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We have used two-photon excitation of Ba 6snl Rydberg states to create Ba 6d, nl autoionizing states.
The excitation of the initial Rydberg states is performed using two, three, or four tunable dye lasers for
I=2, 3, and 4 respectively. We have used very eScient laser pumping schemes for population of the

6snf and 6sng series. The 6d, nl states exhibit a wide range of interseries interaction from large to negli-

gible channel couplings. Furthermore, the quantum defects of all of the series have a pronounced energy
dependence even in the absence of any coupling to other 6dj core channels. The perturbing series that is

the source of the energy variation of the quantum defects is believed to belong to one or more 4f,' core
configurations. Each 6dnl series has been fit using a multiconfiguration quantum-defect theory model,
and the results of the fits are generally in good agreement with the observed spectra.

PACS number(s): 32.80.Dz

INTRODUCTION

In recent years there has been a great deal of experi-
mental and theoretical interest in doubly excited states of
alkaline-earth atoms [1—5 ]. All the alkaline-earth-metal
atoms have a closed s valence shell surrounding a highly
bound doubly charged core. For over a decade most of
the experimental investigations of autoionizing states in
these atoms have been performed using tunable dye lasers
in conjunction with the isolated core excitation (ICE)
technique [1]. In this scheme one of the valence electrons
is excited to a high-lying Rydberg state that spends most
of its orbit time at a large radius, near its classical outer
turning point. The autoionizing state is then created by
exciting the inner or core electron to an excited state of
the ion. Until very recently, the majority of the autoion-
izing alkaline-earth-metal-atom levels studied have been
those where the core electron is excited to the first p state
above the ionic ground state.

Although there have been a few studies of other core
configurations in Ba [6,7] and Ca [8], the only doubly ex-
cited core configuration where a systematic study of all of
the angular-momentum series of the outer electron have
been observed is the Ba 6pnl configuration [2,3,9,10].
The Ba 5dnl states have also been populated for values of
i (6 [11—13] but these series are usually not excited us-
ing an ICE. As experimentalists strive to populate more
energetic core states, it is important that more than one
outer electron configuration is observed. These systemat-
ic measurements are necessary so that we may acquire a
better understanding of valence electron correlation as
the excitation energy of the electron pair approaches the
second ionization limit.

Here we report a detailed study of the Ba 6d nl' for
l =2, 3, and 4. The 6d5&2 nd J=4 autoionizing series
has been studied previously by Kachru et ai [14]. That.
investigation, like the one discussed here, also used a non-
resonant two-photon excitation scheme. We have im-
proved the signal-to-noise ratio of the previous study
significantly and we are able to excite the series converg-

ing to both 6dj fine-structure components. We also re-
port the first observation of 6dlns J =2, 6d/nf1 J =3,5,
and 6d ng' J =5,6 levels.

The 6dnl series were populated using two-photon core
excitation from 6snl Rydberg states. We have used a
standard two-step excitation of the 6sns and 6snd Ryd-
berg states from the 6s ground state using an intermedi-
ate 6s6p 'P, level. The 6snf and 6sng Rydberg states
were produced using three or four lasers, respectively, in
conjunction with a combined laser photon absorption and
stimulated emission excitation scheme. The technique
will be discussed in the forthcoming experimental section.

The 6d3&znd J =4 and 6d»2nd J =4 series have been
studied in detail for values of n ranging from 20 to 50.
Specifically, we have measured both energy level posi-
tions and autoionization rates. We observe virtually no
interaction between the two core configurations. We
have fit the observed data using a two-channel quantum-
defect theory (QDT) model for each of the core levels, a
procedure which reproduces the spectra extremely well.

The 6d 3/2n f . states have been observed for
n =22—31, and we have studied the 6ds/znf~ states for
n =19—29. We observe no correlation between the 6d3/2
and 6d 5&2 core configuration as is the case for the nd
states. We have fit the 6d5/2nf. , J =5 series using a
four-channel QDT model and the 6d3/pnf7/2 J =5 series
using a two-channel model.

The 6d ng' series show a large interseries interaction
in contrast to the nd and nf states. We have studied the
series converging to both fine-structure limits for values
of n ranging from 13 to 30. We have fit the observed
spectra using a ten-channel, energy-dependent QDT
model. By energy dependent we mean that we have al-
lowed the quantum defects and bound and continuum
channel interactions to vary linearly with the binding en-
ergy of the outer electron. In general, the theoretical fits
reproduce the data extremely well for all of the series
studied.

The 6d ns J=2 series have also been observed for
19(n (28. The spectra for these series are extremely
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terms of standard I.S or j-j coupling. The effects of the
nonuniform coupling have a profound effect on the ap-
pearance of the final states which we excite.

In all cases, the final laser beam which drives the 6snl
to 6dnI transition is sent through a telescope which al-
lows us to change the beam diameter and thereby vary
the intensity of the laser in the interaction region. The
power of the third laser is varied, for reasons which will
be discussed later, yielding pulse energies between =100
and 10 mJ. This laser is sent into a vacuum chamber
with a background pressure of 10 Torr, antiparallel to
the other lasers and perpendicular to the effusive Ba
beam which originates in a resistively heated oven. The
lasers and Ba atoms interact between a set of aluminum-
field plates. After the atoms autoionize we measure the
Ba+ or electron current from a microchannel plate detec-
tor as a function of third laser frequency. For the 6dns
and 6dnd series, we measure ion current and for the 6dnf
and 6dng series we collect electrons. The temporal pulse
widths of the dye lasers are =8 ns and the pump lasers
are fired at a 20-Hz repetition rate.

EXPERIMENTAL RESULTS

Different laser polarizations were used in order to
select different final-state angular momenta in the excita-
tion of all the levels studied. With linear polarization,
the allowed final states are 6dns, J=2; 6dnd, J =2,4;
6dnf, J=3,5; and 6dng, J=4,6. However, only 6dnd,
J =4; 6dnf, J =5; and 6dng, J =6 are allowed if all of
the lasers are circularly polarized so as to allow
AM = + 1 transitions only. For the 6dnd series, this cri-
terion is satisfied if all three lasers are circularly polarized
in the same sense. However, for the 6dnf and 6dng exci-
tations, the second laser must be circularly polarized in a
sense opposite to that of the other lasers because this
laser photon stimulates emission of a photon rather than
being absorbed.

No differences in the final spectra were observed with
linear or circular polarization for the 6dnd and 6dnf
series indicating that the levels with different values of J
are degenerate. For the 6dng series, data were also taken
with the second laser circularly polarized in the same
sense as the other lasers, thereby performing a hM = —1

transition. This allows approximately 60% of the
6d3/2ng population to be in a J =5 state with less than
35%%uo in the J =6 level and nearly 35% of the 6d5&2ng
population is allowed to have J =5 with only 60% pos-
sessing J=6. Again, no difference was observed in the
final spectra suggesting that the 6dngJ=S and 6 levels
are degenerate.

6dj 11dj J 4 SERIES

Figure 2 shows a scan of the third laser frequency
showing the transition from the bound 6s30d state to the
6d nd J=4 states of n =30. The excitation of the series
converging to both the 6d fine-structure components can
be clearly seen. For this scan the third laser power is
high enough so that the central features for states con-
verging to both the 6d3/2 and 6d5/2 limits are depletion
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FIG. 2. Spectra obtained by scanning the third-laser frequen-
cy after the initial excitation of a 6s30d Rydberg state. The po-
sitions of the two-photon ion transitions 6s-6d3/, and 6d-6d5/2
are labeled. The feature labeled A is a neutral Ba frequency
marker line at 23 062.06 cm

broadened [21]. This broadening increases the relative
amplitudes between the satellite structures and the cen-
tral peaks. Also note the large sloping background signal
due to single photon excitation of the 6p3/2El continuum.

Figure 2 shows spectra which are characteristic of an
excitation from a bound state with quantum defect 6 to
an autoionizing state with quantum defect 5'=5+ —,

' [3].
The seemingly complicated structure is easily explained
using a two-channel QDT model. In the ICE approxima-
tion the cross section for excitation of an autoionizing
series is proportional to the square of the overlap integral
for the outer electron multiplied by the spectral density
of the final autoionizing states [3]. The basic structure
seen here arises because the central maximum of the
overlap integral is centered between two maxima in the
spectral density of the final state. The subsidiary maxima
in the overlap integral, on the other hand, coincide with
the maxima in the spectral density of the autoionizing
series. In Ref. [3] a number of plots are presented which
explicitly show the dependence of the final-state spectra
on the difference between the quantum defects of the ini-
tial and final outer electron states in an ICE.

Since the satellite features exhibit essentially Lorentzi-
an profiles, their positions and widths may be used to
directly determine the quantum defects and autoioniza-
tion rates of the series of interest. This would not be the
case if the quantum defects of the initial- and final-state
series differed by more than =0.6 or less than =0.4. In
principle, the satellite levels, by virtue of their Lorentzian
profiles, should yield the correct quantum defects and
rates. The central maxima, on the other hand, may be
significantly altered by the overlap integral. Thus, we use
the satellite features to determine the quantum defects
and autoionization rates.

Unfortunately, the amplitude of the first satellite level
is approximately 10% of the amplitude of the central
features giving a greatly reduced signal-to-noise ratio.
This ratio can be improved, however, by increasing the
intensity of the third laser. This increased intensity will
depletion broaden the largest features, but the satellite
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states should not broaden if their amplitudes remain less
than approximately half of the amplitude of the central
features. Therefore, we use high-intensity third-laser
scans in order to study the satellite features in detail. In
Fig. 3(a) we show a high-intensity third-laser scan over

6d&&hand levels excited from a 6s 35d, state and in Fig. 3(b)
we show an analogous scan over 6d5/2nd states from an
initially populated 6s32d Rydberg level. Scans similar to
those shown in Fig. 3 were used to determine the quan-
tum defects and autoionization rates of the respective
series.

We also made several scans of the third-laser frequency
over a range of states with 27 (n & 38 using much lower
laser power. Figures 4(a) and 4(b) show excitation spec-
tra from 6s30d and 6s33d initial states, respectively.
These spectra exhibit no saturation broadening. The
quantum defects and autoionization rates determined
from these levels were also measured. Next, a compar-
ison was made between the quantum defects and the au-
toionization rates which were obtained from the saturat-
ed and nonsaturated laser scans. As expected, the quan-
tum defects obtained from the two types of spectra agree
very well with each other. On the other hand, the widths
determined using the high- and low-power scans differed
by as much as a factor of 2 for some levels.

The origin in the discrepancy lies in our assumption
that our third-laser beam has a constant intensity
throughout the beam profile. For a uniform beam inten-
sity, each atom in the laser beam sees the same number of
photons, and therefore, each volume element of 6snd
Rydberg atoms in the laser beam is depleted by the same
level. Furthermore, for a beam of uniform intensity, all
thoroughly saturated features have the same peak ampli-
tude. By increasing the scanning range of the third laser,
for a given 6snl Rydberg level, we may examine the
single-photon excitation to the 6p3/27ld series as well as
the two-photon excitation to the 6dnd states. If the
power of the laser is increased so that the 6dnd profiles
are severely broadened, then the peak amplitude of the
6p3/2nd autoionizing state should be equal to the ampli-
tude of the 6dnd states. This is not the case, and we ob-
serve that the ratio of the peak amplitude of the 6p3/2nd
structure to that of the 6d5/2nd structure is nearly 20.

This experimental evidence shows that the actual
profile of our laser beam is certainly not of uniform inten-
sity. Thus, the volume of excited atoms may be
significantly depleted at the center of the beam profile but
not in the wings. Hence, the amplitude of a given feature
never attains a maximum value, but instead, it may con-
tinue to increase as more atoms are excited by the spatial
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FIG. 3. Frequency scan of the third laser after the initial ex-

citation of a 6snd Rydberg level. (a) shows excitation from
6s35d exhibiting several 6d3/2nd levels and (b) shows excitation
from 6s32d exhibiting several 6d5/2nd states. These spectra are
intentionally depletion broadened to increase the amplitude of
the satellite states. The smooth curve is the theoretical fit de-

scribed in the analysis section. The energy scale is relative to
the first ionization limit.

Energy Icm ')

FIG. 4. Low power scan of the third laser after the excitation
of a 6snd level for (a) n =30 and (b) n =33. Note the large slop-

ing background due to single photon excitation of the 6pel con-
tinua. The energy scale is relative to the first ionization limit.
The smooth curve is a theoretical fit to the data as discussed in
the analysis section.
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wings of the laser pulse. The major contribution to the
satellite features in our saturated spectra obviously origi-
nates in a spatial region where the initial Rydberg state
population has been depleted and these features are,
therefore, broadened. Hence, the experimental widths
which are plotted in Fig. 5(a) are those derived from the
nonsaturated scans.

For the higher n levels, the widths of the observed au-
toionizing states are within a factor of 3 of our laser
linewidth of =0.35 cm '. The value for the laser
linewidth is determined using a single-photon neutral Ba
resonance which appears near the 6d&/2 ion line. This
resonance is the quadrupole transition, 6s 'So —5d 'D2
at 23 062.06 cm ' [18]. Although this transition should
have a small excitation amplitude, the absorption of a

second photon at this frequency places the Ba atom only
1.2 cm ' below a Ba Sd~/2nd, J=2 level at 46125.46
cm ' [l l]. Therefore, due to the non-negligible width of
the 5dnd autoionizing state, the light of frequency
23062.06 cm ' may create Ba+ ions through a resonant
two-photon process. In any case, the laser linewidth is
deconvoluted from the observed Voight profiles in the ion
spectrum, and the rates reported here are the adjusted
widths.

The measured autoionization rates scale as v as ex-
pected, where v is the e6'ective quantum number of the
outer electron. The average scaled autoionization rates
v I for the two series are

v I 6d d =0.19+0 02
3/2

3.50

g 3.00

CY

(a)

v I 6d „d =0.16+0.01
5/2

ln a.u.
The quantum defects obtained from the saturated scans

are still valid since the observed features are broadened
symmetrically. The quantum defects shown in Fig. 5(b)
are the averages of the satellite peak positions from
several third-laser frequency scans. Often, 20 or more sa-
tellite states were excited for a given initial state. There-
fore, as many as ten energy position measurements were
averaged to determine the quantum defects for each of
the 6d nd states. The measured quantum defects have
average values of

56d „d =3.07+0.01

P..5015 55
and

56d „d =3.12+0.01 .
5/2

0.50

The experimental values for the scaled autoionization
rates and quantum defects of the 6d»2nd series are in
good agreement with those previously reported [14].

6d, nf,' J =5 SERVERS

0 00ae 30 34 36 40

FIG. 5. (a) Experimental scaled autoionization rates in atom-
ic units, v I, for the 6d3/2nd, J=4 (D ) and 6d5/2nd, J =4 ( 0 )

autoionizing series plotted vs n. (b) Experimental quantum de-
fects for the 6d3/2nd, J=4 (D ) and 6d5/2nd (0 ), J =4 autoion-
izing series plotted vs n.

All of the 6d nf spectra were taken by scanning the
frequency of the final laser near the 6s6d two-photon
transition line at an intensity level such that the observed
profiles exhibited no saturation broadening [21]. The
6d3/2nf 7/2 levels are quite broad and have widths which
are approximately one-third of the spacing between adja-
cent n levels. The members of this series for 21 & n & 32
show no indication of any interaction with the 6d»2nf '
levels. Since there is only one 6d 3/2nf J = 5 channel, the
experimental energy positions and widths were deter-
mined by fitting the data to a single Lorentzian. The au-
toionization rates I. are taken as the FWHM of the
profiles we observe. The experimental quantum defects
and scaled autoionization rates, v I (v is the efFective
quantum number) are plotted versus a principle quantum
number in Figs. 6(a) and 6(b), respectively. The average
values for the quantum defects and scaled autoionization
rates are
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The 6ds/znfs/2 J =5 and 6ds/znfv/z J =5 states are

slightly longer lived than the 6d3/znf7/z states as evi-
denced by their narrower profiles. The profiles we ob-
serve clearly show two features which appear regularly
for 18 & n & 30 indicating little or no interaction with any
other channels. Since there are two allowed channels
converging to the 6d5/2 limit, the data here have been fit
to the sum of two Lorentzians. The experimental quan-
tum defects and scaled autoionization rates of the two ob-
served series are plotted in Figs. 7(a) and 7(b) respective-
ly. The average values obtained for the quantum defects
and scaled autoionization rates for the two series are

v I 6d „f —0. 17,

v I 6d nf =0.12

where the scaled rates are given in a.u.
There are two obvious features of the 6dnf spectrum

which should be noted. First, the quantum defects of all
of the observed series increase slightly with increasing en-

ergy. Second, the relative strengths of the two different
channels converging to the 6d5&z ion limit vary from
state to state indicating a nonconstant admixture of the
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FICx. 6. (a) Experimental quantum defects and (b) scaled au-
toionization rates, v'I, for the 6d3/znf5/z, J =5 autoionizing
series plotted vs n. The rates are reported in a.u.

FICx. 7. (a) Experimental quantum defects for the ( )

6d, /znf, /z, J=5 and (0 ) 6d, /znfz/„J =5 autoionizing series
plotted vs n. (b) Scaled autoionization rates, v'I", for the (c )

6d, /znf, /z, J =5 and ( ) 6d&/znf7/z J =& autoionizing series
in a.u. plotted vs n.
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two allowed j-j coupled channels in the 6snf J = 3 initial
states. This effect has been observed previously in the
study of the 6pnf series [9]. Both of these experimental
observations will be discussed in more detail in the
theoretical and discussion sections of this work.

6d. ngj- J =6 SERIES

The 6dng series exhibit strong interseries interactions
between levels converging to the different fine-structure
component of the Ba+ 6d ion limit. It is not surprising
t at strong couplings occur when we consider that the
Ba+ 6d. fine-structure splitting is only 205 cm ' [l8].
Similar interferences have been observed in the M 3 nl
levels 32 w

ve in e g pnl

cm ' 18.
w ere the 3p. fine-structure splittin

'
92J ng is

cm [ ]. Some of the perturbations may also be d t
up ing with even-parity 4f nl states which are strongly

coupled to the 6d nl series. In any case, the observed
profiles show no regular features to which we may assign
quantum defects or autoionization rates. Therefore, in
or er to report the results of our experiments we simply
show all of the spectra we observe as a function of final-
state energy in Figs. 8 —10. Figures 8(a), 9(a), and 10(a)

5&& ion imit ands ow the series converging to the 6d 1

Figs. 9(d) and 10(d) show the series converging to the
6d 3/2 limit.

Each of the major features in Figs. 8 —10 are obtained
from a different initial 6sng Rydberg state and the ampli-
tudes are normalized to 1 individually. Obviously, the
spectra are extremely complicated. The ten-channel
QDT fit to the data is shown in parts (b) and (c) of the
figures. The details of the energy-dependent model,
which was used for the fit, will be discussed in the up-
coming theoretical sections.

6dj ns SERIES

The
1

excitation cross sections observed from initia sns
evels are also significantly perturbed. The spectra ob-

tained from different initial Rydberg states exhibit in-
terferences which appear to be completely different from
one level to the next as is the case with the 6dng series.
This observation suggests that the interferences arise
rom interactions with series converging to different core
imits. Inter erence effects originating from 1'm coup ings to

c annels converging to the same Ba+ limit should scale
with increasing energy such that each n level has the
same effective profile. Interactions between series con-

lieved to be the mo e e major cause of the interferences, since the
energy spacings between the dips in th 6din e 5&2ns spectra
are of t e same order as the spacin b tgs e ween a jacentd'

There is an enormous number of bound, even-parity
levels w ie s whic. can conce][vably interact with the

6d.ns J =2 sJ
= states. Fitting the experimental spectra to a

set of multiconfiguration quantum-defect theory (MQDT
parameters would be extremely diScult and it is doubtful
that a meaningful set of coupling parameters could be ob-

n a a initio calcu-tained. However, it has been show th t b
'

ation can accurately reproduce autoionization spectra in
alkaline-earth atoms [22,23]. Such calculations may be
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FIG. 8. (a) Experimental and (b) theoretical spectra for exci-
tation of the 6d n (i) J=6 ' ' ' '

as a,q2 g =6 autoionizing series shown as a
function of final-state energy. Ea h f thc o e main features was ex-
cited from a different initial 6sng state and the synthesized and
experimental spectra are individually normalized to unit . The
theoretical s ectrp tra are calculated using the ten-channel QDT

o uni y. e

model discussed in the text. Som f th h fe o e s arp eatures in the
synthesized spectra are washed out th d din e ata ue to instru-
mental broadenings on the order of 0.5 ' Thcm ~ e energy scale
is relative to the first ionization lim't Thi . e experimental data is

t e 6s24g state.
not available for the 6d, &~24g state due to difficulty in exciting
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FIa. 9. (a Experimental and (b) theoretical spectra for exci-
tation of the 6d no e,&2ng(i), J =6 series analogous to Fig. 8(c). S n-
thesized and d ex

c . yn-

6d n (i) J=
experimental spectra for excitation of th

3&2ng i, =6 series. Data are not available for the 6d 24
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and 6d 18g levels due to difficulty in exciting the 6s24 and
3n

6s18 states. Eg es. ach main feature was excited from a diff t
e s gan

tial R dber 1

a i erent ini-

y erg evel and are normalized individual to unit ~ The
energy scale shown is relative to the first ionization limit.
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FIG. 10. (a) and (d) show experimental excitation of the
6d5yz ng ( i) J=6 and 6d3yz ng ( i) J=6 series, respectively, and
(b) and (c) show the theoretical synthesized spectra of these
series completely analogous to Fig. 9. Note the features which
are labeled A and 8 which are believed to be 4fnl perturbers
which are the source of the energy dependence of the MQDT
parameters and quantum defects. Similar sharp features have
been observed near 6d3&z13g and 6d, ~z12g.

analysis of the 6d.ns series until such calculations can be
obtained.

Despite the large perturbations in the series, a plot of
the measured quantum defects for the 6dns series is
shown in Fig. 11. The quantum defects are derived from
the energy positions of the centers of the main features in
the spectra. No autoionization rates are reported for
these series due to the interference effects.

where co is the photon frequency, a is the Ane-structure
constant, 0 represents the density of the 6nal state, and r
is the dipole operator which includes angular as well as
radial terms. Using Eq. (1), we may write the cross sec-
tion for a typical isolated core excitation [1] from a 6snl
level to a 6pn'l' level in atomic units as

o.= l &6plr l6s ) &n'1'lnl & 3 (v)l, (2)
V3

where co is the photon frequency, o, is the fine-structure
constant, v,. is the effective quantum number of the initial

ANALYSIS QF THE 6dj nd J =4 SERIES

The single-photon, energy-dependent cross section for
a one-electron excitation from an initial state ll) to a
final state l2) can be written in atomic units as [24]

FIG. 11. Experimental quantum defects for the 6d3/zns,
J =2( o ) and 6d 5&z ns, J=2 ( b, ) autoionizing series plotted vs n.
The quantum defects for the perturbed levels were determined
from the energy positions of the center of the largest feature in
the experimental spectra.

Rydberg state, and
l
A (v)l is the spectral density of the

Anal autoionizing state. The factor of v, appears in the
denominator because the initial states are not energy nor-
malized. The angular factors which arise due to the un-
coupling of the two-electron angular momenta are impli-
citly included in r. In writing Eq. (2) we have implicitly
assumed that a true isolated core transition has occurred.
That is, we assume that direct excitation of the 6sel"
continua, which is degenerate with the 6pn'l' state is
negligible. Equation (2) has been shown to reproduce ob-
served cross sections over a variation of three orders of
magnitude [25].

The rate at which the doubly excited states are pro-
duced by a pulsed laser is then given by

(3)

where 4 is the time-integrated photon Aux in the laser
pulse and ~ is the temporal pulse width of the laser.
Equation (3) assumes that the laser is a square pulse.
However, from Fermi's golden rule, the rate at which a
transition occurs between two levels,

l
1 ) and

l
2 ) which

are coupled by a perturbation, V (r)e' ', can be written to
first order as [24]

IV =2~I&iI VI2&I'II(E ) .

Equating Eqs. (3) and (4) and substituting Eq. (1) for cr,
we arrive at an expression for the form of the perturbing
potential in a one-photon excitation

The two-photon excitation which is of interest here in-
volves transitions through virtual intermediate states,
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which lie in the continuum, to final higher-lying autoion-
izing states. Because the intermediate and final states lie
in the continuum, we can express the rate for two-photon
transitions from an initial state ~1) to a final state ~2) as
[24]

W, =2~ I dEk O(E, ), (6)

& I ~r ~k &n(E„)(k ~r ~2&
dEk Q(E2 ) .

Ei Ek +cg (7)

where A(Ek ) and Q,(E2) are the density-of-state func-
tions for the intermediate and final levels, respectively.

Substituting Eq. (5) for the perturbing potentials in Eq.
(6) and using Eq. (3) to relate the transition rate to the
cross section, we easily obtain an expression for the two-
photon cross section for excitation of state ~2) from an
initial state ~1),

8773C02~2(
0'

In writing Eqs. (6) and (7), we have assumed that the
intermediate states

~
k ) are not coupled to any other

states through some perturbation other than the laser.
To include such effects we could add an imaginary part to
the energy of the intermediate states in a somewhat ad
hoc fashion. However, the strengths of the couplings to
other states due to typical processes such as radiative de-
cay or blackbody radiative redistribution are much small-
er than the other couplings of interest and occur over
much longer time scales. Thus, we ignore these compli-
cations. Of course, the process of autoionization is impli-
citly taken into account when we write the state k ) as
an eigenstate of the two-electron system which contains
both bound and continuum parts. In this representation,
the eigenstates does not "decay" since the continuum
part of the wave function is always present.

With these clarifications Eq. (7) can be readily general-
ized to express the two-photon ICE cross section for exci-
tation of a 6d n'l' autoionizing state from a 6snl Rydberg
state

3 2 2@ (n "l"~nl ) ~„,IdE„- g (6d, ~r ~6p,') (6pj ~r ~6s ) (n'l'~n "l"
& ~ A„,-~

V 'T
E J'tIlt i

where
~

2„"l"
~

is the spectral density for the intermediate
n "l"Rydberg level and

~
A„,i, ~

is the spectral density for
the final autoionizing state. Also note that we have in-
serted an extra factor of 2 in the cross-section formula to
account for the possible absorption of photon 2 before
photon 1.

Cooke and Cromer [26] have derived a simplified ex-
pression for the general two-photon ICE by performing
the sum over the intermediate outer electron states in Eq.
(8). The formula they obtain contains two terms. One
term describes direct absorption of two photons with the
outer electron shaking only to the final state. The second
term describes a stepwise excitation through nearby in-
termediate autoionizing states. In our excitation scheme,
there are no nearby intermediate autoionizing states since
the first photon places the atom above the Ba+, 6p3/2
limit. Thus, we only need to consider the first term in the
Cooke and Cromer [26] cross-section formula, and Eq. (8)
becomes

from the total angular momentum.
The time-integrated photon Aux and laser pulse width

are known approximately, and the expression for the
overlap integral of the outer electron can be written in
closed form as [25]

sinir( v; —v)
&v, l ~vl ) =S„,~ W~

—W
(10)

where v,. and v are the initial and final effective quantum
numbers, l and l' are the initial and final angular-
momentum quantum numbers, and 8' and 8' are the
binding energies of the initial and final Rydberg states,
respectively. We assume that there are no interactions
between the allowed bound final-state channels. In this
case, the spectral density for each of the allowed final
states has contributions from one bound and one continu-
um channel only. Cooke and Cromer [27] have shown
that, for one bound and one continuum channel, the
bound-state spectral density has the simple form

16m co o.' ill
CT 3V '7

r r6d.6p., 6p.,6s
2

(n'l'I nl & 3„~, (9)
J

~2,2 1+tan (harv')
'I' R' +tan (harv')

where

6'=E —E,+co .J 6$ 6pj

Again, the radial matrix elements above implicitly con-
tain all of the angular integrals involved in decoupling
the individual electron's angular momentum and spin

where R ' is the coupling parameter which connects the
bound and continuum channels and v' is the effective
quantum number of an energy position in the final-state
spectrum added to the quantum defect of the bound au-
toionizing channel. It is easy to show that for values of
R'«1, the function in Eq. (11) exhibits profiles which
are nearly Lorentzian and have FWHM's of
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2R'
'7TV

(12)

in a.u. [27].
Using Eq. (9), the total cross section for two-photon ex-

citation of 6dnd J=4 levels can be expressed as

o =0 +o. ' +cr'T 6d 5 /2 nd 3/2 6d 5/2 nd 5/2 6d 3/2 nd 5/2
(13)

which is just a sum over the allowed final states. Unfor-
tunately, our spectra also show a nonconstant back-
ground due to a single-photon excitation of 6pjE'I con-
tinua. We must include a single-photon cross-section
term in order to reproduce the observed spectra.

The single-photon expression given by Eq. (2) gives the
correct form to reproduce the Ba background if the
spectral density of the 6pel continuum is set to a constant
value of 1. The overlap integral between the initial Ryd-
berg state and the final continuum level does not have the
functional form shown in Eq. (5). For a final state in the
continuum, the overlap integral does not oscillate as the
energy of the continuum level increases. Instead, the
overlap integral consists of the same energy denominator
given in Eq. (10) multiplied by the sine of a nearly
energy-independent phase factor.

As shown by Bhatti et al. [25], the amplitude of the
sine phase factor in the overlap integral between an initial
and final Rydberg state is completely determined by the
difference in the radial phases of the two wave functions
at the origin. The phase factor in the overlap integral os-
cillates as the energy of the final state is changed because
the radial phase of the final-state wave function at the
origin changes. As the energy of a bound-state increases,
the radial phase of wave function is fixed at the outer
turning point and not at the inner turning point. Contin-
uum waves, on the other hand, have a nearly constant ra-
dial phase at the origin. This phase changes extremely
slowly with increasing energy due to the steep slope of
the effective radial potential near the origin. Thus, the
difference between the radial phase of the bound initial
state and the continuum final state determines the ampli-
tude of the excitation to the continuum. Unfortunately,
the phase of the continuum wave, for the energy range in
which we are interested, is not known for 6pel levels so
the amplitude of the background produced by excitation
of the 6pel continuum cannot be calculated.

Another problem with obtaining the amplitude of the
Ba+ background was discussed in the experimental sec-
tion. The volume of atoms which experience a laser in-
tensity great enough so that they may absorb a single
photon is on the order of 20 times greater than the
volume of atoms which are able to absorb two photons.
Hence, we are unable to calculate the amplitude of the
background from first principles. Therefore, in order to
fit the single-photon background, we have used an arbi-
trary parameter C for the amplitude of the single-photon
signal. The overlap integral is assumed to have the func-
tional dependence described above for a continuum final
state. Also, by virtue of the different peak amplitudes ob-
served for single- and double-photon absorption, we as-
sume that, at the third-laser frequency where the two-

photon processes occur, the single-photon background
comes predominantly from a region which is not de-
pletion broadened.

The total number of ions we see per laser shot is
—cr T4'X =Co++(1—e ),

where o T is given by Eq. (13) and o is given by Eq. (2)
with the modifications discussed above for the form of
the overlap integral and the spectral density. Using this
expression for X assumes that the total ion signal is sim-
ply a sum of the single- and two-photon contributions.
The time-integrated photon Aux N is estimated using
laser power measurements and trIen varied slightly to
give a good fit to the data. The variation of the values of
4 which fit the different data agrees well with the laser
power variations.

In order to calculate the angular terms in the expres-
sions for o. and o.T, we assume that the initial Rydberg
states which we excite are true singlet 6snd 'Dz levels.
Although the resolution of the second laser was too poor
to resolve the singlet and triplet levels for the highest-n
states, we assume that the excitation of the triplet levels
is negligible based on the relative amplitudes of the sing-
let and triplet states for the lower-n states. The angular
integrals are then performed using the methods of Ed-
monds [28]. The MQDT parameters, which are used in
the fit, are identical for the fine-structure components of
the outer electron. The values used are

6d3/2 nd3/2
3.O8

~6ds/2nd3/2 3.12,

5/2P1d

v I 6& „z =0.17 (a.u. ),
3/2 3/2

v I 6& „z =0. 15 (a.u. ),
5/2 3/2

v 16& „z =0. 15 (a.u. ),
5/2 5/2

which are in excellent agreement with the experimental
values.

Examples of the theoretical fits are shown as the solid
curves in Figs. 3 and 4. Note that the only real
discrepancy between the fits and the data occurs in the
saturated scans shown in Fig. 3. Again, the explanation
of these discrepancies lies in the nonuniformity of the
laser beam and the excitation of different volumes at the
peak of the cross section rather than in the wings.

ANALYSIS OF THE 6djnf .J=5 SERIES-
In order to reproduce the 6d ~n nf7n J 5 ~pectr~, we

use the same formulation used to reproduce the 6dnd
data. In using this formulation, we neglect any interac-
tion between channels converging to 6d3/p and those con-
verging to 6d5&z. Since, for the 6dnf and 6dng series we
collected only electrons with energy greater than 1 eV,
instead of ions, we observe no background signal due to
excitation of the 6pel continua. We still observe a very
small energy-dependent background due to the partial



CHANNEL INTERACTIONS IN THE Ba 6dinlj'. . . 4275

6sel' mixing with the 6pel continua. In order to fit this
baseline signal, we have used a background of arbitrary
slope and amplitude. We have also assumed that the de-
tuning parameters b, , in Eq. (9) have a constant value of

Q., =E6, E,—+ ,'(E6~—E6—, ) .
J

For the range of photon energies used in our experi-
ments, this approximation leads to a maximum amplitude
error of =5% in the wings of the observed features. We
have also assumed that the laser frequency co is constant
over the energy ranges studied.

Typical cross-section measurements along with the
energy-independent theoretical fit are shown in Fig. 12.
The agreement between theory and experiment is excel-
lent. The best-fit parameters obtained are

~6d3/2 nf 7 /2

R'=0. 67

C:
CD

O
O
03

LLJ

0
45735

C

45785

where R ' and 5 are the bound-continuum interaction pa-
rameter and quantum defects defined by Eq. (11).

For the 6ds/2nf states, we are not able to use the two-
channel model which was used for the 6d3/2nf states. In-
stead, we use a four-channel (two bound and two continu-
um channels) QDT and a slightly modified version of Eq.
(9) to express the final-state cross section. If we allow for
channel mixings between states converging to the same
ion limit, Eq. (9) becomes

0

45800
Energy (crn ')

45850

FIG. 12. Cross sections for excitation of the (a) 6d, /225f7/2,
J =5 and (b) 6d3/231f7/p J =5 states plotted as a function of
final-state energy relative to the first ionization limit. The
smooth curve is the result of the two-channel QDT fit to the
data.

3 2 2g) cn ~6d .6p ., ~6p .,6s
2

") (14)

where gk(n', I',j") is the spectral amplitude associated
with the kth continuum, the bound channel where the
state of the outer electron is described by the quantum
numbers (n', I',j "), and n, is the number of continuum
channels (for this model n, =2). Again the angular in-

tegrals are implicitly included in the radial matrix ele-

ments and overlap integrals and these were calculated us-

ing standard techniques [28]. Furthermore, we approxi-
mate

l 6ds/2 "fs/2~

142 &
= l«s/2n»/2 I =

l@,&=l~J=5&

where g is the generalized continuum and the energy-
independent R ' matrix used to fit the data is

E6& + (6ds/2 6$i/2 )

for the range of photon energies studied.
The MQDT of Cooke and Cromer [27] was used to

determine the spectral amplitudes. Since this procedure
has been discussed in great detail in the literature [9,29]
we will not discuss it further here. Instead, we simply re-
port the set of parameters which best fit the experimental
data. The collision channels which are used for the fit are

0
—0.015
0.654

0

—0.015
0
0

0.470

= 1.092,

62 56d f =0.975 .

0.654
0
0

—0.365

0
0.470

—0.365
0
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The results of the fit for two typical states are shown in
Fig. 13. Note that the peak positions and widths of the
calculated spectra agree quite well with the data. Howev-
er, in Fig. 13(b) the relative amplitudes of the two
features are not perfectly reproduced by the calculations.
This discrepancy between theory and experiment is easily
explained when we consider the character of the initial
6snf Rydberg state. As alluded to earlier in this work
and as discussed in detail elsewhere, the 6snf series is
strongly perturbed by the Sdgp and 5d4f configurations
[19]. Due to these perturbations, a uniform classification
of these levels in terms of L,S or j-j coupling is not possi-
ble. In our analysis we have assumed that the initial
Rydberg levels are good triplet states since the intermedi-
ate 5d6p D, and 6d 5d Di levels are reasonably well de-
scribed by I.S coupling.

Previous analyses [9] have fit an additional rotation pa-
rameter in order to describe the initial Rydberg state as
an arbitrary combination of j-j coupled channels. This
procedure is quite reasonable if both members of the 6snf
doublet for a given n can be excited. However, we have
insufficient resolution to resolve the 6snf doublets, and
therefore, fitting a rotation parameter to the initial Ryd-
berg states would give little insight to the actual composi-
tions of these states. The problem of improper
classification of the initial Rydberg states becomes much
more obvious when fitting the 6dng series which is dis-
cussed in the next section.

(a)

ANALYSIS QF THE 6d1 ng~' J=6 SERIES

As discussed briefly in the experimental section, the
series converging to both fine-structure components of
the Ba+ 6d level are strongly perturbed. In order to
reproduce the experimental spectra, we have used a ten-
channel QDT model along with an expression for the ob-
served cross section which is a slight modification of Eq.
(14). Since we assume that the channels converging to
the 6d3/2 limit interact with those converging to the
6d»2 limit, we must also sum over the index j before
squaring the amplitudes to different channels in Eq. (14).

Unfortunately, we were not able to reproduce the ob-
served spectra using an energy-independent set of param-
eters. Therefore, the quantum defects and R' matrix pa-
rameters were allowed to vary linearly with the binding
energy of the outer electron. The ten channels which
were used in our model are labeled as

Wi &
= l6ds/2 "g9/zJ =6&

g ) = 6ds/2ng7/QJ=6),

IA& = l6"3/2ng9/2J =6&

tj/4) = I6ds/2niJ=6),

llijs) = 6d„,niJ =6),

l@,&=1~~=6),

I@9&= I~J =6&,

I@to& = lpJ =6& ~

0
45880

LD

O
O
O
(D

LLj

0
45950

45930

46000

Above the 6d3/2 ion limit, channels 3 and 4 become
continua. Following the procedure outlined by Cooke
and Cromer [27] the number of continua which are need-
ed to describe the physical situation is equal to the num-
ber of bound channels. Therefore, above the 6d3/2 limit
we consider only the three bound channels converging to
6d5/2 and three generalized continua. These continua are
a simple rotation of the original continua and the two
channels which converge to the 6d3/2 limit. Above this
limit, the coupling of each bound channel to the continua
is equal to the coupling of that channel to the original
continua added in quadrature to the coupling with the
6d3/2 channels. Thus, above the 6d3/2 ion limit, only six
channels are needed to reproduce the spectra.

Due to the size of the R ' matrix used to calculate the
spectral amplitudes, we split the R' matrix into four
different parts. Following Cooke and Cromer we have,

Energy (cm ') R'—bb —bc
R'

FIG. 13. Cross section for the excitation of the (a) 6d, /, 22f,J=5 and (b) 6ds/226f, 1=5 series plotted as a function of
final-state energy relative to the first ionization limit. The
smooth curve is the result of the four-channel QDT fit to the
data.

R'=
—cb
R' —CC

R'

where R bb, R b„R,'b, and R,', are all 5X5 matrices.
Using this definition
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R bb=

0
0.03
0.28

—0. 15

0

0.03 0.28 —0. 15 0
0 0. 10 0. 15 33E

0. 10 0 0.07 0
0. 15 0.07 0 0
33E 0 0 0

where E is the magnitude of the binding energy of the
Rydberg electron in atomic units. The matrix R 'b, is di-
agonal with elements

R&,(1,1)=0.41,

R&, (2, 2) =0.20,

R&,(3,3)=87E +0.30,

R&, (4,4) =169E+0.04,

R&, (5, 5)=0.10,

and R,', is identically zero. The quantum defects all
have a marked energy dependence. We use

0C5

45690

C:
O
O
(D

LLI

45760

6] 66d ~g 140E +0 334
5/2 g9/2

2 61 ng5/2 g 7/2

63 66d g 92E +0 333
3/2 g9/2

64=66d „;= —94E +0.354,
3/2

65=66d „;= —65E+0.356 .
5/2

Close inspection of Figs. 5(b), 6(a), and 7(a) clearly show
that the experimentally determined quantum defects for
the 6dnd and 6dnf series also have a noticeable energy
variation.

The results of the calculations are shown in Fig. 8(b)
and Figs. 9(b), 9(c), 10(b), and 10(c). Figures labeled (b)
are reproductions of the spectra converging to the 6d5/2
ion limit [labeled (a)] and those labeled (c) should be com-
pared to the 6d3&2 spectra in the figures denoted with (d).
For states with n & 15, the synthesized spectra are in
good agreement with the observed data. In particular,
the energy positions and widths of the features are in ex-
cellent agreement. Unfortunately, the relative intensities
of all of the features are not correctly predicted by our
model. As alluded to earlier, we attribute the discrepan-
cies in the relative line strengths to improper
classification of the initial 6sng levels as triplet states.

Consider the two spectra shown in Figs. 14(a) and
14(b). Figure 14(a) shows a calculation where the initial
Rydberg level is taken to be 6s16g G4. In this case, the
ratio of the j-j coupled states 6s16g7/2 to 6s16g9/2 is
&5/2. If this ratio is reduced to V 5/4, the relative line
strengths of the final state changes so that we would ob-
serve the spectra shown in Fig. 14(b). Clearly, this choice
of rotation angle for the initial state yields a fit which
resembles the data quite well. As is the case with the
6snf states, however, little information is gained by intro-
ducing a new rotation parameter for each initial state in
order to achieve the best fit without any a priori
knowledge of the true rotation angles. Therefore, the

0
45690

Energy (cm ')
45760

FIG. 14. Experimental and synthesized cross section for exci-
tation of the 6d5/216g state. In (a) the calculation assumes a
6sng G4 initial state with an amplitude ratio of 6sng7/2 to
6sng9/2 of &5/2, and in (b) the ratio of 6sng7/2 to 6sng9/2 in the
initial state is taken as &5/4.

spectra shown in Figs. 8 —10 all assume good triplet ini-
tial states.

In Fig. 8(b) the synthesized spectra with principle
quantum number n &21 are generated using the six-
channel model which is only strictly appropriate for lev-
els which lie above the 6d3/2 limit. The 6d3/2 limit is ac-
tually located on the high-energy side of the 6d5/223g lev-
el. However, due to the fact that our laser linewidth is
large compared to the widths and energy spacings of the
degenerate members of the 6d3/2nl states above 6d»221g,
the spectra we observe should be nearly identical to those
calculated using the six-channel model. Inspection of
Fig. 8 shows that this is, in fact, the case. Also, we note
that many of the sharp features in the theoretical spectra
for n ~ 21 are instrumentally broadened or washed out in
the data.

Close inspection of the 6d5&2 spectra in Fig. 8(a) shows
that there is an extra feature on the high-energy side of
the main profiles for n & 25 which is not reproduced by
the theory in Fig. 8(b). These features are believed to be
6dnd J=5 states, which are being excited from 6snd
J=3 Rydberg levels. This assignment is made by com-
paring the quantum defects of the observed levels with
the previously measured values for the 6dnd states. Our
laser excitation scheme prevents excitation of these J=3
levels if our laser polarizations are 100% pure, so a possi-
ble explanation for the appearance of these extra features
is nonperfect circular polarization. Another probable
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cause for the imperfect angular-momentum selection in
the Anal states stems from the possibility that, in the
second step of our laser excitation scheme, the 5d6p D&
level spontaneously decays to the 6s5d D2 state instead
of undergoing stimulated emission. We have found that
the 5d6p D, level decays with nearly 100% probability
to the 6s5d configuration in a time which is comparable
to our laser pulse width of =8 ns. Thus, there is always
some population in the metastable state which does not
have the expected M=2 total angular-momentum pro-
jection. In any case, we ignore this complication in all of
the synthesized spectra.

The theoretical spectra in Figs. 10(b) and 10(c) clearly
do not reproduce the data as well as those in Figs. 8 and
9. The sharp features labeled A and B in Figs. 10(a) and
10(d) are believed to be even-parity 4fnl, J=6 per-
turbers. These perturbers are also believed to be the
source of the energy dependence of the R ' matrix param-
eters and quantum defects of the 6dng series. Two other
sharp features have also been observed near the 6d 5&212g
levels and near the 6d3/213g state. Recently, we have ob-
served strong interactions between the 6dnf and 6dnh
J=3 series and the 4fn'g states for 'n~7. In fact, we
believe that 4fnl configurations are responsible for the
energy dependence of the quantum defects for all of the
6dn/ series observed. Observation and analyses of the
4fnl series are necessary in order to confirm this hy-
pothesis, but preliminary work in this area seems to sup-
port our explanation.

CONCLUSIONS

We have studied the 6dn/ autoionizing series in detail
for / =2, 3, and 4 and have also observed several
members of the 6dns series. The spectra we have ac-
quired exhibit vastly different levels of interseries interac-
tion. The 6dns and 6dng series show extremely large
configuration interactions yet the 6dnd and 6dnf show

little or no interseries interferences.
The 6dnd, J =4; 6dnf, J=5; and 6dng, J =6 series

have been fit using two-, four-, and ten-channel QDT
models which reproduce the observed spectra very well.
The only real discrepancies between the synthesized and
experimental spectra are the relative amplitudes between
different features in some of the scans. These differences
are attributed to inappropriate labeling of the 6snf and
6sng Rydberg series in terms of LS coupling.

The 6dn/ states for / ~ 6 have also been observed re-
cently [30] using a Stark switching approach similar to
the one used to populate the high-1 6pnl states [10].
Therefore, upon the completion of the analysis of the
character of these states, the 6pn/ and 6dn/ series will be
well understood. Over the past two years, experiments
have been performed which use real autoionizing states
as intermediate levels in order to reach higher core states.
Specifically, we have used the 6pnl and 8snl states [31]
while others have also used 6dnl and 6fnl [32] intermedi-
ate levels.

The results of this experiment clearly show that the
character of the intermediate states in the excitation of
higher-lying states is critical in determining the structure
of the cross section for the excitation of the final states.
The information about the 6dn/ states obtained from this
work is, therefore, extremely important when considering
excitations through 6dn/ intermediate states. Thus, al-
though the experimental observation of even higher-lying
states is an interesting and intriguing problem, under-
standing the composition of the lower-lying doubly excit-
ed states is a necessary prerequisite.
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