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The autoionization rates and energies of the Ba 6p, ,nl states for n =11-13 have been measured
using a multistep laser-excitation technique. The excitation is via the bound 6sn/ states which are
populated using an electric-field switching method that allows the selective population of the high-
angular-momentum states. The results of the measurements indicate an n ~> dependence and a rap-
id decrease of the autoionization rates with /. For the lowest-/ states studied here, /=4, the rates are
~10'"'s~!. At I ~8 the autoionization rates fall below the radiative decay rate of 2 108 s~!. Au-
toionization rates larger than 10'° s~! are obtained by direct measurements of spectral widths, while
smaller rates are determined by a saturation-broadening technique. The autoionization rates are in
agreement with calculations based on an nl electron in a hydrogenic orbit around a Ba* core.

I. INTRODUCTION

The autoionization of high-angular-momentum states
is a process of intrinsic interest due to the relative simpli-
city and stability of these states and the intimate relation
to the quantum defects of both bound and autoionizing
states.'”® High-angular-momentum autoionizing states
are also of practical importance due to their role in
dielectronic recombination in plasmas.* The total
dielectronic recombination rate is the sum of recombina-
tion rates through all the energetically available inter-
mediate autoionizing states. In the isolated resonance ap-
proximation, which is very accurate for high-/ states, it is
straightforward to show that the dielectronic recombina-
tion rate through each autoionizing state is the same if
the autoionization rate exceeds the radiative decay rate.®
Therefore a reasonable approximation to the recombina-
tion rate is obtained by counting the states for which the
above criterion is fulfilled.® Due to the large statistical
weight of the high-angular-momentum states it is evident
that they play an important role, in spite of their relative-
ly low autoionization rates. Precisely how important
they are depends on how rapidly the autoionization rates
decrease with /, and in particular, at what / they are equal
to the radiative decay rates.

High-/ Ba 6pnl autoionizing states have been observed
previously using excitation schemes which employ
angular-momentum mixing of the Rydberg electron by
static or microwave fields”® or through atomic col-
lisions.® However, these methods allow little or no selec-
tivity as to which / values are excited or to the number of
I levels which are populated. To date there has been only
one limited measurement of the / dependence of autoioni-
zation rates, of Sr Spnl states,' but no systematic mea-
surements which can serve to validate theoretical calcula-
tions of autoionization rates have been made. Here we
present measurements of the autoionization rates of the
Ba 6p ,nl states for n =11-13 and / =4 ton — 1. These
measurements are made using a three-step laser-
excitation technique in conjunction with a Stark switch-
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ing technique that allows us to circumvent the dipole
selection rule and populate single high-/ states. The ob-
served autoionization rates are compared to calculations
of the rates based on the model of an outer electron in a
hydrogenic nl orbit circulating about a Ba* ion core.
Since the calculated and measured rates are in reasonably
good accord we conclude that this approach is adequate
for such calculations.

In the following sections we describe our experimental
approach, the observations, and the comparison with the
calculations. We conclude with a few remarks concern-
ing the implications for dielectronic recombination.

II. EXPERIMENTAL APPROACH

The laser excitation process, shown in Fig. 1, is similar
to schemes described elsewhere,'®!! the only complica-
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FIG. 1. Diagram of the combined laser excitation and
electric-field switching process used to populate Ba 6p, ,nl au-
toionizing states. First, two dye lasers are used to excite a 6snk
level in a strong electric field. The field is then reduced adiabat-
ically to zero and a third dye laser is used to excite the autoion-
izing level.
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tion being the Stark switching technique. Two small dye
lasers of the Hansch!? type are used to populate, via the
6s6p 'P, state, a 6snk Rydberg-Stark state in a field of a
few kV/cm. The field is then reduced to zero slowly
enough that the 6snk atom passes adiabatically to a single
6snl state in zero field. At this point, a third, commercial
dye laser is used to excite the autoionizing 6p, ,nl state.
The autoionizing resonances are observed by scanning
the third laser over the 6snl-6p, ,nl transition, which is
near the 6s, ,-6p, , Ba* line at 20262 cm '3

The first small dye laser is pumped by the second har-
monic of a Nd:YAG laser at 532 nm and is tuned to the
6s6p 'P, resonance at 18060 cm~!. The second Hansch
laser is pumped by the third harmonic of the Nd:YAG
laser at 355 nm and is used to excite the atoms to the
n=11-13 levels (see Fig. 2) over the range
22800-24000 cm~'. Both of these lasers have
linewidths of approximately 1 cm~! and pulse lengths of
5 ns. The second laser is delayed after the first by 4 ns to
ensure that the 6s6p resonance has been saturated before
the appearance of the second laser. The commercial dye
laser is pumped by an excimer laser operating with XeCl
at 308 nm. The pulse length of the third laser is nearly 15
ns and has a linewidth of 0.05 cm ™! after the installation
of an intracavity etalon. All three dye lasers are linearly
polarized in the same direction, are pumped at a repeti-
tion of 20 Hz, and have pulse energies on the order of 100
ul.

The Ba atoms are excited in an effusive beam originat-
ing from a resistively heated oven in a vacuum chamber
with a background pressure of 10~7 Torr. The Ba beam
has a divergence of 15° and a density of approximately
10° atoms/cm? at the interaction region, which is a dis-
tance of 15 cm from the oven. All three laser beams are
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sent into the chamber collinear with each other and the
atomic beam, but antiparallel to the atomic beam. The
atomic beam and lasers overlap between a set of parallel
aluminum field plates which are separated by a distance
of 0.475 cm. After the Ba atoms autoionize, the ions are
extracted through a group of 0.5-mm holes which are
centered on the top plate in a circular area of 1 cm diam.
A dual microchannel plate detector is centered 10 cm
above the top field plate in order to measure the ion
current from the interaction region. The signal from the
microchannel plates is directed to a gated integrator
where the signal is averaged and then recorded on an x -y
chart recorder.

As has been explained by others who have used similar
excitation schemes previously,'®!! the final step in the ex-
citation scheme, .6snl-6p, ,nl, is the strong Ba*t 6s-6p,
resonance line of the inner electron with the outer n/ elec-
tron remaining as a spectator. This leads to excitation of
the bound autoionizing state only, with no observable
direct excitation to the continuum. Thus, no interference
between bound and continuum channels occurs, and the
location and width of the autoionizing state are readily
observable by scanning the third dye laser over the
6snl-6p, ,,nl transition near the ion resonance line.

In zero field, the excitation 6s6p-6snl only allows / =0
or I =2 in the dipole approximation. In nonzero fields,
however, any member of the Stark manifold correspond-
ing to a given n may be excited due to the finite amount
of s and d character in every state of the manifold. The
Stark switching technique consists of exciting a given lev-
el of a Stark manifold in a strong electric field using the
first two dye lasers. The field is then reduced adiabatical-
ly to zero field, and the excited state now only has the
character of a single angular-momentum eigenstate. The
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FIG 2. Scan of the second dye laser frequency over the n =13 manifold in an electric field of 2100 V/cm. Similar scans were used
to determine the correct laser frequency to excite a particular 6p, ,nl state.
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field relaxation is adiabatic if its decay rate is always
much less than the energy spacings between adjacent
Stark states.

In order to ensure that the slew rate of our field meets
the adiabatic condition, we have calculated the quantum
defects of high-angular-momentum states of Ba under the
approximation that the quantum defects are due to dipole
and quadrupole polarizations of the Ba™ ion core by the
Rydberg electron. The calculations have been made us-
ing the method of Freeman and Kleppner,'* and the di-
pole and quadrupole polarizabilities of Ba* determined
from the energy spacings between high-angular-
momentum Rydberg states of Ba measured by Gallagher
et al.> These quantum defects are then used to calculate
the Stark energy levels as a function of field strength us-
ing the method of Zimmerman et al.!* The theoretical
quantum defects are shown in Table I.

In Fig. 3(a) we show a typical Stark energy level dia-
gram. The energy levels for all angular-momentum states
with effective quantum number n =13 are shown as a
function of applied electric field. Figure 3(b) is a
magnification of the high-angular-momentum levels near
zero field. As an example of our excitation scheme, con-
sider the energy level near the point labeled A in Fig.
3(a). This energy level is excited by firing the first two
lasers in an electric field of 2100 V/cm, shown by the ar-
row in Fig. 3(a). The electric field is then reduced slowly
so that the relaxing state never tunnels through to a
neighboring energy level. At zero field [see point B in
Fig. 3(b)] the third laser is fired to excite the 6p, ,nl au-
toionizing state.

For the range of states studied, fields up to 5000 V/cm
are necessary to mix enough s and d oscillator strength
into the rest of the manifold for adequate results. These
strong fields are relaxed slowly using a 6BK4B electron
tube which can short large voltages to ground at rates
from O to 500 V/us. Thus, after the second laser has ex-
cited a certain Stark state the field is relaxed to zero be-
fore the third laser is fired. After the firing of the third

TABLE I. Calculated quantum defects of the 6s,,,n/ Ryd-
berg levels and 6p, ,,nl autoionizing levels. Also shown are the
quantum defects of the 6p, ,nl autoionizing states derived from
the positions of these states and the calculated values for the
Rydberg levels. Values listed for the 6p, ,nl states are the aver-
age values for n =11-13.

Quantum defects

! 6s 6p1,2 6p1,2
(calc.) (expt.) (calc.)

5 0.016 —0.029 —0.021

6 0.006 6 —0.013 —0.008 6

7 0.0030 —0.0057 —0.0040

8 0.0016 —0.0021 —0.0021

9 0.000 85 —0.0013 —0.0011

10 0.00048 —0.00058 —0.00063

11 0.00029 —0.00029 —0.000 38

12 0.00018 —0.00025
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laser, a small voltage pushes the ions, which are formed
by autoionization, through the holes in the top field plate
toward the detector. It should be noted that there is a
trade off in deciding the proper slew rate for the electric
field. While slow slew rates are necessary to achieve the
adiabatic condition described above, slew rates which are
too slow are not desirable. Due to the finite lifetimes of
the excited Rydberg states, the number of atoms left in
the proper excited state when the third laser fires falls off
exponentially with the delay between the second and
third lasers. Furthermore, longer delay times increase
the probability of transitions to other states due to black-
body radiation.'®

III. EXPERIMENTAL RESULTS

When scanning the third laser over the autoionizing
states, we have found that the delay between the second
and third lasers is extremely critical in determining the
shape of the excitation profile (see Fig. 4). Firing the
third laser in fields of approximately 50 V/cm instead of
zero field produces scans exhibiting many overlapping
peaks instead of the single Lorentzian which is charac-
teristic of an unperturbed autoionizing level. As suggest-
ed by Fig. 3(b), the appearance of several peaks in
nonzero fields is clearly due to the fact that for the levels
studied, the angular-momentum levels with / > 5 are well
mixed for fields of approximately 20 V/cm. Therefore,
the method we use to find the zero-field position for the
third laser is to change its temporal position until a delay
time is reached which exhibits strong excitation to only
one state. Almost all scans show some deviation from
single Lorentzian profiles due to the fact that the field in
the interaction region can change by 5-10 V/cm during
the 15 ns laser pulse. Furthermore, the excitation profiles
are found to be cleaner for larger slew rates since these al-
low shorter delay times. We believe that the these short-
er delays decrease the probability of state mixing by
blackbody radiation and consequently minimize excita-
tion of unwanted levels.

We find that reasonable amounts of oscillator strength
can be put into the inner Stark levels if the first two lasers
are fired in fields of 4200, 3000, and 2100 V/cm for
n =11, 12, and 13, respectively. Slew rates range from
approximately 800 V/cmyus for n =11 to 200 V/cm us
for n =13. Faster slew rates are used for the larger fields
for the reasons explained above.

The autoionization rates for a given state are taken to
be the FWHM of the Lorentzian profile in the scan of the
third laser. Ordinarily, the third laser is attenuated until
the signal amplitude is linear with the laser power to en-
sure that the width measured is the actual width of the
autoionizing state, with no saturation broadening. How-
ever, for the range of principal quantum number studied,
the excitation profiles for / > 6 have approximately con-
stant width of 2.5 GHz. This is simply the combined
width of many instrumental broadenings, the major con-
tributors being the laser linewidth of 1.5 GHz and the
Doppler width of approximately 1 GHz. It is assumed
that all such instrumental widths are Gaussian and must
be added in quadrature.
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In order to measure widths less than the instrumental
width, we use the method of Cooke et al.'” The method
basically uses saturation broadening to increase the natu-
ral Lorentzian width of the given state to values much
greater than the instrumental widths The nonsaturated
width can then be deduced from the measured width. In
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using the technique, we assume that all the Rydberg
atoms in the third laser beam are excited to an autoioniz-
ing state and that the population of the autoionizing state
has completely decayed away during the length of the ex-
citation pulse. We also assume no power broadening of
the upper level due to Rabi flopping between levels.
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FIG. 3. (a) Calculated energy levels of the n =13 Stark manifold as a function of applied electric field. The arrow indicates the
field used to excite the n =13 manifold when the data were taken. (b) Enlargement of the zero-field region in (a) which clearly shows
the quadratic Stark shifts and quantum defects for the levels / > 5. The energy spacings of these states as the electric field approaches

zero determine the maximum adiabatic slew rate.
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FIG. 4. Frequency scan of the third laser over the Ba®*
6s,,,-6p, ,, transition line. This scan clearly exhibits strong ex-
citation of the 6p,,,13i autoionizing level and slight mixings
with other levels. The ion line at 20261.6 cm ™' is also shown at
the arrow.

These assumptions will be justified in the following sec-
tions.

The number of atoms driven to the excited autoioniz-
ing level in the saturation regime is given by

N=Ny(l—e~ %), (1)

where o is the excitation cross section and ® is the time-
integrated photon flux. The argument of the exponential
in Eq. (1) can be written as

rrQ?

=T @)
Aw*+(Ty /2)?

od

where I' is the total decay rate of the upper state, 7 is the
laser pulse length, Q is the dipole coupling between the
upper and lower levels, Aw is the detuning of the laser
from the resonance line, and "y is the observed width of
the resonance including all instrumental broadenings. By
comparing Egs. (1) and (2) it is evident that o ®=In(2)
when 2Aw is equal to the FWHM of the excitation
profile. Thus, from Eq. (2) we have for two excited states
1 and 2 with the same dipole coupling from some lower

states
L(AT+T%)) @
oA+,

where A, and A, are the observed saturation-broadened
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FWHM of states 1 and 2, respectively. Therefore, if the
actual width and broadened width of state 2 are known
and the broadened width of state 1 is known, then the ac-
tual width of state 1 can be determined.

Since the final excitation of the autoionizing states is of
the inner electron, the dipole coupling between the Ryd-
berg and autoionizing levels is the same for any outer-
electron configuration if the laser power is constant.
Therefore, because we can measure the widths of the
1 =5 and 6 levels directly, we are able to determine the
widths of those states with / > 6 by saturation broadening
all the levels and using Eq. (3).

The measured widths for all the levels studied are listed
in Table II and plotted in Fig. 5. Due to the short life-
time of the 6sng states, virtually no population is left in
these states when the third laser is fired. We find
sufficient signal for a legitimate measurement for the
6p13g level only. The width we list here is in good agree-
ment with the value of 3.23 cm~! reported previously by
Jaffe et al.'® Also, for n =12 and 13 we cannot find
sufficient signal for a valid rate determination for the
I =n —1 levels. Therefore, no measurements are listed
for these two states.

The quantum defects for 6p,,,nl states are derived
from the relative positions of the measured levels with
respect to the Ba™ 6s,,,-6p, /, ion transition and the cal-
culated quantum defects for the 6s,,,nl states. These
quantum defects are listed in Table I and plotted in Fig.
6.

The measured rates we report here are actually the to-
tal decay rates of the 6p, ,nl states. These decay rates
approach the spontaneous radiative decay rate of the
Bat 6p,,, state for small autoionization rates. Figure 5
clearly exhibits this lower limit at 25.5 MHz.!> With this
observation we can now justify the assumptions we made
in order to use the broadening technique. First, the
branching ratio from the Bat 6p,,, state to the 5d;,,
state is 22%,'® and there are approximately three radia-
tive lifetimes of the 6p,,, state during each laser pulse.
Since atoms appearing in a 5dnl state also autoionize,
essentially every atom which is excited to a 6pnl state will
autoionize through some channel, and the population of
the 6pnl level will have decayed away during the laser
pulse time. Furthermore, we may assume that there is no
significant Rabi or power broadening since, for every n
studied, the highest-/ states are not significantly
broadened above the instrumental width. Therefore, the
power broadening for all the states studies is, at most,
comparable to the instrumental width since the Rabi
broadening is independent of the values of n and / of the
Rydberg electron. Hence, the lower-/ states which are
saturation broadened significantly above the instrumental
width can have no added width due to Rabi broadening.
Finally, the fact that the data are consistent with the ra-
diative rate for the highest-/ states shows that Rabi
broadening is not a significant part of these widths either.

IV. THEORETICAL TREATMENT

Our theoretical calculations of the autoionization
widths are based on a simple model of a single Rydberg
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TABLE II. Calculated and observed total decay rates of the 6p,,,nl levels for n =11-13 and [ =4 to

n—1.

6p,,n,l Expt. width Uncertainty Theor. width
(cm™") (cm™") (em™1)

11, 5 0.82 0.02 1.7

11, 6 0.16 0.004 0.16

11, 7 0.017 0.002 0.011

11, 8 0.003 8 0.0004 0.0013

11, 9 0.000 52 0.0003 0.000 86

11, 10 0.00042 0.0003 0.000 85

12, 5 0.73 0.04 1.35

12, 6 0.11 0.01 0.14

12, 7 0.018 0.003 0.010

12, 8 0.0017 0.0003 0.0014

12, 9 0.00091 0.0002 0.000 86

12, 10 0.00098 0.0002 0.000 85

13, 4 2.63 0.07 7.2

13, 5 0.51 0.03 1.1

13, 6 0.11 0.004 0.12

13, 7 0.032 0.003 0.009 3

13, 8 0.011 0.002 0.0014

13, 9 0.002 4 0.001 0.000 87

13, 10 0.0013 0.0005 0.000 85

13, 11 0.0020 0.0009 0.000 85

level interacting with a single continuum. Such a simple
model is valid as long as the perturbation of the single
level is much smaller than the separation of the level
from the nearest member of its Rydberg series. If we
denote V as the perturbation which connects a 6p, ,nl
level to the continuum, then the autoionization rate is
given by?°

r=2r|V|Z%. 4)

In our model the perturbing potential is simply the
Coulomb repulsion of the outer electron from the inner
electron and can be written

V=<6p1/2nl.] —rl—

n'l’el"J> R (5)
12

where r,, is the separation between the two electrons. In
our case, n'l’ is either 6s,,, or 5d;,,, € is determined
from the energy conservation, and the total rate is taken
as the sum of the rates to the different continua. We as-
sume that the total wave function of the two electrons is
separable into a product of a Coulomb wave for the inner
electron and a hydrogenic wave for the outer electron.
The operator in Eq. (5) may be expanded in terms of
spherical harmonics. Taking the dipole term as the dom-
inant contribution, ¥ can be approximated by

V=<6p1 onl] n’l'el“J> , (6)

r;
il
zcl CZ
ro

where r; is the radial position of the inner electron and r,

is the radial position of the outer electron. The angular
parts of V are calculated using standard methods,?! and
the radial integrals for the Rydberg electron are per-
formed using Numerov integration. The matrix elements
Tepes and re,s, are calculated using the method of Lind-
gard and Nielsen'” and are found to have the values
4.33a, and 2.59a, respectively. The calculations have
been performed using jj-jj, jk-jk, and jk-jj coupling, but
the results are found to be independent of the coupling
scheme.

The theoretical values shown in Fig. 5 are the calculat-
ed autoionization rates described here for J =/ added to
the total radiative rate of the Ba™ 6p, ,, state. J=1—1
and /+1 are also allowed total angular-momentum
values for the autoionizing states in our excitation
scheme. However, in both jj and jk coupling, states with
J =1 are twice as likely to occur as J =/—1or J=1[+1.
We therefore assume that the large excitation features are
due to the J =1 state. Inspection of Fig. 5 indicates that
this simple model reproduces the experimental results rel-
atively well.

An interesting, although not very surprising, result of
our calculations is that the angular integrals are extreme-
ly insensitive to the angular momentum of the Rydberg
electron for />4. Instead, the radial integrals from
bound to continuum channels account for almost all the
angular-momentum dependence of the rates. We note
that the radial integrals for /’’=1/—1 are an order of mag-
nitude smaller than those with /"’ =/ +1 for all the states
studied. Furthermore, our calculations show a marked
decrease in the branching ratio of autoionization to
6s,,,€l’ as is shown in Table III. The ratios are listed in
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FIG. 5. Experimental and theoretical total decay rates of Ba
6p, ,nl states. Calculated rates are shown as lines (n =13, —;
n=12, ---; n =11, - --) for aesthetic reasons but were only cal-
culated for integral values of /. The n =13 and n =11 data
points are slightly shifted to the left and right of their correct
positions, respectively, to prevent confusion due to overlapping
points (n =13, n =12, @®; n =11, A). Note the lower decay-
rate limit of all the n/ states at the spontaneous decay rate of the
Ba* 6p,,, level at 25.5 MHz.

Table III are very consistent for n =11-13 and / =4-9.
However, our numerical calculations give values for the
highest-/ states which we believe to be spurious, and
therefore, these values are not reported in Table III.

A simple second-order perturbation-theory calculation
has been performed to determine the atomic energy shifts
due to the perturbation in Eq. (6) with the €/'’ autoioniz-
ing state replaced by an n''l"’ Rydberg level. The quan-
tum defects of the 6p, ,nl states are readily obtainable

TABLE III. Calculated branching ratios for autoionization
of 6p, ,,nl states to 6s, ,€l and 5d; ,€l.

Branching ratios

) 6s (%) 5d3/2 (%)
4 43 57
5 38 62
6 32 68
7 27 73
8 22 78
9 18 82
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FIG. 6. Experimental and theoretical 6p,,,n/ quantum de-
fects plotted vs /. The theoretical values are shown by the solid
line, but calculations were only performed for integral values of
1. Note that for all the levels studied, the quantum defects were
found to be negative.
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from these energy shifts. In the calculation, we assume
that the only states of the inner electron which connect to
the 6p,,, state are the 6s,,,, 5d;,,, and 7s,,, states.
Furthermore, we assume that the energy interval
W epni~W 1+ has the constant value We,-W,. in order
to use closure in the sum over the Rydberg electron
states. The quantum defects we obtain by this method
reproduce the measured values quite well and are listed in
Table I and are plotted in Fig. 6. An interesting note is
that the calculated and measured quantum defects have
negative values. This observation may seem counterin-
tuitive, but the negative quantum defects of the 6pnl
states are a direct consequence of the positive quantum
defect of the 6snl and 5dnl levels.

V. CONCLUSION

We present measurements of the total decay rates of
Ba 6p, ,,nl autoionizing states for n =11-13 and [ =5 to
n —1. The decay rates are dominated by the autoioniza-
tion process for / < 8, but radiative decay becomes dom-
inant for / > 8. We use a simple theoretical model which
reproduces our data within our experimental uncertain-
ties. In the regime where the major channel is radiative
we believe that autoionization still occurs through
5d;,nl states. It would be interesting to observe the
shift in electron energies as low-energy autoionization be-
comes dominant. Unfortunately, the present measure-
ment technique involves large electric fields which make
electron-energy analysis impossible.
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