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In this paper we present a theoretical study of the autoionization dynamics of high
2p,,,np’[3/2]; Rydbergs(with the principal quantum numbers=100-28Q of Ar in weak
homogeneous electric field&=0.01-1.0 V/cm, which were experimentally interrogated by
time-resolved zero-electron kinetic ener@EKE) spectroscopyM. Muhlpfordt and U. Even, J.
Chem. Phys103 4427(1995], and which exhibit a marked dilutiofi.e., ~2 orders of magnitude
lengthening of the lifetimes relative to those inferred on the basis of nfiescaling law for the
spectral linewidths of thenp’ (n=12-24) Rydbergs. The multichannel effective Hamiltonian
(Hes) with several doorway sta® (for excitation and decayand pure escape statésr decay was
advanced and utilized to treat the dynamics of the mixed Stark manifold of the ZEKE RydHgggs.

of dimension 21— 1 is then constructed for @ Rydberg manifold using independent experimental
information on the(l dependentquantum defect$(l) and the(l, K, J dependentdecay widths,
which are of the forndo(IKJ)/(n— (1)), with T',(IKJ) being the decay widths constants. Here,

I, K, andJ are the azimuthal, the electronic and the total electronic angular momentum quantum
numbers, respectively. Two coupling ranges are distinguished according to the strength of the
reduced electric fieléF(n,p’) = (F/V cm Y)n® 3.4x10% 5(p’')(mod)]. Range(A); The onset of

the effective coupling of the doorway and escape states, i.esB(¥W,p’)<2. Range(B); The
strong mixing domairF(n,p’)=3. The lifetimes in rangéB) can be well represented by a nearly
democratic mixing of all the doorway and escape stali€g), with the average value

> To(lIK)
(13K)

(Hn)=(rsm(n))=2n%: /

In range(B) {7(n)) increases with increasing and is only weaklyF dependent. Rang@) is
characterized by a hierarchy of two time scales for the decay, with a short decay component, which
manifests the residue of the doorway state, and a distribution of very long lifetimes with an average
value (7 ona(n))= 7(n){7gu(n)), where n(n)=2-5. In range(A), (7 ong(N)) decreases with
increasingn and decreases with increasiRgmanifesting the enhancement of mixing. We identified
range(B) for n=150-280 where a semiquantitative agreement between the experimental ZEKE
lifetimes and spectra and our theory was obtained. A tentative identification of (Ander lower

n (=100-150 values was accomplished. We have also performed a theoretical study of the Ar
autoionization dynamics via tHé,,nd’[3/2]; doorway state, which was experimentally studied

by Merkt[J. Chem. Phys100, 2623(1994]. The onset of rangéA) was identified in the region
n=70-80, with the estimated lifetimes near the onset being in agreement with experiment. Our
analysis explains the higharonset for thenp’ doorway state mixingn=100 andF=0.1 V/cm

than for thenp’ doorway state mixingn’=70-80 forF=0.1 V/cm). Experimental values of
{1.ona(N)) (aroundn=90) in range (A), excited via the?P,,,nd’[3/2]; doorway state, are
considerably longer than those predicted by our theory fmixing. The discrepancy may be due

to (Im;) mixing, which presumably originates from Rydberg—ion collisions.1@95 American
Institute of Physics.

I. INTRODUCTION electri¢~® and magneti® fields, and the exhibition of huge
cross sectionsr~ 7a3n® for chemical reactions such as
charge exchang®é.The dynamics of Rydbergs of atoms, di-
atomic molecules and large molecules is fascinatin§.

sI'heir radiationless transitions involve atomic auto-
12,13 «

High Rydberg state&characterized by principal quantum
numbersn=50-300 of atoms, molecules, and clusters
constitute one-electron excitations with a mean radiu
(ry=(3/2)n%a, (where a, is the Bohr radius e.g.,(r) . . S o
=1.0u for n=112.Such microsystems are of considerable'onization, ) rea_ct|_ve mtramoleculgr (_jyn§1m|g§6 'fs" mo-
interest in the context of the determination of fundamentafecular predissociation and/or autoionizatitr®*°~**and
physical constantsthe manifestation of long-range Casimir intramolecular “nonreactive” dynamics in a bound level
retardation forces, which are revealed on the distance scafdfucture, e.g., internal conversiofi?* The partial widths
of r>137 a,, the properties of planetary atorithe spec-  for all the high Rydberg radiationless channels are expected
tra of bound statés’ and of autoionizing stattSin external  to be determined by the® scaling lawt**°~*6which mani-
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fests the normalization of the Rydberg orbftalThe total
decay width of a hydrogenial Rydberg(wherel is the
azimuthal quantum number is expected to be
I'(n)=T4(1)/n* wherel'y(l) is anl dependent decay width

Rydberg states of Ar

the Fano line shape formali¢fhand the quantum defect
method® towards the understanding of the Stark absorption
lineshapes of the autoionizing Rydbergs of®and of Af®.
These line shap@$ provide information on the autoioniza-

constant. The total decay width of a molecular or of antion dynamics of (=10-20) atomic Rydbergs in an elec-

atomic (n1Ja) Rydberg statgéwith an electronic angular mo-
mentumJ and other quantum numbe#s, characterized by
the quantum defec(l) (which essentially depends o) is
expected to be

Tya(n)=To(lJa)/v?, (1.1

where the effective principal quantum number #s=(n
— (1)) andI'y(13) is a(l and/ord and/ora dependentdecay
width constant. The dynamics of highn€£50-300)
moleculaf*~3° and atomid! Rydbergs, which was interro-
gated by time-resolved ZEKEzero electron kinetic energy
spectroscopi 3! (and are referred to as ZEKE Rydbergs
provided evidence for the breakdown of th& scaling law,
Eq. (1.2), which is manifested by

(@ Long lifetimes of ZEKE Rydbergs of NO. Reiser
et al?* have observed high lyingwithin ~10 cm !
below the ionization potentigl very long lived(~us

lifetimes) Rydbergs of NO. ChupKk&3* pointed out

tric field. However, this significant energy-resolved
informatior?® did not explicitly manifest the novel dynamic
effects of lifetime lengthening’=3° which was experimen-
tally revealed in the time evolution of the ZEKE Rydbergs.
Furthermore, it will be exceedingly difficult to explore the
dynamics of higm (=100-300 ZEKE Rydbergs by absorp-
tion lineshape studies, in view of spectral congestion effects.
Accordingly, one has to resort to the new and interesting area
of time-resolved interrogation of ZEKE Rydbertfs3!
whose theoretical exploration for atomic autoionization con-
stitutes the theme of this paper.

We pursuetf ° the formal analogy between the cou-
pling, accessibility, and decay of high Rydbergs in an exter-
nal weak(F=0.01-1.0 V/cm electric field and intramo-
lecular coupling, excitation, and relaxation in a bound level
structure*=>" The effective Hamiltonian formalism was
advancetf—’to treat the dynamics of ultrahigh Rydbergs in
a weak electric field”*®The theory provides a physical pic-
ture for the lifetime lengthening of high Rydbergs in terms

that the lifetimes of these states are considerably longegs 5 dilution of low | doorway and escape states within an

than expected on the basismf scaling for the predis-
sociativep series of NO.

(b) The lifetime lengthening of ZEKE Rydbergs of large

molecules. The lifetimes of the ZEKE Rydbergs

(n~80-250) of largemolecule&®—3°

on the basis of the® scaling relations. Even, Bersohn

and Leviné® have established that the lifetimes of

ZEKE Rydbergs (1=80) of bigbenzeng chromium
(BBC) and of 1,4 diaza bicyclo[2,2,2] octane

(DABCO) are longer by 2—3 orders of magnitude than

those expected on the basis of Ef}.1).

(c) The lifetime lengthening of ZEKE Rydbergs for vari-

ous decay channels in atoms, diatomics, and large mo
ecules. The lengthening effect is manifested for internal

conversion, predissociation and autoionization
large molecule®~% for predissociation in diatomic
molecule$*?® and for autoionization in atonis:*®

In

inactive highl states manifold. The theoretical treatment uti-
lizes as input data quantum defects and decay widths, which
are extracted from experiment. From the point of view of
general methodology, this approach, which rests on experi-

, are longer by  mentg| spectroscopic information, is similar to the quantum
several(2—4) orders of magnitude than those expectedyatect method®

A central result emerging from the analysis
is a unified description of the level structure and dynamics of
molecular Rydberg predissociation and/or internal conver-
sion and/or(vibrational or rotationgl autoionization and of
atomic Rydberg autoionization. The universality principle for
the level structure and dynamics of high molecular and
atomic ZEKE Rydberggsee poin{C) abovd is borne out by
the experimental observation of the lifetime lengthening of
|fhe one-photon excited autoionizing high Rydberg states of
Ar first studied by Merkf! These involve the transitions
from the ground statéS,3p® to the?P,,,ns'[1/2], and the
2p,,,nd’[3/ 2], autoionizing seriesr(=85-200),which
converge to the upper spin—orbit ion staté 4P, ,). These

These surprising characteristics of the dynamics ofstates have lifetimes which are more than 50 times longer

ZEKE Rydbergs triggered extensive theoretical actifity’°

The electric field-induced coupling and mixing model ad-

vanced and developed by ChupRa’ Bordaset al3> Merkt
and Zaré® and Jortner and Bixdt provided an adequate

than those expected for thes’ andnd’ states’ These long
lifetimes of the ZEKE Rydbergs are attributed to the electric
field induced mixing of the doorway statess’ and nd’
within the inactiven! (I1>3) manifold333-38 (For the jl

physical picture for the lengthening of the lifetimes of the coupling notation for the atomic states used herein, see Ap-
ZEKE Rydbergs. The energetic and dynamic implications ofpendix A)

Stark mixing within high 6=50-300)atomic and molecu-

In this paper we present a theoretical study of the dy-

lar ZEKE Rydbergs, which dominate their time-resolvednamics of théP,,,np’[3/2], autoionizing ZEKE Rydbergs
dynamics®~%" are related to the Stark spectroscopy of bothof Ar in weak electric fields, which were experimentally in-

nonreactive and reactive& 10—20) Rydbergé:° Experi-
mental and theoretical studfeg*® of electric field mixing

vestigated by Mulpfordt and Even in the accompanying
papef® by one-photon excitation from the metastable

within nonreactive atomic Rydbergs provided a detailed pic?P,,,4s[3/2], level. Mihlpfordt and Eveff reported a dra-
ture of their Stark maps. In the context of energy-resolvednatic lifetime lengthening effect of the Ar ZEKEp' Ryd-

observables for reactive atomic Rydbefdsjmpressive
experiment&® and theoretic&® progress was madeising

bergs. A heuristic and admittedly oversimplified single chan-
nel analysis of their results will consider timgp’ state as
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doorway and escape state with the widths, Ed.1),
I',(n)=2100h° (cm ). T',(n) constitute a lower limit
for the decay widths as the incorporation wél’ escape
states(Secs. Il and 1V will result in considerably larger
widths. The wupper limits for the decay lifetimes
7(n)=#/T ,(n) are then estimaté@ito be 1120=4 ns and

7(200=20 ns. These estimates are lower by about 2 orders

of magnitude than the experimental lifetifiége.g., by a
numerical factor of~110 for n=120 and of ~80 for
n=200). This lifetime dilution effect for thenp’ ZEKE

Rydberg series of Ar is qualitatively similar to the long decay

lifetimes of ZEKE Rydbergs of the Ar atoms’ and nd’
series! and of large molecule€ 3 providing further sup-
port for the universality of lifetime lengthening for atomic
and molecular ZEKE Rydbergs.

The experimental dat&*®for the autoionization dynam-
ics of the ZEKE Rydbergs of Ar will be confronted with the
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FIG. 1. An energy level scheme for the splitting, mixing, excitation and
decay of autoionizing Rydberg states in an external electric fialGeveral

low | doorway statefD1) and|D2) and several low “pure” escape states
|E1) and|E2) are separated from the highdegenerate manifol@|D)}.
The|D1) and|D2) states carry an oscillator strength from the ground state
(denoted by a vertical arrowThe |D1), |D2), |E1), and|E2) states are
coupled to the ionization channel and constitute escape states for decay. All
the discrete states are sequentially Stark coupled bgntbak electric field.

results of the theoretical Study based on the multichanngbp) Stark coupling of the eigenstates of the field-free effective Hamiltonian

effective Hamiltonian formalismi’*® The gross features of
the ZEKE spectra of the autoionizingp’ series of Ar ex-
plored by Mihlpfordt and Ever{® which reveal the lifetime
dilution with an onset of the ZEKE pedkor delay times of
t=200-400 nsatn=100 with a peak of the ZEKE spec-
trum arounch=250, arequalitatively similar to those of the
ns’ andnd’ series of Ar previously reported by MerktThe
onset of the ZEKE spectruitfior a delay time ot=200 ng
was observed by Merkt at n=70-75 followed by a
gradual increase towards highervalues, a broad peak at
n=120-180, and &harp drop fom>180. Thequantita-
tive differences between the experimental results fomthe
serieé® and those for thas' andnd’ serie$! may originate
from extrinsic experimental conditiorie.g., different densi-
ties of positive ions existing in the two experimentss well

Ho—(i/2)I". The doorway and the pure escape states have a partial decay
width. The{|L)} states in the high degenerate manifold have zero decay
widths. All the states are coupled by the electric figl. Mixed indepen-
dently decaying levels at a finite field. All these levels carry oscillator
strengths from the ground state and are characterized by finite decay widths.

| states (=0-3), which penetrate the core, and a hydro-
genic manifold of high nonpenetrating statet> 3). A sub-

set of the lowl states constitute the doorway stajefor
excitation. These doorway stéspare determined by the op-
tical conditions, e.g., one-photon excitation, two-photon ex-
citation or excitation from a metastable intermediate state.
All the low | states constitute the escape states for decay. The
escape states are coupled to autoionization decay channels
and are characterized by decay widtRgg. 1). The distinc-

as from intrinsic effects, i.e., different doorway states in thetion between the doorway and the escape states involves an
two experiments. Our analysis will reveal that the gross feaimportant feature of the dynamic problem. The doorway

tures of the ZEKE spectra and the lifetime data for the
series of Minlpfordt and Eveff are accounted for in terms
of our multichannel effective Hamiltonian method fomix-
ing in a homogeneous electric field*® The theory succeeds
in accounting for some aspects of Merkt's data for i

statds) constitute a subset of the escape states. In general,
there area doorway statesDa) (a=1---a) and S+ « es-
cape states, which consist [EB) (8=1---p) “pure” es-
cape states and the doorway staPsy) (a=1---a). Fi-
nally, the highl (>3) hydrogenic states, which will be

series, i.e., the onset of effective mixing and the near-onsetenoted by|L)}, are inactive in excitation and in decay. The

lifetimes3! However, the experimental lifetimes for higher

zero-order manifold|«)} consists of the three submanifolds

(=90) nd’ Rydbergs are considerably longer than those pre{|«)}={|Da)}, {|EB)} and {|L)} (Fig. 1). The energies
dicted by us foll mixing, the discrepancy being presumably E(«) of these states ag(«)=IP —R/(n— 8(«))?* with the

due to Rydberg—ion collisional inducedn{;) mixing.31

quantum defect§S(D «)} for the doorway stats), { S(EB)}

We proceed to advance and apply the multichannel effectivéor the other escape states aafL)=0 for the inactive

Hamiltonian formalism-*8for the dynamics of autoionizing
Rydbergs.

Il. THEORY OF RYDBERG LEVEL STRUCTURE AND
DYNAMICS

We shall specify the field-free level structure, the deca
widths and the coupling for a high Rydberg manifolds) in

a weak external electric field. These data provide the inpug
information for the theory of Rydberg dynamics within the

framework of the multichannel effective Hamiltonian

method.

y

manifold. The decay widthd",(n)} are characterized by the
decay width constant§l’((Da)} for the doorway stats),
{T'o(EB)} for the pure escape states ahig(L)=0 for the
inactive manifold. For atomic autoionization of heavier rare
gases(Ar,Kr,Xe) the quantum defecté(x) are determined
mainly by the azimuthal quantum numberwhile the zero-
order decay width constantS,(x) are determined by the
uantum numberk, K, andJ.>*-%3The decay widths given
y the scaling law, Eq1.1), arel’, (n)=To(x)/(n— 8())>.

In the presence of a weak homogeneous electric keld
the Rydberg level structure and dynamics are determined by
the effective Hamiltoniaf{"®

Consider first the field-free states and their decay widths

(Fig. 1). The relevant discrete level structure consists of low

Her=Ho+ Hsrark— (1/2)T, (2.1
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whereHy is the diagonal field-free Hamiltonian for the dis- (1) The ZEKE spectrum is given by the dependenc® )
crete level structure with the energy level{«) which at a constant delay timeon the photon excitation en-
are obtained from the experimental quantum defects. ergy.

Hsrark=€Fz is the Stark Hamiltonian, with the coupling (2) The time-resolved total population probability corre-
between thd|x)} states being determined by the appropriate  sponds to the delay timedependence oP(t).

selection rulesI” is the decay matrix for all th§Da)} and  (3) Lifetimes of ZEKE Rydbergs can be inferred from the
{|EB)} doorway and pure escape states. In gendrals time scales for the temporal decay and from the average
off-diagonal. The diagonal matrix elemerts(n) of I' can lifetimes for the decay oP(t).

be inferred for the distinct atomli&J states from the experi-
mental line broadening data for the lowRydbergs using the
scaling law, Eq(1.1). Intelligent guesses for the magnitude
of the off-diagonal matrix elements di can be obtained
from the diagonal matrix elements and by invoking appro-

priate conservation rules, e.g., total angular momentajn ( Aw,=0.1-1.0 cm? is the spectral width for conven-

conservation, tional multimode lasers currently employed in these
The effective Hamiltoniari2.1) can be diagonalized by a experiment€2-2148This condition is obeyed for lower val-

complex orthogonal transformation, resulting in the indepen- _ _ 1
dently decaying levels of the systefig. 1 ues, e.g., foF =0.05 V/cm n<220 (for Aw,=0.3 cm )

and n<130 (for Aw,=0.1 cni?). (i) Overlap between

I B Stark manifolds. WheA W/2>2R/n? intermanifold overlap

T () 0 (i) revails, being exhibited fon>80F /5, For F=0.05
=2 alDa)+ >, aVIEB)+ D, bIL), (22 P ' g
D a§=:1 D) ﬁ§=:l b [EB) EL: L) ‘ V/cm this condition is realized fon>145. This intermani-
fold overlap insures the validity of Eq2.4) for high values
of n.
Our calculations for the autoionization dynamics of Ar

=Ej—(i12)y;, (2.3  Wwere performed as follows:

The two complementary conditions for the validity
of Eq. (2.4) are (i) Energetic spread of a single Stark
manifold. This is insured whenAw,>AW where
AW=6Rn?*(F/5.15x10°% is the energetic spread of the
Rydberg manifold, i.e.,AW=1.3x10"*n? (F/Vcm™?).

where {a{’}, {a’}, and {b{'} are (complex coefficients.
The (complex eigenvalues of the system are

(1) The construction of the multichannel effective Hamil-
tonian (Secs. Il A and Il B for the autoionization of
the Ar via the doorway states of theP,,,np’'[3/2],
series (Sec. 1V) and via the doorway states of the
2p,,,nd’[3/2], series(Appendix B.

(2) The analysis of the dynamics in the limit of strong mix-

whereE; are the energy levels ang the decay widths of the
|j) eigenstates. The essential input parameters required for
the construction of the effective Hamiltonian at a constant
field F are (i) the quantum defect§(D«) and 5(EB), ex-
tracted from the Rydberg series energetics, @ndhe decay
width constantsl’'o(D«) and I'y(EB), obtained from the . . : 7
linewidths of the lower Rydberg levels. Thus our theoretical mg’lt.W:'Ch r;as';? °t’.‘ tha d|e.1|?on.al sum fie’” for the
analysis of the dynamics of ultrahigh Rydbergs in weak elec—(g) _'p;‘e I%izngre]al?zaet?o:eof a;hmé Zr#:(r:]t.ive Hamiltonian for
tric fields rests on the utilization of experimental data. g

We shall be concerned with the optical excitation and the n_=50—n resulting in the Qecay j;N'dth% and .th_e
decay of the mixed level structure, EG.2), of a single high (single) doorway Statgs amplitudes). The upperlllmlt
n or several highn manifolds) subjected td mixing. To n .°ftf1 r\%\gas. ctohnstt:alnked by ctjhf? Ic:;set f?.f Egld-mduced
make contact with experiment we consider the excited-state |bon|z”e; f’_Fﬁ',Q € h?;:_g_rgun —FV/)’ w_1|§:2 ,\'IS g||ven
total population probabilityP(t). This corresponds to the _y( 7 ), wit = cme ( _cm)_ L %%ect-
time-dependent population of the entire Rydberg manifold. ing negligible tunneling effects in field ionizatidn the

Lo . upper limit of n is n=(R/7FY?), beingn=240 for
For a broadband excitation _of a sparse .m|7>_<%d level structure F=0.1 V/em.n=280 forF=0.05 V/cm andn=2350
the time dependent population probability’i&

for F=0.02 V/cm.
2 (4) The calculation ofP(t), Eqg. (2.4).
exp— y;t/h), (2.9

a

3 alu,

a=

P()=2,

J

IIl. THE DYNAMICS OF Ar AUTOIONIZATION
wherepu, is the transition amplitude for the excitation of the
doorway statg§Da). We note in passing that no temporal
coherence effects, i.e., quantum beats in the total decay prob- The construction of the effective Hamiltonian, E8.1)
ability are exhibited” The coefficients of each exponential for the autoionization of Ar requires experimental informa-
temporal decay term iR(t) involves a superposition of the tion on the quantum defects and the decay widths parameters
amplitudes of the doorway states fj), Eq. (2.2. When of the doorway and the other escape states, which correspond
more than one doorway state is effectively involved, enerto the (=0-3) ns’, np’, nd’, andnf’ manifolds. For the
getic interference effects can be exhibited. inactive{|L)} (I1=4) Rydbergss(L)=0 andI'4(L)=0. On

The theoretical result foP(t),%"3® Eq. (2.4, makes the basis of the detailed exploration by Wang and Krfigiit
contact with reality, being related to the experimentalthe § andI'y parameters for the autoionizing states of the Xe
observables interrogated by the time resolved ZEKEand thel, data of Berkowit2®®! and of Wuet al® for the
spectroscopy? 3148 nd’[3/2], states of the heavier rare gases, we infer that for

A. Input data
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TABLE I. Quantum defects and decay width constank, for the autoion- AJ=0,¥1 for [M|=1 andAJ==F1 for M=0,
izing Rydberg series of Ar. (3.1
Rydberg series B Iy (cm™ AK=0,¥1, Al=7*1.
zPuan’[l/Zh 2.18 510° Introducing the effective principal quantum numberthe
2||31/2ns'[[13//22]]0 i-ég 213? standard angular momentum algebra leads to the following
1/2NP 1 . - =<
op P (121, (L.68° (2100° matrix elements for the Stark couplind:
2 ’ c (o
P1onp’[1/2]; (1.68 (2100 1j)KsIM|z|(»'1"[)K'sI'M
2p, ,np'[3/2], (1.69° (2100° (1)) lZ|(v'1]) )
2p, ,nd'[3/2], 0.18'2 31006 = (= 1)THI KK s
2p ,nd'[3/2], (0.18° (10 000¢ :
zPl,znd’[5/2]2 (0.18° (40009 J 17
P1/2nd'[5/2], (0.18° (5000° 2J+1)(2)' +1)(2K+1)(2K' +1)]*/2
2p, ,nf'[5/2], 0.014 (100" [ A 2 A )] -M 0 M
®D. Klar, K. Harth, J. Ganz, T. Kraft, M.-W. Ruf, H. Hotop, V. Tsemekhman, K J s||{I K j
K. Tsemekhman, and M. Ya. Amusia, Z. Phys. 23, 101 (1992. X1, , . (wlr|v'1") (3.2
bA. Miihlpfordt and U. Even, J. Chem. PhyE03 4427 (1995. Jo K1) (K11

‘Taken to be identical to thé andT, data for?P,,,np’[3/2];.
K. Yoshino, J. Opt. Soc. AmB0, 1220(1970.
®Taken to be identical to thé data for?P,,,nd’'[3/2];. ' r_
. o — =1+
Sian 7. W, S. B. Whifield, C. D. Caldwell, M. O. Krause, P. van der (111,77 VIl [r[p 1 +1), I'=1+1 3.3
Meulen, and A. Fahiman, Phys. RevA4g, 1350(1990. \/|'< lr|v'l— 1) I'=]—1
9Based on the data for Xgiang-guo Wang and R. D. Knight, Phys. Rev. A '
h34, 3902(1986] with a correcting factor of 31/35. For a given value of the principal quantum numhesne has
Rough estimate based on NO déRef. 16. a manifold of states of dimensiom4-2, which is mixed by

the coupling. In the special casé=0, due to the restricted

the relevant states of Afi) The quantum defects are essen-Selection ruleAJ==1 (AJ#0), the manifold of states de-
tially determined by, being only weakly dependent dq ~ COMPoses into two noninteracting submanifolds:| and

and J; (i) The decay width constants for the J=1=1. . . .
2p, ,ns'[1/2], and for the2P,,ns'[1/2], states do not The radial matrix elements in E.3) are evaluated for

strongly depend oK andJ; (iii) The decay width constants different quantum defecsvhich givel dependent effective
for the 2P, ,nd'[K], states strongly depend ¢handJ; (iv) principal quanturg5 number=n—5(1")], using the formula
The To(nd'[3/2],) width parameters of Ar and Xe differ ©Of Edmondsetal.
only by a numerical factor 0f~0.89. The available experi- 3 | \2\1/2] 3
mental data for the quantum defects of Ar are taken from the  (vl|r|v'I")= > Vg( 1—<V—Z) ) LZ,O Y*9,.(Av),

(3.9

with

works of Yoshind® Radler and Berkowit?%®! and Klar

et al® and from the present workTable ). The available
experimental data for th&, are taken from Klaret al,>*  where
Radler and Berkowit?%%*Wu et al.®? and from the present ,
work (Table . In the absence of information, we have as- le=max,l"), v.= —,
sumed that theS andI’y parameters for thap’'[1/2], ; and (v+v')
np'[3/2], are identical to those fdtP,,,np’'[3/2];. The §

parameters for théP,,,nd’[3/2], and the?P;,,nd'[5/ y=Al
2], ; states were taken to be identical to those for
2P;,,nd’[3/2]; [point (i)]. The T, parameters for thed’  The functionsg,,(A») were tabulated by Edmonas al®®

J=2 andJ=3 states of Ar were inferred on the basis of The selection rules, Ed3.1), together with the experi-
point (iv) from the experimentdl', data for Xe® which were ~ mental input informatior{Table |) and the matrix elements
scaled by the numerical factor of 0.89. The quantum defect3.2—(3.4), enable the construction of the multichannel ef-
for the 2P,,,nf'[5/2], series was taken from absorption fective Hamiltonian. A single Rydberg manifold employed in
(quadrupolg spectroscop§? while Ty, which is expected to our calculations(which will be referred to as a single

be small for these weakly penetrating orbitals, was roughlymanifold), will be chosen to contain a set of zero-order states
estimated from the Rydberg spectroscopy of 'Rit§to be  with the closestr values. Such a single manifold will be
I'o(f')=100 cm™. In Table | we summarize the input data characterized as follow$1) Thenl hydrogenic states for the

Al=(1-1"),
(3.43

Ic

), Av=v—17'.

Ve

for handling the autoionization dynamics of Ar. {|L)} submanifold. (2) The vl (v=n—[(25(l))(modl)
—458(1)(mod)]) doorway and escape states for which
B. Stark coupling o(1)#0. These latter states correspond to the principal quan-

tum numbem”=n+ §(1)— &(I)mod1.

Armed with these results we proceed to explore the auto-
ionization dynamics of théP,,,np’[3/2],; Rydberg states,
which were studied by Mhipfordt and Everf® The theoreti-
AM=0, AS=0, Aj=0, cal treatment of the autoionization of tH®,,,ns'[1/2],

The selection rules for the Stark Hamiltonian
Hstark=€Fz are identical to those for dipole transitions.
The selection rules in thg coupling scheme are
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and ?P,,,nd’[3/2]; manifolds one-photon excitated from thenp’ series the resonance widths are laFgép’)=2100
the 1S,3p°® ground state, which were experimentally studiedcm 1,8 the decay width parameteld,(f’) of the weakly
by Merkt>! will be presented in Appendix B. penetratingnf’ series are small, i.eI'o(f')<100 cm!
(Table ). Accordingly, the oscillator strength for the excita-
IV. AUTOIONIZATION DYNAMICS FOR THE RYDBERG tion of a nf’ state is lower by more than 1-order-of-

MANIFOLDS EXCITED VIA THE 2P;,,np’'[3/2]; magnitude than for thep’ state with the same, whereupon
DOORWAY STATE the overwhelming largest transition probability is to the
A. Doorway state, other escape states and the ’P1onp’[3/2]; series. For a givenn manifold, the
inactive manifold 2p,,,np’[3/2], state constitutes the doorway state, as well

as one of the escape states. The other relevant (puwel)

hi Vr\1/e shall focus ﬁn the dyna_lmljcs ?f high rl]?ydberg St"‘lt;"lsescape states are those states Witl8, which are coupled
which are —one-photon excite rom the metasta edirectly, or indirectly to the doorway state.

2p,,,45[3/2], state?® The selection rules dictate excit-
ations to the following fournp’ and nf’ seriest:66:67
?P1onp'[3/2]y, 2Pypnp'[1/2]y, *Pypnf’[5/2]5, and
2p,,,nf'[7/2]5. In the experimental spectrum of Even and
Muhlpfordt, the two?P,,,np’'[3/2]; and ?P,,,nf'[5/2]3 The doorway statéP,,,np’[3/2], corresponds to a
series are exhibitetf with similar amplitudeg(i.e., the low- triplet manifold and we shall take itél =0 component. The
resolution amplitudes of thap’ series are lower by a nu- effective Hamiltonian matrix for this system couples the
merical factor of~2 than those for thaf’ series. However, 2n—1 atomic states for which=1 andK=1%x1/2. ltssche-

the resonance widths are considerably different. While fomatic structure is represented in the form

B. The effective Hamiltonian

s'[1/2], 3 3 0 0 0 0 0
3 p'[1/2]; 0 3 0 0 0 0
3 0 p'[3/2], 3 3 0 0 0
0 3 3 d'[3/2], 0 3 0 0
0 0 3 0 d’'[5/2], 3 3 0
0 0 0 3 3 f'[5/2]3 0 3
0 0 0 0 3 0 f'[712], 3
0 0 0 0 0 3 3 a'[7/2],4
: 4.0
|
The diagonal elements in E@4.1) are designated by the [1(1+1)]*2
corresponding atomic ternis thejl coupling schemeThe (3K, 123+ 1K+ 1,1+1)=———=— (l|r|p'I +1),
selection rules, E(3.1), determine the nonzero off-diagonal (4.2a
elements, which are representeddyn Eq. (4.1). The diag- _
onal and nonzero off-diagonal elements of the effectivdor K=1+1/2,J=1 {AK=0, AJ=Al=1}:
Hamiltonian are obtained by using the following prescrip- 1
tions: <J,K,||Z|J+1,K,|+1>=m<V||l’|V|+1>,

(1) Each of the first seven diagonal elements, which repre- (4.2b
sent the doorway and escape states, is given b forK = _ AT AT_ 11,
K=14+1/2,J=| {AK=AJ=Al=1):
—RI—(i12)To(IKI)/v® with v=n—[(25(1)mod1 8nd for 12,9=14 J )

—(&(1))mod1]. (1+1) 2 ,
(2) All the other diagonal matrix elements, which representJ:K.![2[J+ 1K+ 1,1+1)= 2021+ 3) (wlr[v'1+1).
the {|L)} submanifold, are given by R/n?. (4.20

(3) Each off diagonal element is given by Ed8.2) and

(3.3), which will be now expressed in an explicit form. The radial matrix elements in E4.2) for large values oh

and for finite quantum defects are obtained from H8s)
For theM =0 (J=I) manifold the Stark couplings between and (3.4 in the fornf®

andl+1 (AS=AM=Aj=0) are given by Egs(3.2) and 5 o) 221/

(3.3 and have the forms: (vl|r[v"(1+1))=3/2vza0[1— (I + 1)/ w5 ] go(Av)

ForK=1-1/2,J=1 {AK=AJ=Al=1}: +[0+ D)/ v o (Av)+---). (4.3
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relevantnd’ and np’ series. Asé(p’)(modl)>&(d’), the
condition (4.4) for effective mixing is determined by
F(n,p’)=1. Thenp' doorway and escape states exhibit the
onsets of effective mixing with the inactivigL )} manifold
and with the othend’ escape state$-(p’)>1) in the range
n=140-195 for reasonable values of the weak stray field
F=0.1-0.02V/cm (see insert to Fig. 2

Strong mixing of the doorway, escape and inactive states
is realized whenF(n,l’)>1. Our numerical calculations
show that for the Ar autoionization dynamics strong mixing
is realized with

3
(v7em)|
| oo}

F
7
6
5
o
3
2
|
0

FIG. 2. Then dependence of the reduced electric fiElth,!’) for 1’=1 F_(n p')=3. (4.6)
and 2 for several strengths of the electric figk (narked on the figure. The '
horizontal line £=1) denotes the onset of effective mixing. The insert We can now utilize the diagonal sum refie®® for the
shows then values f_or which effective mixing sets in for different values of condition of strong mixing, Eq4.6). The diagonal sum rule
F (marked on the figune . . . .
for the effective Hamiltonian, Eq4.2), is

] ] ) ) ) o 2n—1
The effective Hamiltonian is constructed using prescriptions E y= 2 To(IKJ)/(n—8(1))3, 4.7)
(1)—(3) and the data of Table I, together with Eg4.2) and j=1 (iKJ)

(4.3). Hey cONtains the entire contributions B andHsrark where the sum on the RHS of E@l.7) is taken over all the

and the diagonal terms of the decay matrix2)I" in Eq. N -
. . o . ) contributing doorway and escape states. In the limit of large
(2.1). This effective Hamiltonian with the diagonal decay n we can set

matrix neglects some possible coherent effects in the decay.

These originate from the contribution of off-diagonal ele- 2n

ments ofI’, which are subjected to angular momentum con- Z Vi =Fg/n3, (4.9
servation. We shall show in Sec. VII E that the contributon '

of these off-diagonal matrix elements R(t) is small. We  where

shall now apply the effective Hamiltonian formalism for the

autoionization dynamics of tHé,,,nl’ manifolds populated ng 2 I'o(1KJ). (4.9

via the 2P,,,np’[3/2]; (M=0) doorway state. We shall (1K)

start with the limit of strong mixing, where the application of We note in passing that relations.7)—(4.9) are valid for all
the diagonal sum rule for the effective Hamiltonian is suffi-field strengths. In the limit of strong mixing democratic ad-
cient to provide semiquantitative information on the dynam-mixture of the decay widths of the doorway and escape states
ics and then proceed to the full diagonalization of the effecis exhibited among all thg) eigenstates. The average decay

tive Hamiltonian. width (y(n)) of each mixed state within a singtemanifold

N is (y(n))=(2n)"*=;y; . Accordingly,(y(n))=T¢/2n* and

C. Strong mixing the average decay lifetimery(n)) =#A/{y(n)) for strong
According to Eq.(4.1) we are concerned with the one MiXing (SM) is given by

doorway (and escapestate 2P, ,,np’[3/2]; and with six (TSM(n)):Zn“h/Fg. (4.10

pure escape states for each value.of cursory examination

of the structure of ¢ for the problem, together with the data The approximatiorf4.10) is expected to be valid far andF

of Table I, reveals that the decay is dominated by the doorvalues, which satisfy the conditioR(n,I’=1)=3. In this
way (and escapenp’[3/2], state, together with the three Strong mixing domain the population probability is approxi-
np’[1/2],, nd’[3/2], and nd’[5/2], pure escape states, Mately given by

which are characterized by the Iargegt vqlueg of the depay Pou(t)=exp(— t/{ 7ap())). (4.10)
widths. We have to focus on the effective field induced mix-

ing of thesenp’ andnd’ states with the inactive manifold. From Eq. (4.9 and the data in Table | we obtain
The condition for the onset of effective mixing of ai’  I'0=19 100 cm*. Making use of Eq(4.7) we present in
Rydberg[with a quantum defec$(l’)] with the inactive Fig. 3 then dependence ofrsy(n)) in the strong mixing
{IL)} manifold and with othen|” stategwhich are charac- limit. We have also marked in Fig. 3 the onsets of the strong
terized by 8(1")(mod)< &(1")(mod1)] is specified by the mixing limit for F=0.02-0.1 V/cm. The approximate

condition dependence oPg,(t) for a fixedt vs n, which represents
— the ZEKE spectra fot=200 ns andt=400 ns, are also
F(n,1")=0.5-1, (44 presented in Fig. 3.

where the homogeneous electric field in reduced units is Equations(4.10 and(4.11) provide a useful approxima-
- s ° ) tion for the ZEKE Rydberg dynamics for strong mixing.
F(n,I")=(F/V.cm™)n*3.4xX10°[ &(1")(mod1)]. Nevertheless, these results are approximate and of somewhat

B (4.9 Jjimited applicability [F(n,p')>3]. The decay lifetimes
In Fig. 2 we present convenient plotsiéfn,|') vsn forthe  even in the strong mixing limit are not strictly exponential.
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FIG. 3. Then dependence of the lifetimérgy(n)) in the strong mixing 1. -
limit, Eq. (4.10, for n=100-280 ¢P,,,np'[3/2]; doorway state The 0.02 3. @ " F1ooo
points (A, O, and <) represent the numerical results for tteveragegl . y 0o -k
decay lifetimes for the decay &f(t) in the rangg=200-1000 nswhich ] o 5
were obtained from the diagonalization of the multichannel effective Hamil- 1 53, oo 9
tonian (for F=0.1, 0.05, and 0.02 V/cm The perpendicular arrows mark 0.01 ) S
the onsets of the strong mixing for different valuesrofmarked on the ]
arrows. The insert shows tha dependence of the total population prob-
ability in the strong mixing limit fot=200 ns and=400 ns.

0.00 e
~0.15

O. * AO ’ 0.10 0, 5
More important, for weaker fields, i.eE_,(n,p’)<1 a hierar- (o)
Chy,Of two t'me scale¥ is exhibited for the ||fet|mes, mani- FIG. 4. The lifetime and accessibility spectra for the 150 Rydberg mani-
festing the failure of Eq94.10 and(4.11). Thus, in the low  fold of Ar (2P, ,,np’[3/2], doorway state (M) 7, vs E; and(O) [ad)[2 vs
range ofF values, for relatively lonn=100 and for short E;. (@ F=0.02V/cm (F(150,')=1.5. Note the two shor{r;=25 ng

times, the theory has to be extended by the diagonalization dfetimes with the large amplitudega(}’|*=0.5 and 0.1, which correspond
th ffecti H iltoni Eq4.1) Just above the onset of effective mixingp) F=0.1 V/cm (F(150p)
e effective Hamiltonian, Eq4. =7.6). Strong mixing.

D. Calculations

We have diagonalized the multichannel effective Hamil-V/cm, which correspond to the onset of the effective mixing
tonian with the?P,,,np’[3/2]; (M=0) doorway state for of the doorway statp’[3/2], and the escape stape[1/2],
singlen manifolds using the input information of Secs. IV A, (i.e., F(150,p')=1.5), the mixing of thed’'[3/2], and
IVB and Table I. The calculations were performed ford'[5/2], escape states is largEig. 2). The lifetime spectra
n=80-280 and foF =0.02-1.0 V/cm. The following nu- [Fig. 4(@] show two short lifetimes at 0.0268 crh
merical data were obtained) the energie€; of the{|j)}  (|a’|*=0.5) and atE;=0.0215 cm® (|a’|?=0.1),
states (Sec. 1), (ii) the decay widthsy; and lifetimes which exhibit thep’ doorway state and the' escape state,
7j="hlvy; of the{|j)} states andiii) the mixing coefficients respectively. In the lower energy domain of Figay where
|a{’|? of the (single) doorway stater=np’[3/2], within all  the mixing of thed’ escape states is already extensive, the
the|j) states. From these data we have constructed the lifeninimum of 7;=~100 ns atE;=—0.013 cm* reflects a
time spectra(7; vs E;), the accessibility _spectr(aiaﬁl”|2 vs residue of thesal’ states. Increasing the electric field to
E;) and the lifetime-accessibility magga{)’|? vs 7). F=0.1 V/cm[Fig. 4b)], the np’ mixing becomes strong

Typical results for the lifetime spectra and the accessifi.e., F(150,p')=7.5], with each of the two branches ex-
bility spectra for then=150 manifold at several electric hibiting three peaks which correspofiith the order of de-
fields are presented in Fig. 4. Both the lifetime and the acereasing energyto the two doorway and pure escape the
cessibility spectra reveal two branches, which manifest thescapes’ and the two escaped’ states. The lifetimes in the
structure of the coupling within the (2-1) dimensional range of large amplitudefFig. 4(b)] start converging to-
effective Hamiltonian. The coupling between the two sub-wards the average value ¢f5(150)=270 ns, Eq.(4.10.
manifoldsK=1—1/2 andK=I1+1/2 is weak, as compared The lifetime-accessibility map&=ig. 5 for F=0.02 V/cm
to the intrasubmanifold coupling. For low valuesfo0.02  [F(150p’')=1.5] andF=0.1 V/cm [F(150,p')=7.5]
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FIG. 5. Lifetime-accessibility maps fan=150 Rydberg manifold of Ar
(3P,,,np'[3/2]; doorway state (8) F=0.02V/cm. (b) F=0.1 V/cm. The
value of the strong mixing lifetimgrsy(n)) is marked by an arrow.

demonstrate the transition from the onset of mixirgp.
(4.4)] to the situation of strong mixing, Eq(4.6). For
F=0.02V/cm, [Fig. 5@], the lifetime-accessibility map for
weak p’ mixing is characterized byl) a short lifetime of
Tsnorr=25 hs (with a large amplitude oflal’|2=0.6),
which is close to, but longer than, the lifetimer [
=T'y(p')/n®l 7=20 ns of the (15p'[3/2],) doorway state
(Tables | and I} a very broad distribution of long lifetimes in
the range 75-2000 ns with amplitudegal)|?

4439

TABLE Il. Decay lifetimes for the strong mixing limit for Ar autoionization
via the?P,,,nd'[3/2]; doorway state.

n F(n,d")? (15m(n)) (n9°
60 0.13 3.5
70 0.28 6.5
80 0.55 11
90 1.0 18
100 1.7 27
112 3.0 42
130 6.3 77
150 13 131
200 54 417
240 95 866

#ForF=0.1 Vicm.
bEquation(4.10.

In Fig. 6 we portray the calculated time evolution of the
population P(t) for F=0.02, 0.05, and 0.1 V/cm over a
range ofn valuesn=100-250. Thetime resolved decay
curves at fixed= (Fig. 6) reveal a transition from a bimodal
decay at lowen to long-time nonexponential decay at higher
n, exhibiting the two coupling ranges:

Range(A). The range of the onset of effective coupling
of the np’ doorway and escape states, i.e.,
0.7<F(n,p’')<2. [In this range thend’ escape states are
quite effectively mixed, i.e., £F(n, d’)<4.] In this range
(Fig. 6) we observe:

(A1) Two distinct time scales for the decay.

(A2) A short lifetime in the range 0f20—100 ns. These
short decay times represent the residues ohthedoorway
state[Figs. 4a) and 5a)].

(A3) A broad distribution of very long decay times,
which corresponds to the ineffective mixing of thp’ door-
way and escape statésnd of thend’ stateg into the inac-
tive {|L)} manifold. The average valuér ong(n)) of the
long lifetimes for a given value afi is expected to be con-
siderably longer than the average valugy(n)), Eq. (4.10),
for strong democratic_mixing at this value of, i.e.,
(rLona(N))>(7(n)) for F(n,p')<2. In this range we may
set(r ong(N) = 7(N){7sm(N)), Wheren(n)>1 (=2-5 is an
(n dependentnumerical factor.

(Ad) (1one decreases with increasing, reflecting
more effective mixing. .

Range(B). The strong mixing domain, i.e5(n,p’)=3.

In this domain of sufficiently high, the two distinct time
scales of rang€A) collapse into a single long lifetime dis-

=0.048-0.005. The exhibition of two distinct time rangestribution, which exhibits(Fig. 6)

[ranges(l) and (II)] for the decay, together with a broad

(B1) A multiexponential slow decay with an average

distribution of long lifetimes, is characteristic of the weak value(7).

coupling situation. The physical situation drastically differs

for F=0.1 V/icm (F(150p')=7.5) [Fig. 5b)], where
strong p’ (and d’) mixing is exhibited. The lifetime-
accessibility map for strong mixindrig. 5(b)] reveals a nar-

(B2) That the average lifetimeg) are well represented
by the strong mixing lifetime$rgy(n)), Eq. (4.10.

Figure 7 presents the average lifetimegong) [range
(A)], and(7) [range(B)] calculated from the time domain

row distribution, which peaks around the average value, Eqt=200-1000 ns. Walso include in Fig. 7 the values of
(4.10, (t5u(150)=280 ns, as appropriate for the limit of P(t) att=600 ns, which are important to assess the experi-
strong mixing. It is important to notice that even in this lim- mental feasibility of the observation of these long lifetimes.
iting case there exist low-amplitude states with much longeFor range(A) of the onset of effective coupling these aver-
lifetimes. age lifetimes represent the averagg,g) of the long decay
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FIG. 7. Then dependence of the average long lifetimegong(n)) for
range (A) and (r(n)) for range(B) (dotted line$ and of the population
1.0 probability atT=600 ns(solid lineg for thenp’[3/2], doorway state(a)
o) F=0.1v/em F=0.02V/cm. (b) F=0.1 Vicm.

0.6

0.4

0.2

0.0

(©

FIG. 6. The time-resolved total populationf100—-280 Rydbergs of Ar
(3P,,np'[3/2]; doorway state with the n values marked on curves at
different electric field(a) F=0.02 V/cm. (b) F=0.05V/cm. (c) F=0.1

Vicm.

component, which decrease with increasingn this lower

200 400

250
F [see Fig. 7 where we have marked the onset of strong

mixing F(n,p’)=3]. As is evident from Fig. 3, the lifetimes
in range(B), which are obtained from our numerical calcu-
lations of P(t), are well represented by the simple strong
mixing result, Eq.(4.10.

Complementary information is obtained from the calcu-
lated ZEKE spectra, i.e., thHe(t) values at fixed vsn or vs
the energ)E (defined relative to IR0). In Fig. 8 we present
the calculated ZEKE spectra for several delay tirttes60,
200, and 400 nsat several values d¢. At short delay times
(t=60 n9 a sharp rise oP(t) vsn is exhibited marking the
transition from range Ai.e., the long-time low-amplitude
component of range JAto range B, with increasing. For
longer delay timeqt=200, 400 ny the increase of(t)
spectra with increasing is more gradual than for the short
delays. For lowen values 6=100-150) anarked depen-
dence of the spectra on the electric field strer(§th0.02—

600
t(ns)

800 1000

n range(A) the amplitudes of the long-time component of 0.1 V/cm) is exhibited with the spectrum moving towards

P(t) [marked byP(t=600 ng in Fig. 7] are rather low, i.e.,

lower n values and rising more gradually with increasig

P(t=600 ng$=<0.1, providing an experimental challenge These effects manifest the movement of the onsets for effec-
from the observation of these very long lifetimes. For rangeive mixing and for strong mixing towards lower values
(B) of strong mixing the lifetimes are nearly independent ofwith increasing~. For larger values of (>150) the spectra
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FIG. 8. The calculated ZEKE spect{?P,,,np’[3/2]; doorway state(P(t)
at fixedt vs n). (a) Delay time dependence=60, 200, and 400 ns at
F=0.05V/cm. (b) Field dependence at fixee-60 ns,F=0.02,0.05, and
0.1 Vicm.

are practically independent of the electric field strerjéiy.
8(b)], reaching the strong mixing region.

The electric field dependence of the temporal populatio
P(t) vst for a fixed value ofn provides a complementary
insight into the transition from range A to range B with in-
creasing F (Fig. 9. For low field F=0.02 V/cm
[F(150p')=1.5] P(t) is characterized by two distinct
time scales, with a very long decay componéngye =830

ns, which reflects effective, but weak mixing. With increas-

ing F to 0.05 V/icm F=3.8), thestrong mixing situation is
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FIG. 9. Electric field dependence of BR(t)] vst for n=150.F=0.02,
0.05, and 0.1 V/cntmarked on the curvésor the?P,,,np’[3/2]; doorway
state. The insert shows the dependence of the long lifetimds, avith the
arrow marking the limit of strong mixing given birsy(n)), Eq. (4.10.

bution of off-diagonal elements df. The nonvanishing off-
diagonal matrix elements of are subjected to angular
momentum conservation. Thus finite off-diagonal terms will
appear between pairs bffK]; (K=1'=*1/2) states with the
same value of '(3=<I'<1). Nothing is known about these
off-diagonal matrix elements df, so we make an intelligent
guess for the upper limit ofthe absolute values pfuch
elements expressed in terms of the diagonal elements, i.e.,
rapr+a/2]y, UV[I'=12])~=[rd'[1"+/2);)rd'
—1/2]5)]*"2. In this heuristic description the dominating off-
diagonal matrix element connects thed’'[3/2]; and
nd'[5/2], states, and its value was takdiable ) as
6000h® cm™l. Numerical calculations using the off-
diagonal effective Hamiltonian revealed that the effect of
these off-diagonal matrix elements is minor, e.g.,rfer150
and 200 aF=0.05V/cm the change ifP(t) is smaller than

59 for all values oft. This very weak coherence effect on

the dynamics can be readily rationalized in terms of the di-
agonal sum rule, Ed4.7), in the strong mixing situation, Eq.
(4.10. In the strong mixing limit thgaverage decay times
are independent of the off-diagonal elementd’of

realized with a single multiexponential decay component. Of

course, the field-induced spectia., P(t) for fixedt andn
vs F] will exhibit either an increaséat shorteit<<600 ng or
a decreasdat t>600 ng with increasingF. The electric
field dependence of the average lifetimes, i{&.ong) fOr
F=0.02V/cm and(7) for other values of in Fig. 9 reflects

V. THEORY, EXPERIMENT, AND PERSPECTIVES

The predictions emerging from our theoretical analysis
for the autoionization dynamics via tmg'[3/2]; doorway
states are

the shortening of the long lifetime with enhanced mixing. In(1) The identification of the onset of effective mixing and of

the rangeF=0.05 V/cm (1) is weakly field dependent, con-
verging to the valud(150)=280 ns, Eq.(4.10 (see in-
sert to Fig. 9, as appropriate for the strong mixing limit.

E. A comment on coherence effects

In our calculations we have used the effective Hamil-
tonian with the diagonal decay matrix, neglecting the contri-

range(A) (0.7<F(n,p’)<1.5).

(2) The characterization of rand8) for strong mixing, i.e.,
F(n,p’)=3.

(3) The characterization of a hierarchy of two time scales for
the decay in rang€A).

(4) The prediction of a fast decay component in rage
which manifests a residue of thep’ doorway state.
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FIG. 10. Confrontation between the theoretical ZEKE spectra and the ex- n

perimental results of Mhipfordt and Ever(Ref. 48 (°P,,,np’[3/2], door- . .
way statg. The solid lines show the calculated ZEKE spectra for delay timeFIG. 11. The confrontation between the theoreticatiependence of the
t=200 ns at electric fields dF=0.02,0.05, and 0.1 V/cnfmarked on the ZEKE lifetimes and the experimental lifetimes of Klpfordt and Even

curves. The open points show the experimental d@ef. 49. (Rgf. 4_18 for Ar autoionization via t_h_éPl,zn p’[3/2], doorway state. The
solid line represents the strong mixing res{4y,(n)), Eq. (4.10. (®) For
F=0.1 V/cm and(l) for F=0.05 V/cm represent the calculated average
lifetimes [for the decay ofP(t) in the ranget=200-1000 nkusing the

(5) The prediction of a distribution of very Iong lifetimes, multichannel effectiye Hamiltonian. The open poiri€3) with error bars
with an average value dfione) in range(A). (none)  cPresent the experimental ddRef. 48,
(for a fixedn manifold exceeddby a numerical factor
of 2-5 the strong mixing diluted valuér(n)), Eq.
(4.10. (7 one) decreases with increasing(at fixed F)
and with increasing- (at fixed n) manifesting the en-
hancement of mixing.

increasingn (i.e., xn%). The experimental lifetime data
7(n),*® at n=<100, arebelow experimental resolution. An
abrupt increase of the experimentgln) at n=120 to a
e . . .. large value of7{120=510 ns is exhibited, followed by a
(6) The average lifetimeé7(n)) in range(B), which origi dgradual increase of(n) vs n in the rangen=120-260%

nate from a democratic dilution of all the doorway an These experimental ddfare reproduced in Fig. 11. The

escape states, can be well accounted for by a Slmpl8xperimental lifetime® in the highn range,n=190-260,
analytic result, Eq(4.10.

(7) In range(B), ( 7(n))=cn*, increasing fast with increasing are compatible with our theoretical results for the strong

. : mixing situation(Fig. 11). For the lowem=120-150 val-
n. TheF dependence dfr(n)) (at fixedn) is very weak. ues a large positive deviation of the experimentai) datd®

We shall confront our theoretical data for the ZEKE from the strong mixing results is exhibitd&ig. 11). These
spectra and lifetimegat fixed F) with the experimental re- high values ofr(n) (n=120-150) are noinconsistent
sults of Mthlpfordt and Everf® The main features for the with the results of our analysis in rangd) for F=0.05
theoretical ZEKE spectrérig. 10 are(i) The increase of the V/cm (Fig. 1J).

ZEKE signal (P(t) at fixedt) with increasingn (or E) at Our analysis of the experimental results of hpfordt
fixed F, manifesting a transition from rang8) (at lowern) and Evkef® provides the following conclusions. First, we
to range(B) (at highn). (ii) The appearance of low energy identified the strong mixing regime where semiquantitative
tails in range(A), which are more pronounced at higer  agreement between the experimental lifetime data and spec-
(ii ) For the relevanF values rangéA) spans a rather broad tra and our theoretical predictions is obtained. Second, a ten-
n (andE) domain, which has to be handled by our completetative identification of rangéA) in the ZEKE spectra and
treatment.(iv) The F independent increase of the spectrumlifetimes for lower n(=150-120) values was accom-
for large n marks the attainment of rand®). The experi- plished. These results provide partial information pertaining
mental spectral datéat the delay timeé=200 andF=0.1  to predictions(1), (2), (5)—(7). For the time being, predic-
V/cm) reproduced in Fig. 10 from the work of Mipfordt  tions (3) and(4) were not subjected to an experimental test,
and Evef exhibit a gradual increase, with an indication of a as they require short-time resolved10 n9 ZEKE spectros-

low energy tail. Reasonable agreement is found between owopy, which has not yet been accomplished. From the theo-
theoretical results and the experimental data for the ZEKEetical point of view, our predictions, particularly those for
spectré® for F=0.1-0.05V/cm (Fig. 10. range (A), require detailed experimental information on

The main features of the theoretical lifetime défag.  quantum defects5(1), which are mostly available, and for
11) which are relevant for the analysis of the experimentalthe width parameter§y(IKJ), which are scarce. Even for
data(at fixedF) are(i) In range(A) (7 ong(n)) considerably  the extensively studied Xe atom these parameters, well
exceeds(see point(5) above the strong mixing value known for thens' state$* are unknown for thenp’ states
(1sm(n)), Eq. (4.10. (ii) In range(A) {7 onc(n)) decreases and are known within uncertainty o£30% for the nd’
with increasingn. (iii) In range(B) (7(n)) increases with state$ Thus the theoretical hunting ground is, at present,
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limited due to lack of input information for the construction of the widths parameters in E¢6.1) is expected to depend
of the effective Hamiltonian. Regarding our numerical pro-on the system, one expects that the system specificity of the
cedure, we had diagonalized the effective Hamiltonian for alynamics will be manifested by the numerical proportional-
single n manifold. Two extensions are necessary. First, wety factor in D(n).
have performed our calculations for te=0 component of Searching for universal features of Rydberg ZEKE dy-
the 2P,,,np’[3/2], triplet state. The inclusion of the namics in atoms, molecules and clusters, we should focus on
M=+1 componentgwith appropriate weights determined the strong mixing limit for which(rgy,(n))=&an*/T'{ and
by experimental excitation conditionshould be performed. Pgy(t)=exp(—tI'{/éAn%), where T’} is the sum of the
Second, this procedure, which disregards mixing betweewidths parameters, argla numerical constarie.g.,é=2 for
adjacentn manifolds, is valid, in principle, wherF<1/  the present problemThese simple results establish the uni-
5(1")(mod?) for all thenl” doorway and escape states. We versal features of a one-parametie., (I'}/£)) description
have showri® on the basis of model calculations for a single of the dynamics in the strong mixing limiB). This conclu-
doorway(and escapestate, that the effects of intermanifold sion is borne out by our detailed numerical calculations. On
mixing on the dynamics are small. Nevertheless, a detailethe other hand, the elucidation of the Rydberg ZEKE dynam-
exploration of the dynamics of adjacemimanifolds will be ics in range(A) requires a full-fledged diagonalization of the
of interest. effective Hamiltonian. In this range only general qualitative
Our theoretical treatment provides a rather complete picinformation, i.e., the hierarchy of two time scales, can be
ture of the electric field induced dilution of the autoioniza- inferred without numerical analysis. For a quantitative de-
tion lifetimes. The dilution occurs for both the doorway statescription of the dynamics in rang@\), a detailed analysis
and the pure escape states within the ZEKE Rydberg manbased on the multichannel effective Hamiltonian is required.
fold. The characteristics of the dilution are quantitatively dif-
ferent for (7 ong(N)) in range(A) and for(n=(rgy(n)) in  ACKNOWLEDGMENTS
range_(B), as su_mman;ed by point§) and (). From the_ We are grateful to Uzi Even for useful discussions, for
experimental point of view, one may attempt to adopt a sim- . S . . .
s . . . . extensive prepublication information and for his permission
plified single channel analysis and consider a single escapé . . . o
) . . 0 quote his experimental results prior to publication. We are
state, which also constitutes the doorway state, i.e., the Ar S ) . . )
) : . grateful to Freleric Merkt for stimulating discussions, for
np’[3/2], state for the problem at hand. This approach is g . . o
. ) . .Y -communicating to us his unpublished ZEKE lifetime data
attractive to the experimentalist, as it involves the compari-

son between the lifetimes of lowarRydbergs obtained from filgg f\c/)\;eh:repegffsdf tno tgigﬁgfs g'esrsrg‘:’]lrjlltso?ir'grhg;r?#:\llscf )
spectral line broadening and the lifetimes of ZEKE Ryd-_ ° 9 ! Y,

bergs, as done by Merkt and by apforct and Even for (B0 0 MR, COR L TE S0 T ported b
Ar3%8and for large molecule€ This experimental dilution Y : o )

of the lifetime of a doorwayand escapenp’ state in the the Binational Germe}n—lsrael James Franck program for
. . . . , Laser—Matter Interaction.

strong mixing situation isD(n)=(7gyu(n))/7(np"), where

(rsm(N)) is given by EQ.(4.10 and 7(np’)=n34/Ty(p’)

with T'p(p’)=2100 cm:*® The dilution factor is APPENDIX A: SPECTROSCOPIC NOTATION

D(n)=2nTy(p’)/T§, and making use of Eq4.9) we infer The Rydberg states of the heavier rare gas at@nsr,
that and Xe are best characterized by th@ coupling
schemé®"%j is the total angular momentum of the ionic
D(n)=2n|To(p’) /2 Fo(”(\])} (5.1) core,l is the orbital angular momentum of the Rydberg elec-
3] tron, K is the resultant angular momentum from the coupling

o . ) of j andl. K is weakly coupled to the electron sgno give
This dilution factor manifests the multichannel character Ofthe total angular momentum of the atain The electronic

the dynamics, involving the decay widths of all the escapgates are labelled &®;nl[K],. The two lowest electronic

states. As the ratio states of Af are 2Py, (first ionization potential IP1
=127 110:0.4 cm ) and?P,,, (second ionization potential
p=|To(p) /2 Io(lkd)|<1 (5.2 IP2=128541.7-0.3 cm ' and the more accurate value
(IkJ) IP2=128 541.8 crn’.%3 The first Rydberg series converging

(being of the order op~0.11 for Ar autoionization via the © Pl is?Pg/onl[K];. T,he autoionizing Rydberg series con-
np' doorway state we expect thaD(n)=2np=<2n. This verging to IP2 Py, ,nl [K.]J3 Wlth theT prime orl labelling
result constitutes a generalization of the general conside#—zl/2 states. In the autoionizing senqsw.(1/2) each valu_e
ations advanced by ChupR&3 Bordaset al,*5 and Merkt of | (exceptl=0) corresponds to four different states, i.e.,
and Zaré® who proposed thab(n)=2n. We have focused K=!+1/2 andJ=K=1/2.

on atomic ionization, however, the universality principle for
ZEKE Rydberg coupling and dynamics implies that Exj1)
(with an appropriate extension of the definition of the widths
parameters to include other nonradiative channislsappli-
cable for atoms, molecules and clusters, where one expects We consider one-photon excitation of the Rydberg mani-
thatD(n)=n for the strongl mixing limit.>3>~3As the ratio  fold from the *S,3p® ground state, which was experimen-

APPENDIX B: AUTOIONIZATION DYNAMICS FOR THE
RYDBERG MANIFOLDS EXCITED VIA THE
2p,,,nd’'[3/2], DOORWAY STATE
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tally studied by Merkf! The selection rules dictate excita- 3p— nd excitations. Thus the overwhelming transition prob-

tion to the two series?P;,,ns'[1/2]; and ?P,,,nd’[3/
2],. The asymptotic one-electron oscillator strengtter
hydrogenic orbitals for the B—ns excitation is 0.3n"3,
while for the 3— nd excitation it is 6.1n "3, with a ratio of

oscillator strengthgat fixed n) being ~20 in favor of the

s'[1/2], 3 3 0 0
3 p'[1/2], 0 3 0
3 0 p'[3/2], 3 3
0 3 3 d'[3/2], 0
0 0 3 0 d'[5/2]5
0 0 0 3 3
0 0 0 0 3

The Stark couplinggdenoted byd) between andl +1 (for
AS=AM=Aj=0) are given by Eqgs(4.2 and (4.3 and
have the following forms:

ForkK=1-1/2,J=1-1{AK=AJ=Al=1}:

[1(1+1)]*2

<J,K,||Z|J+1,K+l,|+l>=T

|r|v'1+1),
(B2)
for K=1+1/2,J=1+1{AK=0, AJ=Al=1}

1
<J,K,I|Z|J—1,K,I+1>=W(vlhhﬂl—i—l),

(B3)
and forK=1+1/2,J=1+1 {AK=AJ=Al=1):
(3K, lZ|J+1,K+1,1+1)
I+1)(1+2)]"2
_Ld+Dd+2)] (]t v’ +1). (B4)

21+3

The onsets of effective mixing, E@¢4.4) and for strong
mixing, Eq. (4.6), are lower for thend’ states than for the

ability is to the?P,,,nd’[3/2], series. For each manifold
the 2P,,,nd’'[3/2], state constitutes the doorway state. The
doorway singlet statéP,,,nd’[3/2]; (M=0) interacts ac-
cording to the selection ruléd.1) with six escape states. The
multichannel effective Hamiltonian for this problem is

0 0

0 0

0 0

3 0

3 3
f[5/2], 0

0 f117/2],

(B1)

Merkt's time-resolved ZEKE spectroscafy? (at low
background fieldF=0.1 V/cm) for the Ar autoionizing
Rydberg manifolds excited via tté;,,nd’[3/2]; doorway
state, exhibits the following features:

(@ An onset of the ZEKE spectrurfat the decay time
t,=200 n3 is exhibited an=70-753""?This onset
corresponds to average lifetinfég7)=30-50 ns for
n=75-78.

(b) A gradual increase of the amplitude of the ZEKE spec-
trum (t5=200 n3$®"2and of the lifetime& towards
higher n values is exhibited. Fon=91 the average
lifetime is (7)=250 ns’?

(c) Abroad peak in the ZEKE spectruft, =200 ns oc-
curs aty=120-180""2

(d) A sharp drop of the ZEKE spectrum at>180 is ex-
hibited. The amplitude of the ZEKE spectrum drops to
zero atAE=3.2 cm ! below IP=128 541.8 cr*"?
i.e., atn=185. This energy shift is somewhat higher
than expected for the field-induced shift of the ioniza-
tion potential, i.e., AE(calculated=1.9 cm! (n
=240) forF=0.1 V/cm.

We can now confront Merkt's experimental restit&

np’ series(Fig. 2. Typical F(n,d’) data are summarized in with our calculations. The experimental onset of long life-

Table II. In the limit of strong mixing F(n,d")>3) the

times atn=70-75[observation(a)] is in agreement with

average lifetime of a ZEKEh manifold accessible via the OUr theory. According to th&(n,d’) data of Table I, the

nd’ doorway state is given byrsy(n))=2n*4/T'], Eq.
(4.10, with I'J=40 800 cm® as obtained from Eq(4.9)
and the data of Table | for the effective Hamiltonié®il).

regionn=70-80 corresponds to the onset of effective mix-
ing under Merkt's experimental conditiolts? (F=0.1
V/cm), with F(n,d’)=0.3-0.6,corresponding to the onset

The limiting decay times are summarized in Table II. Nu-©f range(A). Forn values just above the onset of ran@e
merical calculations performed by the diagonalization of theV€ expect that théaverage long lifetime is

effective Hamiltonian forn values which correspond to
range(A) (for a fixed value ofF) resulted in the increase of

the long time(low-amplitude component(r ong(N)) by a

(TLong(N))=n(N){Tsm(N)), (B5)

with the parameterg(n)=3-5. From Table Il we then infer

numerical factor of 2-5 relative to the limiting values of that (7 ong(70))=20—-30 ns and 7 ong(80))=30-60 ns, in

Table Il, in analogy with the results for thep’ doorway
state(Sec. V).

reasonable agreement with experimental fatear the
threshold of ranggA). This analysis does also provide a
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proper rationalization for the observatid#® that the onset
of effectivend doorway state mixingn=70-80 atF=0.1
Vi/cm) is exhibited at lower values afi than for thenp’
doorway state mixingn=100 atF=0.1 V/cm). However,
for the dynamics of autoionization via tHé,,,nd’'[3/2],
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