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We present a simple model to evaluate the degree of / and m; mixing in high Rydberg states that
results from perturbations caused by weak, homogeneous dc electric fields and static ions. This
model predicts the lifetime of these states qualitatively and explains several seemingly contradictory
observations obtained using zero-kinetic-energy (ZEKE) photoelectron spectroscopy. The presence
of a small homogeneous dc electric field and a few ions in the sample volume causes m; mixing in
general as well as / mixing, both of which contribute to the lengthening of the lifetimes.
Consequently, the lifetime lengthening appears to be insensitive to the sample pressure. The effect
of the dc electric field on the lifetime is complex. Although the electric field results in / mixing, with
increasing field strength it inhibits m,; mixing, and, at still higher field strength, induces ionization.
The variation of the lifetimes with ion concentration is also complicated. At low ion concentration,
the m; mixing varies across the Stark manifold of Rydberg states that belong to the same principal
quanfum number, so that different states have different lifetimes. At higher ion concentration, / and
m; mixing are more uniform, which lengthens the lifetimes and makes them more similar across the
Stark manifold. At still higher concentrations, collisional ionization dominates, which shortens the

lifetimes.

I. INTRODUCTION

Over the past 10 years, the technique of zero-kinetic-
energy (ZEKE) photoelectron spectroscopy has become es-
tablished as a powerful tool to obtain high-resolution spec-
troscopic information on singly charged positive ions.!3 The
method differs from conventional photoelectron spectros-
copy in that the ionization is not direct. A ZEKE experiment
consists of three phases. First, the sample is photoexcited by
a pulsed light source to one or more ionization continua
and/or pseudocontinua of high Rydberg states located near an
ionization threshold. Second, unwanted photoelectrons pro-
duced with kinetic energy by direct ionization, fast autoion-
ization, or both are removed during a chosen time delay that
can last, depending on the system, from several hundreds of
nanoseconds to several tens of microseconds. Third, at the
end of this waiting phase, the high neutral Rydberg states
that have remained in the excitation region are field ionized
and extracted by a pulsed electric field, the magnitude and
shape of which can be adjusted to achieve optimal resolution
and sensitivity.>~> The first and third phases of a ZEKE ex-
periment are reasonably well understood, but the rules that
govern the evolution of the system during the second phase
are only beginning to be unraveled. Those states that are
optically accessible and initially populated in ZEKE spec-
troscopy are known, or estimated fairly accurately, but the
nature of the states probed at the end of the delay time when
the pulsed electric field is applied is unknown.

One surprising property of the states probed by delayed
pulsed field ionization is their lifetime, which can exceed the
lifetime of the optically accessible low-I, low-m; (I and m,
refer to the orbital angular momentum and azimuthal quan-
tum numbers, respectively) states by several orders of
magnitude.’ "' Several interpretations have been proposed
for these lifetimes; some point at the importance of electric
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field and collisional effects>®8~1%!5 and others at intramo-
lecular energy redistribution processes’ and breakdown of
the Born—Oppenheimer approximation.'' We investigate in
this paper how, under conditions typical for a ZEKE experi-
ment, neighboring charged particles can induce / and m,
mixing in a high Rydberg state and thereby prolong the
state’s lifetime by spreading its wave function among non-
penetrating, stable high-/, high-m; orbitals. This work
complements recent im't:stigaau;ionss“13 and leads us to pro-
pose an interpretation of most experimental observations
made to date concerning the lifetimes of the states probed by
ZEKE photoelectron spectroscopy.

Chupka® was the first to point out that, for NO, the life-
time of the states probed in the ZEKE t:x}:lerijrlentz"“5 was
too long for the optically accessible predissociative p series
although possibly compatible with that of the f series. He
further suggested that [ mixing (or Stark mixing) induced by
electric fields could prolong the lifetime by a factor of # (n is
the Rydberg principal quantum number) by spreading the
Rydberg wave function equally among all n states with /
values from 0 to »— 1. Indeed, high-/ states do not penetrate
into the core region and are stable against predissociation
and autoionization. Similarly, collisional interactions with
ions or neutrals could induce m; mixing and increase the
lifetime by an additional factor of 1. Pratt® then showed that
relatively weak dc electric fields could lead to the almost
complete disappearance of the ZEKE signal in NO, a-phe-
nomenon he attributed to field-induced predissociation. In
experiments’ in which the ZEKE spectrum of the Rydberg
states located below the two spin—orbit states (*P5, and
2P,p,) of Ar* was recorded, and the measured lifetimes com-
pared with those obtained' from a line shape analysis of the
optically accessible s’ and d' series, the states probed by
ZEKE spectroscopy (called “ZEKE” states below) were
found to be unexpectedly long lived, and their lifetimes
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could not be explained solely by the effects of homogeneous -
de electric fields. Indeed, as for NO, dc electric fields of 2—-3

V/cm were found to cause the disappearance of the ZEKE
signals. Zhang, Smith, and Knee® demonstrated that the life-

time of the ZEKE states depended on the fluence of the ion- .

izing lasers; high laser fluences shortened the lifetime of the
highest Rydberg states, but the lifetime was independent of
the pressure of the sa.mplc gas, a conclusion also reached by
Bahatt, Even, and Levine.”

Three paradoxes are apparent in these observations. (1)
Whereas dc electric fields undoubtedly contribute to enhance
the lifetime of the ZEKE states in some systems, they also
seem to cause the disappearance of the ZEKE signals in NO
and Ar. Therefore, [ mixing by electric fields cannot be the
only source of, and can sometimes even shorten, the life-
times of the ZEKE states. (2) How can collisional interac-
tions, which also lead to / mixing, prolong lifetimes in cases
in which electric fields fail to do so? (3) If collisional effects
are the origin of the long lifetimes, why does an increase in
the sample gas pressure not have any apparent effect on the

lifetimes? One explanation of the first two paradoxes, based -

on experiments conducted under a wide range of pulsed and
dc electric fields, proposes that for argon collisional / and m,
mixing alone can account for the observed lifetimes and that
dc electric fields effectively inhibit the formation of the
ZEKE states.” A major aim of this report is to investigate
whether this suggestion can be substantlated by a simple
calculation of collisional / and m; mixing.

To model collisional mtcractlons. we elaborate on Chup-
ka’s [ and m, mixing interpretation.” We adopt a perturbative
approach and investigate whether an inhomogeneous, noncy-
lindrically symmetrical electric field that consists of a homo-
geneous part (correspondmg to a weak stray or intentionally
applied dc electric ﬁeld) and an mhomogeneous part (corre-
sponding to the field of a resting ion) can induce collisional
[ and m; mixing in a high Rydberg state. The results enable
us to distinguish between different regimes of / and m; mix-
ing depending on the magnitude of the homogeneous dc
component of the electric field and the densuy of the perturb-
ing ions, and they support the conclusion’ that dc. electnc
fields can inhibit collisional m; mixing.

Il. GENERAL CONSIDEBA‘I'IONS'

The states probed by delayed pulsed field ionization in a
ZEKE experiment have principal quantum numbers n that
typically range from 100 to 250. Higher Rydberg states are
difficult to observe in ZEKE experiments either because their
large radius makes them very sensitive to collisional ioniza-
tion or because the weak electric fields inevitably present in
the ionization region are sufficient to ionize them. Indeed,
the lowering of an ionization threshold (in cm™") by a ho-
mogeneous dc electric field of magnitude F (in V/cm)
amounts to approximately 6FY2, Table I lists the classical
radius and energy of Rydberg states as a function of their
principal quantum number » and the minimum dc field re-
quired for their field ionization.

Charged particles are usually produced near the high Ry-
dberg states in ZEKE experiments. Their density depends on
the experimental conditions (laser fluence, carrier gas, ion-
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TABLE L Classical radius and energy of a Rydberg state with principal
quantum number 7 and magnitude of the minimum electric field required for
its field ionization.

n © E,~IP (cm™) E (Vicm) r (um)

50 —44 53 0.13
100 =10.9 23 0.53
150 —-49 0.67 1.2
200 2.7 0.21 2.1

ization scheme, etc.) and lies typically between 10 and 10°
ions/mm’. The distance between a Rydberg atom or molecule
and the nearest ion may therefore vary between 1 um and 1
mm; a typical distance is 50 pm. The field of an ion at a
distance r from the point charge equals Ze/(4 mweyr’) and is
given in Table II for a series of values of ». Only Rydberg
states with principal quantum number ~ smaller than the n
values listed in Table II are stable in the presence of the
electric field of the perturbing ion. Furthermore, the thermal
velocity of the ions in the ionization region may range from
20 to 500 m/s depending on the expansion conditions. Such
ions can travel up to 500 um during a delay time of 1 us.
Too high a density of charged particles in the ionization re-
gion may therefore lead to the collisional ionization. of all
high Rydberg states before the pulsed electric field is applied
and prevent the observation of a ZEKE signal. Although
trivial, these considerations account for the observation made
by Zhang, Smith, and Knee® that the highest Rydberg states
are less likely to be detected by delayed pulsed field ioniza-
tion with increasing laser fluence and/or delay time between
photoexcitation and the pulsed electric field.

The weak stray fields of the order of 20~100 mV/cm that
are always present in ZEKE experiments'~*20-22 can induce
a significant degree of Stark mixing (I mixing). Analogies
exist between the high Rydberg states of most atoms and
molecules and those of the hydrogen atom. Consequently, the
hydrogenic Rydberg states form a good starting point for a
discussion of the Stark effect in more complex systems. In
the presence of a homogeneous electric field, [ ceases to be a
good quantum number. The states are more convenientlj['i&
beled with the parabolic quantum numbers 7, and n,, which
can take on the values from 0 to n—1 and satisfy the condi-
tion n,+n,+|m|+1=n (See Ref. 23 for more details). In
the hydrogen atom, all |I,m;) states (or equivalently all
|7, ,nym) states) associated with a given value of n are de-

TABLE IL Electric field of an ion (in V/em) at various distances r from the
point charge. All Rydberg states with principal quantum number n equal to
or higher than the values listed in the third column can be ionized by the
electric field given in the second column.

r (pm) E (V/cm) . n
0.1 1.44%10° 22 -
1 14.4 T04in;
5 .. 0.576. 155
10 0.144 220
100 1.44x1073 695
1000 1.44%x107° - 2200
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FIG. 1. Energy level structure (not to scale) of the Stark states in hydrogen.

generate in the absence of an electric field. In the presence of
a homogeneous electric field of strength F, the Stark struc-
ture of a Rydberg state of hydrogen is given to second order
by

E(n,ny,ny,m)
=Ryl 1 —1/n?+3(F/5.1422X10%)n(n,—n,)
—1/8(F/5.1422%X10%)2r*(17n%—3(n; —ny)?
-9m*+19)], (1)

where the factor 5.1422X10” converts atomic electric field
units to V/em. The first two terms in the square brackets on
the right-hand side of Eq. (1) correspond to the Rydberg
formula; the third and fourth terms represent the linear and
quadratic Stark effects, respectively. At low to moderate field
strengths, the energy level structure is fairly well character-
ized by the linear Stark effect. Figure 1 shows a schematic
diagram of the Stark level structure of an n=>5 Rydberg state
of hydrogen. The situation can easily be generalized to
higher values of n. Most levels, particularly those located in
the middle of the Stark manifold, still display a large amount
of m,; degeneracy.

In larger atoms and in molecules, the situation is more
complex:”'zg the high-/ states, which have vanishing quan-
tum defects, form a hydrogenic manifold of almost degener-
ate states at zero fields. In the presence of electric fields,
these states behave rather similarly to the situation described
above for hydrogen. Their energy level structure is domi-
nated by the linear Stark effect. The low-! states that have
nonzero quantum defects are separated from the high-/ hy-
drogenic manifold and start displaying a quadratic Stark ef-
fect at low field strengths before they merge into and start
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interacting with the hydrogenic Stark manifold of high-/
states at intermediate field strengths.?*? Although Eq. (1) is
relatively accurate at low field strengths, it becomes invalid
once the Stark manifolds that correspond to successive val-
ues of n overlap. Interactions between states that have the
same azimuthal quantum number m but belong to different n
lead to avoided crossings. These avoided crossings are par-
ticularly marked at low values of m and become increasingly
widespread as the field strength increases.”* As a result, the
near degeneracy between the m sublevels of a given Stark
state, which at low fields are split only by the quadratic Stark
effect, is broken at larger fields, a fact of considerable im-
portance for the discussion to follow. Although some aspects
of the interactions between high Rydberg states and colliding
ions and neutrals have been discussed in Ref. 29, we focus
here on the factors that are critically important to the process
of m; mixing and that have not been addressed in the earlier
work.

liil. SIMPLE MODEL FOR ION-RYDBERG
INTERACTIONS

Unlike [, the azimuthal quantum number m; remains a
constant of motion as long as the potential felt by the Ryd-
berg states retains cylindrical symmetry. Homogeneous and
cylindrically symmetric electric fields therefore do not in-
duce m; mixing. For instance, in the absence of dc electric
fields, a perturbing particle at rest in a coordinate system
fixed at the center of mass of the ionic core of a Rydberg
atom or molecule cannot cause any m; mixing, nor can a
particle moving toward the Rydberg atom with vanishing
impact parameter. A wide range of external perturbations
could contribute to induce m; mixing in a ZEKE experiment,
e.g., a dc electric field and the field of a resting particle (ionic
or neutral), a distribution of static charges, a magnetic field
and an electric field not parallel to each other, a particle (ion,
electron, or neutral) moving toward the Rydberg atom with
nonzero impact parameter, or any combinations of these. Al-
though all these perturbations may be significant, we con-
sider here only the case of a Rydberg atom in a homogeneous
electric field that is subject to the perturbation of a single ion
located at a fixed distance R; from the Rydberg center. This
choice is justified because the ionization region in most
ZEKE experiments is shielded to minimize magnetic fields.
Also, the collisional effects were found to occur within a few -
tens of nanoseconds®’ and the distance traveled by all par-
ticles apart from electrons during this time is likely not to be
sufficient to induce much m; mixing. Finally if the colli-
sional m; mixing is induced by a distribution of charges, it is
reasonable to begin by considering the effects of a single
charged particle.

The situation is depicted in Fig. 2. The z axis is chosen
to lie parallel to the electric field vector F. The coordinate
system is centered on the Rydberg atom. The polar coordi-
nates of the Rydberg electron and of the perturbing ion in
this system are labeled (r,,6,,¢,) and (R;,8;,¢;), respec-
tively. The angle between the position vectors Ry and r, is
labeled 6,. The starting point for the discussion is the
Hamiltonian H for the hydrogen atom, which can be decom-
posed in three parts, the unperturbed Hamiltonian
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FIG. 2. Schematic representation of the model used to calculate m; mixing
in the high Rydberg states probed in ZEKE experiments. The coordinate
system is centered on the Rydberg atom and the z axis is chosen to lie
parallel to the electric field vector F. The polar coordinates of the Rydberg
electron and of the perturbing ion in this system are labeled (r,, 6, ,¢,) and
(R;,0;,¢;), respectively. The angle between the position vectors Ry and r,
is labeled 6;, .

2 2 e?
HQZ _ﬂ Ve"'

the Stark operator Hg,=eFz, and the perturbation V
caused by the ion. The eigenproblem to be solved is then

HY =(Hy+ Hguy+ V)V =EV. @)

4aregr,’

The form taken by the Stark operator e Fz in polar and para-
bolic coordinates is found in the literature.”>~?

The perturbation V of the Rydberg atom by the ion can
be written as

o e (1 1 4
_471'50 R I R;B 3 ( )
Because the position of the perturbing ion is considered

fixed, the first term in Eq. (3) is constant and may be ne-
glected. Using the expansiou

— = 2 ;FT Py(cos 6), )

-"12 k=0 >

where r. and r- stand, respectively, for the lesser and the
greater of r; and r,, # for the angle between the position
vectors r; and r,, and P,(cos #) is an ordinary Legendre
polynomial, Eq. (3) can be rewritten as

Al TN, Q. IOy 5
41760 __R_;; = FEO £ F k(COS Ie}- ( )

The perturbing ion is assumed to lie sufficiently far from the
Rydberg atom that R; can be considered to a good approxi-
mation to be always greater than r,. Applying the spherical
harmonic addition theorem to Eq. (5) leads to
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e* % re 4w
drey Ri*! 2k+1

k=0

k

% X f—l)mqw,,mm 80,80, (6)

g=—k

where the Y, (6,¢) represent spherical harmonics. Because
the position of the perturbing ion is fixed, its coordinates R/,
;, and ¢, enter Eq. (6) simply as parameters.

A solution to Eq. (2) can be sought either by treating V
as a perturbation to a zero-order Stark Hamiltonian
Hy+ Hgpy or by treating Hgp,+V as a perturbation to Hy,.
In the former case, the eigenfunctions of the unperturbed
problem are Stark states which, as discussed above, are con-
veniently characterized in parabolic coordinates by the quan-
tum numbers n, n;, #5, and m. The perturbation by the ion,
though, has a simple form in spherical coordinates [see Eq. .-
(6)] and the advantage of working in parabolic coordinates is
largely lost. The parabolic eigenfunctions |n,n,,n,,m) can
be represented as a linear combination of hydrogenic
|n,l,m;) functions

n,mn !n21m> :E cil”?"’m!)
I

= ciRp (7)Y im(6. . P.)- )
1

Considering interactions between levels that have the same »
value only, the off-diagonal matrix elements of the perturbed
system can be written as

(n,ny,ny,m|Vin,ni,ny,m')

2 CIE d!’z T—_Zk'l‘l

4 TEn I k=0

R
X J’ OrgdreRnJ(re)rﬁRnJ‘(re)
e

e

k
X > (= DY 1l Yigl Y11 mr Y Y= o( 61, 1) (8)

where R is chosen to be sufficiently large that the integral
over r, has converged. Using standard angular momentum
algebra,*® Eq. (8) can be recast as
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4ar R
(n,n,,nz,mWIn,ni,né,m’)= dare 2 CIE df’z TT2L+I j rgdreRn.f(re)rfRn,t’(re)

0 G ! =0

k
20"+ 1)(2k+1)(21+1) (1! k [
X 2 (=1t \/( : 4ar . J(m' q —m)

qg=—k
2"’ k
0 0 0 Yk—-q(e.’ ‘nbf) (9)

In the case in which the Hamiltonian is set up in the spherical basis with the perturbation Hg,u + V, the matrix elements of V
are simply

e o 1 4m (R
! YRS 2 k ;
(",i,mlvlnvi m } 417&,0 ED R}-i—l 2%+1 freznredreRn,I(re)reRn,t (re)
k
QU+DRE+1D)RIFD) [ I" k [ ' kI
% 2 (—1)3tm o= Wt g 0 0 0 Ykhq{911¢!)' (10)
g==—k

Some simple conclusions can be drawn from Egs. (9) and (10); first, the number of nonvanishing terms is determined by
the convergence of the expansion (4), which in turn depends on the value of R;. In addition, the nonvanishing terms must
fulfill the conditions

m'=m—q with —k<g=k, (11a)
and

I'=LI*x1,...,l*xk. (11b)
The perturbation by the electric field of the ion therefore mixes / as well as m,. Finally from the relation

21+1
Y 1m(0,8)= "\ —— 8o _ (12)

it follows, as expected, that no m; mixing occurs when ¢,=0, i.e., when the perturbing ion lies along the z axis and the total
electric field perturbing the Rydberg atom is cylindrically symmetric. The term with k=0 in Eq. (10) leads to a constant energy
shift of —e?/ (4regR;) of all diagonal elements and exactly counterbalances the first (neglected) term in Eq. (3). To evaluate
the radial integral in Eqgs. (9) and (10), we use Eq. (13), which was obtained by generalizing to any non-negative integer value
of k, and to cases in which ! differs from /', the procedure used in Ref. 23 to derive Egs. 3.20 to 3.23. We find

(nau) =1~} 1" ~1)!

2Z] 20N (n+ D)1 (n+1')!

n—Ii=1
k+2+1+l"+ o n+l
a=0

(=) (k+2+1+1")!

R
j r dre ,,;(rg)r Rﬂ. y(re)
r,=0

4

@ 21+ 1+«
20" +1
2041 V| 1=+ I+ a+F
% 3 (=1 i (13)
50 ¥ n+l'

where a( represents the Bohr radius.

In either case outlined above, the evaluation of the extent of / and m, mixing, even if only interactions between levels of
the same principal quantum number 7 are considered, requires the diagonalization of an n>X n* matrix, which, for the high
states probed by ZEKE spectroscopy, leads to a prohibitively large computation. Moreover, given the small spacing between
successive n terms, which scales as 2R H.-’n3, a calculation must include several # values to be accurate. The goal of this report
is not to give a quantitative description of the physical situation but rather to investigate qualitatively at which values of R,
/m, mixing is expected to be significant. Thus, instead of attempting to solve Eq. (2) by diagonalizing the n>X n*> Hamiltonian
for n=100, which, in the spherical basis, takes the form (with H* referring to Hg,q)
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we follow two different simplifying approaches. We consider
first m; mixing by the perturbation V at a single value of /.

The extent of m; mixing is obtained, in this simple calcula- -

tion, by diagonalizing the matrix

=1y |i=1+1) |1=1+2) - - |i)
Ey vt vt v
Ej-1e1  VETHT- Vi—141

72

EI,—H—Z

Ep,

Clearly this procedure is equivalent to neglecting all matrix
elements that connect the / block considered with other [
blocks in Eq. (14), in particular the elements of the Stark
operator that connect blocks with I’ == 1. This neglect can
be partially compensated for by making some assumptions
concerning the values of the diagonal elements; in other
words, by considering the matrix as “prediagonalized.” A
prediagonalization, however, necessarily causes.an alteration
of the basis functions. This calculation therefore cannot be
expected to be highly accurate but only to give rough guide-
lines.

If the diagonal elements in matrix (14) were chosen to be
degenerate, as for a vanishing dc electric field F, any non-
zero values for the elements of the perturbation matrix V
would lead to extensive m; mixing. Such a result, however, is
not physically meaningful. Indeed, in this case, the electric
field perturbing the Rydberg atom is still cylindrically sym-
metrical. This artefact comes from the fact that one direction
in space has been singled out as z axis (see Fig. 2), although
there are no reasons to do so in the absence of an electric
field. To avoid such an artefact, only cases in which the
hierarchy Hgy >V is obeyed are considered, i.e., cases in

which the main features of the energy spectrum are deter---

mined by H + H g, . This condition is automatically obeyed

F. Merkt and R. N. Zare: Lifetimes of Rydberg states

|2,0) [2,1) |2,2) |n—1,n—1)
LX) Vo 6 Vo' "
V?:E 1 V%II— 1 V%:i 1 vi .‘—11' )
HYS+ V38 v vz Vigim
1,0 1,0 1.0 1.0 1,0
Vel H+vil v Vizieh
V%Ia—z Vé:l-z Viiz—z Vi S
Va2, el Vaiz, |
2.1 2,2 n—=la-1
E, Valo Vap Vigh"
E, Vit Vit
E, = Vg.—zl‘n— |
En- i

(14)

at distances R; large enough for the field of the ion to be less
in magnitude than the homogeneous dc field.

As explained in Sec. Il, a fair amount of m; degeneracy
remains in the hydrogen atom at low electric fields (see Fig.
1); indeed, at a given value of n, —n, the m, sublevels are
split only by the quadratic Stark effect [Eq. (1)]. We begin by
considering how the perturbation mixes these nearly degen-
erate states. We calculate the extent of m; mixing induced by
a perturbing ion located at a distance R; by finding and
squaring the eigenvectors of matrix (15) and performing a
spatial average over §; and ¢;. To retain some of the char-
acteristics of the hydrogenic case (see Fig. 1), we keep only
even m; values. Figure 3 illustrates the results obtained for
the /=30 block of the n=100 state with the assumption that
the diagonal elements prior to diagonalization are split by the
quadratic Stark effect as given by Eq. (1) for a field of 100
mV/cm. Substantial m; mixing occurs already at R;=200
pm, a distance at which the field of the ion is only 3.6X10™*
V/em. Figure 4, on the other hand, illustrates the situation in
which the m;=0 state is separated from the rest of the m;
manifold by the distance that separates two adjacent mem-
bers of the Stark manifold [ie., by 3RynF (in
V/em)/5.1422 % 10° cm™ 1. In this case, the extent of m ; mix-
ing is still negligible at R;=25 pum and begins to be noftice-
able at R;=15 um.

The second approach followed to solve Eq. (2), without
having to diagonalize prohibitively large matrices or restrict
the treatment to a single / block, consists of finding the
eigenvectors of matrix (14) at relatively small values of n
and scaling the perturbations V and Hg,, 5o as to have con-
ditions that approximate the situation for high n values. A
simple and approximate approach to this scaling is to ensure
that the off-diagonal matrix elements of V and Hgg,, have
the same magnitude regardless of the value of n. For the
Stark perturbation, this scaling can be achieved by adapting
the value of the electric field to the value of n. Scaling the
perturbation caused by the ion is more problematic; succes-
sive terms in expansion (6) ought to be scaled differently as
they contain different powers. of k. An approximate scaling
can be made, however, by adapting the value of R; so that
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FIG. 3. The m; mixing induced by a singly charged ion for an =100, [=30
Rydberg state. The m, levels are assumed to be split in zero order by the
quadratic Stark effect at a field of 100 mV/cm. The figure illustrates how the
ny;=0 state gradually becomes mixed with other m, states as the distance
between the Rydberg atom and the perturbing ion is reduced from 500 um
(a) to 50 pm (d).

the terms with k=1, which are by far the largest of all / and
m; mixing terms, remain constant with n. Both the k=1
terms of the V' operator and the Stark perturbation eFz are
proportional to the integral J'ffurﬂ'dreR,,J(re)reRnJ,(re),
which scales as n(n>—1%)"2. For low to intermediate values
of [, this integral scales as n?, whereas in the limit at which
I=n—1 it scales as n*2 For m=I=n—1, the Stark pertur-
bation scales as n. An n=100 Rydberg state that is in a field
of 100 mV/cm and is at a distance of 50 um from the per-
turbing ion could be represented by an n=14 Rydberg state
in the presence of either a field of 5.1 V/cm and an ion at 7
pm (scaling appropriate for the low=/ situation) or by a field
of 0.7 V/cm and an ion at 18 um (scaling appropriate for the
high-1, high-m; limit). In the former case, the larger electric
field results in a smaller degree of collisional / and m; mix-
ing than in the latter case, whereas the shorter distance to the
ion leads to a larger degree of collisional [ and m; mixing;
both effects act in opposite directions.

Figures 5—7 demonstrate the effect of m; mixing induced
in representative components of the Stark manifold by an ion
located at several distances from an n =14 Rydberg atom in a
field of 5.1 V/cm. As before, m; mixing is evaluated by
squaring the eigenvectors and averaging over 6; and ¢;. The
histogram bars represent the probability of a given state to be
found in a given |/,m;) basis function. The abscissa is or-
dered by blocks of increasing [ values, and by increasing m;
value within a given [ block. Figure 5 illustrates m; mixing

081 (a) sopm
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°%7  (b) 25um
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FIG. 4. The m,; mixing induced by a singly charged ion for an =100, [=30
Rydberg state. The m,=0 state is assumed to be separated from the rest of
the m; manifold by the energy separating two adjacent members of the Stark
manifold at a field of 100 mV/cm. The figure illustrates how the m;=0) state
gradually becomes mixed with other m, states as the distance between the
Rydberg atom and the perturbing ion is reduced from 50 pm () to 10 um
(d). .

in the |0,0) zero-order state, which correlates at large dis-
tance R, to the nondegenerate |n,=n—1,n,=0,m=0)
Stark state (the highest energy state in the Stark manifold).
The m; mixing is negligible at 5 #m and begins at around 2.5
pm. Figure 6 displays the situation that occurs for the |6,0)
zero-order state, which correlates at large distances R; to the

20
(a) 20 um
16
10-]
AL
0 rTT T l. L 1 T T 1= 0 0T  —F 0
& 204 :
‘2 (b) 5pum
X 15+ &
g 10
1188
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FIG. 5. The m; mixing in the |[n=14,l=0,m;=0) zero-order state, which
correlates, at large distance R, to the nondegenerate |n,=13,n,=0,m=0)
Stark state (the highest energy state in the Stark manifold). (a) R;=20 um,
(b) R;=5 um, (c) R;=2.5 pm.
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FIG. 6. The m; mixing in the |n=14,/=6,m;=0) zero-order state, which
correlates, at large distance R;, to the |n,=2,n,=11,m=0) Stark state
[which belongs to the fivefold degenerate Stark level with (n;=n,)=—9
and m=0,%2,%4]. (a) R;=20 pum, (b) R;=5 um, (c) R,=2.5 pm.

fivefold degenerate Stark state with n,=2, n,=11 and m =0.
This state is degenerate with four other states of the same
n;—n, value but with m values of —4, —2, +2, and +4,
respectively. At an ion distance of 20 um a significant
amount of /m; mixing has already taken place but only among
states with m;=—4, —2, 0, 2, and 4. The mixing is primarily
caused by interactions between the degenerate Stark levels.
At 5 pm, mixing between states of different n; —n, becomes
significant and mixing with m;==*1, ®£3, and to a lesser
extent *£5, is apparent. At 2.5 um, the mixing is extensive
among all states with m,<11 but the highest m, states have
not mixed in yet. At 20 um from the ion, m; mixing in the
|13,0) state, which correlates at large distances R; to the
ny1=6, n,=7, and m=0 Stark state, is already extensive, as
can be seen in Fig. 7. This state is degenerate with 12 other
levels with m=+2, =4, +6, =8, *+10, and *=12. At this
distance, the ion induces a negligible amount of mixing

Frobablity (x10°")

FIG. 7. The m; mixing in the |n= 14,0=13,m;=0) zero-order state, which
correlates, at large distance R;, to the |n;=6,n,=7,m=0) Stark state
(which belongs to the 13-fold degenerate Stark level with (n;—n,)=—1
and m=0,%2,...,%=12). (a) R;=20 pm, (b) R;=5 pm, (c) R,=2.5 pm.
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among neighboring members of the Stark manifold, as can
be seen from the vanishing contribution in Fig. 7(a) of odd
m; values.

The onset of m; mixing in an n=100 Rydberg state can
be extrapolated from Figs. 4—7 by scaling R;. The scaling
factor for R, lies between 7.1 (low-I limit) and 2.6 (high-/
limit). Mixing among degenerate members of the Stark
manifold (i.e., among states with the same n;—n, value) is
expected to be extensive at distances R; as large as 150 (50)
pm. The onset of mixing between states of different n;—n,
value is predicted at 18 (7) pum. These values are within a
factor of 2 of the values predicted by the first approach (see
Figs. 3 and 4). Figures 5-7 also reveal that collisional / and
m; mixing, although extensive under some conditions, is
rarely uniform among all |I,m,) states. The agreement be-
tween these two different approaches encourages us to be-
lieve that these calculations have captured the essential be-
havior of high Rydberg states in the presence of an ion.

The collisional / and m; mixing process described above,
however, will not be of any significance in ZEKE spectro-
scopy unless its time scale is shorter than 1 us, the typical
time delay between photoexcitation and pulsed field ioniza-
tion. A rough estimate for this time scale can be obtained for
high n values from the Fermi—Wentzel golden rule

r=2wpt‘,m;>2( Vf,mf-qz,l’.m,,b‘z)zs (16)

where I" and p stand for the decay rate of the initially pre-
pared state and for the density of long-lived dark states, re-
spectively. The off-diagonal matrix elements of V with k=1
equals approximately 2X 107* cm ™! at a distance of R;=20
pum and 0.3X 10~* cm™! at a distance of R ;=50 pm. For the
high-n states probed in ZEKE experiments, the density p of
dark states coupled to a specific |/,m;) amounts to between n
and n? states in an energy width (in cm™") given by the
spread of the Stark manifold [6Ruyn*(F/5.1422Xx10%)].
Evaluation of Eq. (16) for n =100, F=0.1 V/cm, and R;=50
pm leads to a mixing time scale of less than 0.1 us.
Because the quantum numbers [ and m; are conjugate
variables to the angles # and ¢, respectively, the mixing of [
and m; discussed in this paper is accompanied by an angular
localization of the Rydberg wave function. This effect is il-
lustrated in Figs. 8(a)—8(d). The electron density in the xz
plane (See Fig. 2 for the definition of the axes) of the |n
=14,l= 13,m=0) Rydberg orbital can be seen in Fig. 8(a).
It is very weak in the ion core region, as expected for a
nonpenetrating orbital, and also symmetrical with respect to
reflection through the xy, xz, and yz planes. Figures 8(b) and
8(c) show the electron density of the
|n=14,n,—n,=—1,m=0) and |[n=14,n,—n,=13,
m=0) Stark states (F=5.1 V/cm), respectively. In both
cases, the electron density is displaced along the z axis, and
I mixing causes, as anticipated, a certain degree of constraint
in the possible values of the angle 6. Since the energy of the
|n=14,n;—n,=—1,m=0) is lowered slightly in the pres-
ence of the electric field (See Fig. 1), the electron density is
shifted along the —z axis. On the other hand, the
|n=14,n,—n,=13,m=0) state is the highest energy state
in the Stark manifold and the electric field displaces the elec-
tron density markedly in the +z direction. The electron den-
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FIG. 8. Electron density of (a) the |n=14,/=13,m=0) Rydberg orbital, (b) the [n=14,n;—n,=~1,m=0) Stark state in the presence of an electric field
F=5.1 Viem, (c) the |n=14,n,—n,=13,m=0) Stark state in the presence of an electric field F=5.1 V/cm, and (d) the m; mixed state that correlates at large
distances R; to the |n;—n,=13,m=0) Stark state. The perturbing ion is located in the xz plane (¢5=0 and §=3=/8 in Fig. 2) and at 2.5 um from the
Rydberg core in the presence of an electric field of 5.1 V/em. In each case, the upper panel represents an aerial view of the lower panel.
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sity of both states is still cylindrically symmetrical around
the z axis and no preference exists for any specific value of
the angle ¢. The constraint in the possible values of ¢ that
results from m; mixing by an ion can be seen in Fig. 8(d).
This figure illustrates how the electron density loses its cy-
lindrical symmetry around the z axis and starts displaying a
certain degree of angular localization. The state whose elec-
tron density is represented in Fig. 8(d) correlates at large
distances R; to the |n;—n,=13,m=0) Stark state, and the
perturbing ion is located in the xz plane (¢;=0 and §,=3/8
in Fig. 2) and at 2.5 um from the Rydberg core. The local-
ization of the electron density, which is apparent in Fig. 8(d),
can also be viewed as the formation of a molecular orbital.
Whether the electron density of a / and m; mixed state is
shifted toward or from the perturbing ion depends on
whether this orbital has bonding or antibonding character.
Based on these considerations, we conclude that the elec-
trons probed by pulsed field ionization in ZEKE spectro-
scopy often are shared by two or more ionic cores.

IV. DISCUSSION AND CONCLUSIONS

Before discussing the results predicted by the model pre-
sented above, we recapitulate its main features. We follow
Chupka’s interpretation that the long lifetime of the ZEKE
states is a consequence of field-induced and collisional / and
m; mixing in high Rydberg states.’ The nature of the states
probed in a ZEKE experiment can be influenced by a number
of external perturbations: weak stray (or intentionally ap-
plied) dc fields, ionic and neutral perturbers, magnetic fields,
etc. The long-range nature of the Coulomb potential renders
ions a likely source of [ and m; mixing collisional interac-
tions. To model these interactions, we therefore consider the
somewhat idealized situation that these external perturba-
tions can be approximated by the effect of an inhomoge-
neous electric field that consists of a homogeneous dc com-
ponent and an inhomogeneous component that corresponds
to the field of a static ion. Several factors justify this simpli-
fication: first, collisional interactions appear to occur within a
few tens of nanoseconds,*® a time during which the motion
of ions is negligible. Second, if collisional [ and m; mixing is
caused by a distribution of ions rather than by a single ion,
the main contribution will be that of a single ion, namely the
ion lying closest to the Rydberg system.

To avoid the diagonalization of prohibitively large ma-
trices (of dimension n?Xn? when only one value of n is
retained), we make additional simplifications that allow us to
considerably reduce the dimension of the problem. The ap-
proximate nature of the model described above, and the ap-
proximations made within this model, rule out a quantitative
evaluation of collisional / and m; mixing in ZEKE experi-
ments. Nevertheless, some qualitative features of the behav-
ior (including lifetimes) of the high Rydberg states of hydro-
gen and more complex atoms and molecules probed in
ZEKE experiments have been determined. In particular, the
nature of the Rydberg wave function is greatly distorted from
that of an unperturbed atom. As / and m; mixing gains in
importance, the wave function becomes localized in space
and begins to form bonding or antibonding molecular orbit-
als with respect to two or more ion centers. We begin by

F. Merkt and R. N. Zare: Lifetimes of Rydberg states

summarizing the conclusions reached for hydrogen and then
consider to what extent they also apply to nonhydrogenic
Rydberg states.

A. Hydrogen

From the results of the simple calculations presented in
the previous section, some limiting cases of [ and m,; mixing
can be defined depending on the experimental conditions.
Different lifetime-prolonging factors (denoted ¢, below) can
be estimated for each of these limiting cases. We assume that
only the states with /=2 are short lived, all others being
metastable, and evaluate ¢, as the ratio of long-lived to short-
lived character in a given mixed state.

(1) In the absence of perturbing ions, but in the presence
of a homogeneous electric field, Stark mixing occurs but m,
mixing does not. In the limit at which the wave function is
spread equally among all [ states, the lifetimes are prolonged
by a factor of ¢,=n/3.

(2) At low ion densities (1-1000 ions/mm?), m; mixing
arises only from interactions among near degenerate mag-
netic sublevels of a Stark level (characterized by its n;—n,
value). It therefore varies across the Stark profile, and be-
comes increasingly important as the center of the Stark mani-
fold is approached, i.e., as the value of |n;—n,| approaches
0. The lifetime is therefore dependent on the value of
|n;—n,|. ¢, ranges from n/3 for Stark states located at the
extremes of the Stark manifold to c,,=(n/3)(m’6)=n2f18
(see Figs. 1,4-7) for the Stark sublevels with n,—n,=0.
Owing to the larger statistical factor of the n;—n,=0 level,
the lifetime will be prolonged by a factor closer to n%/18 than
to n/3.

(3) At higher ion densities (>5x10* ions/mm®), mixing
occurs within all states of the Stark manifold, although the
distribution among all |/,m,;) basis states is not expected to
be uniform (Fig. 7). In the limit at which this distribution
becomes uniform, the lifetimes are prolonged by a factor of
c,=(n/3)*=n?/9.

(4) At too high densities, collisional ionization of the
Rydberg states becomes important and the lifetimes are
shortened.

B. Other atoms and molecules

The Rydberg spectra of nonhydrogenic atoms?*-?%* and

molecules*’? differ from the hydrogenic case by the fact
that, in general, the Rydberg series that correspond to low [
values have nonzero quantum defects and are well separated,
at low fields, from the hydrogenic manifold of high-/ states.
These low-/ states correspond to the optically accessible
states. At electric field strengths not sufficient to mix these
low-/ (and therefore low-m;) states with the high-/ manifold,
the absorption cross section to the high-/ manifold is negli-
gible and no prolongation of the lifetimes occurs, either
through Stark mixing or collisional m; mixing. Nevertheless,
the weak stray fields of typically 100 mV/cm present in
ZEKE experiments are sufficient to mix the optically acces-
sible low-/ states with the hydrogenic high-/ manifold and to
induce an appreciable transition intensity to the high-/ mani-
fold.
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This behavior can be demonstrated as follows. The
high-/ manifold starts to interact with a low-/ state that has a
nonzero quantum defect & at field strengths for which the
width of the Stark manifold of high-l states
[~3Run*(F/5.142x10°)] matches the energy separation
with the low-/ state (2Rydn®), ie., at fields
F=5.142X10%8/(3n%). In the most unfavorable situation
6=0.5, this field is 86 mV/cm for n=100. A significant part
of the absorption cross section is therefore expected to go to
the hydrogenic high-/ manifold. Bordas and Helm?® esti-
mated that for the =70 Rydberg state of H;, approximately
83% of the intensity appears in the high-I manifold at a field
strength of 100 mV/cm. The conclusions reached above for
hydrogen are therefore also expected to apply to other non-

hydrogenic systems at field strengths that correspond to typi-

cal stray fields in ZEKE experiments.

At larger field strengths than those typical for ZEKE
experiments (i.e., at field strengths of more than 1 V/cm),
nonhydrogenic systems display a different behavior from hy-
drogen. Indeed, as the field strength increases, Stark mani-
folds that correspond to adjacent values of # begin to inter-
act, and the structure of the Stark spectrum is dominated by
avoided crossings that are particularly important at low val-
ues of m;.>*® As a result of these avoided crossings, the
degeneracy between the optically accessible m;=0 and 1 lev-
els is lifted and mixing of these low-m, states with higher m,
states is hindered. ¢, is reduced to n/3. Too large a dc field
(of the order of 1 V/cm and greater) therefore can start in-
hibiting collisional / mixing, a conclusion which confirms
the observatlon made in the study of the ZEKE spectrum of
Ar® and NO.® In these systems, the role of the electric field is
twofold: first, by inducing / mixing, it can enhance the decay
rate of the initially prepared states by coupling them to more
reactive autoionization (in the case of Ar) or predissociation
(in the case of NO) channels. Second, by removing the near
degeneracy of the magnetic sublevels of the Stark states, the
electric field can inhibit m; mixing and hence prevent the
stabilization of the initially prepared states. Both effects con-
tribute to the disappearance of the ZEKE signals observed in
these systems.ﬁ'g

A new generation of PFI-ZEKE experiments uses
magnetic bottle photoelectron spectrometers to collect elec-
trons. In these systems strong magnetic field are present. At a
magnetic field strength of 1000 G or more, the motional or
Lorentz electric field felt by the moving particles amounts to
1 V/em or more depending on the gas expansion conditions.
Although the magnetic field can contribute to induce m; mix-
ing, the calculations presented in this report suggest that the
Lorentz electric field could also reduce ZEKE signals. These
calculations are also expected to have important conse-
quences for the technique of mass-analyzed threshold ioniza-
tion (MATI) spectroscopy,> as this method relies on rela-
tively large dc electric fields to eliminate unwanted ions. In
this case, the reduction of the MATI signal can be avoided by
using two pulsed electric fields as demonstrated in Ref. 34.
The model described in this report is successful in explaining
seemingly contradicting observations and contributes to our
understanding of the complicated physical phenomena at

14,31,32
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play in ZEKE photoelectron spectroscopy. Such a step is
important for the interpretation of results and the design of
new experiments.
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