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Field-induced rotational autoionization of Li2
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We have studied electric-field-induced rotational autoionization of Li2 Rydberg states converging
to high, R ) 10, rotational limits of the Liz ion. Although autoionization of such states lying
above the lowest rotational level of Li2+ is energetically allowed, the process is inhibited by the

large transfer of angular momentum required from the ion core to the exiting electron, and it, in

theory, does not occur in zero field. Nonetheless, autoionization requiring the transfer of —10 units

of angular momentum is readily observed in fields of 10—330 V/cm. The application of a field al-

lows autoionization to occur to the nearest continuum by allowing a series of quadrupole transi-
tions, in each of which the molecular ion core 1oses two units of angular momentum while the Ryd-
berg electron's angular momentum is unchanged. We present a quantitative model based on this
mechanism that is in satisfactory agreement with our experimental results.

I. INTRODUCTION

In many ways a diatomic molecule is similar to an
atom. However, the additional rotational and vibrational
degrees of freedom lead to interesting differences. For ex-
ample, the existence of rotational levels of the diatomic
ion implies that there are many low-lying ionization lim-
its in a diatomic molecule, in marked contrast to atomic
systems. The existence of so many low-lying ionization
limits raises several questions. For example, how does
electric field ionization occur for Rydberg states converg-
ing to excited rotational levels of the ion? Similarly, Ryd-
berg states converging to higher rotational levels of the
ion can, in principle, autoionize to the lowest rotational
level of the ion, but the process requires the transfer of
many units of angular momentum from the core to the
ejected electron. Does this process occur at an observ-
able rate? Fortunately, the higher rotational levels of the
ground electronic state of alkali-metal dimers are
thermally populated, and using laser excitation we can
prepare Rydberg states converging to excited rotational
levels of the ion to address these questions experimental-
ly.

The first of the above questions has already been
answered. Field ionization of a diatomic molecule is
similar to field ionization in a complex atom, i.e., the
phenomenon of forced autoionization occurs. ' The
basic notion is straightforward. An electric field
depresses each ionization limit by 6W= —2&E (we use
atomic units unless otherwise stated). To a first approxi-
mation all states, regardless of the limit to which they
converge, lying above the depressed lowest ionization
limit can autoionize into the Stark-induced continuum
above this limit, and this limit therefore determines the
field ionization threshold for the molecule. Since ioniza-
tion occurs almost irrespective of the quantum numbers
of the state in question, it is often the case that low n

states converging to rotationally (or vibrationally) excited
levels of the ion are ionized by apparently impossibly

weak fields. For example, Rydberg molecules with prin-
cipal quantum number =20 have been ionized in a field
of —100 V/cm. The exceptions to the above rule, which
is based solely on energy, are states converging to high
rotational levels of the ion, bringing us to the second of
the above questions. Bordas et al. ' have observed that
Rydberg states converging to high rotational states of the
ion do not automatically ionize; the required angular
momentum transfer from the ion to the electron is ap-
parently too great.

The existence of an angular momentum impediment to
rotational autoionization involving the transfer of many
units of angular momentum is hardly surprising. Our es-
timate of the rate of autoionization of a state converging
to an R =20 rotational level of the ion to the R =0 level
is 10 s '. Here R is the rotational angular momen-
tum quantum number of the diatomic Liz+ ion core.
Even when only ten units of angular momentum are ex-
changed the calculated rate is unobservably small, 10
s ', yet in the presence of small electric fields such au-
toionization processes are observed, implying autoioniza-
tion rates of ) 10 s ', as first noted by Eisel and
Demtroder. Bordas et al. ' have suggested that the
field allows autoionization to occur by a series of quadru-
pole couplings with bR = —2, and b, 1=0, where 1 is the
orbital angular momentum of the Rydberg electron. In
zero field the quadrupole couplings must be hR = —2
and Al =+2. This series of couplings, via very nearly de-
generate intermediate states, connects the Rydberg states
converging to a high rotational level of the ion to the
continuum above the ground rotational level of the ion.

Here we present the results of a quantitative experi-
mental study of the effect of electric fields on the ioniza-
tion of rotationally and vibrationally excited Liz mole-
cules, with particular attention to the cases in which the
presence of the electric field allows large amounts of an-
gular momentum to be transferred from the ion core.
The experimental results are then compared to a quanti-
tative model based on the mechanism first suggested by
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Bordas et al. ' which gives reasonable predictions of the
threshold fields for ionization, even in the case of Ryd-
berg states converging to high rotational levels of the ion.

II. EXPERIMENTAL METHOD

The experiments are conducted using two-step pulsed
laser excitation of Li2 molecules in a supersonic beam.
The molecules in the beam are in the ground X electronic
state, the ground vibrational level U"=0, and in a range
of J" rotational levels. With the first laser, at k-670
nm, we drive the transition to the electronically excited
A state. Due to the displacement of the minima of the
potential curves of the X and A states it is possible to
drive transitions from the v"=0 level of the X state to
several U' levels of the A state. However, since both the
X and A states are X states, only I' ( b,J= —1 ) and
R (b,J=1) transitions are possible, and the A state rota-
tional quantum number J'=J"+1. By choosing the
wavelength of the A~X transition we can easily excite a
single O'J" level of the A state from the range of J" levels
that are populated in the Li2 beam. The second laser
drives the 370-nm transition from the v'J' level of the A

state to the final Rydberg state. Since the A state poten-
tial has a minimum at the same internuclear separation as
that of the Li2+ ground state, and nearly the same shape,
only AU =0 transitions are allowed, and the vibrational
level of the Rydberg state U =v'. The Rydberg states are
either X or H states, and as a result the total angular
momentum J =J' or J'+1 ~ In a Rydberg state J is the
sum of the angular momentum R of the Li2+ core added
to the angular momentum I of the outer electron, which
is in an s or d state since we are using electric dipole exci-
tation from the A state which has strong 2p character.
In sum we can produce Li2 Rydberg states with the Ryd-
berg electron in a state of I ~ 2, and the Liz+ core in a ro-
tational level R which we choose by our choice of J' in
the A state. We detect the Li2+ ions resulting from the
autoionization of the Rydberg molecules.

Since the apparatus has been described before, our
description here is brief. The Li2 beam is generated by
heating a 3.2-cm-diam, 10-cm-long stainless-steel oven,
fitted with a removable nozzle with a 0.6-mm-diam
orifice. The oven is surrounded by an electrically isolated
12-pm-thick molybdenum foil heating element which car-
ries a typical current of 150 A, producing a temperature
of 1100 K. To forestall the formation of clogs the nozzle
is separately heated to a temperature slightly in excess of
the oven's by a coaxial nichrome heater. Based on the
observed A ~X bands at an oven heater current of 150 A
the resulting Li2 beam has vibrational and rotational tern-

peratures of -200 and 300 K.
The 670- and 370-nm laser beams are generated by

pumping two dye lasers with the 532-nm second harmon-
ic of a Q-switched Nd:YAG (yttrium aluminum garnet)
laser operating at a 10-Hz repetition rate. The 670-nm
laser is a simple Littman-type oscillator, with =0.3 cm
linewidth and 100-pJ pulse energies. The 370-nm beam is
generated by mixing the 560-nm output of a Quanta-Ray
PDL-1 oscillator-amplifier dye laser with the residual
1064-nm Nd: YAG laser beam in a potassium dihydrogen

phosphate KDP crystal. At 370 nm the linewidth is =1
cm ' and typical pulse energies are —10 pJ. The two
parallel laser beams intersect the Li2 beam at right angles
between two electric field plates 2.34 cm apart, and the
Li2+ ions resulting from autoionization are accelerated
through a screened hole in the top field plate by a dc volt-
age applied to the bottom plate. The ions are detected by
a particle multiplier positioned above the interaction re-
gion, and the multiplier signal is recorded by a gated in-
tegrator with a gate width of 100 ns, positioned so as to
detect signals from ions produced in the 100 ns immedi-
ately following the laser pulses. This arrangement sets a
lower limit of 10 s ' on the autoionization rates for the
Rydberg states detected.

III. OBSERVATIONS

Most of our data are in the form of excitation spectra
obtained by recording the Liz+ signal as the wavelength
of the second laser is scanned. In Fig. 1 we show the
spectra obtained in fields of 10 and 100 V/cm from the
U'=0, J'=13 level of the A state, and in Fig. 2 spectra in
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TERM ENERGY (cm ')
FIG. 1. Autoionization spectra for static fields of 10 and 100

V/cm for which the ionization threshold corresponds to the
Stark depressed ground state of the ion, v =0, R =0. The inter-
mediate state is the v =0, J'=13 A state. The depression of the
ionization limit can be accounted for completely by forced au-
toionization.
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All rotational limits are depressed by the same amount,
and in Fig. 1 we show the field depressed limits corre-
sponding to u =0 rotational levels of Liz+. Explicitly

l l l l I f I T I f I
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FIG. 2. Autoionization spectra with the first laser tuned to
the U =0, J'=23 3 state for static fields of 10, 100, and 330
V/cm. Included are the positions of the Stark depressed U =0,
R levels of Li~+. The energy thresholds for autoionization are
taken as the onset of signal in the spectra, indicated by the verti-
cal arrows at R =13, 11, and 0, respectively. The depression of
the ionization threshold is due to two field effects. The first is
forced autoionization, and the second is field-induced rotational
autoionization.

fields of 10, 100, and 330 V/cm from the J'=23 level of
the A state. The horizontal axes of Figs. 1 and 2 are ex-
pressed as the term energy, measured from the bottom of
the ground, X, state potential well. As shown by Figs. 1

and 2 we observe a signal only when the term energy W
exceeds a threshold energy W,„,shown by the arrows,
above which the autoionization rate exceeds 10 s '. It is
apparent that the threshold energy decreases as the elec-
tric field is increased. The depression of the threshold en-

ergy is due to two effects. The first is forced autoioniza-
tion. The field depresses the ionization limits by hW,
given, in atomic units, by

58'= 2&E—

these u =0 limits are given by

I(R)=I (0)+BOR (R +1) 2—v'E (2)

Here I(0)=41671 cm ' is the zero-field R =0 ionization
limit of Liz+, and B0=0.493 cm ' is the u =0 rotational
constant of Liz+.

In Fig. 1 the threshold energies correspond to the
depressed R =0 ionization limits given by Eq. (2). In
other words, forced autoionization alone is an adequate
explanation of the results, as has been previously shown
by Janik et; a/. In Fig. 2, however, it is apparent that
W,h does not correspond to the depressed R =0 limit,
but to the R =13 and 8 limits for fields of 10 and 100
V/cm. Only in a field of 330 V/cm does 8',h occur at the
R =0 limit. Autoionization to the R =0 ionic level does
not occur in the fields of 10 and 100 V/cm because the
molecule cannot transfer the angular momentum from
the molecular ion core to the departing electron. Au-
toionization to progressively lower rotational states of the
ion occurs as the field is increased is due to field-induced
rotational autoionization, the second contribution to the
depression of W,„.

To obtain a complete picture of this phenomenon, we
have recorded spectra analogous to those shown in Figs.
1 and 2 for Rydberg states converging to many rotational
levels of the u =0 and 1 vibrational levels of the Liz+ ion
core. In Table I we tabulate the threshold energies ob-
served for the u =0 Rydberg states excited from inter-
mediate A state u =0 levels with 13~J' 33. We also
list in Table I the measured values for R,„,the value of R
at W,h. The 330 V/cm data of Table I show that molecu-
lar Rydberg states with angular momentum J & -20 all
autoionize to the ground state of the ion, while higher an-
gular momentum states autoionize to rotationally excited
ion levels. For J'=34 and a static field of 10 V/cm, the
core and Rydberg electron cannot exchange more than
four units of angular momentum during the autoioniza-
tion process, while increasing the field from 10 to 300
V/cm facilitates the exchange of an additional —13 units
of angular momentum.

Although our primary interest is pure rotational au-
toionization, we have also recorded analogous spectra of
Rydberg states converging to u =1 rotational levels of
Liz+ via u =1 levels of the A state. Of particular interest
are states which undergo vibrational-rotational autoioni-
zation. In Fig. 3 we show spectra obtained via the u'=1,
J'=30 level of the A state. For reference we have shown
the ionization limits of u =0 rotational levels of Liz+ as
well as the location of the unperturbed levels converging
to the u =1, R =29 and 31 levels of Liz+. The Rydberg
series converging to the u =1 levels of the ion core are of
low enough n that the Rydberg series is evident even in
the presence of a field of 330 V/cm. In Table II we
present the values of W,„andR,„obtained for the Ryd-
berg states converging to the u = 1 states of the ion.

An alternative, complementary method of recording
the data is to monitor the Liz+ signal as the field is varied
with the second, Rydberg~A, laser tuned to a Rydberg
state. In this case we determine threshold fields for ion-
ization instead of energies. We use the u =1 states
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TABLE I. Measured v =0 autoionization threshold term energies 8',& and the corresponding v =0
R ion limits at threshold.

v =0 state
Jl

10
13
16
17
18
19
20
21
23
24
26
29
30
31

8
10
13
13
17
20
22
23

10 V/cm
8',h (cm ')

41 652(3)
41 652(3)
41 662(3)
41 652(3)
41 662(3)

41 688(4)
41 706(5)
41 742(7)
41 742(7)
41 802(8)
41 858(10)
41 900(11)
41 922(11)

Rth

0
0
0
0
0
0
0
5

8

9
9

17
14
19

100 V/cm
8',h (cm ')

41 610(2)
41 610(2)
41 610(2)
41 610(2)
41 610(2)
41 610(2)
41 610(2)
41 625(3)
41 646(4)
41 654(5)
41 654(5)
41 760(9)
41 713(7)
41 797(9)

12

330 V/cm
$V,h (cIn ')

41 560{2)

41 588(4)

41 637(3)

13
R ~ 31

R ~29
14

I

15

16
I

16

17
I

17

18 19
I I

v~1 J'~30 330Vicm

lg aqs~ A, ~

18 20 22 24 26 28 30

10 V/cm

I I I i I I I i I I 1 i
I

which, being lower in n than degenerate u =0 states of
the same R, autoionize in fields so low that no Stark
shifts are evident. In Fig. 4 we show three examples.
The first laser is tuned to excite the u'=1, J'=30 level of
the A state and the second laser is tuned to energies of
41849, 41799, and 41755 cm '. We assign these three
features as, respectively, (R,n)=(29, 15;31,14), (27,15),
(31,13). As the electric field is increased we observe in
each case a sharp increase in the ionization signal, at 77,
119, and 142 V/cm, respectively, which we term the
threshold fields. It is interesting to note that all three lev-
els lie above the R =0, v =0 ionization limit, so in this
case it is evident that the sole role of the field is to over-
come an angular momentum impediment to autoioniza-
tion. In Table III we list the measured threshold fields
for u = 1 Rydberg states obtained from spectra from the
v'=1, J'=21, 26, and 30 levels of the A state.

IV. THEORY

In this section we first show that the zero-field rota-
tional autoionization of Rydberg states converging to
high rotational levels of the ion to low rotational levels of
the ion is unobservable. Second we show how this pro-

10 12 14 16 18 20 22 24 26

l I I l l

I I I I I I I I I I I I I

41700 41800 41900 42000

TERM ENERGY (cm')

TABLE II. Measured v =1 autoionization threshold term
energies W, & and the corresponding u =0 R ion limits at thresh-
old

FIG. 3. v = 1 autoionization spectra with the first laser tuned
to the v =1, J'=30 A state for 10 and 330 V/cm static fields.
Included for reference are the positions of the unperturbed
u =1, R =29dm. and R =31dm Rydberg series, as well as the
Stark depressed limits of the v =0, R levels of Li2+.

21
26
30

R,

15
17
22

10 V/cm
Wth (cm ')

41 770(8)
41 802(9)
41 900(11)

0

15

330 V/cm
Wh (cm ')

41 560(10)
41 560(10)
41 696(10)
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FIG. 4. Autoionization signal as a function of the applied static field with the first laser tuned to the J'=30, v = 1 A state, and the
second laser tuned to the (R, n) =(31,14) (circles), (29,14) (triangles), (31,13) (squares) states. The thresholds for autoionization, indi-
cated by the vertical arrows, are taken as the points at which the ion signals sharply increase.

21

26

30

(R,n) d~
state,

term energy
(cm ')

(22, 15)
41689

(27, 14)
41740
(25, 14)
41693
(27, 13)
41649
(26, 13)
41622

(31,14)
41849
(29,14)
41799
(31,13)
41755

Threshold
field

(V/cm)

18.5+1.0

51.8+2.8

142+4

119+4

172+4

76.6+3.6

123+4

144+5

TABLE III. Measured autoionization threshold fields F,h

with the second laser tuned to v =1 (R, n) Rydberg states with
term energies W.

cess is allowed by the application of quite small fields. Fi-
nally, using a simple model based on the above under-
standing, we compare predictions for threshold energies
and fields for autoionization to the experimental observa-
tions.

We begin by considering the zero-field autoionization
of Li2 Rydberg states converging to the rotational levels
of the ground vibrational level of Li2+. In Fig. 5 we
show the even R =0 to 12 ionization limits. For simplici-
ty we ignore the spins of the electrons and describe the
Liz Rydberg molecule as an electron of angular momen-
tum / slowly circulating in a large orbit about a rapidly
rotating Liz+ core of angular momentum R. The total
angular momentum is thus J=l+R. In zero field, states
of the same total angular momentum J are coupled by the
even electrostatic multipole interactions between the
Liz+ core and the valence electron, and this coupling
leads to rotational autoionization. Since Liz is homonu-
clear, the odd multipole interactions vanish. For this
reason we have shown only even values of R in Fig. 5.
However, we could equally, well have shown only odd
values of R.

In general the autoionization rate I from a state of
quantum numbers R, n, I, and J to the continuum of en-
ergy c' above the R ' rotational level of the ion is given by
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FIG. 5. Schematic showing the positions of the R =0—12, U =0 limits of Li& relative to the lowest U =0, R =0 limit. Rydberg
states converging to the R =10 limit that lie above the R =8 limit may autoionize by a single hR = —2, ARI =+2 quadrupole tran-
sition with observable rate ) 10' s ' [path (I)]. Lower-lying states just above the R =0 limit may autoionize to the R =0 continuum
essentially in two ways. The first is via their AR = —2, Al =+2 quadrupole couplings with the nearly degenerate states of the four
intermediate Rydberg series [path (3)]. The second is the direct 2' -pole, b,R = —10, 6=+ 10 process [path (2)].

where the continuum wave function is normalized per
unit energy. The most rapid rate for autoionization is
usually via the lowest multipole interaction, which is the
quadrupole interaction in this case. An example of quad-
rupole autoionization is shown by process (1) in Fig. 5,
the autoionization of a Rydberg state converging to the
R =10 limit to the continuum above the R =8 limit.
Quadrupole autoionization in a homonuclear diatomic
molecule has been worked out in detail by Eyler and Pip-
kin, and an analogous description of dipole and quadru-
pole autoionization, as would be observed in a heteronu-
clear molecule has been given by Jaffe et al. VVe shall
consider a simplified version of the quadrupole treatment
which gives good order-of-magnitude values and serves as
an adequate starting point for the calculation of field
effects.

Consider an I =2 Rydberg state converging to the R
level of Li2 . If it lies above the R —2 limit it can au-
toionize to the R —2 level of the ion by hl =2, 0, and —2
quadrupole interactions. If we assume that the Rydberg
electron remains outside the Li2 core, the interaction rna-
trix element may be written as

(4)

In writing Eq. (4) we have replaced the explicit J depen-
dence with the factor —,'. The quadrupole matrix element
of the ion is, to a reasonable approximation, 18 in atomic
units. ' For n ))I we generalize the expectation values

for I/r (Ref. 11) to write approximate bound-bound
1/r' matrix elements for the outer electron as

1, 1 1 1
nl —n 'l

r n' n' - (I +1/2)
(5)

1 1 1 1 1
nl —n'1+2

r 30 n3~ n' ~ (I +5/2)
(6)

In rotational autoionization the electrons are ejected with

very low energies, and we can obtain the bound-free v=0
matrix element, for a continuum wave normalized per
unit energy, by simply removing the factor of n' from
the bound-bound matrix elements of Eqs. (5) and (6). For
example,

1 1 1
nl —c.l

3 3/2 (I + ( )3
2

Using Eqs. (4) —(7) we can see that quadrupole autoion-
ization proceeds at rates of —230n 3(I + —,') for l~l
and 0.25n (I+—', ) 'for 1~1+2. For n =25 and I =2
these rates are 6 X 10 and 2 X 10,or, converting from
atomic units to s ', 2 X 10' and 8 X 10 s '. Both of
these rates are in excess of the rate of 10 s ' required for
detection by our experiment, but the I ~l +2 rate is 4 or-
ders of magnitude slower. We note that for ejected elec-
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trons with very low energy the Al =0 rates are rapid,
while at higher ejected electron energies the 61=2 rates
are more rapid.

Our primary interest here is in the optically accessible
Rydberg states of low I converging to high rotational lev-
els of the Li2+ ion but lying above only very low rotation-
al limits. Such Rydberg states can autoionize either by a
direct multipole interaction or by a series of quadrupole
interactions through virtual intermediate states. In Fig. 5
these two possibilities for a Rydberg state converging to
the R =10 limit are shown by processes (2) and (3), re-
spectively. We consider as an example the autoionization
of an I =2 Rydberg state converging to the ion limit R to
the R —10 level of the ion. The direct multipole process
has a typical matrix element

(Rn 1=2~ V~R —10'.1=12)

=(R~r,'D„~R —10)(n1=2 „e/=12).
1

T

The 2' -pole matrix element of the ion is -(18ao) and
the 1/r" matrix element for the outer electron is
—10 n . Together these yield an autoionization rate
of 10 n . For n =25, this is a rate of 10 s ', far
too slow to be observed.

Now let us consider the alternative, a five-step quadru-
pole coupling through four intermediate states shown by
process (3) in Fig. S. The matrix element is given by
fifth-order perturbation theory as a summation of prod-
ucts of matrix elements of the form

(R ~r;,„~R—2)(nl
~
1/r n, 1+2) I (R —2~r„„~R—4)(n&1+2~1/r ~n21+4)

( Rn I
~

V~ R —10 s 1 + 10 ) —g
n&, n2 nl n n2 n

n3, n4

1 (R —4IR,',„IR—6)(n, 1 +41 /Ir'I nl+6)'3 W„—8'„

(R —6~r;,„~R—8) (n31+6~1/r ~n~ 1+8)'3 8'„—8
„

X —(R —8~r;,„~R—10)(n41+8~1/r ~el +10) . (9)

We can approximate the summations by taking the most nearly resonant terms, in which case the average energy
denominator W„—W„—1/4n, is a quarter the spacing of the bound ith Rydberg series at principal quantum number

n; Usin. g the forms of Eqs. (S) and (6) for the bound-bound 1/r matrix elements it is apparent that the n;
~ factors

from adjacent matrix elements cancel the n, factors in the energy denominators. Thus the matrix element of Eq. (9) is
given by

( R nl
~

V~ R —10 E 1 + 10) —
—,
' '18 4 —,',

[(1+—', }(1+—,
' )(1+—')(1+—", )(1+—", )]

(10}

This leads to a rate of 10 n . For n =25 the matrix
element of Eq. (10) implies an autoionization rate of
10 ' s '. While this exceeds the rate for direct 2' -pole
autoionization, it is still far too slow to be observed.

The development between Eqs. (9) and (10}brings out
an important point. Adding the ith quadrupole step adds
a factor of ——', (1+2i + —,') to the matrix element, re-

ducing the rate by the square, -0.64(l +2i +—,
'

) . This
reduction is independent of n. For example, the second
step in Eq. (10) reduces the autoionization rate by a fac-
tor —10 . For this reason an autoionization process
with more than one Al =2 step does not have an observ-
able rate.

Now let us consider the effect of applying an electric
field. The field destroys I and J as good quantum num-
bers. We now assume that this is true for all intermediate
Rydberg series between the initial state and the continu-
um. In the field the nl states are converted to Stark states
which are linear combinations of the angular momentum
states. While I is not a good quantum number in the
field, its projection m on the field direction is. In the fol-

i

lowing discussion we assume that m =0, which is a
reasonable approximation for states optically excited
from low-lying states. To appreciate the e6'ect of the field
consider the five-step quadrupole ionization discussed
above. If we denote the states by (Rnl), the zero-field au-
toionization described above can be viewed as the follow-
ing sequence of transitions:

(R, n, 1)~(R —2, n „1+2)
~(R 4, n2, 1+4)—
~.~.~ ( R —10,El + 10) .

~(R —4, n~, k2)

~.~.~(R —10,e, k, ) . (12)

In the field the process goes through intermediate Stark
states, which have the parabolic quantum number k in-

stead of I and are linear combinations of I states,

(R, n, l)~(R —2, n&, k& )
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~(R —4, n~, l)

~.~.~(R —10,e, 1) . (13)

If we compare this to the chain of Eq. (11) we can see
that the 1~1+2 matrix elements have been replaced by
1~1matrix elements which are larger by a factor —100.
Now each additional quadrupole step introduces an addi-
tional factor of -24/(l+ —,') to the overall matrix ele-

ment.
When we rewrite Eqs. (9) and (10) using the Stark

states there are two new aspects which must be taken into
account. First the intermediate n; Stark states are linear
combinations of 1 states, with amplitudes of —1(n;)'
from each I state. Second the energy denominators are
reduced. While spacing between the I states is 1/n, the
spacing between Stark states is a factor of n, smaller since
there are n; Stark states per An; =1 interval. As a result
the energy denominators are reduced by a factor of n, .
Since the 1/(n;)' enters in two adjacent matrix ele-
ments in the numerator, the factor of 1/n, in the energy
denominator is canceled. Thus the effect of the field is
simply to replace the 1 ~1 +2 matrix elements by 1~1
matrix elements which are a factor of 100 larger. In oth-
er words, for each of the quadrupole steps in which the
1~1+2 matrix element is replaced by an 1~1 matrix
element there is an increase of roughly 4 orders of magni-
tude in the autoionization rate.

We have until this point discussed the autoionization
process as either 51=0 or 51 =2 transitions of some ar-
bitrary 1 state. Now let us consider the question of choos-
ing a low 1 to characterize the process. The expression of
Eq. (4) for the quadrupole interaction is valid only for the
electron outside the Liz+ core, which has a radius of
—5ao. This condition is met for 1 states for which the
inner turning point lies at r &Sao, i.e., 1 3. Experi-
ments on atomic autoionizing states show that the au-
toionization rates can be calculated accurately using ex-
pressions such as Eq. (4) as long as the Rydberg electron
does not penetrate the ion core. Furthermore, for the
low-1 states for which penetration does occur, the au-
toionization rates are roughly equal to the rate of the
lowest-1 nonpenetrating state. Therefore we use 1=3 to
calculate the rates. Each 61=0 step adds a factor of
24/(1+ —,

'
) to the matrix element. For! = 3 this factor is

—1, implying that for all practical purposes an arbitrary
number of such steps may be involved without changing
the autoionization rate. While this statement is an
oversimplification, it does allow us to develop a criterion
for the observability of autoionization.

Above we found that autoionization with a single
quadrupole 61=+2 step was observable, with a rate of
—10 s, in excess of the observability limit of 10 s
It is, however, clear that a process involving two hl =+2

In each of the 1/r matrix elements between two Stark
states, k, and k;+&, the largest contribution comes from
the low-angular-momentum parts of the components of
the Stark states k, with matrix elements l~l. The se-
quence of Eq. (12) may therefore be replaced by

(R, n, I)~(R —2, n &, I)

steps is not observable. Thus we adopt as an observabili-

ty criterion that one 61=+2 transition is allowed. It
will be from the Rydberg state converging to R to the
Rydberg series converging to R —2. All subsequent tran-
sitions must, however, be 51=0 transitions, requiring
that the R —4 Rydberg series be converted to Stark
states at the energy of the original Rydberg state.

When are the Stark states a good description of a Ryd-
berg series? We require that the 1 state responsible for
the autoionization be mixed with other 1 states of the
same n and that the Stark states be spread over the entire
bn interval. Both requirements are met when the field
E & I/3n . This is usually termed the Inglis-Teller limit
since it is the point at which different n states are not
resolved in an electric field.

Using this field criterion we can now derive the thresh-
old energy for autoionization of the n, l =2 Rydberg
states converging to rotational level R of the ion. In Fig.
6 we show the R, R —2, and R —4 limits which are
separated in energy by =4BOR —2BO and 4BpR 10BO.

In a field E the Inglis-Teller suppression of the R —4
limit is to na 4=(3E) '~, which lies at an energy
1/2na 4 below the R —4 limit. Taking into account the
rotational energy separation of the R and R —4 limits the
energy threshold for autoionization lies at energy

5 Wi =880R —48o+ —,'(3E ) (14)

I(0)+(R 4)(R —3)8—0 —W= —,'(3E) (15)

////////////////////

//////////A '////// '/

~vV, r//rrr//rrrrrrrrr//r D W2

115
Inqlis- Teller Limit n=(1/3E)

1i5
n=(1/6E)

R-4 R-2

FIG. 6. Schematic of the U =0, R, R —2, and R —4 ion lim-
its of Liz+. In a static field E all three limits are depressed by
2&E. Also shown are the positions of the Inglis-Teller and —,

'

Inglis-Teller limits in the R —4 series which correspond to the
threshold shifts of Eqs. (14) and (16), and Eqs. (15) and (17), re-
spectively.

below the zero-field R ionization limit.
Expressed in another way, for a state (R,n„)with term

energy W, the threshold field condition for the Inglis-
Teller suppression of the R —4 limit is
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V. COMPARISON OF THEORY TO EXPERIMENT

We wish to compare our data, which we have ex-
pressed as threshold shifts, to the theoretical model pro-
posed in the preceding section. For autoionization to
occur, two requirements must be met. First, forced au-

toionization must depress the limit below the initially
populated Rydberg state, and, second, the angular
momentum barrier must be eliminated. Taking these two
requirements into account, it is clear that, for any given
field, the threshold shift is the lesser of the shifts implied
by Eqs. (1) and (14). For low R the shift is determined by
the forced autoionization criterion, Eq. (1), and for high
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FIG. /. Threshold shift data of (a) Table I for v =0 and (b) Table II for v =1 excluding vibrational energy. Included are the
theories of Eq. (1) (solid line), Eq. (14) (long-dashed line), and Eq. (16) (short-dashed line).



41 FIELD-INDUCED ROTATIONAL AUTOIONIZATION OF Li~ 3755

R by the angular momentum barrier reduction require-
ment, Eq. (14). We note that Eq. (14), which requires
that the Stark shifts of the Rydberg series converging to
the R —4 limit span the entire An interval, gives a lower
limit for the threshold shift. On the average a better re-
quirement would be that the Stark levels fill half the An
interval. This leads to a depression of the limit below the
zero-field R ionization limit by

b Wq = 8BOR —4BO+ —,'(6E) (16)

Similarly, Eq. (15) becomes

I(0)+(R 4)—(R —3)BO W=—
—,'(6E) i (17)

To compare our experimental data of Table I to Eqs.
(14}and (16) we need to connect J' of the intermediate A
state to R of Eqs. (14}and (16). First we note that we ex-
cite primarily I =2 Rydberg states, and J =J', J'+1 are
allowed final angular momenta. For 1 =2,
J' —3 ~ R & J'+3. Of these values of R the most likely to
autoionize is a Rydberg state converging to the R =J' —3
limit. We therefore use R =J' —3 to fit the data of Table
I to Eqs. (14) and (16).

In Fig. 7(a) we have plotted the threshold shifts of the
Rydberg states converging to the U =0 levels of the ion as
a function of R of the ionic level. We have also plotted
the theoretical curves corresponding to Eqs. (1), (14), and
(16) for comparison. As previously shown by Janik et
al., for low R the threshold shifts are determined by the
forced autoionization criterion. This point is shown here

explicitly by the 100 V/cm data of Fig. 7(a) for R + 18.
For high R the data all lie below the solid line corre-
sponding to Eq. (14), consistent with its being a lower
limit to the depression of the limit. The data are, howev-
er, in excellent agreement with the dashed line corre-
sponding to Eq. (16), which should give a better estimate
of the depression of the limit.

We can also compare our data for the Rydberg states
converging to v =1 levels of the ion core to the model.
This comparison can be expected to be meaningful if, as
proposed by Bordas et al. ,

' vibrational-rotational au-
toionization occurs at a rate similar to that of pure rota-
tional autoionization. Specifically the mechanism we
propose is a hu = —1, hR = —2, hl =2 transition fol-
lowed by a series of AU =0, hR = —2, El =0 transitions
as in the case of the Rydberg series converging to the
v =0 levels of the ion. In Fig. 7(b} we show the data of
Table II and the theoretical curves corresponding to Eqs.
(1), (14), and (16), excluding the b, v = —1 vibrational en-

ergy transfer in the threshold shift.
In Fig. 8 we plot the U =1 field threshold data of Table

III along with the theory of Eqs. (15) and (17). For these
states, however, we can no longer exclusively assume
R =J'= —3 in Eqs. (15) and (17). Recall that in general
J =J' —1, J', and J"+ 1 corresponding to the P, Q, and
R Rydberg ~A transitions, respectively. We recall also
that Rydberg states with AR =+2 and the same J are
strongly coupled by their quadrupole interaction with the
core. Of these states, the ones most likely to autoionize
are those with the lowest R, which, for l =2 states, are
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FIG. 8. Field threshold data of Table III plotted with R =J' —3 (circles), R =J' —2 (squares) and R =J' —1 (triangles). Included
are the theories of Eqs. (15) (long-dashed line) and (17) (short-dashed line).
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R =J' —3, J' —2, or J' —1 for states with J =J' —1, J',
and J'+1, respectively. For the states of Table III that
are assigned as either R =J'+1 or J' —1, we therefore
use both minimum R values of R =J' —3 or J' —1 in Eqs.
(15) and (17). Similarly, for the state assigned in Table III
as R =J'we use R =J' —2.

As shown by Figs. 7(b) and 8 the v =1 data match the
model approximately as well as in Fig. 7(a), indicating
that this picture of the autoionization process is correct
for vibrational-rotational autoionization as well as pure
rotational autoionization.

VI. CONCLUSION

Here we have reported a systematic set of measure-
ments which shows that the rotational autoionization of a
diatomic molecule is dramatically affected by small elec-
tric fields. Our measurements agree well with a model

based on two distinct effects, forced autoionization, and
the removal of an angular momentum impediment to au-
toionization of Rydberg states converging to high rota-
tional levels of the ion. Forced autoionization has been
well studied in atomic systems. In contrast, there are no
atomic analog to the Rydberg states converging to the
high rotational levels of the ion, and the removal of the
angular momentum barrier is a purely molecular
phenomenon.
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