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Influence of Configuration Mixing in Intermediate States on Resonant Multiphoton Ionization
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Resonant three-photon ionization of Ba to a structureless continuum via 6snd Rydberg
states was performed in the range 19&n &30. It is shown that state mixing in the Rydberg
states strongly affects the photoion and photoelectron yields as well as the angular dis-
tributions of photoelectrons. The experimental results are explained on the basis of a
three-ch&»el quantum-defect theory for the perturbed Rydberg series.
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Resonant multiphoton ionization (RMPI) con-
tains information about the electronic structure
for each of the states in the excitation-ionization
sequence. " However, RMPI has hitherto only
been employed to investigate the structure and

decay of autoionizing states. ' Here we de-
scribe the first use of RMPI to study the elec-
tronic structure of intermediate bou~d states,
and we show that state mixing dramatically in-
fluences both the total ion yield and the angular
distributions of photoelectrons. Although we

selected Ba to demonstrate these effects, the
results are of general importance for RMPI of
atoms with more than one valence electron.

In Ba the 5d7d doubly excited configuration
causes strong state mixing in the 6snd Rydberg
states near n =26.' ' The RMPI was chosen to
proceed via these 6snd "D, states. Experimen-
tally, the 6snd series (19 - n -30) is convenient
since the yttrium-aluminum-garnet (YA1G) laser
used for ionization reaches both the 6s and 5d
continua of Ba' without exciting any autoionizing
state. ' Hence, two groups of photoelectrons are
observed: fast ones (1.16 eV) originating from
the 6s continuum and slow ones (0.46 eV) from

the 5d continuum. The spectra in Fig. 1 were ob-
tained by focusing the beams of two pulsed dye
lasers (553.7 nm, 6s''S, -6s6p'P, and 419-424
nm, 6s6p'P, -6snd "D,) a.nd the YA1G laser
along the same axis onto a beam of Ba atoms in
a field-free region. Ions were collected 2 cm
downstream and detected by an ion multiplier.
Electrons emitted in a half angle of 12' on a per-
pendicular axis had a flight path of 6.5 cm before
reaching the detector, which caused a 60-ns
time-of-flight separation between fast and slow
electrons. Typical power levels per pulse for
the three successive linearly polarized laser
beams were 10' W (553.7 nm), 5 x10' W (419-424
nm), and 2 MW (1064 nm) in a focal diameter of
of about 1 mm at the atom beam.

The influence of the 5d7d'D, perturber state
(in jj coupling' 5d,l, 7d, l, ), located between n=26
and 27, is obvious in the total ion yield IFig.
1(a) I as well as in the spectra. of fast [Fig. 1(b) j
and slow [Fig. 1(c)] electrons. Below we outline
an interpretation of the observed spectra accord-
ing to the multichannel quantum-defect theory
(MQDT). The simplest model assumes only the
6snd "D, states and the perturber to be mixed:

~
6snd, j= 2) = Z, ~

6snd 'D, ) +Z, ~
6snd 'D, ) +Z,

~ 5dg, 7d3I2, J= 2) .
The mixing coefficients Z, follow from an MQDT
analysis. In a Lu-Fano plot of the effective quan-

tum numbers v„(mod1) vs v„(mod1), the en-
ergy levels lie on two separate branches. '"
The continuous branch contains the 6snd'D, (n
-25) and 'D, (n =-26) states with v„almost con-
stant as a function of v„. For these the admix-
ture of the perturber state is small; instead
there is strong singlet-triplet mixing. The
6snd'D, (n ~25) and 'D, (n ~ 26) states, together

! with the 5d7d perturber, lie on the broken branch
of the Lu-Fano plot. Along this branch v„var-
ies rapidly with v, ~ in the vicinity of the perturb-
er, indicating that the 6s26d'D, and 6s27d'D,
states contain large admixtures of the 5d7d con-
figuration in addition to singlet-triplet mixing.
This classification is identified in the ion spec-
trum in Fig. 1(a) where the continuous and brok-
en branches are connected by dash-dotted and
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dashed lines, respectively. The continuous branch terminates at n=30 since we did not resolve triplet
states beyond this point.

Neglecting configuration interaction (CI) in the final state, the differential ionization rates from
Rydberg states leaving behind a 6& or M core of Ba' are, in. the usual notation,

Z; Q I (Gsll&tll; pm I QE I Gslld "D„MJ = o)
I '&YAIG I

i =1, 2 m~~
(la)

5/2
~'6 ccrc,2 Q p I (5df,. TIR„pm, I IR t I 5d7d'D2, M~=0) I fvAIG

/2 mcms
(ib)

I I I
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with the assumption of orthogonal radial wave
functions. The sum includes angular quantum
numbers of the ion core (m, ) and spin polariza-
tion (m, ). The ionization probability to the Ba-
(5d) continuum is determined by the admixture
of the perturber. Hence the dominant peaks in

Fig. 1(c) stem from states on the broken branch
of the Lu-Fano plot; the nearly constant back-
ground for n «24 indicates the presence of non-

! resonant CI. In addition to the n dependence of
state mixing, the radial matrix elements involved
in the excitation sequence may change over the
perturbed region. They are almost constant
along the continuous branch (apart from an over-
all decrease with n) and show for the broken
branch a Fano profile as a function of energy
near the perturber.

The intensities in Fig. 1 can be described by
rate equations since the measurements satisfy
broad bandwidth conditions. ' If 8' is the excita-
tion rate of the Rydberg states and z their spon-
taneous decay rate, the ionization probabilities
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FIG. 1. (a) Total yield of photoions for resonant
three-photon ionization of Ba. (b) and (c) Angle-re-
solved and time-gated spectra of electrons originating
from the 6s and 5d continua of Ba+.
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~ 6s&[ 6s~) ~ 5 4 e-'g' ~ 6s ~ f

FIG. 2. Selected argular distributions of photoelec-
trons following RMPI of Ba. The 8 =0 axis points verti-
cally; the linear polarizations of the three laser beams
were aligned parallel. The solid lines are least-squares
fits.
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starting from the 6s6p state can be written

2W
[1-e '" ' ]e " "" (1-exp[-(a+y, „+y„)TJ).

~6 s ~54
(2)

The first three factors describe the population
remaining in the Rydberg states at time ~ follow-
ing excitation by a laser pulse of duration T; the
last two represent the branching of the ionization
signal. Since the 6s6p 'P, state couples predom-
inantly to the singlet part of the wave function,
W~ Z, !R6~" ! 'Ib~„. Thus, the contribution
from states on the continuous branch of the Lu-
Fano plot disappears near the pure" 6s30d'D2
in both ion and fast-electron spectra [Figs. 1(a)
and 1(b)]. Along the broken branch W reaches a
maximum near the perturber state, because of
an increase in the singlet admixture and a de-
crease in the radial matrix elements with n. The
ionization signal is further enhanced by the high-
er ionization rate of the Vd electron [Eq. (1b)]
compared to the Rydberg electron. In the per-
turbed region the ion yield is thus dominated by
the Ba' 5d channel. The amplitude of the reso-
nance in Figs. 1(a) and l(c) is determined by the
choice of laser polarization and by saturation of
the ionization step. The observed double hump
at n =26 and 28 is explained by the reduction of
radiative lifetimes caused by the 5d7d admix-
ture, ' which allows Rydberg states on the broken
branch to decay during the T =— 30 ns interval be-
tween exciting and ionizing radiation. Finally,
the minimum near the perturber in Fig. 1(b) is
caused by the large 5d7d admixture which, for
the broken branch, diverts most of the Rydberg

! state population into the 5de' l' continuum.
Additional information about the coupling of the

two valence electrons and the continuum wave
functions can be obtained from the angular dis-
tribution of photoelectrons which from Eqs. (1)
has the form' W(9) =g",=O'A»P»(cos0). Here,
0 is the angle between the electron momentum
and the polarization vectors of the light. The
coefficients A» contain information about the
structure of the states involved. " Using the
techniques developed by Leuehs and Smith, "we
measured angular distributions of photoelectrons
originating from 6snd states in the range 19 n-30. The experimental conditions were identi-
cal to the ones used for recording the electron
spectra in Figs. 1(b) and 1(c); the polarization
vectors of the laser light were rotated synchron-
ously by half-wave plates. In Fig. 2 a few typ-
ical angular distributions illustrate the change in
shape when passing from almost unperturbed
6snd states through the perturbed region. The
angular distribution for 6s30d'D, -6sc/ has
again the same appearance as the one for 6s19d-
'D, -6sel.

To illustrate how to extract information from
the angular distribution coefficients we will dis-
cuss A„which is not complicated by p-f inter-
ferenees. For the normalized A6 coefficient Eq.
(la) predicts

A g (2 Z 2
~R f ~2 Z 2

~R f (2)

A, Z (+IR ~1~+/ (R ()+Z2(-'(R~] +~ [R~()'
where R, ' and R, '~ denote the radial matrix
elements for singlet or triplet ionization. To
calculate A„we assume R, =R, and find the
ratio of radial matrix elements from quantum
defect theory to be ! R~! '/!R~! '=0.5. The ad-
mixture coefficients were drawn from the MQDT
analysis. " The result is plotted as a solid line
in Fig. 3(a), together with values of A, obtained
from the measured angular distributions and
corrected for the finite solid angle. We observe
overall agreement between theory and experi-
ment. In particular, the data points for the near-
ly pure singlet and triplet states at n = 19 and 30
are well reproduced by the above approximations.
Deviations between experimental data and theory
for n =24 and 25 are attributed to insufficient

! spectral resolution. The A6 coefficients directly
reflect the n dependence of Z, ' shown in Fig. 3(b).
A change from singlet to triplet character leads
to a change of sign for A, according to Eq. (3).
Along the continuous branch of the Lu-Fano plot,
the angular distributions consist of a superposi-
tion of pure singlet and triplet distributions. The
situation is more complex for the broken branch
near the perturber because the small probability
for photoionization to the 6s continuum allows
second-order effects, such as final-state CI, to
become dominant. A typical angular distribu-
tion of 5d&'l' electrons is illustrated in Fig. 2
for 5d7d'D, . It consists mainly of an A, term,
characteristic of an isotropic state, because A6
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FIG. 3. (a) Experimental and theoretical angular
distribution coefficients A6/A o. The solid line was
calculated with use of Eq. (3). The theoretical model
does not apply to electrons from states on the broken
branch near the perturber (dashed lines). (b) Singlet
admixture of 6snd '3D2 states in Ba derived from an
MQDT analysis (Ref. 10}.

vanishes for a pure 5d+, 7d,y, state and the A~
term is smeared out by the angular momentum
exchange between the core and the ionized elec-
tron.

In summary, we have demonstrated that for
RMPI both the total ion yield and the angular
distribution of photoelectrons are sensitive
probes for studying the structure of bound ex-
cited states. In particular the angular distribu-
tion proves to be uniquely sensitive to the de-
tailed structure of the perturbing configuration
and to nonresonant CI. We anticipate that these
techniques will become important for the investi-
gation of atoms with mixed configurations and
will provide new input data for improved MQDT
analyses.
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