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A study of the detailed structure of the bound odd-parity Rydberg states of barium has
been undertaken using a cw dye laser in combination with an atomic beam. Special atten-
tion has been paid to the 6snf configurations, of which the hyperfine structure has been
analyzed in terms of a small set of parameters. In addition to an effective Slater-exchange
integral, an effective spin-orbit interaction, and a contact hyperfine parameter, a new
parameter representing two-body magnetic effects, has been introduced. The introduction
of this new parameter is discussed in some detail. Good agreement between the calculated
and experimental hyperfine energies is achieved in this way.

I. INTRODUCTION

The recent application of narrow-band cw dye
lasers to the study of the detailed structure of the
spectra of the alkaline-earth elements has consider-
ably extended our understanding of these atoms. In
the bound Rydberg states of the atoms with two
valence electrons one electron is excited to a weakly
bound orbit while the quantum state of the other
electron is essentially unchanged. Atomic parame-
ters, which depend on the state of excitation of the
outer electron or on the interaction of the two elec-
trons are expected to vary smoothly as a function of
the effective principal quantum number n*.

Configurations where both electrons. are excited
can interact with Rydberg series of the same parity.
The various fine-structure states of these doubly ex-
cited configurations, dispersed over a relatively wide
range of energy, each interact in a relatively small
energy interval with bound Rydberg states. The
wave function of such a doubly excited state is gen-
erally quite different from the wave function of the
unperturbed Rydberg configurations. Consequently,
their presence can induce drastic irregularities in
properties such as radiative lifetime or polarizability
when the whole Rydberg series is considered. For
this reason these levels are generally referred to as
perturbers and the Rydberg series is called per-
turbed. A major motive for the interest in the de-
tailed structure of Rydberg states of these two-
electron systems, is the possibility of extracting
quantitative information on configuration interac-
tion using such atomic properties as sensitive probes.

Although a wealth of data has been acquired on
various properties of Rydberg states of the heavier
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alkaline-earth elements Ca, Sr, and Ba, most of the
results pertain to perturbed series and relatively little
is known on the detailed structure of unperturbed
Rydberg series.

A first effort at unraveling detailed structure in
configurations of essentially unperturbed series has
been undertaken by Barbier and Champeau,! who
probed the structure of 6snd Rydberg configurations
in ytterbium, which in many aspects can be con-
sidered a two-electron atom. However, due to their
limited signal to noise and resolving power only the
strongest spectral components were observed, pre-
cluding a detailed analysis. Nevertheless it was con-
cluded that the structure of essentially all Rydberg
configurations can be explained in terms of simple
atomic theory. These results clearly showed the
relevance of applying cw dye lasers to the study of
these highly excited states in order to test the appli-
cability of simple atomic theory more rigorously.

The effort to investigate various properties of
Rydberg states of the alkaline-earth elements is al-
most exclusively directed at the even-parity levels, as
a consequence of technological limitations. The
even-parity levels with J <2 can be populated by ei-
ther a two-photon or a two-step excitation process
from the 'S, ground states. With available cw dye
lasers only a three-step excitation process from the
ground state leads to the odd-parity levels.

In barium however, the 6snp and 6snf Rydberg
configurations can be studied with a frequency-
doubled cw dye laser using a single-photon absorp-
tion process starting from the various fine-structure
levels of the metastable 5d 6s configuration. In this
paper we present the results of these experiments.

The 6snp levels were studied previously by Garton
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and Tomkins in a classical absorption experiment
(6s%'Sy—6snp 'P;).2 In addition to the level ener-
gies of the Rydberg states up to n =75 valuable in-
formation on the autoionizing states with orbital an-
gular momentum / =1 was obtained.

Armstrong et al. expanded the study of bound
I =1 states to the P, and >P, levels in a three-step
excitation scheme employing pulsed tunable dye
lasers.> The J =0 members of the 6snp configura-
tions escaped detection.

In the experiment of Armstrong et al. a number
of 6snf states (9<n<25) and 6sng levels
(12<n <68) were excited as well, the latter due to
single-photon absorption from the collisionally pop-
ulated 5d 6p 'F;.* Together with the experimental
data on the 6snp states Armstrong et al. presented a
detailed multichannel quantum-defect theory
(MQDT) analysis of the odd-parity J =1 series with
eight interacting channels. In addition to predicting
the bound-state energies to within 0.03 cm~! of the
observed value, the “Fano minimum” in the oscilla-
tor strength 6s%'S,—6snp 'P,, which had been ob-
served earlier by Garton and Tomkins, is reproduced
in this analysis. The energy level structure of the
J =1 states indicate that the 6snp *P, states behave
quite differently from the 6snp 'P, states, although
they are both included in a single MQDT analysis.
In contradistinction to the 'P, states the *P, states
are unperturbed for n >20. The odd-parity J =2
states have also been analyzed in the framework of
MQDT requiring a two-channel treatment only.>

The 6snf levels have been observed in a classical
absorption experiment by Carlsten et al. starting
from the metastable 5d 6d *D multiplet, populated
by laser-assisted optical pumping via the 6snp *P,
state.* The line series °D,—6snf3F,, °D,
—6snfF;, and *D;—6snf 3F, were observed be-
tween n =4 and n~30. The 6snf J=2, 3, and 4
series are generally considerd to be unperturbed
(Camus et al.’) or very weakly perturbed at n =20
(Armstrong et al.).

In the present paper the results of high resolution
laser-spectroscopic studies are presented with partic-
ular emphasis on the 6snf configurations. The ex-
perimental method is summarized in Sec. II. Sec-
tion III contains the presentation of the results on
the 6snf configurations and an analysis thereof. In
Sec. IV this analysis is extended and subjected to
critical evaluation. Finally Sec. V is devoted to the
6snp configuration.

II. EXPERIMENTAL METHOD

The experimental procedure differs in some as-
pects from that of our earlier publications on high-
resolution spectroscopy.®~® High resolving power is

obtained in a setup where the output beam of a
narrow-band laser source orthogonally intersects an
atomic beam of barium. Ultraviolet radiation is em-
ployed to excite barium atoms from metastable
states to the levels just below the ionization limit.
The uv radiation is produced by frequency doubling
inside a frequency-stabilized cw ring dye laser
(Spectra-Physics 380D) operating on Rhodamine-
6G, using ammonium dihydrogen arsenate (ADA)
as a nonlinear crystal.”® In general a few mW is
sufficient to efficiently populate the Rydberg states.
The atomic beam of barium, emerging from a radia-
tively heated oven, is strongly collimated resulting in
a residual Doppler width of a few MHz. A fraction
of the atoms is transferred to metastable states by a
discharge which runs through the oven nozzle.

The Rydberg state population is monitored using
field ionization, a technique particularly suited in
combination with a rarefied atomic beam. In earlier
atomic beam experiments on Rydberg states a
pulsed laser was used, enabling in situ detection of
the excited atoms after the laser pulse had ended.’
In the present experiment, where a cw light source is
employed, the temporal delay between the excitation
and the ionization of an atom is a result of a spatial
separation between excitation and ionization region.
Spatial separation of the order of a few mm is allow-
able as the decay rate of Rydberg states to low-lying
levels is relatively low (10°—10° s=!) and thermal
velocities are of the order of 500 m/s. The detector
assembly is a block of solid copper in which holes
have been drilled for the atomic beam and for the
laser beam such that these channels are orthogonal.
The excitation region is thus defined by the intersec-
tion of these channels. Three millimeters down-
stream from this intersection the atomic beam enters
the gap of a parallel plate capacitor, which sets up
the ionization field. The electrons are repelled by
the negatively charged lower plate and escape
through a mesh in the grounded upper plate of the
capacitor. The electrons are captured on the
cathode of an electron multiplier (Galileco CEM
4039) which delivers a short current pulse for each
impinging charged particle. This detector is not
state selective, i.e., it is not possible to probe the
dynamics of population transfer between Rydberg
levels, e.g., as a result of blackbody radiation. This
is a consequence of the continuous nature of the ex-
periment. Although the efficiency of the detector is
not unity, due to partial decay to low-lying levels
during the transit to the detector, it is still very high
compared to any optical detection scheme, in partic-
ular for values of the principal quantum number
n >20.

The electron multiplier signal is processed by a
photon counting system and stored on a minicom-



27 HIGH-RESOLUTION STUDIES ON BOUND ODD-PARITY ... 2997

puter, together with the calibration signal of a con-
focal Fabry-Perot interferometer of ~150 MHz free
spectral range. The interferometer is locked to an
iodine-stabilized HeNe laser.

A fringe-counting wave meter, similar to the
design of Hall and Lee is used to adjust the laser fre-
quency close to the atomic transition frequency.'® It
is also employed for a careful measurement of this
frequency to within 100 MHz. The iodine-stabilized
HeNe laser is then used as a reference light source.

We have studied excitations starting from
5d 6s D, to 6snf (n>19) and 6snp (n >21) or from
5d6s D, to 6snf (n>20) and 6snp (n >22). The
lower limit on this number is imposed by the
frequency-doubling crystal (ADA). At these values
of n the phase matching temperature of the crystal
closely approaches the reordering transition tem-
perature. As no other crystal obeys 90° phase
matching in the region between 307 and 316 nm no
attempt has been made to probe the structure of the
odd-parity states for lower n values. For the same
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reason transitions originating from both the
5d 6s 'D, and 3D; metastable states were not stud-
ied.

Strong signals are observed for the transitions
leading to the 6snf states, whereas the signals in
transitions to the 6snp configurations are orders of
magnitude weaker, precluding in most cases the ob-
servation of the spectrum of the odd isotopes.

III. ANALYSIS

In Fig. 1 some examples are shown of excitation
spectra 5d 6s °D,—6snf. Essentially all spectral
components are due to the odd isotopes 13Ba and
137Ba. The abundancy in a natural sample of these
isotopes, both with nuclear spin I = %, equals 6.6%
and 11.1%, respectively. In the spectra shown in
Fig. 1 the even isotopes (I =0) give rise to a closely
spaced multiplet which, although merged into one
peak in the examples given, can partly be separated
in more detailed scans. This multiplet represents the
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FIG. 1. Excitation spectra 5d 6s *D,—6snf for n =21, 30, 40, and 50. The assignment to the various isotopes is indi-

cated. g indicates a peak induced by a laser ghost.
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transition *D,—6snf *F,. For each of the odd iso-
topes '**Ba and '*’Ba, 17 components are detected in
most of the excitation spectra. The excitation
3D, —6snf*F,, however, has eight components
only. This indicates that for the odd isotopes the
electronic angular momentum quantum number J is
no longer a good quantum number and that strong
mixing of the fine-structure states induced by the
hyperfine interaction is observed.

Following Barbier and Champeau we postulate
that the energy splittings within a configuration 6sn/
are induced by the Hamiltonian

H1=—l—+§n,'§-T+ac‘s’-T, (1)
T2

where 1/r;; represents the Coulomb repulsion
between the two valence electrons, §,; S 1 represents
the effective spin-orbit interaction of the Rydberg
electron and a.S-1 represents the effective Fermi
contact hyperfine interaction of the 6s electron,
which is nonzero only for the odd isotopes (I540).
Other interactions, such as the hyperfine interaction
of the Rydberg electron and spin-spin and spin
—other-orbit interactions, are here assumed to be
negligible. The radial wave functions of the two
valence electrons which determine the values of the
interaction strengths for all three terms in H,, are
eigenfunctions of a zero-order central field Hamil-
tonian, which also accounts for the shielding of the
two valence electrons. These radial wave functions
will not be considered here. To calculate the energy
splittings within the configuration 6sn/ we choose
the standard coupling scheme to construct the basis
states

| 6snISLIJF)

where S represents the total electronic spin (S =0 or
S=1), L the total orbital angular momentum
(L =1), I the nuclear spin, J the total electronic
angular momentum ( J__=S + L), and F the total an-
gular momentum (F=J +1).

The first-order energy contributions of H, are
described by four parameters: F°(6s,nl), G'(6s,nl),
&ni, and a.. The direct Slater integral F%(6s,nl) does
not induce any splittings between the various sublev-
els of the 6snl configuration and cannot be deter-
mined. According to a hydrogenic model the
parameters GX(6s,nl) and &, vary as (n*)~3 where
n* represents the effective principal quantum num-
ber. The Fermi contact parameter, however, is in-
dependent of n*, as the hyperfine interaction is re-
lated to the nonexcited electron. Consequently, for
the odd isotopes the hyperfine interaction will be the
dominating term in H, for sufficiently large values
of n and will induce severe fine-structure state mix-

ing, which is indeed observed (see Fig. 1). In the
limit n— o the structure of the excited state for
these isotopes will collapse into a doublet, corre-
sponding to the ground-state hyperfine doublet of
Ball, whereas for the even isotopes only one single
component will persist. This correspondence leads
to the equation (I =)

a. =A(Ball,6s 2S1/2) y (2)

where A (Bal16s %S ,,) represents the magnetic di-
pole hyperfine coupling constant of the BaII ground
state, very well known from high-precision experi-
ments.'!

Owing to the presence of isotopes without nuclear
spin it is in principle possible to analyze the n-
dependent interactions quite simply. The relative
positions of the ’F 25 3F 3, and IF 3 levels can be mea-
sured in excitations from the metastable 5d 6d °D,
level, sufficient to extract values for the two relevant
interaction parameters G*(6s,nf) and &, r- However,
initially the component *D,—'F; was not observed,
preventing such a direct evaluation of G3(6s,nf) and
&ns- Only excitations from 3D; would provide the
required data, but such spectra can not be taken
with the available experimental setup. Consequent-
ly, the interaction parameters have to be extracted
from the odd isotopes.

In the odd-isotope spectrum both the lower-state
and excited-state hyperfine quantum numbers of al-
most all components can be assigned unambiguously
with the aid of the known lower-state hyperfine
splitting and the AF=0,+1 selection rule.'> The
spectra of both odd isotopes are expected to be simi-
lar since the magnetic contribution to the hyperfine
interaction dominates and the nuclear magnetic mo-
ment ratio is close to 1.!2 The intensity ratio of
identical components then roughly equals the abun-
dancy ratio (~ 1.7 for '*’Ba/!**Ba).

In order to extract the interaction parameters
G3(6snf), &ns» and a. from the observed spectra the
Hamiltonian of Eq. (1) is diagonalized in the
| SLJF) basis within the configuration 6snf. A
spectrum is generated by taking along the lower-
state hyperfine energies and calculating relative
transition probabilities, resulting in a spectrum of 23
components per odd isotope for excitations starting
from D, and of 34 components for excitations
starting from °D,. Preceding a fit between the cal-
culated and experimental spectra the ordering of the
hyperfine transitions has to be identical. This order-
ing sensitively depends on the initial values of
G*(6snf), £y, and a,. The former parameters are
assumed to be positive with G*(6snf) >>&, r» reflect-
ing the low transition strengths from 3D, to 'F;. a,
is set equal to the hyperfine interaction constant of
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the Ball ground state for the relevant isotope [see
Eq. (2)]. The observed strong mixing in, e.g., the
3D, —6s45f excitation spectrum leads to the order-
ing

GX6545f)>a, > Eysy . 3)

Following these considerations initial values for the
aforementioned parameters are found which yield
the correct ordering of the hyperfine transitions. Fi-
nal values for the parameters can then be extracted
by fitting the calculated energy spectrum to the ex-
perimental spectrum. We employ the MINUIT rou-
tine from the CERN (European Center for Nuclear
Research) library for this procedure.!? For the exci-
tation ’D,—6s45f, a typical example, the rms
difference between experimental and calculated ener-
gies amounts to '’(Av)..,=77 MHz, the index
referring to the odd isotope considered. Table I con-
tains the results of the fit. '’a, is indeed within
0.1% of the ionic value [Eq. (2)], giving support to
the analysis. In addition the relative transition
strengths are quite well predicted, too. However, the
rms difference is much larger than the experimental
error (~1 MHz). Furthermore, the very weak tran-
sition to 'F 3, not included in the fit, were later
found to lie at appreciably higher energy than
predicted.

IV. FURTHER ANALYSIS AND DISCUSSION

Considering the discrepancies between calculated
and observed spectra we conclude that diagonalizing
the Hamiltonian of Eq. (1) within the configuration
6snf is inadequate. Consequently, the parametriza-
tion of the energies with the parameters G3(6snf),
&nf> and a. has to be extended either by adding in-
teractions which have been considered negligible so
far or by including higher-order effects of the Ham-
iltonian of Eq. (1) in an effective way. Since the in-
troduction of an additional parameter improves a fit
in general it is necessary to choose between possible
candidates a priori by making order of magnitude
estimates.

A. Additional interactions

A number of additional interactions are con-
sidered: hyperfine interaction of the Rydberg elec-
tron, spin-spin interaction, and spin—other-orbit in-
teraction.

(i) Hyperfine interaction of the Rydberg electron.
The Rydberg electron has orbital angular momen-
tum /=3 and thus, neglecting relativistic effects,
can interact with the nucleus via the two types of di-
pole interactions [1-1 and ($C®)V-1, represent-
ing the interaction of the nuclear magnetic dipole

moment with the orbital motion of the electron and
the dipole-dipole interaction between the spins of the
nucleus and electron, respectively] or via the classi-
cal quadrupole interaction.!> The strengths of these
hyperfine interactions are measured by (r~3),,
which scales like

(r=Ypp~(n*)=3 @

according to the hydrogenic model. (r~?),s,, can,
e.g., be estimated by scaling a Hartree-Fock result!*:

(r=3);;=2x10"%5" .
This results in
(145f~45 Hz ,

where a, represents the one-electron hyperfine
parameter'? (similar to a.). The hyperfine splittings
which are of the same order of magnitude are too
small to improve the energy parametrization.

(ii) The spin-spin interaction and spin—other-orbit
interaction. These two interactions and the
spin—own-orbit interaction all scale as (r~*); thus
the relative interaction strengths are expected to be
independent of n.'>!¢ Different scaling laws apply
as a function of the nuclear charge Z, i.e, Z* for the
normal spin-orbit interaction and Z3 for the two-
body terms. On the basis of this scaling law and the
known relative strengths in helium the strength of
these two-body effects is estimated to be less than
1% of the strength of the one-body term.

An order-of-magnitude estimate for the spin-spin
energy is obtained from a Hartree-Fock calculation
of the spin-orbit parameter §,, and the Marvin in-
tegral M%6snf) which characterizes the spin-spin
energies in a 6snl configuration!”:

§77=2X 10"2cm™!,
M(6s7f)=4x10"% cm™" .

The ratio M°/€ is indeed small, indicating that the
spin-spin interaction should not be added to the en-
ergy parametrization. The spin—other-orbit interac-
tion which is on equal footing with the spin-spin in-
teraction is also discarded.

B. Higher-order effects

So far the calculation of the perturbation energy
has been done in first order only, i.e., it is limited to
a single configuration 6snf. However, the 6snf con-
figurations can interact with configurations of iden-
tical parity such as other 6snf configurations and
with levels of the 5dnp series. Interactions with
members of the latter series are expected to be rather
localized, and only for n =20 an indication of a lo-
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calized perturbation is found. We will consider con-
figuration interaction in more detail; reference is
made to diagrammatic techniques.'®

The three terms in the Hamiltonian H, are
represented by the single diagrams of Fig. 2. The
second-order energy of H, has six terms, represent-
ing all different combinations of the three diagrams.
Three of these terms pertain to diagrams where the
same operator occurs twice. With the aid of angular
momentum graphical techniques it can be shown
that for configurations msnl the LS dependence of
these three diagrams occurring in second order is
identical to the LS dependence of the respective
first-order diagrams. Consequently, these second-
order energies can be included in the first-order en-
ergies by modifying the interaction parameters [i.e.,
Slater parameters F°(msnl), G'(msnl), spin-orbit
parameter £,;, and Fermi contact parameter a.].
This is valid for all orders of perturbation when
higher-order diagrams of the same interaction are
considered. The higher-order diagrams of the spin-
orbit and hyperfine interactions, respectively,
represent one-body effects, whereas any diagram
containing the electrostatic repulsion represents
many-body effects.

Of the three remaining second-order diagrams the

combined hyperfine—spin-orbit diagram is zero. No
|

6s nf nt 6s
first - - - -
order __1__ ——=—-q les ——=-Q Ies
iz
nf 6s nt 6s
electrostatic repulsion spin -orbit hyperfine
(a) (b) (c)

FIG. 2. Diagrams representing the three terms in
Hamiltonian H, [Eq. (1)].

such diagram can be constructed. The two remain-
ing diagrams, representing combinations of the elec-
trostatic repulsion and the hyperfine interaction or
spin-orbit interaction represent effective two-body
effects. Only the “exchange” two-body diagrams
differ in SL dependence from the corresponding
one-body diagrams and give rise to new effective
parameters. These “exchange” two-body diagrams
are shown in Fig. 3.

The intermediate states in Fig. 3 are of the type
6sn’f (n's4n) for the effective two-body spin-orbit
interaction (TBSO) and of the type msnf (m=£6) for
the effective two-body hyperfine interaction (TBH),
as follows directly from the conservation of angular
momentum. The energy expressions corresponding
to these two-body terms are

(6snfS'LJ | ri3" | 6sn'fS'LJ ) {6sn'fS'LJ | Hy, | 6snfSLJ)

E(TBSO)~ Y , (5a)
n'f e,,f—e,,'f
(6snfSLJ | r! | msnfS'LI Y (msnfS'LJ | H,., | 6snfSLJ)
E(TBH)~ 2 £ lriz | f: nf. | hypl £ ’ (5b)
ms €6s — €ms
m#6

respectively. According to the hydrogenic model
both E(TBSO) and E(TBH) scale as (n*)~3. The
denominators in (5a) and (5b) differ by many orders
of magnitude, since the energy separation between
Rydberg configurations is very small compared to
the separation between low-lying valence states,
whereas the numerators are roughly of the same or-
der of magnitude. Thus we expect that E(TBSO) is
appreciably larger than E(TBH).

In conclusion it seems feasible to extend the
parametrization of the energy splittings within the
configuration 6snf with a term representing the ef-
fective two-body spin-orbit interaction. The less
probable effective two-body hyperfine interaction
will however not yet be discarded altogether.

C. Extended analysis

The relative energies within the configuration
6snf are, for a single odd isotope, summarized in

T
four interaction parameters G*(6snf), &nr» ac, and
a(6snf), where the latter represents the two-body ef-
fect. The energy matrix representing the SLJF
dependence of the two-body term is obtained by a
symmetrized matrix multiplication of the relevant
first-order matrices (i.e., of the exchange electrostat-
ic matrix and the spin-orbit matrix for the TBSO
term). Energies are now calculated by a diagonaliza-
tion of the Hamiltonian H; extended with the two-
body term. Compared to the earlier analysis the fit
to the observed spectra is appreciably improved with
the inclusion of the two-body spin-orbit interaction:

B37¢ Av)TBSO 6.3 MHz,

a decrease by a factor of 12. The effect of TBH on
the rms frequency difference is less drastic:

B7(Av)TBH_31 MHz .

In view of these results and the order of magni-
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FIG. 3. Diagrams representing (a) the two-body spin-
orbit interaction and (b) the two-body hyperfine interac-
tion. The intermediate-state summation runs over all
6sn’f (n'#n) configurations (left) and msnf (m=6) con-
figurations (right), respectively.

tudes as discussed in the previous section the effec-
tive two-body spin-orbit term is believed to be the
most suitable addition to the energy parametriza-
tion. Further arguments sustaining this choice will
be put forward in consecutive sections.

The  four-parameter  calculated  spectrum
3D, —6s45f is shown in the fifth column of Table I
together with the earlier calculated three-parameter
spectrum which forms the third column. Indeed,
the frequency differences, i.e., Veaic —Vexpe (the sixth

3001

and fourth columns, respectively) have decreased
drastically. Major differences are observed in the
calculated positions of the so far unobserved weak
components. The values of the parameters G*(6snf)
and &, are seen to be rather drastically affected by
the introduction of the parameter @, whereas a, is
unchanged, as is tc be expected.

The remaining frequency differences are difficult
to assess. They are in general too small (<5 MHz)
to warrant the introduction of an additional energy
parameter. For some hyperfine levels the differ-
ences are larger. This deviation appears systemati-
cally in the observed spectra. We have attempted to
attribute these remaining deviaticns also to the use
of a too simple model. The quality of the fit is not
improved significantly by adding the TBH term,
considered as a reasonable candidate, to the extended
energy expression.

Neglecting energy contributions arising in higher
order of perturbation theory we conclude that the
energy splittings within a 6snf configuration are
sufficiently well described with the four-parameter
energy expression.

TABLE 1. Experimental and calculated spectrum 5d6s3D,—6s45f using a three-
parameter and a four-parameter model. The relative intensities, tabulated in the last column
are a result of the four-parameter calculation. All frequency values in MHz.

E4sp=710 MHz
G¥6s45f)=19560 MHz
a.=4021.3 MHz

£457=858.7 MHz
G(6s45f)=31984.5 MHz

a.=4014.1 MH:z
a(6s45f)=1932.2 MHz

Foro Fexc Expt. Calculated Difference Calculated Difference Intensity
25—-1.5 +5434.58 +8796.46 0.0002
2525 +5237.55 +8490.73 0.0038
2.5-35 +4928.60 +8024.11 0.0207
1.5—1.5 +4146.48 +7608.36 0.0025
1.5-2.5 +3949.45 +7202.63 0.0110
0.5—1.5 +3319.56 +6681.44 0.0031
25535 —418.20 —246.85 +171.35 —413.75 +4.45 0.2088
2.5—-2.5 —713.80 —646.24 +67.56 —708.28 +5.52 0.1063
2515 —869.40 —901.81 —3241 —870.52 —1.12 0.0178
1.5—2.5 —1999.90 —1934.34 +65.56 —1996.38 +3.52 0.3043
1.5—-1.5 —2158.80 —2189.81 —31.11 —2158.62 +0.18 0.2337
1.5—-0.5 —223490 —2333.01 —98.11 —2239.82 —4.92 0.0450
05—1.5 —298390 —3016.83 —32.93 —2985.54 —1.64 0.2840
05—-0.5 —3060.40 —3159.93 —99.53 —3066.74 —6.34 0.3500
2.5—-3.5 —5600.00 —5739.01 —139.01 —5583.50 +16.50 0.0768
2.5—2.5 —6166.00 —6130.85 +35.15 —6167.08 —10.08 0.0136
1.5—-2.5 —745400 —7418.95 +35.05 —7464.18 —10.18 0.0390
25—1.5 —-7609.20 —7636.83 —27.63 —7609.21 —0.01 0.0040
2.5—-2.5 —8276.50 —8207.00 +69.50 —8237.31 +3.19 0.0743
2.5—-3.5 —8698.00 —8689.28 +8.72 —8693.81 +4.19 0.5736
1.5—>1.5 —8896.00 —8924.93 —28.93 —8897.31 —1.31 0.0518
1.5—52.5 —9561.00 —9495.10 +65.90 —9561.41 —0.41 0.2127
0.5—15 —9722.70 —9751.85 —29.15 —9724.23 —1.53 0.0630
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We have tried to use some of the rejected alterna-
tive additional energy distributions as a substitution
of the TBSO terin. All three terms which were test-
ed, the spin-dipole hyperfine interaction, the orbital
hyperfine interaction, and the spin-spin interaction
do not yield satisfying fits, indicating that the selec-
tion of TBSO is not only justified on the basis of the
order of magnitude estimates but also on the basis of
the spin-angular dependence.

D. Results

The level structure for a single odd isotope has
been analyzed in all configurations studied to yield
the four interaction parameters G3(6snf), &,
a(6snf), and a. representing the effective values for
the Slater exchange, one-body spin-orbit, two-body
spin-orbit, and Fermi contact hyperfine parameter,
respectively. Additionally a fifth parameter is ob-
tained [(Av).,] which relates to the shift of the spec-
trum relative to the configuration average. This last
parameter can, in principle, be used to obtain isoto-
pic shift values.

The four interaction parameters are given in
Table 11 as a function of n. The major part of these
data has been extracted from 3p, —6snf excitations.
An exception is the n =25 result (*D,—6s25f),
marked by an asterisk. The results for the configu-
ration 6s20f are not shown, although the level
structure has been measured carefully. This level
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FIG. 4. Experimental hyperfine-level diagram of the
. . 1
6snf configurations for various n. The °F,, =~ hyper-

fine level is used as a reference level (v=0). Hyperfine
quantum numbers are indicated. The solid and dashed
lines serve to guide the eye only.

turns out to be perturbed appreciably.
Insight into the effect of the hyperfine interaction
can be gained from a diagram as shown in Fig. 4,

TABLE II. Interaction parameters G*(6snf), &7, a(6snf), ¥a, and '*a, extracted from
our spectra 5d 6s °D,—6snf. The n =25 result denoted by an asterisk, results from an
analysis of the 5d6s *D,— 65 25 excitation spectrum. All values in GHz.

n G3(6snf) Enf al6snf) Wg, 35,
19 1269 36.0 97.1 3.999 3.575

21 943 30.2 95.3 3.994 3.567
22 782 24.3 76.0 4.008 3.583
25* 392(1) 11.3(1) 24.1 4.018(4) 3.593
30 159.2(2.0) 4.39(2) 12.1(2) 4.105(4) 3.589

31 140.6(2.0) 3.82(2) 10.5(2) 4.013(4) 3.589
32 123.1(2.0) 3.33(3) 8.93(18) 4.013(3) 3.585
33 105.2(2.8) 2.89(4) 7.55(20) 4.014(3) 3.586(3)
34 93.0(3.0) 2.54(3) 6.55(20) 4.019(4)

35 80.7(3.0) 2.20(4) 5.42(25) 4.023(3)

36 72.8(2.0) 2.01(2) 4.98(15) 4.011(3) 3.586(3)
38 59.6(1.0) 1.623(10) 3.97(10) 4.014(3) 3.588(5)
40 46.1(1.8) 1.311(20) 3.05(18) 4.009(8) 3.588(6)
42 41.1(7) 1.105(8) 2.61(8) 4.015(3) 3.588(3)
45 32.0(4) 0.849(7) 1.92(3) 4.014(3) 3.586(3)
50 22.8(5) 0.601(6) 1.36(3) 4.013(3) 3.586(7)
55 16.9(5) 0.427(8) 0.98(10) 4.011(8) 3.585(8)
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where part of the hyperfine level structure as de-
rived from the observed spectra is displayed as a
functlon of n (vertical axis). In the ﬁgure the single
F =+ hyperfine level, occurring only in 3F,, serves
as a reference level and the pomts corresponding to
this level fall on this vertical axis. A region of about
16 GHz total width is shown around the F = lev-
el. This region is selected since most of the transr-
tion strength in *D,—6snf or *D,—6snf excita-
tions lies in this interval. At the bottom of the fig-
ure (high-n side) an onset of convergence of the hy-
perfine level structure into a hyperfine doublet (that
of the Ba116s %S, , ground state) is visible. The lev-
els on the high-energy side (right-hand side in the
figure) converge to the Ball ground-state hyperfine
level F =2, whereas the remaining six levels con-
verge to thesBa II F =1 hyperfine level. A triplet of
levels, F=+, 7, and 7, starting in the lower left
section of Fig. 4 cross each other repeatedly in the
interval n =22 —35 due to anticrossing with nearby
levels of the same signature. The crossings in this
re ion are quite sensitive to the parameters

G°(6snf), &,s, and a(6s,nf) and thus measure these
parameters rather accurately.

Thus far only the hyperfine quantum number has
been assigned, as the total spin S and the electronic
angular momentum J are not conserved. It is how-
ever possible to assign to each hyperfine level
asymptotic values for S and J. At n =22 a clear
grouping has developed, which enables such an as-
signment. The quartet of levels appearing in the
lower right corner of Fig. 4 has 'F; character (see
next subsection). The group of levels F —i —2—
which bend off at the right-hand side belong to
“3F,.” At the top of the figure the four levels at the
right of F =% are predominantly “*F;” while the
remaining four levels are to be assigned ‘“*F,.” This
assignment is corroborated by calculating the projec-
tions of the energy eigenstates on the basis states
|SLJF). As an example we show in Fig. 5 the
squared coefficients in the expansion of the four
F=+ eigenstates on the |SLJ) basis states | 'Fs)
|3F4 |*F53), and |3F2) The graphs are ordered
accordmg to increasing energy, i.e., from left to
right in Fig. 3. They show clearly the expected in-
crease of fine-structure state mixing with increasing
n. The anticrossing near n =32 comes out particu-
larly clearly as an exchange of J=4 character
between the eigenstates corresponding to graphs (b)
and (c). The graphs are also of aid in understanding
the trend in the intensity distribution as a function
of n. In transitions starting from °D, the relative
strengths of the components leading to the
four F =+ hyperﬁne levels reflect directly the “3F;”
components in the eigenstates.
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FIG. 5. The composition of the four F =% eigenstates

as a function of n ordered according to increasing energy
(see Fig. 4),

|F=3)=al|'Fy,3)+B|Fs,3)
+7°F3,3) +8|°F,, )

a’, B 7%, and & are shown. The dashed parts of the
curves represent the extrapolation to infinite n. The verti-
cal bars indicate the limit of the experiment.

E. Internal consistency checks

In this section we will discuss the consistency of
our analysis when further data are taken into ac-
count. According to our model the hyperfine in-
teraction parameter a. obeys Eq. (2) and thus is in-
dependent of n. The experimental values for a,, col-
lected in Table II are indeed constant for n >25.
Average values for the hyperfine parameters for
135Ba and '*’Ba, taken for the interval n =15—55,
are given in Table III together with the magnetic di-
pole hyperfine interaction constants of the Ball
ground states.!""!® The agreement is good. The ex-
perimental results for n <25 are excluded as the ex-
perimental information becomes increasingly scarce
for low n due to a decrease in fine-structure state
mixing (see Fig. 5).

Second, the isotope independent parameters,

G3(6snf), &nr» and a(6snf) can be extracted from
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TABLE III. The Fermi contact parameters extracted from the Rydberg spectra. In addi-
tion the hyperfine-interaction constants of Ball, 6s .S, are given.

g, 1374 (Ball, 6s2S,,,)

35z, 354(Ball, 6s3S,,)

4014.5(3.0) 4018.870833 8(2)*

3587.7(2.2) 3593.4(3.0°

2From Ref. 11.
%From Ref. 19.

the spectra of both odd isotopes. In addition we
have measured excitations starting from both
5d6s 3D, and from 5d6s 3D, for a number of values
of the principal quantum number #, resulting in up
to four independent measurements of the parame-
ters. Within the error (~1%) all values are in
agreement. More details can be found elsewhere.?°
Of most valuable aid in assessing the correctness
of the energy parametrization are the components of
the *D,—6snf “'Fy” transition, very weakly al-
lowed due to hyperfine-induced mixing of the 'F;
and 3F, fine-structure states. A specimen of the
spectrum corresponding to the transition to
6s40f 'F; is shown in Fig. 6. The integration time
is increased by a factor of 20 with respect to the
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FIG. 6. Excitation spectrum 5d6s>D;—6s40f 'F;.
Hyperfine quantum numbers and isotopic assignments are
given.

spectra displayed in Fig. 1; yet, not all components
(six per odd isotope) can be found. Analogous spec-
tra have been observed for n =45, 50, and 55. The
IF; excitation spectra were actually measured only
after the analysis had been completed and their posi-
tions and relative strengths had been predicted. The
actual positions of the hyperfine components rela-
tive to the selected “*F” components are in good
agreement with the prediction of our four-parameter
energy expression. These predicted frequencies are
included in Table I. The calculated relative intensi-
ties in the last column of this table explain why
these components were not observed in the earlier
experiments and are only found in a dedicated
search.

All other parametrizations of the energy, where
one of the rejected alternatives for the effective
two-body spin-orbit term is used instead do not
predict the positions of the hyperfine sublevels of
F; correctly. The deviations between experiment
and prediction are then of the order of a few GHz.

A rather unexpected result of the present analysis
is the behavior of the parameters G*(6snf), €,s, and
a(6snf) as a function of n, displayed in a double-
logarithmic plot in Fig. 7, where two lines,

n*

20 25 30 35 45 50 55
[TTTTTIT T 17 T ]

12 Ga(Gs,nf)

3
C

In (parameter)

a (6s,nf)

FIG. 7. Double-logarithmic plot of the n-dependent in-

teraction parameters as a function of n*. (n*)~’ and

(n*)~* dependences are indicated.



27 HIGH-RESOLUTION STUDIES ON BOUND ODD-PARITY ... 3005

representing an (n*)~% and an (n*)~* dependence,
are shown as well. Although the experimental data
tend to behave according to the (n*)~* law for the
highest values of n, this is certainly not true around
n =30. The curvature of the smooth line, which
only serves to connect the data points, changes rath-
er abruptly at n =22, due the presence of a nearby
perturber state. The effect of this perturber comes
out more clearly in Fig. 4.

The nonhydrogenic behavior, represented by the
curvature in Fig. 7 is hitherto unexplained. The ra-
tio of the parameters G *(6snf) /& af 18 approximately
constant (~36) whereas the ratio a(6snf)/&,s has a
slight n dependence and ranges from 2.76 to 2.26 in
the interval n =30 to n =55. These ratios are well
suited for a comparison with ab initio calculations.
Such calculations, however, have not yet been made.

The data of Table II allow us to calculate the
fine-structure splittings (e.g., *F3->F,) which can be
compared with experimental results on the even iso-
topes. As a consequence of the earlier-mentioned
experimental limitations results on only the 3F;-’F,
fine-structure interval are available. The experimen-
tal and calculated values are compared in Table IV
showing excellent agreement for the 3F;-3F, inter-
val. The single results for the 'F;->F; splitting for
n =45 cannot be reproduced as well. The result of
Gallagher et al.?' for the 'F;-*F, interval for n =24,
is orders of magnitude off, possibly due to an er-
roneous assignment.

The experimental and calculated values for the
3Fy-3F, interval are gathered in a double-
logarithmic plot in Fig. 8. A straight line yields a

TABLE IV. Experimental and calculated values for
some fine-structure multiplet splittings. All values in
MHz.

3F3_3F2
n Experimental Calculated
21 5384(2) 5383
25 3283(2) 3273
30 1725(2) 1717
32 1390(2) 1344
34 1137(3) 1148
36 942(2) 962
38 790(2) 797
40 668(2) 681
45 455(2) 483
'F3-°F3
45 9486(5) 10289
'F3-’F,
24 7980(300)* 144700

?From Ref. 21

FIG. 8. Double-logarithmic plot of the fine-structure
interval *F;-3F, as a function of n*.

good fit with the individual calculated points in the
interval n =21—45 where experimental values have
been obtained. The individual points scatter slightly
around the straight line. The slope equals
—3.14(5). The power-law dependence of the fine-
structure splitting is surprising in view of the »
dependence of the interaction parameters (see Fig.
7). The calculated *F,-*F; interval, however, again
does not obey a power law of n* but has roughly the
same n dependence as the interaction parameters.
The behavior of the *F,-*F, fine-structure interval is
probably fortuitous.

F. The perturbation at n =20

In connection with irregularities in Figs. 4 and 7
we have noted the influence of a perturber around
n =20. The intervals between the observed hyper-
fine components are perturbed to such an extent that
the parameters G>(6snf), Enss albsnf), and a, can-
not be extracted. The perturbation however is rather
weak since it affects only a very limited range of n.
Already the n =19 and 21 configuration can be
analyzed with our energy parametrization, yielding
parameter values reasonably in accord with values
extrapolated from higher n. The presence of a per-
turbation with J =2 character, in this energy region,
was observed earlier by Armstrong et al.> They ob-
served a number of 6snf states °F, (n =17—25) in
an absorption spectrum from 6s 7s °S| indicating in-
teraction between the 6snp and 6snf Rydberg series.
The intensity distribution of the >S; —>F, excitation
shows a strong variation suggesting that the series
interaction is restricted to the above-mentioned # in-
terval. Energy level measurements indicate that the
65201 3F, state is shifted to lower energy.® The per-
turber is tentatively labeled 5d8p P,.

G. Isotope shifts

The measurement of isotope shifts in transitions
from low-lying valence states to Rydberg states en-
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ables the determination of the level isotope shift of
the lower level, as suggested by Niemax and Pen-
drill.?2 In combination with other transition isotope
shift measurements level isotope shifts in a large set
of levels can be determined®>** which can be com-
pared with ab initio calculations.?’

The isotope shift between the two most abundant
even isotopes '*®Ba and !*°Ba is easily extracted
from the experimental spectrum. The next-most-
abundant even isotope '**Ba is hidden under the
136Ba isotope and the rare Ba isotopes '*’Ba and
130Ba are not observed.

Isotope shifts between the odd isotopes can be
evaluated from the (Av)., parameters for these iso-
topes (see Sec. IV D), representing the shift of the
spectrum away from the average energy of the con-
figuration. However, the errors in the (Av)., param-
eters are of the same order of magnitude as the
difference '37(Av),-133(Av).,, precluding a deter-
mination of the even-odd isotope shifts, which re-
quire additional calculations, as well. Consequently,
results are available only for the **Ba-!**Ba isotope
shifts.

The residual level isotope shift of the 5d6s 3D,
fine-structure states is obtained after subtracting the
normal mass shift from the transition isotope shift
and equals 61388y = _16.1(5) MHz. No J
dependence of the isotope shift is found.

V. THE 6snp CONFIGURATIONS

The 6snp configurations cannot be analyzed in de-
tail as the signal strength in the recorded spectra is
too low to identify a sufficient number of hyperfine
components. For most values of the principal quan-
tum number n only the even isotopes are observed.
Nevertheless our measurements have yielded some
new results.

Among the excitations 5d 6s *D;—6snp the com-
ponents leading to the 'P, levels are appreciably
stronger than the components leading to *P;, even
though the term mixing is expected to be small.®

Furthermore the excitations to 'P; have narrow
linewidth (a few MHz full width at half maximum)
up to very high values of n (n ~80), whereas the P
excitations broaden already at n ~35 and as a result
become undetectable at n ~40.

Third, it has been found that careful term energy
measurements are required to deduce a value for the
ionization energy. An analysis of preliminary mea-
surements on the 6snp 'P, levels indicate that the
ionization energy equals I, =42034.95+0.02 cm™!

in excellent agreement with Armstrong’s value.’
The requirement that a unique value for the ioniza-
tion energy exists leads to the conclusion that the
6snf configurations, which are hitherto believed to
be unperturbed above n =22, are possibly affected
by an unidentified perturber. This conclusion is
reached when it is tried to analyze the term energy
values of the 6snmp and 6snf configurations simul-
taneously.

VI. CONCLUSION

The present study of the odd-parity Rydberg
states of barium has resulted in very detailed infor-
mation on the structure of the 6snf configurations.
The fine and hyperfine structure in these configura-
tions have been analyzed simultaneously to yield
quantitative information on two-body effects in the
fine structure. The analysis of the hyperfine struc-
ture with an energy expression including these two-
body effects shows a high level of internal consisten-
cy. In order to further support this analysis more
experimental data have to be gathered with special
emphasis on excitations of the type 5d6s *D,—6snf
and 5d 6s *D;—6snf, in order to measure the fine-
structure intervals *F,->F; and 'F;-’F;. When all
fine-structure intervals are known it will be possible
to critically test the energy parametrization. An ef-
fort to study these excitations is currently being
made in our laboratory.

Furthermore the incomplete results on the 6snp
configuration require further study. In analogy with
recent results on the 6snd configurations it is expect-
ed that such measurements can yield relevant infor-
mation on fine-structure mixing and configuration
interaction, enabling a critical test of multichannel
quantum defect analyses.>*® Such a study is pur-
sued as well.

Finally, interesting broadening phenomena have
been observed for n > 60 resulting in, e.g., asymme-
trical line shapes. A detailed study of these phe-
nomena seems worthwhile.
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