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Tunneling Rates for Excited States of Sodium in a Static Electric Field*
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We have measured ionization rates for selected Stark states of sodium in the range n
=12-14, I ml =2. We find that the ionization rates for the lowest Stark components of
each term are in excellent agreement with values calculated for hydrogen. The system-
atics of ionization of the higher sublevels, however, is in serious disagreement with hy-
drogenic theory because of effects of level mixing.

Ionization of hydrogen in a static electric field
by electron tunneling has evoked continuing inter-
est since the early days of quantum mechanics, ' '
and has assumed new importance with the grow-
ing interest in highly excited atoms. Many useful
experimental techniques based upon the ionization
characteristics of these atoms have been devel-
oped. ' A detailed understanding of the ioniza-
tion process is desirable to assure the validity of
tunneling calculations, and is essential in view of
the scope of experimental work whose interpreta-
tion rests on it. We present here first measure-
ments of the ionization rates of individual Stark
sublevels of sodium for n=12, 13, 14; rm~ =2.
The Stark structure of these states is well de-
scribed by hydrogenic theory except in small re-
gions near level anticrossings. We find that the
ionization rates for the low-lying Stark'sublevels
of several terms are in excellent agreement with
the rates that have been calculated for hydrogen.
For the higher-lying sublevels, however, there
is serious disagreement. The discrepancy is due
to level mixing with ionizing levels which appar-
ently has been neglected in tunneling calculations.

The early history of tunneling in excited states
of hydrogen has been reviewed by Bethe and Sal-
peter. ' A number of different theoretical ap-
proaches have been applied to this problem. ' In
particular, Bailey, Hiskes, and Riviere (BHR)'
have applied a WEB method developed by Rice
and Good' to calculate ionization rates for se-
lected Stark levels up to n = 25. They found that
the rates increase monotonically and rapidly with
field. For the lowest component of the n= 15,
rm

r

=0 manifold, for instance, the ionization
rate increases from 10' to 10" sec ' as the field
increases from 10 to 12.5 kV/cm. The ioniza-
tion-rate curves for adjacent sublevels are near-
ly parallel and are displaced toward higher field
with increasing Stark energy. Several groups
have used these calculations to interpret field-
ionization experiments on fast beams of excited
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FIG. 1. Measured ionization rates versus field for
the state In =14,n& —-O,n2 =ll, I mr =2l. The theoretical
curve (solid) was obtained by extrapolation from the
ionization rates calculated by BHR (Ref, 5) for nearby
Stark levels (dashed).

hydrogen formed by charge exchange. " Unfor-
tunately, such experiments do not permit de-
tailed study of the ionization rates since contri-
butions to the ionization signal from numerous
states overlap.

We have succeeded in measuring ionization
rates for individual Stark states of sodium in a
thermal atomic beam. A description of our meth-
od for accessing and identifying selected Stark
sublevels has been presented previously. ' Ioni-
zation rates were determined by measuring the
number of ions created as a function of time after
excitation of the atoms in a static electric field
by a 5-nsec laser pulse. The polarization axis of
the laser, which excited transitions from the
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Q3/ 2 intermediate state, was perpendicu lar to
the electric field, yielding final states with lm l

=0, 1, and 2.
Decay from the excited state was monitored by

a single-event timing technique in which the dis-
tribution of arrival times of the first ion after
laser excitation was measured with a time-to-
digital converter. The decay of the excited state
was observed to be exponential within statistical
error, 2% 01' less. (Systematic timing errors
are negligible at this level. ) The method was
used to measure ionization rates in the range of
10 to 10 sec '. Rates below 106 sec ' could not
accurately be determined because of time of
flight of the beam (~ 2 &&10' sec ') and because of
corrections for radiative decay and collisions
(~ 3 x10' sec '). The upper limit was set by tim-
ing resolution. (Rates in excess of 10" sec '
have been determined from broadening of the ex-
citation curve=w decay rate of 5 X10"sec ' cor-
responds to a frequency width equal to the laser
linewidth, 0.5 cm '

— but the results presented
here were obtained entirely by direct timing. )

Data for the lowest-lying state of the n =14,

W(cm ')
500-

l
m = 2 manifold, (14, 0, 11, 2), are shown in Fig.

1. [The level indices give the parabolic quantum
numbers (n, n„n„ l I l ).] The rate calculated by
BHR is shown for comparison. The theoretical
curve is extrapolated from BHR's values for the
extreme

l
m )

=0 levels' and the central
l
m

l
=1

level' of the n =14 manifold. The slopes of the
theoretical and experimental curves agree, and
to within the 3% uncertainty in calibration of the
field the curves coincide.

Our observations of ionization rates for higher-
lying components of the lm l

= 2 Stark manifold
are, however, in serious disagreement with
BHR's calculations. The difficulty can be seen
by examining the experimental excitation curves
in Fig. 2(b) for the levels which are identified in
Fig. 2(a). The signals were generated by ions
collected following a 200-nsec delay after excita-
tion. Disappearance of a signal with increasing
field indicates that the lifetime of the level has
fallen below 100 nsec, that is, its ionization rate
exceeds 10' sec '. In regions where the field-
ionization rate is low, the signal is due primari-
ly to a small amount of collisional ionization.
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FIG. 2. (a) Stark structure of states n =12, 13,14; lm1=2. The dashed lines indicate that the ionization rates ex-
ceed 10' sec according to BHR. The quantum numbers for the states are A, (12, 6, 3, 2); 8, (12, 7, 2, 2); C, (12, 8,
1,2); x, (13, 2, 8, 2); y, (13,3, 7, 2); z, (13,4, 6, 2); &, (14, 0, 11,2); P, (14, 1, 10, 2). (b) Excitation curves in sodium
obtained by scanning the laser over the region indicated in (a). The signals, which appear as horizontal peaks, were
generated by ions collected fol1owing a 200-nsec delay after excitation. Disappearance of a signal with increasing
field indicates that the lifetime of the level has fallen below 1.00 nsec (i.e., ionization rate is in excess of &G~ sec ).
The dashed lines commence at the observed disappearance of each 1ml ~2 level. (The other unlabelled peaks have
l~l =0 or 1.) The circled feature is explored in greater detail in Fig. 3.
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The dashed lines in Fig. 2(b) commence at the
observed disappearance of each lm l

= 2 level.
For comparison, the field at which the ionization
rate exceeds 10' sec ', extrapolated from BHR's
calculations, is indicated by dashed lines in Fig.
2(a). It is apparent that many levels begin to ion-
ize at substantially lower fields than expected.

A clue to this early onset of ionization is pro-
vided by the circled feature in Fig. 2(b). The
level A [(12,6, 3, 2)] momentarily disappears at

a field of 15.75 kV/cm. We ascribe this behavior
to level mixing with the rapidly ionizing state e
[(14,0, 11,2)] at the A-n level crossing. Quench-
ing phenomena of this type, which can lead to
violation of the "no crossing" theorem, have been
discussed by Lamb. ' Figure 3 shows data for the
ionization rate of state A in the vicinity of this
crossing. The theoretical curve in Fig. 3 is cal-
culated using the following expression for the
complex energy of two interacting levels":

w- —,
' il'= —,'(w, + w„- —.

' i(i' + I'.)+ jl. w —w. ——.t(l' —I'.)]'-41''.1'j'").
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FIG. 3. Ionization rates for the level A t. {12,6, 3, 2) )

in the region of the crossing vrith the rapidly ion&zing
level n I, (14,0, 11,2)]. The solid line is the theoretical
curve described in the text. The dashed line is calcu-
lated neglecting the A-6 crossing at 17.3 kV/cm.

WA and W are the unperturbed energies for the
levels, FA and F are their decay rates, and UA

is the matrix element of E r which couples the
two states. We have computed VA by diagonaliz-
ing the energy matrix for

l
m

l

= 2 with n ranging
from 10 to 15, using hydrogenic dipole matrix
elements corrected for small effects of core po-
larizability and penetration. F„, which varies
rapidly with E, was determined from the results
of BHR. At the A-o, crossing, F = 10'
(I'„, due primarily to radiation, was experimen-
tally determined to be 3 &10' sec '. Since 1 „«I' its value does not need to be known precise-

ly. ) A second ionizing level, 8 [(15,0, 12, 2)] [not
shown in Fig. 2(a)], crosses level A at 17.3 kV/
cm and was included in the calculation, assuming
that the A-o, and A-8 crossings are independent.

The sharp increase in the ionization rate at a
level crossing offers insight into the disappear-
ance of the other levels shown in Fig. 2(b). If
crossings occur with a series of broad levels,
and if the coupling matrix elements are large,
then the ionization rate never returns to the val-
ue for the isolated level. The level is effectively
coupled into the continuum in a manner similar
to that of an autoionizing state.

The dramatic effects of level mixing in field
ionization of sodium naturally raise questions
about the role of level mixing in hydrogen. Level
crossings in hydrogen, which appear to arise
chiefly from relativistic effects, are much
sharper than in sodium. Nevertheless, even a
minute admixture of a high-lying state with a
large ionization rate can dominate the ionization
process. The problem needs further study.

The question also arises as to whether our
agreement for the ionization rate of the (14, 0, 11,
2) level of sodium with BHR's results for hydro-
gen may be simply fortuitous. To investigate the
possible role of level mixing, we projected the
sodium wave function onto a hydrogenic basis set
for fields in the range 13-15 kV/cm. The major
perturbations to the ionization rate, due to n = 15,
16 manifolds, were found to be negligible. Thus,
we believe that the (14, 0, 11, 2) state in sodium is
indeed suitable for testing hydrogenic theory.

We conclude that in the absence of level mixing
our results are in good agreement with the rates
calculated by BHR, but that when level mixing is
important both quantitative and qualitative fea-
tures of ionization can be significantly altered.

We would like to acknowledge helpful conver-
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sations on level crossing in hydrogen with David
R. Herrick and with Gregory Hatton.
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Observation and Simulation of Effects on Parylene Disks Irradiated at
High Intensities with a 1.06-pm Laser
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Parylene (C8H8) disks have been irradiated with a 1.06-pm laser at fluxes of 10 -10
W/cm . The spatial and temporal scattered light distributions, x-ray spatial and spectral
emission properties, and ion spatial and energy distributions were measured. The re-
sults, together with two-dimensional magnetohydrodynamic code simulations, imply ab-
sorption via collective processes, laser generation of suprathermal electrons, and trans-
port inhibition consistent with the presence of megagauss-level thermoelectric magnetic
fields.

Recent experiments using Nd-glass lasers to
heat DT filled glass microspheres suggest that
light absorption, plasma heating, and electron
conduction play determining roles in achieving
compression and thermonuclear neutron produc-
tion. ' In order to investigate these processes in
simpler systems, many workers have employed
plane target geometry.

In the present work, ' a series of irradiations of
parylene-N~ disks were performed at the JANUS
laser facility. ' The 150-pm-diam by 10-pm-thick
C,H, disks were mounted on glass stalks, placed
at varying positions with respect to the system's
best focus, and irradiated with energies of 6-12

J, and durations of 60-120 psec. Nominal target-
spot diameters of 90, 30, and 10 pm were used
to cover the intensity range of 10"-10"W/cm'.
An extensive diagnostic package observed plasma
behavior on each shot, and detailed comparisons
have been made between observations and two-
dimensional computer simulations.

The threshold for target damage by prepulse en-
ergy was established by using only the oscillator
and preamplifiers to apply low-energy pulses to
the target. Detailed target inspection showed no
observable damage at energy densities below 4.5
J/cm'. The laser prepulse diagnostic detection
limit (2-5 p, J) was sufficiently low to assure no
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