field used for detection. The formalism used is described
in detail in ref 80. Central to ZEKE spectroscopy is the notion
QHQ = Q(Hgjeet Hie+ V+U)Q (2.8) of a detection window, which counts all the Rydberg states that

can be ionized by the delayed pulsed field. A useful ap-
proximation is to write it as a projector on all those bound states

where QHQ is the real part of the effective Hamiltonian that can be ionized for a given strength of the delayed fieid,

including the interseries coupling and the effect of the external
dc field as defined in eq 2.1. We replace the full rate operator ) ’
QrQ, which describes the predissociation process by its IT= O((16F/E,") — 1) — O((16FJE,) — 1) (2.10)
Hermitian part, which amounts to neglecting the level shift of

the bound states caused by their coupling to the continuum.Here 6(x) is the unit step functior: (in V/cm) is the external

We use for the zero-order predissociation widths of the low field, Fs is the inevitably present stray field, which causes
states [( = 3) the same values as those used in refs 61 and 62.ionization of the very highest Rydberg states and hence removes
Higher | states are assumed to be stable with respect to thethem from the detection window, arie, = — Ry/n? is the
predissociation process. In this study we fully diagonalize the energy (in cm?) of the Rydberg states, where Ry is the Rydberg
effective Hamiltonian and do not treat the predissociation as a constant. The ZEKE cross section is determined by the
perturbation of the bound state dynamics. This was shown to expectation value of the detection winddw (eq 2.10) over

be essential in order to obtain accurate distributions of lifetimes the ZEKE wave function at the delay time ZEKE(w, 1) =
(given by the imaginary part of the complex eigenvalues of the [W®(z)|IT|WO(7)[F° The ZEKE wave function @ ®(z)Uis
effective Hamitonian) in the case where a large number of first order in the excitation laser field whose finite widih, is
quasidegenerate states are coupled to a small number of decaincluded. Therefore, the dynamics which takes place during
channelg?7 In such a case, the rate matfids of low rank8 the laser pulse is fully taken into account in the formalism. The
that is, has a small number of finite eigenvalues (equal to the extent to which interseries coupling can occur while the laser
number of open decay channels) and a much larger number ofis on depends on the strength of the interseries coupling and on
zero eigenvalues. When the full effective Hamiltoni&h,= the duration of the pulse. The explicit expression of the ZEKE
QHQ — iQI'Q is diagonalized, the intramolecular mixing cross section in the biorthogonal basis which diagonalizes the
induced by the real part of the effective Hamiltoni@iQ effective Hamiltonian, i&
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Ng for the computations. Therefore, we have also carried out some
ZEKE(w, 7) = Z)|m1|lp(1)(r)[]]2 = computations with a value of the dipolar moment equal to 0.11
= au, as reported for more recent ab initio computatf3iigjn
Na N exp(—idg/h)m|sOst |AliD order to check that our results are not significantly modified
| 2 (2.112) by using a smaller value of the dipolar moment. We use for
=0 & w — Adh +il)/h the predissociation decay rates the same values as those used
) ] in refs 61 and 62, which were inferred from experimental
whereA and |illhave the same meaning as in.(Z.N),,is the results® All computations were done foM = 0. The
number of zero-order statesin the detection window, anty following basis set was used for the five series computation:

is the dimension of the basis set used to describe the band of\+ = o' n = 95-107;: N* = 1, n = 82-90: N* = 2, n =
quasi-isoenergetic Rydberg states. TR are the complex  g7-71: Nt = 3 n = 55-57: N* = 4, n = 46—47. For each
eigenvalues that correspond to the biorthogonal staté=or a n value, alll states are included, which leads to 2693 grouped
b|or_thogonal basis set, the explicit expression for the complex giates (7249 ungrouped). For the one series computation, only
conjugateW®(r)|nCis those states built oN* = 0 are included, which leads to 1313
- grouped states (same number ungrouped). For the three series
@ N A 6| nCexp(i, o/h) computations, the states built & = 0, 2, and 4 lead to a
W) Int= 20 T —iT/h (2.12) total of 1684 grouped states (3476 ungrouped).

' @ r al Varying the number of Rydberg series included in the basis
set allows us to compare the decay kinetics of the ZEKE
intensity (i) in the absence of interseries coupling (one series
computation including states built %™ = 0 only), (ii) in the
presence of the lowand of the high quadrupolar interactions

The detection operatorl (2.10) typically projects onto a
subset of bound states (i.e., those that are in the detection
window) and does not commute with the effective Hamiltonian.
Therefore, the time evolution of the ZEKE intensity can be . . )
nonmonotonic when the pulsed field used for detection is not O (for the thr(ie series computation, since only Rydberg states
strong enough to detect the entire subset of quasibound statestONVerging orN™ =0, 2, and 4 are m_cluded n th(_a ba_5|s), and
In the frequency domain, this noncommutation is responsible (Iil) in the presence the lotogether with both the highdipolar
for non-Franck-Condon intensities, as has been experimentally and quad_rupolar interactions (five series computation including
observed.92-94 states built orlN*™ = 0, 1, 2, 3, and 4). To study the synergy

When the delayed pulsed field used for the detection is strong P€tween the external dc field and the interseries coupling, we
enough to ionize all the Rydberg states of all the series accessed€PO"t the_ZEKE intensities for two strengths of the external dc
during the dynamics, that is, when all the quasibound statesfi€!ld: F = 0.04 and 0.5 V/em. In addition, a five-series

are detected, the ZEKE cross section takes the form computation aF = 0.04 V/cm where only the lowinterseries
coupling (as parametrized by MQDT) is included, was carried
N [[||AT|r* T | STS* | A\li Cexp(—i(Ag — l:)r/h) out in order to investigate the role of the long range coupling
ZEKE(w, 7) = terms on the decay kinetics of the ZEKE intensity.
St (w0 — Adh +iT/R)(w — A, /h — iT\/h) In Figure 1, a schematic view of the zero-order position of
(2.13) quasi-isoenergetic Rydberg states in neighboring series is drawn

together with the width of the Stark manifold for increasing
As discussed in ref 80, due to the frequency dependence of thefield strengths. The quantum defect energy shift is shown for
weight, this form is not equivalent to the total decay IB(t) the p state only, which is the most shifted state. There are two
(eq 2.9). It will, however, when plotted as a function of the parameters that must be taken into account to analyze the role
delay time,z, exhibit plateaus in the same way as the decay of the external dc field on the dynamics. First, the parameter

law P(t) (eq 2.9). n, that gives the field or equivalently the valuefor which
) ) ) the p (or s or d) state is brought into the high&tark manifold.
3. Computational Results and Discussion This is the parameter discussed in refs 11, 29, 31, 55, and 61,

Time- and frequency-resolved ZEKE spectra were computed N = (24/(3F(au))}* or equivalentlyF, (au) = 2u/(3n°). Then,
at different strengths of the external dc field for isoenergetic there is the parametetr, which describes the usual Ingtis
Rydberg states built on ondlt = 0), three N* = 0, 2, 4), and Tel!er (IT) limit”® where the onset fan mixing within a single
five (N* = 0—4) rotational states of NOat an excitation energy ~ Series occurs.nir = (1/(3F(au)}>, or equivalentlyFr(au) =
about 10 cm® below the lowest ionization threshold. As 1/(3%). Ingeneraln, < nrandFir > F,, sinceu is defined
discussed in section 2, for the Idwtates k(< 2), the interseries ~ Modulo 1.
coupling is included using the MQDT formalism and for the =~ The parameters), and nir govern the intraseries mixing.
high | states it is included by using a long range multipolar Whenn < n,, no significant mixing occurs between the state
expansion. The MQDT parameters are the same as the onesinder consideration and the highe6tark manifold and the
used in ref 62, which were inferred from previous studfe®. lifetime of the state is close to its field-free value. Wher
For the long range multipolar expansion, the dipolar constant, n, andn < nir, good mixing occurs between the fast predis-
u, of NOT is taken from an ab initio computati®frand is equal sociating lowl zero-order states and the highatates because
to 0.66 Debye £0.26 au) and the quadrupolar or@, is the the field is strong enough to overcome the energy shift caused
one determined from ref 96 and is equal to 0.59 au. Recentby the quantum defect. There is intraseries dilution, but the
experimental work suggests that the dipolar interaction, even adjacentn + 1 Stark manifolds have not yet bridged. There
though weaker than the quadrupolar one, may play a significantare still gaps between the levels within a given series, and the
role in the dynamic&? There is no experimental determination interseries coupling is not yet well assisted by the field. Its
of the permanent dipolar moment of NQand the value of the  efficiency still depends on accidental degeneracies. rFer
computed dipolar moment is known to be quite sensitive to the nyr, there occurs overlapping of Stark manifolds within a single
degree of electron correlation and the kind of basis sets usedseries. At this point, the occurrence of interseries coupling
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Figure 1. Zero-order positions of quasi-isoenergetic Rydberg states converging on different rotational states of the molecular core as a function
of the strength of the external dc field. The width of the Stark manifolds is represented in dashed areas and the zero field position of the p series
(up = 0.29) and f seriesu¢ = 0) are shown in dashes. The strengths of the two fields used in the computation is also indicated.

TABLE 1: Effect of Interseries Coupling on the Decay 1] /—mm————r————7— 7
Kinetics of the ZEKE Intensity as a Function of the Delay
Time for the Initial State N* = 0, n = 105 f at a Field
Strength of 0.04 V/cnt

T
—

R TN S S ST ST S

0.75
one series three series five series 0.75
Tohorl S 0.13 (98%) 0.16 (54%) 0.38 (75%) 0.3
TiongUS 7.5 (2%) 1.19 (46%) 12.2 (23%) 0.25L

aThe decay constantsnor andziong and the relative weights (in %) 0 ) ) ) ;
0 01 02 03 04 05

of the two components are determined from a weighted least-squares
fit of the ZEKE intensity to a biexponential form. The three- and the
five-series computations include both the short range and the long range
core—electron interactions.

(arbitrary units)
=]
()}

Integrated ZEKE intensity/
e
ﬁ h

reaches its maximum efficiency and ceases to be accidental. In

the decay kinetics, the long-time component reaches its maxi- e e RS
mum value. 0 5 10 15 20

3.1. Role of the Interseries Coupling. One versus frve
series computations fors105 f. Figure 2 and Table 1 illustrate
the effect of the interseries coupling on the decay dynamics. In Figure 2. Decay kinetics of the ZEKE intensity as a function of the
Figure 2, the decay kinetics of the ZEKE intensity of the initial delay time for a one-series computation (dashes) and for a five-series
stateNt = 0, n = 105 f is plotted as a function of the delay computation (solid line), including both the short range and the long
time for a one- and a five-series computation for a strength of 'ange interactions. The spectra used to obtain the decay kinetics are

; ; ot computed at a field strength equal to 0.04 V/cm for a width of the
the stray field of 0.04 V/cm and a width of the excitation laser excitation laser equal to 0.005 cfas in the experiment8.Note that

of 0.005 cmr*. This laser bandwidth is narrow enough that . qich a high resolution, some interseries dynamics can already occur
some interseries dynamics between neighboring series alreadyyuring the excitation by the laser and this process is taken into account
takes place during the laser pulse. The decay kinetics plottedby eq 2.11. The decay kinetics is obtained by integrating the ZEKE
in Figure 2 is obtained by integrating the computed ZEKE intensity over a frequency range of 0.3 tiThe intensity at different
intensity over a range of 0.3 crhas a function of the frequency ~ delay times is normalized to that of= 0. The decay constants are

at different delay times (The formalism is discussed in Section reported in Table 1. The decay of the five series computation is clearly

. ; . iexponential. The short-time behavior is plotted in the insert. The
2.3). In this computation, all the quasibound states are detecte lateaus have a duration equal to the Stark period. The population

by the delayed pulsed field and the region of initial excitation gecays each time the Rydberg electron comes back tol Istates,
is included in the detection window so that the ZEKE intensity which are the only ones that can predissociate. At longer times, better
decays monotonically as a function of the delay time. An | mixing is reached and the structure is washed out.

delay time/Ls
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Figure 3. (a) Histogram of the lifetimes (imaginary part of the

eigenvalues of the effective Hamiltonian) in microseconds on a
logarithmic scale for two five-series computations (2693 states), one
including only short range (low) interactions as parametrized by

MQDT and the other one including both short range and long range
interactions. The legend is as indicated in the figure. The bins with the
larger number of states are plotted first on the vertical axis. The very
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kinetics. Note for comparison that the decay of the one series
computation is completed in about three Stark periods.

To enable a quantitative comparison of the different computa-
tions, we fitted all the calculated curves to a biexponential form,
using a weighted least-squares procedure. Results for the
calculations shown in Figure 2 are reported in Table 1, together
with the ones resulting from a three series computation. The
role of the interseries coupling is evident in lengthening both
the short time and the long time decay constants. At this low
value of the field, none of the series are above the IT limit and
the field is just strong enough for the mixing of the = 0, n
= 105 d state into the Stark manifold while the p state remains
unmixed. As a result, in the one-series computation, the decay
constant is slightly shorter than the zero-order predissociation
lifetime (zgr = 0.142 us). Note that for the multiseries
computations, both the short- and a fortiori the long time decay
constants are longer than the zero-order predissociation rates.

Role of the Dipolar Interaction The short and the long decay
constants of the decay kinetics resulting from the five-series
computation are longer by a factor 2 and 10, respectively, than
the ones obtained from the three-series computation. This result
shows the particular importance of the dipolar interactions as
compared to the quadrupolar interactions. Compared to the one-
series computation, the increase of the volume in phase space
of significantly coupled isoenergetic states for the five-series
computation where the dipolar interactions are included is of
about a factor of 2, while the increase of the volume in phase
space for the three-series computation is only 30%. To
investigate whether the dipolar or the quadrupolar interactions
are important predominantly at short range (Igvor at long
range (higH), we have analyzed the distribution of the lifetimes
of the individual Rydberg states (defined as the imaginary part
of the eigenvalues of the effective Hamiltonian discussed in
section 2) and the localization of the prompt and the delayed
eigenstates on the zero-order states forttheefollowing five-

prompt states whose number is equal to the number of open decaySeries computations &t= 0.04 V/cm: one where only the short

channels £50) fall in the nanosecond range. The major fraction of

range interseries coupling is taken into account and one where

the states, which at zero order are not coupled to the fragmentationboth the short range and the long range interseries dipolar and

channels, are delayed. (b) Weights of the initial shite= 0, n = 105
f on the eigenstates of the two same Hamiltonians as in (a). The

quadrupolar coupling are included. The histograms of the
lifetimes (in microseconds, on a logarithmic scale) resulting from

histograms are plotted as a function of the lifetimes of the eigenstatesth di lizati fthe two fi . ffective Hamiltoni
(in microseconds, logarithmic scale). For the computation including € diagonalization or the two Tive series eriective Ramifionians

both short range and long range interactions, the major weights are@re plotted in Figure 3a ((shaded) both the short and the long
clearly shifted to eigenstates with longer lifetimes. range coupling terms are included; (plain) short range matrix
analysis of the time dependence of the calculated decay curvesgléments only, the bins with the higher weight are plotted first
shows that these decays are multiexponential. Specifically, the@n the vertical axis). As discussed in section 2.2, due to the
decay of the five-series computation reported in Figure 2 is best Nigh density of quasibound states, which are coupled to a small
fitted by a biexponential decay law (cf. Table 1), with a short number of open channels, there is a narrow bottleneck for
range component in the submicrosecond rangg{= 0.38 predissociation and the intramolecular redistribution of the
us) and a long-time component in the tens of microsecongis ( pred|§SOC|at|on coupllng strength mgluced by the interseries
= 12.2us). On the other hand, the long-time component is coupling and by the intraseries coupling due to the external dc
almost completely absent from the decay of the one seriesfield is nonumform‘?f’ The h|sf[ograms plotted in Figure 3a are
computation, which takes place in the submicrosecond range.therefore clearly bimodal, with a small group:§0) of very
The comparison between the one and the five series decay lawd?rompt eigenstates (with a lifetime in the nanosecond range)
illustrates the fact that interseries dynamics does not quenchand a much larger group of delayed state2%00), with a
the long-time component in the decay kinetics but rather lifetime in the microsecond rangeThe inclusion of the long
enhances it. This is due, as we discuss below (see Figure 3) td@nge interaction increases significantly the fraction of lifetimes
the role of the dipolar coupling, which is assisted by the external between 0.1 and 1fs, with comparatively less very prompt
dc field. and very delayed eigenstates. This effect is an indication of
The decay kinetics in the submicrosecond range is plotted in the better mixing resulting from the inclusion of the long range
the insert of Figure 2. The |ength of the plateaus Correspondsinteraction, which tends to lead to a more uniform distribution
to the Stark period=£66 ns). The decay resumes each time Of the lifetimes.
the Rydberg electron comes in ldwtates where predissociation The analysis of the weights of the two sets of eigenstates
can occur and is prevented when the Rydberg electron is (resulting from the diagonalization of the effective Hamiltonians
localized in highl states, which results in a plateau in the decay with and without long range coreelectron interactions) on the
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TABLE 2: Effect of the Field Strength on the Decay neglects the interseries coupling). The p state, whose zeroth-
Constants of the ZEKE Intensity as a Function of the Delay order lifetime equals 3.8 nd'¢, = 1600 cn?), decays faster
: e i A ;
Time for the Initial States N* = 0,n =105 p and # than the f staters = 142 ns) with a short time decay constant
N*=0n=105p N*=0n=105f of about three zero-order lifetimes and a long time decay
F =0.04 Vicm constant 50 times longer thag,. ForF = 0.04 V/cm, the p
TshorlUS 0.009 (85%) 0.38 (77%) state is not yet merged into the highenanifold by the external
. noag/ét\sﬂ 0.22 (14%) 12.2 (23%) field and the Stark period is much larger than both its zero-
Tl 0.472 (77%) 0.45 (79%) orderl_predlssom?]tlon Ilfﬁ_nrr]l_e I3nd the f]horth rangﬁ:‘I |Rterser|es
Tiong 4 37.12 (23%) 38.4 (21%) coupling. Note that at this field strength, where all the series

are below the IT limit, we are still in the regime of accidental
degeneracies. Therefore, the details of decay kinetics of the
ZEKE intensity vary from one initial state to the next. However,

. . ... in the multiseries case, all the initial states investigated exhibit
zero-order states shows that the degree of interseries mixing is . . .
: ; a short-time component in the submicrosecond range and a long-
increased by a factor of 2 by the long range coupling. The

. . . Y ; time component with a decay constant at least 10 times larger.
dipolar term, in particular, significantly increases the degree of . X .
g : : ; . X The long-time component is almost absent from the one series
| mixing between high states belonging to neighboring series.

Scnucen i~ SndN ~ 1 s th ong range il CoPUn o 5 & manfesiton of e ofcs of e
matrix elements have a strength of about416m- up tol ~ pling, iInp g range dip '

n/2 due to the long range character of the dipolar interadfon. AtF = 0.5 V/cm, the Stark period is comparable to the period
The role of the long range quadrupolar matrix elements, which Of the short range coupling and to the zero-order lifetime of
are localized in lowl values, is more limited. (These matrix the fast predissociatingstates. Both the states of the' = 0
elements vary between 6 104 and 5x 105 cmr! between and theN™ = 1 series are above the IT limia¢ = 80) so that
| = 3 andl = 8. For comparison, the magnitude of the short due ton mixing, these two series have a uniform density of
range matrix elements varies betweesx 302 and 5x 103 states. In this case, the interseries coupling is well assisted by
cm L) As a result of the bettdrmixing induced both by the  the external dc field and the states up\to= 2 are well mixed.
dipolar interseries coupling and the intraseries Stark coupling, AS @ result, the p and the f states have the same decay kinetics
the zero-order predissociation widths of the lostates are better ~ and can be fitted to a biexponential form with the same
mixed with the higH states, thereby leading to a larger number Parameters. The short decay constart@45us with a weight
of long-living eigenstates with a lifetime between 0.1 and 10 Of ~80%, and long one is 38s with a weight 0f~20%. The
us. fact that the p and the f states decay similarly is consistent with
The occurrence of a larger number of states with lifetimes in the fact that the mixing has reached its maximal (_efficiency, with
the range 0.£10 us range would, of course, only lead to _the enhancement of t_he decay constants being part|cule_1rly
different experimental observations at these delay times, if the Important for the long-time component, which now extends in
accessibility of these states remains as good as before. Wherth€ tens of microseconds range. This conclusion is also
we analyze the accessibility of these states (Figure 3b), we Supported by the analysis of the degree of mixing of the zero-
actually find that it is better than before, since these states betterorder states brought by the diagonalization of the effective
overlap with the initial state. In Figure 3b, the weights of the Hamiltonian. Strlptly_ s.peaklng, in such a case, one cannot excite
initial stateN* = 0, n = 105 f on the eigenstates of the two @ P or an f state individually but qnly a superposition of zero-
effective Hamiltonians (with and without long range interaction) ©rder hydrogenic states. The situation described above re-
are plotted as a function of the lifetimes of the eigenstates Sembles very closely, in our view, the situation that will occur
expressed in microseconds (logarithmic scale, same conventiorin @n actual ZEKE experimenn(about 200,F about 0.025
as in Figure 3a). The significant weights are clearly shifted to V/cm). Our calculations predict that under actual ZEKE
eigenstates with lifetimes between 0.1 angi&@vhen the long  conditions the decay of the “ZEKE Rydberg states” will be
range coupling is included. The decay constants of the decayapproximately biexponential, with a short time decay rate of
kinetics of the ZEKE intensity resulting from the five-series ~1us and along time one af40us. As suggested by previous
computation without the long range interseries coupling are 0.25 Studies;® the prompt decay constant scales approximately as
(weight 93%) and 31.&s (weight 7%) to be compared with n3, since it corresponds to the decay rates that are very little
0.38 (75%) and 12.2s (25%) when the long range interaction affected by the nonuniform inter- and intraseries mixing induced
isincluded. So to summarize, the effect of the better mixing is by the core-electron interactions and the external dc field,
2-fold. The better mixing leads to a somewhat “less short” short respectively. The scaling of the long time decay, which depends
decay constant and a “less long” long decay constant. In on the efficiency of the interseries coupling, is expected to range
addition, the better mixing leads to the better accessibility of betweenn* andn.>
the highl states, which represent a large fraction of the total The long-time component of the decay kinetics is not
phase space and the weight of the long-time component is larger significantly affected by using a smaller value of the dipolar
3.2. Role of the Strength of the External Field. Table 2 constantunot = 0.11 au?-%8 At F = 0.04 V/cm, for this value
compares the decay constants of the ZEKE intensity of the two of the dipolar constant, the decay kinetics of the initial state
initial statesN* = 0, n = 105 p and f at two strengths of the N* = 0, n = 105 f computed for a five-series basis set has a
external dc fieldF = 0.04 and 0.5 V/cm for a five-series basis  short-time component with a decay constant of u36and a
set including both low and highl core-electron interactions.  weight of 87%, while the long time component has a decay
For F = 0.04 V/cm,nr = 133, which means that all the series constant of 20.7s with a weight of 13%. Since a smaller value
included in the basis set are below the IT limit. The interseries of the dipole moment leads to a slightly less good mixing, this
mixing, as discussed above in the case of the f state, leads to aesult is intermediate between the decay kinetics (reported in
short and a long decay time constant that are longer than theTable 2) obtained for the higher value of the dipolar moment,
ones obtained from the one series computation (which de factouno = 0.26 au, and that discussed in section 3.1, obtained for

aThe ZEKE spectra are computed for a five-series basis set including
both short range and long range cerdectron interaction.
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the computation where the long range interseries coupling 1 —
among higH states is neglected. At this same field strength of 10005 s

0.04 Vicm, the decay of th8™ = 0, n = 105 p state, whose
zero-order predissociation rate is much larger than the strength
of the long range dipolar coupling, is not affected by using a
smaller dipolar constant. At = 0.5 V/cm, where the lowest
two series are above the IT limit and the interseries coupling is
well assisted by the external dc field, the decay laws of both
then = 105 p and f states are almost not affected by reducing
the value of the dipolar constant to 0.11 au.

3.3. Role of the Localization of the Initial Excitation. At
a given field strength, the amount of interseries population
transfer very much depends on the localization of the initial
state. When the initial state is localized in the lowdstseries,
this transfer is less extensive than when it is localized on a higher
state of the core. The reason is that in the former case, the
transfer occurs from a denser to a sparser series, a process which
is unfavorable. In addition, in the case of a predissociation
process, Rydberg states built on higher rotational states of the
core predissociate faster, which means that the population
transferred does not accumulate in the series corresponding to
excited states of the core. Another important factor is the
strength of the external dc field with respect to the strengths of
the interseries coupling and the predissociation process as
discussed above. At = 0.5 V/cm, the Stark period is of the
order of a few nanoseconds and comparable to the period of
the short range interseries coupling and the predissociation

ZEKE intensity/arbitrary units

lifetimes of the p and the d states. The transfer to High ©03F ]

competes with or precedes the interseries coupling. In addition, I

the population that is transferred to Idvgtates of other series 0.2 | .

quickly decays. For an initial state & 105) localized in the -

N* = 0 series, the population trapped at long time in the high 0.1} 4

| states of higher series is about 5%. At 0.04 V/cm, where I i i

none of the series is above the IT limit, this amount is about 0 R S A

1%). -10.7 -10.6 -10.5 -10.4 -10.3 -10.2
The situation is quite different when the initial state is |

localized in theN*™ = 2 series (= 70), which atF = 0.5 V/cm excitation frequency / cm’

Is the first series below the IT limit. The coupling from this Figure 4. ZEKE spectra as a function of the excitation frequency for

sparse series to t_he much better mixed and ‘?'ensef Iowe_r S€MCHree different delay times as indicated. The spectra are computed for
N* = 1 and O is very much favored, which results in a the initial stateN* = 2, n = 70 f atF = 0.5 V/cm with the five-series
population transfer to these lower series of about 15% while basis set including both short and long range e@lectron interactions
the amount of population transferred to the higher seii&s ( for two detection windows, one that corresponds to the states of the
= 3 and 4) is negligible. For an initial stal" = 2, n = 70 series initially excited (dashes) and one that corresponds to the states

ial < a ast : (
f, the short component of the decay kinetics has a decay constanfg;;'et;"evoslt(;"rvke;z%?(ﬂ (Sn?:)aid71 A'(Sr?;')d)'o'r?l;aadgﬁgut'?n‘:;l:‘r?trffr

c_)f 0.2us (Welght_88.2%), Wh_'le the decay constant of thef long- population transfer to the lower series has occurred (upper panel). In
time component is 47 8s (weight 11.2%). The loweéd" series  the intermediate panel, the delay time is about 10 Stark periods and
predissociate slower at zero order, since the principal quantumthe interseries population transfer is significant. For longer delay times
numbers are higher and therefore population can accumulate(lower panel), the integrated fraction of the remaining total population

longer. As before, the interseries population transfer occurs at(*10%) in each series is about constant. However, as a function of the
short times excitation frequency, the relative fraction of the population in the

) ) . . different series still varies in a nonmonotonic way. Note how the spectra
On a submicrosecond time scale and at a given delay time, are sharpening as a function of the delay time due to the decay of the
the ZEKE intensity varies extensively as a function of the prompt eigenstates.

excitation frequency. In Figure 4, the ZEKE intensities for two

different detection windows, localized in tiN = 2 (dashes) positions of the lowest peaks (betweed0.7 and—10.6) can

and in theN = 0 and 1 (solid line) series, respectively, are be correlated to the zero field position (including quantum
plotted as a function of the excitation frequency for delay times defect) of the lowl states (in particular the s state) f = 2,
equal to 0.005, 0.075, and 2/5. The spectra have been n = 70; N" = 1, n = 87; andN* = 0, n = 102, which are
computed for the same initial stald" = 2, n = 70 f whose strongly mixed through the short range interactions. The peak
decay kinetics was discussed above, i.e., localized in the firstaround—10.4 cnt?! corresponds to the highmanifolds of the
series that is not above the IT limit, at a field strength of 0.5 same states. The fast oscillations seen in the upper panel are
Vicm. At this field strength, the zero-order states and in of the order of the Stark spacingB. In the intermediate panel
particular the ones of the two lowest series, which are above where the delay time corresponds to about 10 Stark periods for
the IT limit, are pretty well mixed, which precludes a definite the Nt = 0 states, the population in the lowest sefi&s= 0
assignment of the structures seen in Figure 4. However, theand 1 is already more uniform. In the bottom panel, the
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remaining integrated intensity is only about 10% of the initial way as a function of the delay time. For the latter, the recent
one. The prompt states have decayed and the sharp peaks argigh resolution work of Merkt et @ is a very promising
due to very long-living Rydberg states. direction.
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