The dynamics of predissociating high Rydberg states of NO
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In this paper we present a theoretical study of the predissociation dynamicsnf{thé=2) (with

the principal quantum numbers=40-95 and thenp(N*=0) (n=70-125) Rydberg series of

NO, which exhibit a marked lifetime dilutioflengthening at n>65 for thef series and at>116

for thep seriedM.J.J. Vrakking and Y. T. Lee, J. Chem. Ph{62, 8818(1995]. The multichannel
effective Hamiltonian with several doorwafor excitation and escapdfor decay states was
constructed using experimental information on the quantum defects and on the decay width
constants incorporating both intramolecular coupling and exterior electric field coupling between
high Rydbergs. The analysis of the intramolecular Rydberg electron—core dipole long range
coupling(Hg.p) in conjunction with the energy gaps between proximal pairs of energy levels, which
are subjected to appropriate selection rules, reveals (ihafor low 1(=<3) core-penetrating
Rydbergs only a small number of accidental near-resonances are exhibitéd) &mchigh | (>3)
nonpenetrating Rydbergs the electron-core dipole coupling decreases fast with incteasing
(Hrp)>l ~7. The general characteristics of the high-3) manifold establish a bottleneck effect,
which precludes intramolecul&rmixing, implying that high Rydberg lifetime dilution effects can

be induced only by exterior electric field couplifig stark)- Parameter-free multichannel effective
Hamiltonian calculations were conducted under narrow-band excitation conditions, which
interrogate the electric field induced mixing in the energetic vicinity of the doorway state. The
electric field induced mixing model accounts semiquantitatively for the electric field dependence
of the energy-resolved line shapes of th& N*=2) series and for then and electric field

dependence of the lifetimes of thé(N* =2) and thenp(N* =0) series. Accidental near-resonant
Hr-D
simultaneous intramolecular and electric field coupling(N* = 0) < n'd(N* = 1)
HsTaRK
— n'l(=3)(N* = 1) fortwo sets of proximal states=92,n’ =80 andn=95,n' =82, result

in mediated-sequential mixing, which is manifested by slow decay times below the onset of
effective electric field mixing by weakF,=0.04—0.08 V/cm stray electric fields. ©1996
American Institute of Physic§S0021-960606)02125-3

I. A PROLOGUE ON THE DYNAMICS OF HIGH number$ with a quantum defect(la) into all the open
RYDBERG STATES radiationless channels)( are expected to be determined by

the n® scaling law®1%13-30-4The total decay width
The dynamics of high Rydberg statda=10-250,

wheren is the principal quantum numbesf atoms, diatomic |
molecules, large molecules, and cluster$,which was ex- FIJa(”):Z [i54(n)
plored by zero electron kinetic energy(ZEKE)

spectroscopy >*** and by related pulsed field of the|nlJle) Rydberg is
ionizationt®*! (PFI) methods, constitutes a significant exten-

sion of the broad and interesting research area of agrific [ya(n=T(lda)/v? 1.2
and intramoleculdf =2’ radiationless transitions. The radia-

tionless transitions of high Rydbergs can be envisioned awhere the effective quantum numberis-[n— &(la)] and
relaxation in microsystemémean radius<r>=(3/2)n2 ag, I'o(lJa) is the decay constant. The scaling law applies
e.g., (ry=1 um for n=112), which is subjected to strict well for the radiationless decay of moderately high Rydbergs
propensity rules, i.e., occurring from core-penetrating lowof atomst21341~-*3diatomic$®*"and large molecule$jn-
electron angular momenturh states in the spatial region ferred from Lorentzian (or Fano-typg¢ spectral line
close to the nucleusrangeA in Fano's terminolog§??%.  broadening?33741~4%r from time-resolved ion counting
The radiationless transitions of high, low | Rydbergs PFI spectroscop}’ In this n region I'(n)=T"g/n® with a
involve atomic autoionizatiol?'31%1639 and “reactive”  being close to 3.QTable ). At higher values of, the break-
intramolecular  dynamic®2%31740  je. molecular down of then® scaling law, Eq(1.2) is exhibited, as inter-
predissociatiot"'*” and/or autoionizatidit*3!-3"and in-  rogated by time-resolved ZEKE spectroscbpy>~**and by
tramolecular “nonreactive” dynamics in a bound level struc- time-resolved ion counting PFI spectroscdfilhis interest-
ture, i.e., internal conversiolt®®® The partial widths ing effect was originally observed for thp Rydberg series
I'l;,(n) for the decay of a givemIJa) Rydberg(whereJis  of NO. and subsequently documented for thp and nf
the total angular momentum and labels other quantum series of NO for the Rydbergs of large molecufeand for
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1364 M. Bixon and J. Jortner: High Rydberg states of NO

TABLE I. Universality of the dynamics of high Rydbergs of atoms, diatomics and large molecules.

“Low” n? “High” n?
n{p
Decay Iy Nu D(ny) (F=0.05Vicm yp(n})
System channe(s) 8 a cm? (@ (b) (©) (d)
Ar nd’ Autoionization 0.18 31000 70-75 100 104 0.39
(e (n=80)
Ar np’ Autoionization 1.68 3.60.1 2100 =100 100 116 1.5¢1072
) (n=120)
NO Predissociation 0.01  3#0.1 43 65 15 58 9.8<107%
nf(N*=2) (n=65)
(@
NO Predissociation 0.728 3#D.1 1610 116 50 113 1.3x10°2
np(N*=0) (n=120)
(9
BBC Internal 1.38 25:05 8000 >25 300 120 5.7x1072
(h) conversion <100 (n=100)
DABCO Internal 041 25-0.5 6400 >45 1000 122 4.2<107?
(h) conversion & <55 (n=100)

autoionization

#Low” n is characterized bp<n,,, while “high” n is characterized byp>n,, . The value ofny, in each
case is obtained under the specific experimental conditions.

PExperimental dilution factor at the specified valuenstn,, (given in parenthesgs

°n{}) represents the calculated valuerofor F=1 (the onset of strong mixingand F=0.05 V/cm.
dCalculated from Eq(1.5).

*Reference 12.

'Reference 13.

9Reference 10.

"Reference 9.

thend’ (Ref. 12 and thenp’ (Ref. 13 autoionizing states of fect 5(I)] with the inactive higH’ (I’ >3) manifold is speci-
Ar. At n>n,, (where the threshold value of, which is fied in terms of the homogeneous electric field, which is
denoted byn,, , depends on the specific experimental condi-expressed in reduced urifts*

tions) one encounters a dramatic lengthening of the lifetimes

7(n)=#/T(n). The lifetime lengthening is expressed by the ~ F(n.1)=(F/V cm™1)n%3.4x10°[&(1)mod 1)]. (1.4

iluti 10,12,13,38-40,44—47 m
dilution factoP The onset of mixing®*° is realized for F(nl)=0.5-1.0,
D)= r(m/(n*#/To). (1.3 while strong mixing prevaif§*® when F(n,1)>1-3. In

i (1) i -
The available experimental data summarized in Table | demTable | we have provided the values w#ny’, which cor

onstrate the universality of the lifetime lengthening effect Ofr?sponld tto_F ? 1| dé?t F:ZEISZ Vicm, trepres_entlnt_g a typlclal d
high Rydbergs for autoionization in atoms, for autoionization>" &Y Sl€ctric ieldiin a ZE apparatus, orin a time-resoive
on counting PFl experimental setup. Equatitind) indi-

and predissociation in diatomics, and for internal conversior tes that th t of the diluti { lifeti T b
and autoionization in large molecules. cates that the onset of he diution ol Telimes 1S given by

— 1/5 -1\—-1/5 H
The conceptual framework for the dynamics of high Ny =80.67[ 5(1)(mod)™(F/V.em 5 =  being  deter-

Rydbergs was provided by the electric field-induced cou—.mined by th.e quantum_defect anq the electric field, where
a numerical factor in the regiom=1 (for F=1) and

pling and mixing model advanced, developed, and utilizeds_1 25 (for F=3

by Bordaset al** Chupka’®*® Merkt, and Zaré Jortner 7~ = (for F=3). .

and Bixor?®-*%and Vrakking and Le& We pursuedf—*°the (b) The level structure of the mixed stat&¥At the on-
set of strong mixing, i.e., fon>ny, (at a given value of)

fi I I bet th ling, ibility, and d .
orma’ analogy between the coupiing, accessibiity, an ethe productyp(ny) of the average decay widthg of the

cay of high Rydbergs in external weak electric fielfisld od molecular i tates by their density of ot
strengthF=0.01-1 V/cm and intramolecula¢nonadiabatic _m;;‘e molecular eigenstates by their density of sta(es,)

or/and spin—orbjt coupling, excitation, and relaxation in a

bpund .Ievel structpre of an |§olateq molecule. Gengral Con-  yo(ny)=To/4 RS mod1)] n=ny,, (1.5
siderations result in two semiquantiative results, which pro-
vide insight into where Ry is the Rydberg constanfp(ny,) is independent of

(@ The onset of strong mixin:%®-4° The effective ny, and ofF. With increasingn (=n,,) the parameteyp(n)
field-induced mixing of aml Rydberg[with a quantum de- is yp(n)=vyp(ny) (nu/n)® decreasing with increasing
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energy® From the yp(n,,) data(Table | calculated from plied for the exploration of lifetimes in differemt domains,
Eq. (1.5 we conclude that for all the high Rydberg systemsi.e., line broadening for lowen(<n,,) and time-resolved
studied up to datep(ny)<<1 and alsoyp(n>ny)<<1. Ac- ZEKE spectroscopy for high(>ny,).
cordingly, the mixed level structure corresponds to the sparse The dramatic experimental lifetime lengthening of the
limit of isolated resonances. bound np(N*=0), np(N"=1), nf(N"=2), nf(N"=1)
These heuristic arguments, which rest on a single charseries of NGO} which correspond to predissociation dynam-
nel picture, have to be extended and supplemented by déss in a bound electronic level structufiee., below the low-
tailed multichannel calculations. The effective HamiltonianestN* =0 ionization potentia| were obtained under colli-
formalismt®22-25was advanced and utilizZ*°to treat the  sion (with ions or Rydbergsfree conditions and attribut&d
dynamics of high Rydbergs in weak electric fields. The theoto the effects of mixing3¥-4%44~4"The experimental datd
retical treatment utilizes as input data quantum defectfor the predissociation dynamics of thef(N*=2) and
8(la), which are obtained from spectroscopy and decawp(N+=0) high Rydbergs of NO will be confronted with
width constantsl'o(l«), which are extracted either from the results of the theoretical study based on the multichannel
spectroscopic line broadening or from lifetime data at lowereffective Hamiltonian formalisr?*°
n(<ny). Our first applications of the effective Hamiltonian Our theoretical treatment requires input information on
for realistic model system$® established the nature of the quantum defects and decay widths parameters. Since the
doorway and escape states, the nature of time-resolved oBxperimental discovery by Miescher in 198®f quantum
servableg(i.e., the dynamics of wave packet of eigenstatesdefects in the Rydberg series of a molecule, the NO molecule
the total excited-state population probabilities, and the popusérved as a popular hunting ground for the
lation probability of the doorway stateand the conse- experimentat*!®3748-%and theoretical>"4>>%%-%6tudies
quences of differentbroad band and narrow banidser ex-  of Rydberg spectroscopy, predissociation and autoionization
citation modes. We are currently exploring the applicationgdynamics. Our analysis will provide the following results:
of our multichannel effective Hamiltonian formalism with (i) The elucidation of the gross features of the spectra
several doorway and escape states for the quantitative d@nd the lifetime data for thef(N™=2) and thenp(N"=0)
scription of the dynamics of ultrahigh atomic and molecularRydberg series of NO in terms of the multichannel effective
Rydbergs in weak external electric fields, exploring the conHamiltonian forl mixing in a weak(F=0.04-0.08 V/cm
sequences df mixing in real systems. We have provid8a  electric field.
semiquantitative description of the autoionization dynamics (i) A proper interpretation of the abnormal lifetime
of high 2P,,np’[3/2]; (n=100-280) Rydbergs of Ar in lengthening of the 9%N"=0) and the 9p(N" =0) Ryd-
weak (F=0.1 V/cm) homogeneous electric fields which un- bergs, which correspond to<ny =116 for this series’
dergo a “transition” from the onset of effective coupling to This effect is attributed to perturbations originating from
the strong mixing domain with increasimg We are continu- near-resonant sequential Rydberg electron—core dipole cou-

ing this program for the exp|oration of Rydberg dynamics ofpling and electric field coupling, which are subjected to strict

molecules. selection rules. These resonances are treated by the effective
In this paper we present a theoretical study of the preHamiltonian formalism, which contains both intramolecular

dissociation dynamics of thaf(N*=2) (n=40-95) and and exterior electric field effects.

thenp(N*=0) (n=70-125) Rydberg series ofﬂlgo, which

were experimentally studied by Vrakking and Leéy the

time-resolved ion counting PFI method, following one- Il. ENERGETICS AND DYNAMICS OF NO RYDBERGS

photon excitation from the intermediate 25* (N,=0, A. Level structure and decay widths

J,=1/2) state. Simplified calculations of Stark mixing in the We shall first speci .
. . . pecify the field-free level structure and
Rydbergs of NO were provided by Vrakking and Lee in thethe decay widths for high Rydberg manifolds) of the NO

context of the_ analysis of their experi_mental dj"j&a_-'he IM- " olecule. Asn increases the electronic angular momentum
porta(ljnt ﬁxp((ajnment_al stufd);]_o:] Vraltjkk;ng an(; %%enterro- __is weakly coupled to the rotational angular momentNmof
gat+e t e dynamics of hig Rydbergs below the. f'rStthe NO" molecular core, whereupon the system is character-
(N"=0) [onlzat|on_ potential. The novel fea‘Fures of the time- ized by Hund’s coupling casil). The total angular momen-
resol_ved_lon counting PFI mgthod of Vrakkmig3 andif_l(é@re tum (excluding the spinis N=1+N"* with a projectionM .

() High sp(;ctrr]gl hresolutlorilAwpzl5>.<10 L cm _i_h'n As the NO' core corresponds to a closed sH&lI" state we
conrjlupctlon with hig tehmpora reso Ut'°£'> ns. _{S can limit ourselves to the treatment Nfrather than the total
technique is superior to the broad ba(m".P_O'l__l cm™) angular momenturd=N+S, which includes the spin angu-
excitation mode utilized in previous studies of high Rydberg, .~ .o mentums. The Rydberg electron—core rotational

H ,9,12-14
dynamics** _ _ states of a definitél are’’6%:°
(i) The interrogation of the dynamics of the lower

n(<ny) and the highen(>n,,) Rydbergs was conducted [y =[n,1,N",N,My) 21
by the same experimental method. This approach is superiQyii, the energie€(«) being given by

to previous studies of the internal conversion or/and autoion-
ization dynamics of large molecufeand of autoionization
dynamics in atom&2® where different methods were ap-

Ry

E(K):|P(N+)—m.

(2.2
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1366 M. Bixon and J. Jortner: High Rydberg states of NO

where §(1,N*) is the quantum defect, which depends lon

= =1 2 |
and also weakly ol * 223" Within the framework of Hund’s o l :
coupling casdb), the quantum defect also depends on the
projection of the Rydberg electron angular momentum in the
molecular axis(i.e., o,m,& -statey>**%and these results s 2 3 4 1 2 3 a4 s 0123 a5 s
will be subsequently usetBec. 3 B for some estimates of N -

5(1) for the coupling caséd). IP(N*) is the ionization po-
tential corresponding to the™ state of NG, which is

IP(N*)=1P(0)+BN*(N* +1), 2.3

whereB=1.9842 cm is the rotational constant of the NO
core® and IR0)=30 522.443 cm® (aboveA 23" (N,=0, NN R
Ja=1/2)) is the lowest ionization potential converging to ° \bu

NT=0. We shall examine thenl (I=0-3 and|>3) ;;HRD

N*=0-3 Rydberg series of NO, which correspond to elec- Hstark
tronically bound states below (8. The zero-order manifold g 1. A schematic diagram of thep,d, andf complexes (=0-3) for

{|x)} is subdivided into three submanifolds: the first few core rotation levelgore rotation quantum numbeXs"=0—-3)

(i) Doorway states. A subset of lol(I=0-3) core- in the Hund co_upling cas@). Eac_h column of (_2+ 1) Iev_els marked by
penetrating states consiitutes the doonway states for exciE5/eSe & Srgecoplr, e e slates b each e macay |
tion. These doorway states are determined by the optical eXapel the total angular momentul (excluding the spin The two doorway
citation conditions and selection rules, e.g., one-photomtatesnp(N*=0) andnf(N*=2) are marked by a circle. Dashed lines
excitation, two-photon excitation, or excitation from an in- represent the intramolecular Rydberg electron-core dipole coufiipg,)
termediate state. We shall be interested in one-photon eXC?-UbJeCth to the selectlon_ rulez10), while soIl_d lines represent the electric

. PR ” . ield couplingHsrark Subjected to the selection rulé3.16).
tation from theA %" (N,=0,J,=1/2) intermediate state of
NO, resulting in thenf(N*=2) andnp(N*=0) doorway
states? within the submanifolds of the core-penetrating 1o 3)

(i) Escape states. The doorway state and additional lolRydbergs, i.e., between some of the doorway and escape
[(<3) states, which are coupled to it by Stark couplipgd  states and do not couple the Idg<3) manifolds with the
in some rare cases, which are discussed in Sec. IV, also bigactive (=4) states. Accordingly, intramolecular coupling
near-resonant intramolecular Rydberg electron-core cous ineffective forl mixing.
pling) constitute the escape states for the decay. For the (ii) Electric field couplings induced by a weak homoge-
states of NO below I@®) the escape states are coupled to theneous electric fieldF(=0.01-0.3 V/cm). These exterior cou-
predissociation decay channels and are characterized by dglings dominate the dynamics viamixing.
cay widths, Eq.(1.2). These decay widths of the) states Neglecting the decay channels, the Hamiltonian of the
{I"(n)} are characterized by the decay width constantsliatomic molecule in the presence of a homogeneous electric
Io(l,@) (e=N"), with T’y essentially depending o and  field is
o e eygaing o (2t ot s 24

(iii) The inactive manifold. The high(=4) nonpen- where the zero-order molecular Hamiltonian for Hund'’s case
etrating hydrogenic statesvhich will be denoted bylL)),  (d) is
are inactive in excitation and in decay. For these states
8(L)=0 andI'y(L)=0. To=, |K)E (| (2.5

. being expressed in terms of EqR.1)—(2.3. Hgp is the
B. Interactions Rydgerg I[c)alectron—molecular dipqole coupfiiy® "

The level structure in the unperturbed Hund coupling

. . ,, e

case_(d) consists of ‘1 complexgs at each value of the core Hao=—=CH(0,4)-m, (2.6)
rotation quantum numbed ™ with (21 +1) degenerate sub- r
levels with different values dfl (for N"=1). Figure 1 shows wherer,9,¢ are the Rydberg electron coordinates in the
the I(=0-3) complexes foN"=0-3. The coupling be- molecule-fixed coordinate syster@(6,¢) is the angular
tween |n,I,N*,N) and [n’l’,N*',N) states involves two vector/* and u is the (electronic origin independentlipole
types of interactions, both of which are subjected to stricimoment of the NO ion. In this analysis only thélg p term
selection rules: was incorporated in the intramolecular long-range interac-

(i) Intramolecular Rydberg electron—core dipole long-tion, which also includes the Rydberg electron—core quadru-
range interaction&~"These will be shown to be small rela- pole and (anisotropi¢ polarizability coupling€®™ A de-
tive to the level spacing in most cases, except for some adailed (yet unpublisheg analysis of the intramolecular
cidental near-resonances. Furthermore, we shall demonstrad@ole, quadrupole, and polarizability couplings for NO in-
that these intramolecular interactions may prevail onlydicates that it is dominated yg . We also note in passing
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that the quantum defects incorporate two contributidas:
The effects of core penetratidh.(b) The diagonal matrix .
elements of the long-range quadrupole and polarizability 10 .0,
interaction$®70.75 T- 7o T

Finally, Zsrark is the Stark Hamiltonian s et e MR

0.1
Hstark= —€r-F. (2.7

We have now to consider the selection rules and the matrix
elements between tHéx)} states for the intramolecular cou-
pling, Eq.(2.6), and the field induced coupling, E(.7).

Loyl

O)-E(n'd,N*=1)]

Loaraal)

C. Intramolecular coupling and the bottleneck effect
0.001

[E(np,N*

The matrix elements for the Rydberg electron—core di-
pole coupling ar®~"2

+ +! /
<n,I,N ’NvMN|HR—D|n,1I’=N ’N’1MN> 0.0001 R R e e e e e s e e e )
40 60 80 100 120

= —eu(vr 2 v 1"y f(I,LNT,N,My;I",NT",N’",M/),

(2.9 FIG. 2. Energetics and coupling of proximap(N*=0) andn’d(N*=1)
energy levels. The energy gaps betweentheN* =0) state N=40-120)

wherev=n- §(1) while the angular part is and the closest lying’ p(N*=1) state are marked by a point for each value
, of n. The solid line represents the intramolecular coupling matrix element,
f(LNT,N,M; 1" ,NT N MY) Eq. (2.9, with the radial integral being represented by the near threshold
approximation with phase shifted wave function, Eq2.11),
N N* | [(n1=1N*=0[Hgp|n'I=2N*=1)|=3.2x1%(nn’) ¥ cm ™%,
:(_1)|'+|+N' ,
1 1" NT

!

|[E(n,1=1N*=0)—E(n’,I’=2N""=1)| for the proximal
np(N*=0) andn’d(N"=1) pairs of states are presented in
Fig. 2. From these results we conclude that the majority of
. the energy gaps are large, i.AE>2x10"2 cm L. There
®[(2NT+1)(2N" +1)]1/2{ 0 0 o } (2.9 are only a few accidental near-resonances between proximal
pairs of states, e.g., out of 80 energy gaps in Fig. 2 we
with the selection rules identified two extremely small energy gaps10 3 cm %)
Al=+1, AN*=+1, AN=0, AM\=0, (2.10 and five moderate energy g.aps2><10’2 cm 1), while all
the other gaps are substantially larger.
while there iS, of course, no constraint & (Or An) The The energy gaps have to be Compared with the Strengths
AN, AN™, andAl selection rules, E2.10, imply that the  of the intramolecular coupling for high Rydbergs. A semi-
intramolecular coupling occurs between members 6m-  quantitative estimate of the (n,I,N*,N|Hgp/n’.!",
plexes which differ by a unit okl *, with N being conserved. N*’,N’) coupling, Eq.(2.10), for high n,n’ states was ob-

Ofained utilizing the Gilbert—Chiltf near-threshold approxi-

. S e S
lecular coupllrlg from thenf(I=3N"=2N=1) and from 7451 with a finite quantum defect for the radial integral in
the np(I=1N"=0N=1) doorway states experimentally Eq. (2.10

studied by Vrakking and Le¥.
We first explore the energetics and coupling of the

I
' 1/2|
®5N,N/5MN,M,’\I[(2|+1)(2| +1)] 00 0

+ +/

<V||r_2|yl|r>:2(yvr)—3/2()\+)\,+1)_l M

proximal (closest lying pairs of energy levels of low (A=)
(i.e., core penetratingdoorway and escape Rydberg states, (2.11
which are subjected to the selection rules, B410. These  \\here N=1—5(1) is the effective azimuthal quantum

energy gaps between proximal pairs of energy levels will b§,;mper and agaim=n— &(1). Equation(2.1)) is based on
subsequently compargd with semiquantitatiye estimates fqgf,q asymptotic form of the phase shifted radial wave
the strength of the intramolecular coupling, E®.8),  fynction’> A major contribution to the radial integral,
between these pairs of high Rydbergs. Regarding thgq (2.11), for highn and n’ states originates from very
energetics, we have examined the energy gapgport distancesi.e., r<4 a.u. for thenp—n’d interaction,
|[E(n,I,N",N) — E(n’,I",N",N")| for n=40-120(where  n n’=80-100, in accord with Berry’s classical studies of
n’ is chosen to provide the smallest energy gap for this paimolecular autoionizatioft Accordingly, the utilization of

of stateg with I’,N*" N’ subjected to the selection rules Eq. (2.11) constitutes only an approximate description,
(2.10, exploring the core penetrating stattes0—3 and  which is, however, sufficient for our purposes. Making use
N*=0-3. Typical data for the energy gaps of Egs. (2.8 and (2.11) the (absolute valug of the
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matrix element |(Hgp)| between thenp(N*=0) and (nljr=3n’1+1)=0; &(1)=0. (2.123

n'd(Nf=1 roximal airs of ener levels is . . :
|<HR(D>|23-;X 1%3n_3’2(n’)93’2 em™1 which i%ypresented in Equation(2.123 for the asymptotic near threshold form is

Fig. 2. From Fig. 2 we conclude that in the majority of casesconsistent with the exact relation, E(2.12. We note in

KHro)l<|E(Np,N*=0)—E(n'd,N*=1)| and only a few passing. thgt while thg exact expres;[ﬁq. (2.12] implie§
accidental near-resonant couplings are exhibited betwe(jqfdvtimsmng OI tthe mtegra[s only w1|t2h|n t?e ;anrm;m a;\;]—
proximal pairs of states. Similar results were obtained for the° °: h'e aS);nt}f) 0 I(t: explresbs?\;, E@a'ffa, a;? '”?fp ;SS ©
energetics and couplings of other pairs of Rydbergs. Fro anis (;ng N d e e?ra;]s € eehn Ih elrdem anl;) S, as
this analysis we conclude that intramolecular near-resonaff© " dependence of the near-threshold wave functions Is

: : ; termined only by.
couplings between core-penetrating high Rydberg states a . .
scarce. The few accidental near-resonance couplings be- From Eqgs(2.12 and(2.13 [which obey the appropriate

tween lowl Rydbergs have two manifestations selection ruleq2.10] it is apparent that the intramolecular
(i) Intramolecular mixing of pairs of states. In the hypo- R;/Id,bﬁerg elegtron—corgh Q|pole F:ouglgwgsc decreasel fast
thetical case of the absence of gsjray or imposepelectric ( ) towards zero wit '”C'@as'”t( ) oncurrently
field (F=0) mixing of pairs of states characterized by ex- we found(from a S'mple nun)encal anglyslﬁnat the energy
tremely small energy gaps|E(nIN*)—E(n’lI'N*")| gaps between proximall—n’(1+1) pairs of energy levels

<|(Hg.o)| will be exhibited, resulting in the redistribution of (! ~3), which are characterized by differentvalues and

the decay widths between the pair of states. Such local peP—befB{ the se_lectlon rule.10, remain Iarge(mo_stly>10
m~ ) and irregular. We thus conclude that intramolecular

turbations may result in either shortening or lengthening of ) : .
the lifetimes of a doorway state, depending on the decaﬁ?’fb?r? electrgq—core Q|po|e coupllng cannot’ |nv-o|\./e the
widths of the correspondingnIN™) and the [n'l’'N*") n ( J.rl) mixing OT higherl stat_es(wnh n#n’) within
states. the |nact|\(e{|.L>} manlfolq. Accordingly, the fgst decr.egse
(i) Mediation by intramolecular coupling. In the pres- of the radial mtegral; for mtramoleculgr coupling exhlb!ts a
ence of a weak electric field sonie’l’'N*’) states charac- bott!eneck effect, whlch.preclud/es t.he. |ntramole9ular mixing
terized by modest energy gaps, i.e|E(nIN®) of hlgherl(>_3)_ stategwith n#n )W|t_h|n the |na_ct|ve{|L)}
—E(n'I'N*")|=|(Hrp)| act as mediating states for the manlfold. It is important to emphasize that this demonstra-
electric field induced coupling of the doorway stidN™) tion of the bottleneck effept de_pends only on the _character-
istics of the nonpenetrating high>>3) states, which are

to the inactivgn’l”( > 3)N*’) manifold. An additional nec- . iant with o th tude of the rotational
essary condition for such mediated coupling is near degerva”an with respect fo the magnitude of the rotational con-
stant, being expected to occur both in a diatomic molecule,

eracy between the doorwaynIN™) state and the
y 1 ) e.g., NO, and for a large molecule.

[n’1”(>3)N*") manifold. Two notable such mediated cou- : .
plings involve the 9@-80d-80"(>3) and the Returning to the level structure and couplings of the

Sec. IV. clude that:

We proceed to the coupling with and within the inactive ¢ t(i) Inf trllleolow ||(<4) dolrlnain Otf) doo]rcway %nd telscape
|L) manifold of highl (>3) states, which is subjected to the states of ¥ OT]};)_ adsma number of accidental hear-
selection ruleg2.10. Nonpenetrating Rydberg states with resonances Is exnibited.

8(1)=0 are hydrogenic. A general relation of Laguerreb l(ii) mk tr]lfe high ilng\ctiye{|L>} lm?jrllifo_lq (I>b4) the
polynomiald” implies that for radial hydrogenic wave func- d.cf)]ft eneck eftect prec udgs |ntralr1‘no ecl apmngléj ft_wfin
tions within a singlen manifold(n, ||r ~**Yn,1 = p)=0 for ifferentn states, according to the selection r ==

integerp=1. Accordingly, for the inactivéL) manifold for dipole coupling. Accordingly.’ in the field-free NO mol-

ecule(and also for any other diatomic or a large molegule

(nIr 2n,1=1)=0; &(1)=0. (2.12  the{|L)} states retain their identity.
From this analysis we conclude that, apart from a small

The exact result, Eq2.12), is consistent with the results of number of lowl near-resonances which have to be treated
an approximate analysis based on the near-threshold approxeparatelysee Sec. 1Y, the dynamics of the high Rydberg
mation, Eg.(2.11. In the highI(>3) regime §(1)—~0  states of NO is practically unaffected by the intramolecular
with increasingl and \—\")—(—=1")+0O(5(1)—8(1")) Rydberg electron—core dipole coupling and is dominated by
=*+1+0(4(1)—6(1+1)). In this domain we expect that the Stark coupling, which will now be considered.
5(1) decreases fast with increasirg i.e., 8(1)ac| > 78-80
whereupons(l) — 8(1")«51 ~®. We infer that the radial inte- D. Stark coupling
gral for largen and| values, Eq.(2.11) decreases fast to-
wards zero with increasingl, being of the form
|~ sin[57A/I®], whereA is a numerical constant, i.e.,

The matrix elements for the Stark coupling, EQ.7),
are of the same form as those for the electric dipole matrix
elements, beingfor the My=0 componenf®"*

(vlr 2]y’ I = 1)ecl =7 1>3. 213 (u,I,N" ,N,My|Hgrardl v’ .I",N*" N’ M{)
Accordingly, the near threshold limitinghigh n) condition =e(v,I|r|v'1"YG(I,NT,N,My;l",N*" N ,M)F,
for the inactive{L)} manifold (§(1)=0) is (2.19
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M. Bixon and J. Jortner: High Rydberg states of NO 1369

where a quantum defect(l) and an inactivg{|L)} manifold im-
. 3_ 3 .
G(LN* N Myl N7 N7, ML) plies that AW/2>2R/n°—2Ré/n°. Intermanifold overlap
then occurs for

_epnm N LNt n>80(1— &) Y*(F/V cm ™)~ 5, (2.18
My 0 My introducing the dependence on the quantum defect in the
I Nt/ Inglis—Teller relation. For thef(N*=2) series, the quan-
><[(2N+1)(2N’+1)]1’2[N, ro1 ’ tum defect is small[8(f)=0.0101] so that n>145 for

F=0.05 V/cm and calculations fon=40-95 [below the
I 11 first ionization potential IF0)] were performed for a single
®(-D'[(21+1)(2"+ 1)]1/2[0 0 0} (2.19  isolatedn manifold. For thenp(N*=0) series whereS(p)
=0.729 we determin@=110. In view of the approximate
with the selection rules nature of this estimate we have conducted the calculations
Al=%1, AN*=0, AN=+1,00+0), AMy=0+1. for thenp series withn=100 employing three neighboring
(2.1  manifolds and picking up the level structure from the middle

ortion of the spectrum.
TheseAN, ANT, andAl selection rules imply that the P P

Stark coupling occurs between members obmplexes with
the same value oN™, while N can be changed by unity. F. The effective Hamiltonian

Figure 1 presents examples for the scheme of Stark coupling ) ) _
from the nf(I=3N"=2N=1) and from the Up to this point we have been concerned with the energy

np(l=1N*=0N=1) doorway states. spectrum of the Hamiltoniar#?y, , Eq. (2.4), below the first
The radial matrix elements in E¢2.14) are evaluated i0onization potential IF0) and disregarding the effects of pre-

for different| dependent quantum defedtshich result in ~ dissociation. The NO Rydberg level structure and predisso-

the| dependent effective quantum numbetn—8(1)], us-  ciation dynamics are determined by the effective

ing the formula of Edmondst al®* Hamiltoniarf?~238-40
IC 2y1/2 3 '7ﬁeﬁ:'%0+'%R—D+'%STARK_(i/Z)F! (219)
e\ — 2 _ | <
(rly1")=(3r;ao/2)| 1 C) ) ,;o Y 9u(A), whereT is the decay matrix of the doorway stéeand of

(2.17)  the other escape states. In the absence of intermanifold over-
lap when a singlen manifold is sufficient, a singlénp or
nf) doorway state denoted byD) and several ) pure
2% escape states denoted [B3) (8= 1---8) are characterized

where

le=max(l,1"), YT ot ) Al=(-=1"), by finite decay widthd| y+(n). In the case of overlap of
| neighboringn manifolds there are severakr) doorway

_ulle o states [i.e., (n—1)p, np and (+1)p], denoted by

y=Al vc>’ Av=v=v’. (2173 IDa) (a=1---a) and several @) pure escape states

|EB) (B=1---B). The diagonal matrix elements df,
which are given byl') \+(n) are inferred from the decay
width constantd™o(1,N ™) (Table ) using then® scaling law,
Eq. (1.2.
A single Rydberg manifolgwhich will be referred to as Following the analysis of the intramolecular coupling
a singlen manifold), will be chosen to contain a set of zero- (Sec. Il O we infer that for most cases near-resonant level
order states with the closestvalues. Such a single mani- interactions viaHg_ subjected to strict selection rules, Eq.
fold will be characterized as follows: (2.10, are absent. The effective Hamiltonian for the NO
(i) Thenl hydrogenic states for thgL)} submanifold. ~ Rydbergs and can be reduced to
(i) The vlI(v=n—[(245(1))(modD)—&I)(modl] door- Y oy oy .
way and escape states for whigti) #0. These latter states Hett= Aot Zstarc (12T (2.20
correspond to the principal quantum numhbern+46(1)  This effective Hamiltonian will be utilized in Sec. Il for the
—8(1)(mod)). treatment of field-inducet mixing in the case of excitation
Overlap between neighboringn manifolds is of np(N*=0) ornf(N*=2) doorway states. For the case
realized when the energetic spreadAW(cm %) of near-resonant interactions the full-fledged effective
=6 Ryn?F/(5.15x10°)=1.3x 10 *n?(F/Vcm™) of a  Hamiltonian, Eq.2.19, will be utilized in Sec. IV.
single hydrogenic Stark manifold exceeds the intermanifold  The effective Hamiltonian, Eq2.19 or (2.20), can be
spacing 2 Ry#®, i.e., AW/2>2 Ryh®. Intermanifold overlap ~ diagonalized by a complex orthogonal transformation, result-
then occurs forn>80.6(F/V cm 1)~Y5, which constitutes ing in the independently decaying levei$ of the system.
the Inglis—Teller relation with slightly modified numerical For the situation of intermanifold overlap, when several
constants. A more pedantic argument for the Stark splittingloorway stateqcorresponding to different neighboring
of a manifold consisting of a doorwdgnd escapestate with ~ values are mixed, thg|j)} levels are

The functionsg ,(Av) were tabulated by Edmona al®!

E. Isolated and overlapping n rydberg manifolds
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1370 M. Bixon and J. Jortner: High Rydberg states of NO

a B . —_—
: - i - P(t)= W12F(E,A —it), 2.2
|j>2a21 a(oj)|Da>+B§=:l ag)|EB>+§n: > b{)[nl), (t) % |ag|°Fj(E,Awp)exp( - y;t) (2.29

(2.21 whereFj(E_,A wp) is the weight of the line shape of the laser
pulse with a central energi, which is given either by a

where{al, falil and{bU} are(complex coefficients. For
{2z}, {ag’} and{by[} are(complex Lorentzian form

a singlen manifold, when a single doorway std@«) con-

tributes we have EEA (Awp)? 05
> (B Awp) = m (2.26
|J'>:a(gﬂ)|D“>+ﬁ§=:l ag)IE,B>+I>23 bi[1). (222 o by a Gaussian form
. _ 1 _
The (complex eigenvalues of the system are Fi(EAwp)= Gt eXF[—(E—Ej)Z/(ZAwp)Z].
=E—(il2)y;, (2.23 P
€Tk i (2.27

whereE; are the energy levels ang the decay widthgre-

. e A . Next we consider the broad band excitation conditions
ciprocal lifetime$ of the |j) eigenstates. The experimental

input parameters required for the construction of the effec- Awp>AW. (2.28
tive Hamiltonian at a constant field are: Taking AW=1.3x10 *n®(F/V cm %) and Aw,=0.1-1.0
(i)  the quantum defect$(De) and S(EB), extracted cm ! for typical multimode lasers, conditiori2.28 is

from the Rydberg series energetics, and obeyed, e.g., forF=0.05 V/cm n<220 (for Aw,=0.3

tained from the linewidths or decay times of the lower €xcitation(of the sparse manifold of the mixgdlevels re-
Rydberg levels. sults in the time dependent population probability

PEE()=2 [all® exp(—t). (229
G. Excited-state total population probability for i

different excitation modes Equations(2.25 and(2.26) correspond to a single door-

We shall be concerned with the excitation and dethy  way state when the dynamics of a singlenanifold can be
rise and fall of the mixed level structure of a singlemani-  considered. For the case of the decay of several overlapping

fold, Eq.(2.22, or severah manifolds, Eq(2.21), which are  n manifolds, these equations have to be modified. For the

subjected td mixing. To make contact with experiment, we narrow band excitation
consider the dynamics of the excited state total population =

probability P(t),%® which corresponds either to the time de- Pi)=> Id,al/(E;—E—(i/2)Awy)|? exp — yit)

pendent population of a subset {if)} states prepared by M a1 ©F ! P "
narrow-bandwidth laser excitatitfhor the total set of{|j)}} (2.253

states prepared by broad band laser excitéffoff.In par-  \yhile for the broad band excitation

ticular, we shall be interested in the treatment of the dynam- )

ics under narrow band excitation conditions, for which the PBB(I):E E dab exg—yit) (2.293

theoretical framework was already giv&hand which was TE e I

experimentally explored for NO Rydbergs by Vrakking and hered, is the transition moment for the excitation of the
Leel® Some results for the Rydberg dynamics under broa(g/oorwa; statdDa). We note that temporal coherence ef-

band(low-resolution) excitation conditions will be presented fects, i.e., quantum beats, are not exhibited in the total decay

for the sake of comparison. . -~ probability for all the excitation mode¥.Energetic interfer-
. ConS|der.the excitation(predissociative decay of a ence effects are revealed when several doorway states are

single n manifold. We follow our analysi® for a sparse involved

level structure, i.ey;/|E; — Ej/| < 1 forall j andj’, a con- '

dition well satisfied for thenp andnf Rydberg series of NO

(Table ). H. Experimental observables

The conditions for narrow band excitation are realized The theoretical results fd?(t), Egs.(2.25, andPBE(t)

when the laser bgndwidmwp ?S consi(_llerat_)ly narrower than Eg. (2.29, make contact with ex,perimental ,reality. In v,iew

t.h e_total Stark W'd.thA.V\./' Wh"e. the IlneW|dths(reC|p_r ocal  ot'the novel narrow bandwidth experimental conditions uti-
lifetimes) y; of the individual mixed states are conS|deranyIized by Vrakking and Led the narrow band limit, Eq.

narrower thamw,, i.e., (2.295, has to be utilized for the exploration of the time-

Aw,<AW;  Awp>vy;. (2.249 resolved dynamics:
Under these excitation conditions a wavepacket of severdi) The time-resolved total population probability under
eigenstateqj} is excited. The total population probability the conditions of narrow band excitation in the vicin-
consists of several exponential decay te¥ins ity of the maximum of the PFI spectrum.
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M. Bixon and J. Jortner: High Rydberg states of NO 1371

(i) Lifetimes of the mixed high Rydbergs can be inferred TABLE Il. Quantum defectss and I'y decay width constants data for the
from the time scales for the temporal decayRyt). O Rvdbergs predissociation dynamics.

These theoretical results for narrow band excitation T,
can be confronted with the experimental data for life- rydberg series ) (cm™Y
times using delayed PFI.
ns 1.28 (500°¢
Apart from time-resolved observables, energy-resolved np(N*=0) 0.72868 1610
PFI spectra can be calculated. The line shagE) at the nd -0.08 (1000
nf(N*=2) 0.010% 43

laser energyE is obtained from the spectrum of the weights
|a(E)|? of the doorway states averaged over the laser erfQuantum defect data from Refs. 51, 54, and 60.
ergetic envelope ’Reference 10.
°From the lifetime data of thaf(N* =2) seriesn=40-65 of Ref. 10.
M 5 9From the lifetime data of thap(N*=0) seriesn=70-110 of Ref. 10.
L(E):Z |aa (E)| Fj(E!Awp)- (2.30 ®From the analysis of the strong field lifetime data of Ref. 10 using the
! diagonal sum rule. Arbitrary partitioning df,(s)+I'o(d)=1500 cm?
_(see the texjt

These calculated PFI spectra will be confronted with the ex
perimental data.

(v) Calculation of energy resolved lineshapg€), Eq.

(2.30.
Ill. THE DYNAMICS OF NO PREDISSOCIATION IN

WEAK ELECTRIC FIELDS

B. Input data
A. Strategy

The construction of 7, Eq. (2.20, for the predisso-
ciation of NO requires experimental information on the
quantum defects and decay widths parameters of the door-

(i) The construction of the multichannel effective Hamil- way state and other escape states, which correspond to the
tonian (Secs. Il A—lll C) for the predissociation of NO Ry- (I=0-3) ns, np, nd, andnf manifolds of theN*=0-3
dbergs via thenf(N"=2) andnp(N*=0) doorway states. complexes(Fig. 1). For the inactive{|L)} (I=4) Rydbergs
Vrakking and Le& studied the five Rydberg series 8(L)=0 andI'y(L)=0. Since the pioneering studies of
np(N"=0,1) and nf(N"=1,2,3). We have chosen the Miescher!® substantial information on the quantum defects
np(N*=0) andnf(N*=2) series as generic examples. As has accumulatetf:*3-54606566The \work of Miescher, Lee,
accidental near-resonances are scd®ec. 11 Q, we shall  Gurtler, and Hubet*>* on thes,p,d complexes gave’(s)
neglect in this section intramolecular coupling effects and=1,2, §(p,)=0.68, é(p,)=0.74, 6(d,)=46(d,,)=—0.02
construct the effective Hamiltonian in the form given by Eq.and §(ds)=0.07. Subsequent work of Gauyaetjal®® on
(2.20. thes andd complexes gavé(s,)=0.210,5(d,,)= —0.049,

(ii) The diagonalization of the effective Hamiltonian. For §(d,) = —0.052 and&(ds) =0.089. These quantum defects
the nf(N*=2) series. 7. was diagonalized in the range correspond to the Hund coupling caég. Theoretical quan-
n=40-95, where the upper limit of is determined by the tum defect data were given by Jungen and R&dEfifor the
onset of autoionization ab=[Ry/l(2)—1(0)]*?=95. For npo series and confronted with the experimental data. The
the np(N*=0) series we diagonalizeti« in the range high resolution studies of Vrakking and ’8@n thenp and
n=60-135, with the upper limit of being determined by nf series established a webk dependence of the quantum
experimental considerations of the spectral resolution of thelefects for thenp states and a strong&™ dependence of
Stark mixed Rydbergs by a weak stray field. For the  the small quantum defects faf(p,N*=0)=0.7286 and
(n=40-95) a singlex manifold was sufficient while for the &(p,N*=1)=0.7038, while §(f,N"=1)=0.0168 and
np (n=60-125) series in the range< 100 a singlen mani-  §(f,N"=2)=0.0101. In Table Il we present a set lofle-
fold was used, while fon>100 three adjacent manifolds  pendent quantum defect data for NO, where &f@) and
[(n—1),n and (W+1)] were usedsee Sec. Il E The cal- &(f) data rest on the high-resolution data of Vrakking and
culations were performed for weak electric fields in the rangd.ee° while the data fors andd complexes are taken from
F=0.01-0.3 V/cm. the work of Miescheret al®%* and of Gauyaceet al® In

(iii) From the complex eigenvalues and eigenvectors ofhese estimates of the quantum defects we representlthe
the effective Hamiltonian we obtained the enerdigeof the  states as purkorbitals and some effects of intramolecular
{li)} states(Sec. I B, the decay widthsy; and lifetimes  mixing (for low | values, e.g.,s—d mixing,>"**® which are
mj="hly; of the {|j)} states and the mixing coefficients induced by quadrupole and/or anisotropic polarizability cou-
|all|2 of the doorway state) within all the|j) states. pling were not considered.

(iv) Calculation of P(t), Eq. (2.29, for narrow band The spectroscopic input information on the dynamics is
excitation, which was performed in the vicinity of the maxi- scarce. The predissociation channel$an(*S)+0(3P) at
mum of the lineshape of the PFI spectrihSome calcula- E4; =52 400+400 cm !, N(*S)+0O('D) at E4,=68 300
tions of PBB(t), Eq. (2.29, for broad band excitation were =400 cm!, and NED)+OCP) at Egz=71 600400
also performed. cm™?, all lying below the first ionization potentigliP(0)

Our calculation of the predissociation dynamics will be
based on:
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1372 M. Bixon and J. Jortner: High Rydberg states of NO

=74721.7 cm® (Refs. 3 and ¥. According to Miescher's T (=T (s)+Io(p)+To(d)+To(f) we utilize the I'g(p)
pioneering work?® predissociation is fast for thep series, and T'o(f) data estimated above and obtain
with thel =1 Rydberg electron interacting strongly with the T'o(s) +I'o(d)=1500 cm*. The individuals and d series
2po? electron of theA’ 23 repulsive valence state. Ac- decay width constants cannot be estimated and we have
cordingly, the decay width paramefgg(l) for thenp(I=1) taken arbitrarilyI'o(s) =500 cm ! and I'q(d) =1000 cm*.
series is expected to exceed those forrisd =0) andnd(l In Table Il we summarize the input data for handling the
=2) series. Quantitative information on the decay width papredissociation dynamics of NO.

rameter fornp (N"=0) series was obtained from the life-

times of then=60—110 staté§ analyzed according to the’ C. Predissociation dynamics for the Rydberg

scaling law, Eq(1.2), resulting inl"o(p) = 1610 cm (300 manifolds excited via the nf(N*=2) doorway state

cm Y. Thus Fo(p) i.s large, as expe+cté‘8.The analysis The nf(N*=2) doorway state for a given is | =3,
(TgbIeOD of the. lifetimes of tshenf(N =2) (n=40—60? N*=2N=1, andMy=0,+1 and we shall take ith =0
series, accordlqg to then® scaling law, results in  component. We construct now the effective Hamiltonian, Eq.
I'o(f)=43=8 cm -, the low value of this width parameter is (2.20, with Stark coupling between states with =2. We
compatible with the characteristics of the nearly nonpenetratgp | represent the molecular states fof =2 by |I,N)

ing f orbitals. Some information on thB(s) andI'o(d)  \yhereN=1—2]—1],1+1J+2 (for I>1). In view of the
decay widths can be inferred from tiedependence of the  ggjeciion rules, Eq2.16), the effective Hamiltonian matrix

”P(N_+:0) series (=50-120) in sufficiently strong elec- o ples two groups ofl,N) states, the coupling scheme
tric fields which allow for completd mixing. Under the (Fig. 1) being

conditions of strong mixing, i.eF(n,l=1)>3, one expects

2?91}355142fetimes<7w> in this strong mixing domain 0,2> — [13> — |2,4> — 3,55 — [4,6> — |5,7> —
|1.z>\-§\12,3> 13,4> [4,5> > 15,60 —
(rsm)=n*AIT} (3.0 L1 20 2,2 D0 3,35 Do 4,455 [5,5 —
: . . \IZ, IAXB'ZAKM?;\K |5,'&:
with the (7gon* dependence being predicted by N\
Chupkd®#® and experimentally observed by Vrakking and 2,05 50 3,15 50 4,2 — |5’N
Lee'” for the strongly mixechp series. The numerical value N N N \ N
of the decay width constat} in Eq. (3.1) is given accord- (3.3

ing to the diagonal sum rule for the effective Hamiltonian by o ] ) . .

state$24° For the strongly mixednp(N*=0) series we (3.3, resulting in the first group of 136 coupled states,
have which include the doorway stat@,1), and which will be

used for the construction of the effective Hamiltonian. The
second and the fourth rows in E¢3.3 are also coupled,
rg:E To(l). (3.2  forming the second group ofr23 states. The Stark cou-
! plings, Eq.(2.7), subjected to the selection rul€2.16 are
given by Egs.(2.14 and (2.195 with the radial matrix ele-
The experimental data of Vrakking and 1&¢or the strong ments being calculated from E@.17). The effective Hamil-
mixing n* dependence results Iy =3200 cm * (+500. As  tonian has the schematic structure

[0,2] V(0) V30) 0 0 0 0 0 0
Vv3(0) [1.1] 0 Vo1 Vi) 0 0 0 0
V(0) 0 [1,3] 0 V(1) V3(1) 0 0 0
0 Vo1 O [2,0] 0 0 V32 o0 0
0 Vi) V1) 0 [2,2] 0 Vo42) V52 o
0 0 V(1) 0 0 [2,4] 0 V(2) Vi(2)
0 0 0 VI¥2) Vo%2) © [3,1] 0 0
0 0 0 0 Vvi(2)  V3(2) 0 [3,3] 0
0 0 0 0 0 V32 0 0 [3,5

(3.9
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M. Bixon and J. Jortner: High Rydberg states of NO 1373

where the diagonal elementsi] denote the energies of the In Fig. 4 we present our theoretical results for the
[I,N) unperturbed states. The off diagonal elemafty are  energy-resolved PFI line shapes, Ef.30, calculated for
proportional to the external electric field, and have the fol-severalF values in the range 0.03-0.3 V/cm. These spectra

lowing general structures: demonstrate(i) the appearance of a satellite or shoulder
1o around E=0 (Fig. 4 which manifests field induced f—
V(1) = (w1 +1|r| 1) (I-1(+1) } nl(1>3) mixing, starting at the lowest value of
-2 ' 2l+1)21-1) ' F(=0.03 V/cn). (ii) The appearance of an additional peak

(the d band aroundE=0.085 cm* (Fig. 4), which mani-
festsnd—nf—nl(>3) mixing. The onset of thaf—nd mix-
ing is exhibited at~=0.1 V/cm, with the mixing of thenf
doorway(and escapestate with thend escape state becom-
ing prominent with increasing toward F=0.3 V/cm. We
' also confront the calculated spectfdg. 4) with the experi-
(3.5 mental spectrd (reproduced in Fig. b The experimental
spectrd® were reported at the external fields %¥B5-0.237
V/cm, so that the effective field iIE=XF+F,, whereF, is
the residual stray field. The overall agreement between
theory and experimetit(Fig. 4 and insert in Fig. Bseems to
vz be reasonable provided that we chodse-0.05 Vicm. To
' provide a more detailed comparison we consider the calcu-
lated and the experimental data for the areas of the spectral
with the radial matrix elements being given by E8.17.  bands for the main peak due to doorway state and several
T for eachn contains a single doorway stat8,1), effectively mixed stateflabeledM) and of the satellite band
reached by one-photon excitation from the intermediate statat higher energies due to tlie-|L) mixing (labeledL). The
A 227 (No=0,J,=1/2). There are ninf,N) escape states, plots of the theoretical and the experimental values of the
corresponding to the states witk:3 in the effective Hamil-  area ratiod./M (Fig. 5) nearly coincide foiF,=0.06 V/cm,
tonian(3.4). providing an estimate df,. The appearance of tltepeak at
Typical results for the lifetime spectra and for the acces-higher energies due tof—nd field-induced mixing in the
sibility spectra for the 5L(N* =2) manifold at several elec- experimental spectrurfinsert in Fig. 5, which is split from
tric field strengthgF =0.05—0.3 V/cm are displayed in Fig. the main peakdE(d—f)=0.12 cm 1 is in reasonable
3. Both the lifetimes spectra and the accessibility spectragreement with the value calculated from the respective
reveal three branches which manifest the coupling within thejuantum defects ofE(d—f)=0.10 cm *. The experimental
3n-6 dimensional effective Hamiltonian, while the cou- onset of thed peak(Fig. 4) is exhibited at XF0.042 V/cm
plings between the different columns is weak, as comparedhich together with the calculated onset implies that
with the intraline coupling in Eq(3.3). In view of the low F;=0.06 V/cm. The ratiod/M of the calculated and
value of 5(f) (Table 1)) the onset of effective mixing of the experimentdf areas of thel band and of the main bandlA)
51f (N*=2) doorway state is realized at relatively low val- (Fig. 5) are consistent again with,=0.06 V/cm.
ues ofF, i.e., the reduced field, Eq1.4), assumes the value In the context of our lineshape analysis, we would like to
of F(51,3)=1 for F=0.1 V/cm. In this lowF domain[Fig.  point out that the lifetime spectréFig. 3) predict that the
3(a)] there are three short lifetimes with substantial ampli-lifetimes at a constant value &, under narrow band exci-
tudegFig. 3(d)]. With increasing- to the range>0.15 V/cm  tation conditions, will exhibit:(i) A gradual increase from
(F>1.5) thef—|L) mixing becomes more extensive with the main peak towards higher energies, manifesting the
several(>3) short lived mixed states with appreciable am-f—|L) dilution at all values of. (i) Whend mixing sets in
plitudes[Fig. 3(f)]. Approaching strong mixing foF=0.3  (F=0.1 V/cm) a modest decrease of the lifetimes at the high
V/cm [F(51,3=3] the lifetimes become more uniforfkig. energy edge of the dilutell.) manifold will also be exhib-
3(c)], although there still exist some long-lived states withited, due to|L)—|d) mixing via sequentiad—f—|L) cou-
finite amplitudes. Of interest is the appearance of finite acpling. (iii) The appearance of short lifetimes in tteband,
cessibility amplitudes at the high energy edge, E250.085  which are determined by the relative fast decay of the mixed
cm™ ! for n=51[Figs. 3e)-3(f)], which originate froomnf—  d—f states. In view of the uncertainty in the valueltf(d)
nd mixing. With increasing-=0.1 V/cm the mixing of thd (Table 1) prediction(iii) is only semiquantitative, as we ex-
and thed escape states becomes extensive, being manifest@ect thatl’,(d)>I"(f). The predicted variation of the life-
by the appearance of a new branch around 0.095 eV in thiémes across the PFI line shapes is of considerable interest
accessibility and lifetime spectf&igs. 3d)—3(f)]. The high and should be subjected to an experimental scrutiny. At
experimental spectral resolutiofmarked on Fig. B em-  present, experimental data for the decay times under narrow
ployed in the experimental study of the time-resolved andand excitation conditions are available only at the peak of
energy-resolved spectfaallows for a theoretical interroga- the main band’
tion of the spectra and of th@veragg lifetimes under nar- We proceed to consider time-resolved information. The
row band excitation conditions. electric field dependence of the temporal populatift),

1/2

Vo 2(h=e(v,l+1]r|p,1) F,

(21+1)(21-1)(21+3)

[1(1+2)(21—1)(21 +5)]*2

Vo =e(ml+1lrlv.) oy i)

12
F ’

' 6
0 —
Vah=e( ! v Grpzirs @ivs)

[ (1+3)(1+1)

V§D=duHﬂﬁhﬂj§1§%ﬁIa
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FIG. 3. The lifetime and accessibility spectra of the 51(N* =2) Rydberg manifold with the SIN* =2) doorway state. The spectral resolution is marked.
(@ 7j vs Ej for F=0.15 V/cm F=1.5).(b) 7; vs E; for F=0.20 V/cm F=2). (c) 7; vs E; for F=0.30 V/cm F=3). (d) |al,|? vs E; for F=0.15 V/cm
(F=1.5).(¢) |af|? vs E; for F=0.20 Vicm F=2). (f) |af|® vs E; for F=0.30 Vicm F=3).
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FIG. 4. Calculated energy-resolved PFI line shapes of tH¢Ns'1=2) state at different strengths of the electric fiéhoarked on the figur¢sCalculations
of line shapes were performed using E2.30 and Eq.(2.27 with Aw,=5x10"3 cm™. L marks the satellite band due to thé—nl(>3) mixing, while
d marks thend excitation.(a) F=0.03, 0.05, and 0.1 V/cmb) F=0.15, 0.2, 0.25, and 0.30 V/cm.

Eq. (2.25, under narrow band excitation, provides novel in- cinity of the doorway state. We have used lifetime and ac-
formation onl mixing. The interrogation oP(t) for narrow  cessibility data to constru®(t) resulting from narrow band
band excitation conditions in the vicinity of the maximum of excitation (A w,=8X 10 % cmY) at the maximum of the
L(E) monitors the field-induced mixing in the energetic vi- L(E) band (Fig. 4), spanning the dynamics of 3—5 mixed
states, including the residue of the doorway state. The value
of Aw,=8X 102 cm™! used in the calculations somewhat
XE(V/em) . exceeds the experimental spectral resol&ﬂomwp
04 0 005 ol o550z =5x10 3 cm %, to avoid fluctuations in the calculaté@{(t)

' and lifetime data(due to a small number of mixed states
NO - within Aw,), which are averaged out in the experiment. In
ozl ST IN*:2) 1 P Fig. 6(a) we present the calculated time-evolutiorRgft) for
o v | the decay of the FIN"=2) manifold atF=0.01-0.30
'é EX:’ELR,‘::ENTAL - V/cm [F(51,3)=1-3] under narrow band excitation condi-
S02r w a/m o] tions. The time-resolved decay curves are nonexponential. At
@ CALCULATED //\4_0 lower values ofF (<0.20 V/cm a weak long-time tail is
oL , o exhibited, manifesting the contribution of the dilutéd)
ol - manifold. At higher values of (>0.20 V/cm) the decay
. 1 becomes nearly exponential due to effective field mixing.
. . . . . The characteristidaveragg lifetimes, 7, for the decay of
o] 0.05 0.10 0.15 0.20 0.25 0.30 P(t) are defined by
F(V/cm)
FIG. 5. Experimental and calculated data for the ratifel andd/M of the P(7)/P(0)=1/e. (3.9

areas of the spectral bands for the main bakt),(the effectively mixed L o
(1>3) states () and thel =2 excitation @). The experimental external The electric field dependence of the lifetimes of the narrow

electric field is XF, while the total electric field used in the calculatiors is  pand excited 5f_'|(|\|+ =2) manifold (Fig. 7) reveals a mod-
with F=XF+0.06 V/cm. The labeling of data is marked on the figure. The erate stepW|se mcreaim the rangeF=0.13-0.17 viem,

solid lines were drawn convecting the calculated data to guide the eye. The

insert shows the experimental lineshape data of Vrakking andReg 10, l.e., F(51f)=1.3-1.7, which reflects effective mixing of
which were used to calculate the area ratios. the doorway state with thik.) states close to it. In Fig. 8 we
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1376 M. Bixon and J. Jortner: High Rydberg states of NO

compare the experimental restftsor the lifetimes under 1.0
narrow band excitatiorfobtained for an external field XF
=0-0.16 V/cm with our calculated lifetime date. The overall 3
agreement is satisfactory provided that we set again 0.8
F,=0.06 V/cm for the stray electric fieltFig. 8). 3 015 51F(N*22)
It is instructive to compare these data for narrow band ERERANY NARROW BAND
excitation with the decayPgg(t), Eq. (2.29, induced by 08 1AXS : EXITATION
broad band excitation and interrogation of the decay of the 0K
entire 5X(N*=2) manifold [Fig. 6b)]. Pgg(t) at lower
(F=<0.15 V/cn) fields reveals a pronounced bimodal decay
with long-time tailg/range(A) in the terminology of Refs. 39
and 44, which marks the onset of effective coupling of the
entire |L) manifold [Fig. 6(b)]. At higher fields(F>0.15
V/cm, i.e.,F>1.5) effective mixing sets in, being manifested
by a multiexponential slow decdyange(B)3%49. The char- 0.0
acteristics of the(broad band excitedPgg(t) [Fig. 6(b)] (@)
qualitatively differ from those of thénarrow band excited
P(t) [Fig. 6(@)], as the latter probes the entire level structure 1.0
of the field mixed manifold, giving rise to long-time tails PG
[range (A)]. The field-dependent lifetimes, E@3.5), ob-

0.l NO

0.4

slaaa iyl

0.2

o

tained for then=51(N"=2) manifold under broad band 0.8 0.10 SIZ‘?N+=2)
conditions exhibit an onset which practically coincides with 0.15 BROAD BAND
that for narrow band excitatiofFig. 7) with a much sharper EXCITATION

rise in the range 0.13-0.15 V/cnk (51,f)=1.3—1.5) (Fig. 0.6
7). The diluted higher fieldr values (F>0.17 V/cm are
considerably larger under the broad band excitation condi-
tions, i.e.,7(F=2)/7(F=0)=18 for broad band excitation,
while 7(F=2)/7(F=0)=4 for narrow band excitatiofFig.
7). These quantitative differences mark the distinction be-
tween the dynamics of the mixed states in the energetic vi-
cinity of the doorway state explored by narrow band excita-
tion and those of the entire mixed manifold interrogated by 0.0 F e
broad band excitation. Finally, we note that for higher fields ®) 0 50 100 15°t(ns)2°° 250 300
(F=0.17-0.30 Vicm, i.e.F(51f)=1.7-3.0 the 7 values
under narrow band excitation moderately increase with in- ! . : i .
. L . . FIG. 6. Time-resolved population decay under different excitation condi-

creasing electric field, manifesting the enhancement of thﬁons. The time-resolved population of the=51 (N* =2) manifold excited
dilution of the 5% doorway state and the states close to itvia the 5¥(N*=2) doorway state at several electric fielgsarked on the
with increasingF. In contrast, under broad band excitation ~ figure). (8) Narrow band excitatioiA w,=8x10"° cm™) at the maximum
decreases with increasiffgin that range, exhibiting the en- 02f t2he PFI line shapésee the tejt (b) Broad band excitation conditions, Eq.
hanced mixing of the 51 (andp) escape states in the entire (2.29.
51 (>3) manifold.

Complementary information is obtained from the time-
resolved populatiorP(t) following narrow band excitation ditions, while in rangéii) the increase of with increasingn
of the 5(N*=2) doorway state(for a fixed value of exhibits a more abrupt rise for the broad band than for the
F=0.04 V/cm over a range oh=50-80 valueqFig. 9. narrow band excitation, reflecting the enhanced contribution
These time-resolved decay curves reveal a dramatic increasé the mixed states energetically distant from thé 8bor-
in the lifetimes in the vicinity oh=63-68(Fig. 10, reflect- way state. Regarding rang@ii) we note that for large
ing the effect of 51—511(1>3) mixing. The lifetime depen- n(>70) for F=0.04 V/cm,7increases with increasinyfor
dence om reveals(i) the n® dependence for lom(<50), narrow band excitation, while under broad band excitation
(i) an abrupt increase in the range- 63—68(Fig. 10 and is practically independent ai in this range, reflecting the
(iii) a further increase in the range=70-80. Rangdi) is  effect of the mixing of the 54 doorway state, which short-
expected, while rang@i) manifests thdrather abruptonset ens the lifetimes. These distinct trends of narrow band and
of 51f—51(>3) mixing. Range(iii) reveals almost com- broad band excitation nicely reflect the properties of differ-
pletel mixing which is expected to converge tm& depen- ent domains of the mixed states, i.e., in the vicinity of the
dence of7.103845-4"The comparison between the lifetimes doorway state and the entire mixedmanifold, which we
obtained under narrow band and broad band excitation corinterrogated by these different excitation modes.
ditions (Fig. 10 reveals a similar trend for rangés and(ii). In Fig. 11 we confront the results of our theoretical cal-
The lifetimes in rangéi) are invariant for the excitation con- culations for narrow band excitation with the experimental

oad \¥V T

0.2 T
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FIG. 7. The electric field dependence of the lifetimeffor e* decay of  FIG. 9. The time-resolved population decayrof55-80 (N*=2) Ryd-
P(t)] of then=51 (N* =2) manifold excited via the SIN"=2) doorway  berg manifolds, excited via thef(N* =2) doorway state, with the values
state, for narrow band excitation and for broad band excitation. marked on the curves. All data for narrow band excitatioR &10.04 Vicm.

results of Vrakking and Lé8 for the n dependence of the crease ofrwith increasingn. Then(<95) values considered
lifetimes of thenf(N*=2) series experimentally obtained herein are too low to warrant black body induced ionization
under minimum dc electric field conditions. The overall effects® It should be, however, borne in mind that the com-
agreement between theory and experiment is reasonable fparison between theoretical and experimentdata for nar-
F,=0.04-0.05 V/cm. Under these theoretical ‘minimal elec-row band excitation require a more detailed characterization
tric field conditions’ the dramatic experimental risesinvith ~ of the experimental narrow band excitation conditions. Fur-
increasingn is well reproduced. Some deviations betweenther detailed experimental exploration of the energy depen-
the calculated and experimental lifetimes are exhibited atlence ofr under narrow band excitation conditions will be
large values ofi(>70) where the experimental data show aof interest.
very weakn dependencéand even an indication of a slight Our theoretical analysis of the predissociation dynamics
decrease of with increasingn), while our calculations for of the mixed n(N*=2) manifolds (=40-95) with the
narrow band excitation conditions predict a moderate innf(N*=2) doorway state for each rests on the following
assumptions:

F{v/em) .
} BROAD BAND
,Q06 010 014 018 022 EXCITATION
| NO i 1000;
gob SIfIN*=2) _ ] NO
L } 3 i 1 nf(nt:=2) " NARROW BAND
C ~ EXCITATION
—~ 60+ m [ F=0.04V/cm
(@]
0 i {% (o] ) ;/
b a0l o i 100
200- .O Qe 7]
] 1 ]
0 004 008 0l2 0.6 0
XF{V/cm)
P BAARRAA=a A )

FIG. 8. A comparison between the experimental d@a of Vrakking and n

Lee (Ref. 10 and our theoretical result€D) for the electric field depen-

dence of the lifetimes of th@=51 (N*=2) manifold excited via the FIG. 10. Then dependence of the lifetimesof the n=40-80 N =2)
51f(N*=2) doorway state under narrow band excitation conditions. Themanifolds via thenf(N*=2) doorway states aF=0.04 V/cm. Narrow
experimental external electric field is XF while the total electric field used inband excitation in the vicinity of the peak b{ E) (dashed curveand broad
the calculations i$-, with F=XF+0.06 V/cm. band excitatior(solid curve.
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1378 M. Bixon and J. Jortner: High Rydberg states of NO

1000 - - : : D. Predissociation dynamics for the Rydberg
. manifolds excited via the np(N*=0) doorway state
NO Thenp(N™=0) doorway state for a givem manifold is
i nf (N*22) =1, N*=0, N=1, My=0. There aren|l,N) (N"=0)
’/ stateqfor a given value of) coupled by the Stark coupling,
100 F20.05 Ve # Eqg. (2.7), with the selection rules, Eq2.16), the coupling
- =0. cm .
C 004 =, scheme between tHe N) states being

|0,00—1,1)—12,2—|3,3)— - —|m—1n—1).

r{ns)

The doorway state ig1,1), while the escape states are
|0,0)(s), |2,2)(d), |3,3(f) and|1,1)(p). The large quantum

] I defect of thenp doorway statgTable Il) implies effective
mixing of all the escape states with). The effective Hamil-

L tonian has the simple schematic structure

| { | 1
'40 50 60 70 80 [0’?] Vo ,
n Vo [1,1] Vi
(3.7

FIG. 11. A comparison of the results of the theoretical calculations fon the
dependence of the lifetimes of tméN* =2) manifolds excited by narrow
band excitation via thaf(N* =2) doorway statésolid line F=0.04 V/cm,
dashed line==0.05 V/cm) with the experimental lifetime§®) from Ref.
10.

Vi (2,2 ’

where the off-diagonal matrix elements are obtained from
Egs.(2.14 and(2.15 with the radial integrals being given
by Eq. (2.17. The effective HamiltonianEq. 2.20, was
constructed and diagonalized for=60-130. Fom<100 a
single n manifold was usedSec. Il B. For n=100 inter-

(i) The dominance of the exterior electric field coupling, manifold coupling sets in. The effective Hamiltonian for
while intramolecular coupling effects are negligibl8ec. n=100-130 was constructed from three neighborimg (
I1C). —1),n, (n+1) manifolds and the dynamics was calculated

(i) The construction of the effective Hamiltonian utiliz- from the middle portion of the lifetimes and accessibility
ing the available spectroscopic quantum def#d) and de- spectra. Narrow band excitation was performed with a width
cay widths parameterSy(l) data for lowern. In this con-  Aw,=8x10"2 cm™ in the vicinity of the residue of the
text, the information of the decay width parameters ofritde  doorway state, spanning 3-5 states.

states is incomplete. In Fig. 12 we portray typical calculated data for the time
(i) The treatment of a single manifold, which is jus-  evolution of the populatiorP(t) for F=0.1 V/cm over the
tified for then range ofn=40-95. rangen=110-135. The time-resolved decay curves under

(iv) With the nf doorway state, which is characterized narrow band excitation at a fixed valuefot 0.1 V/cm(Fig.
by a low quantum defecable Il), the relevant escape states 11) reveal fast exponential decay at lowes 110, with a
involve only thenf andnd states in the relevant domain of marked retardation of the decay, i.e., the lengthening of the
electric fields, i.e.F,=0.04—0.06 V/cm for the stray field decay lifetimes in the range=115-130. Of course, at
(Fig. 4 andF=<0.2 V/cm for the external fieldrFig. 8. On  lower fields, then domain for the lengthening of the life-
the other hand, the mixing of the ands states with a large times moves towards higher values of In Fig. 13 we
value of their quantum defects is minor in this low range ofpresent then dependence of the lifetimes calculated for sev-
F. Within our conceptual framework the treatment of theeral values ofF (0.05-0.2 V/cm. At lower n the lifetimes
dynamics does not involve any auxiliary parameters, excepexhibit then® dependence, while the onset of the abrupt rise
the strengthF of the stray electric fieldr, was determined of the lifetimes with increasing is exhibited ahy, =115 for
to be in the rangé,=0.04-0.06 V/cm for thenf(N"=2) F=0.08 V/cm,ny =110 for F=0.1 V/cm, andny, =90 for
series from the line shape data in external fields for thie 51F=0.2 V/cm. The experimental results of Vrakking and Lee
doorway state, from the external electric field dependence dbr thenp(N* =0) series give, at the minimal residual elec-
the lifetimes for the 5 doorway states and from depen- tric field, ny,= 1161° Accordingly, from our analysis of the
dences of the lifetimes in the stray field. Our valueFgfis  dynamics of thenp(N*=0) series we infer thaF,=0.08
somewhat higher than the vallig=0.025 V/cm estimated V/cm. This value ofF;=0.08 V/cm is somewhat highére.,
by Vrakking and Le® in terms of the analysis of their ex- by a numerical factor of 1.5-2.Ghan the strength of the
perimental results by an equation of the form of Ef4),  residual field=;=0.04—0.06 V/cm extracted from the analy-
i.e.,Fn®/ 5=const, with a somewhat different numerical con- sis of the dynamics of thef(N*=2) series(Sec. Il O. In
stant. As is evident from our rather lengthy analysis, a quanany case, we conclude that our effective multichannel Hamil-
titative analysis of mixing requires a detailed multichannel tonian provides a reasonable semiquantitative description of
analysis. the dynamics of the Rydberg manifold of NO excited via the
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FIG. 13. Then dependence of the lifetimesof the n=60-135 N* =0)
manifolds excited via thenp(N*=0) doorway state. Narrow band Rydberg manifolds excited via thep(N*=0) doorway states at several
(Aw,=8X 10~% cm™?) excitation in the vicinity of the doorway state at electric fields(F=0.05-0.2 V/cm marked on the curves.

np(N*=0) and thenf(N*=2) doorway states. The domi- coupling and the

nant coupling involves the exterior electric field coupling,

while intramolecular Rydberg electron—core dipole coupling
effects are, in general, negligible. Interesting exceptions to _ _
the rule of negligible intramolecular coupling are exhibited coupling, whereHg , denotes the intramolecular Rydberg

for some cases of accidental near-resonances, which will plectron—core dipole coupling, E¢2.6), and Hsrarx the
exterior electric field coupling, Eq(2.7). The energetics

[with the energies being expressed relative to the first
=0) ionization potentidlare

E(92p(N*=0))=—13.173

now considered.

IV. NEAR-RESONANCES IN THE np(N*=0)
RYDBERG SERIES OF NO

The 9(N*=0) and 9p(N"=0) Rydbergs of NO, at
a weak residual electric fieléf;=0.04—0.08 V/cm(Secs.
Il C and Il D) exhibit abnormally long lifetime$® These
states are located well below the onegt=110 for electric
field induced mixing(Sec. Il D). It was pointed out by

Vrakking and Lee that the @ZN*=0) and the
95p(N*=0) are nearly degenerate with the L80
(I>3)(N*=1) and the 82 (I>3)(N"=1) states, respec-

tively, giving rise to possible rotational mixing effec¢fsin
what follows we shall provide an analysis of these

(N7

and

95p(N* =

E(80d(N* =
E(80L(N* =

E(95p(N* =
E(82d(N* =

E(82L(N* =

0) < 82d(N*=

HrD

1))=—13.156
1))=—13.178
0))=—12.348
1))=—12.332
1))=—12.351

1) « 82L(N*=

HsTtaRrk

1) (4.2

4.3

cm-, (4.9

cmL.

np(N"=0) near-resonances, which originate from S€quenThe coupling schemegig. 14 involve mediated-sequential

tial intramolecular(Hg_p) and field inducedH gragx) Mix-
ings. The realization of sequential mixing induced By
and byH stark requires fulfillment of the following energetic
conditions. (i) The energy gap betweenp(N*=0) and
n’d(N*=1) is small, being comparable tbig.p). (i) The
energy gap between thenp(N"=0) and the
n'L(N*= 1)(I>3) manifold is small, allowing for
n"d(N*=1)—n’L(N"=1) mixing viaHgrark-

The examination of the seriegp(N"=0), nd(N"=1)
andnL (1>3)(N"=1) (n=40-120) reveals only two near-
resonances, which correspond to the

HsTarRK

1) « 8OL(N*=

Hrp

92p(N*=0) «> 80d(N* = 1) (4.2

Rydberg—dipolenp(N* =

jected to the selection rulesl =

(2.10, and Starkn’d(N" =

0)-n’d(N"=1) coupling sub-
+1 andANT==1, Eq.
1)—n'f(N*=1)—n'L(N* =1)

coupling subjected to the selection rulkk=+1, ANT=0,

Eqg. (2.16. Alternatively, the coupling schem&ig. 14 can

be described as mediated near-resonance coupling, where the
intramolecular Rydberg—dipole coupling mediates the cou-

pling of
n'd(N*=

the np(N*"=
1)—n’L(N* =

0)

doorway state to the

1) Stark manifold.

The intramoleculaH g_p interaction, Eq(2.6), due to the
dipole moment of NO, couples thenp(N*=0) doorway

state with thend(N* =
present case only the coupling with the(N* =

J. Chem. Phys., Vol. 105, No. 4, 22 July 1996

1) and thens(N* =

1) states. In the
1) state is
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n'd(N*=1) F=0.05 V/cm. A fast component 4 (6618 and slow
components 62 18.039, 40 ng0.060, and 47
np(N*=0) ng(0.048. .

1:3/””\”.:4&:{“ (b) 95p(N*=0)-80d(N"=1)-80L(N"=1) coupling;

LN 1) F=0.04 V/icm. A fast component 4 (%67 and slow

" components 113 18.02), 14 ng0.039, 116

N Heg ng0.023, and 58 néD.045.

~~ Hstare : : Thus for the 9p(N"=0) and 9%(N*=0) Rydbergs

TDOORW STATE slow components with a total amplitude of 0.4 are expected

to be induced in a near-resonance eff@&i—100 nk These
; —3
FIG. 14. A schematic description of the mediated-sequential couplingSIO\ivlcpmpon_er_]ts_ appear in the narrow energy dOF('IHDn
Hro HsTaRK cm™ ) in the vicinity of the doorway state, accounting for the
schemenp(N*=0) < n'd(N+1) « n'l(=3)(N+1). lengthening of the lifetimes of these states. From this analy-
sis we conclude that:

important because of its resonant condition. The intramo{i)  Accidental resonances simultaneously coupled by
lecular coupling matrix element is given by Eq2.8) and intramolecular and Stark interactions result in medi-
(2.9), being expressed in the form ated sequential mixing. The sequential Stark cou-

. , . pling between the/nIN*) doorway state and the
(np.N"=0lHgpln"d,N"=1) [n'1"(>3)N*") manifold>is mediated by intramo-
= —eu(vp|r v d)(y2/3), (4.5 lecular coupling with gn’I”N"") mediating state.

(i)  The mediated-sequential Rydberg—core dipole and

Stark couplings are subjected to strict selection rules.
The accidental near-resonances result in the break-
down of Hund’s coupling casé).
The accidental electronic near-degeneracy between
the relevant Rydberg states bears an analogy to Fermi
resonances for vibrational motion.

with the radial matrix element being given by Eg.11) with
v=n—48(p), v'=n—45(d), \=1—5(p) and\’'=2-5(d), (iii)
with the quantum defects being given in Table Il. The dipole
moment of NO was first calculated by Jungen and (iv)
Lefebvre-Brion®® giving ©=0.66+0.38 D. Recent experi-
ments and calculations of the dipole moment of Hhés
Rydberg state of NO resulted jn=1.1 D8 We shall take

the value ofu=1.0 D as a reasonable approximation for the
dipole moment of NO. For the near-resonance interactionsV. CONCLUDING REMARKS
we shall utilize the approximate relati¢see Sec. Il Cgiven

by Eqg.(2.12) for the radial integral in Eqi4.5) to obtain the
following estimates for the strength of the intramolecular

From the analysis of the predissociation dynamics of NO
high Rydbergs the following conclusions emerge:
(i) Origins of Rydberg dynamics. The dilution of Ryd-

coupling: berg lifetimes should be attributed in most cags=e points
(92p,N*=0|Hg.p|80d,NT=1)=—5.0x10"2 cm ! (5) and (6) abovd to | (or Im,) electric field-induced cou-
and pling.
(i) Unification. The analogy between intramolecular
(95p,N* =0|Hp.p|82d,N* =1)=—4.6x 102 cm L. coupling, excitation and relaxation in a bound level structure

of an isolated large molecule and the coupling, accessibility

and decay of high Rydbergs in weak external fields estab-

we nqte that these cqupllngs are comparable to the COMishes the unified description of radiationless transitions for
sponding energy gaps inferred from E¢6.3) and(4.4). The 310 co excitation 2 for low Rydberg&-8"and for

experimental order of magnitude lengthening of the Iifetimesver hiah Rvdberas
of the 9(N"=0) and 9p(N"=0) Rydbergs’ cannot be y(iii)gUniz//ersalgi}]t . Our analysis provides a universalit
attributed to near resonant coupling with the correspondin'% Y. ysis p Y

n’d(N*=1) state, and has to be supplemented by Stark co _nnmplg for t_he descf'p“or.‘ qf the dynamlps .Of h|gh Ryd_—
. , n . ergs, involving predissociation and autoionization of di-
pling to then’L(N™ =1) manifold.

The matrix elements of the Stark HamiltoniéFig. 14 atomics, internal conversion of polyatomics and autoioniza-

- ion of atoms.
were calculated for electric field=0.04 V/cm and-=0.05 tio ° atoms . .
. . . (iv) Quantification. Parameter-free multichannel calcu-
V/em (which is close to the stray fieldly) using Eqs(2.13 . . N o
. oo lations of the dynamics of electric field-induckdnixing for
and(2.14). The effective Hamiltoniai2.18 was constructed Lo . . )
. . ) the autoionization dynamics of high atomic Rydbéfgnd
for the manifolds and coupling schem@sl) and(4.4) using ) o X
. . for the predissociation dynamics of the Rydbergs of NO pre-
the I'o(l) data of Table I. The diagonalization & re- sented herein, provide a satisfactory description of the ex
sulted in the following data for lifetimegmplitude$ within P y P

i 110,13
an energy range oAE=10"2 cm™! around the doorway perimental rea!|ty‘. . . . .
state: (v) Extensions. An important issue is when does in-

tramolecular Rydberg electron—core dipole coupliogcou-
(@ 92p(N"=0)—80d(N"=1)—80L(N"=1) coupling; pling with higher multipoles become of importance in a
J. Chem. Phys., Vol. 105, No. 4, 22 July 1996
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