JOURNAL DE PHYSIQUE
Collogue C7, suppiément au n°ll, Tome 44, novembre 1983 page C7-177

HIGH RESOLUTION LASER SPECTROSCOPY OF ODD-PARITY BARIUM RYDBERG STATES
POPULATED BY FORBIDDEN ATOMIC TRANSITIONS

H. Rinneberg and J. Neukammer
Inst. f. Atom— und Festkorpepphysik, FU Berlin, 1000 Berlin 33, F.R.G.

Résumé - Nous avons peuplé des niveaux de Rydberg impairs du
baryum par la méthode d’excitation laser & deux étages en utili-
sant des transitions M1-E1 et E2-E1 & partir du niveau fondamen-
tal 6s SO.A 1’aide de deux lasers & colorant en anneau et
d'une détection thermo-ionigue, nous avons mesuré les spectres
sans largeur Doppler des niveaux de Rydberg 6Bsnp 1,3p et

Bsnf '’“F en obtenant des rapports signal/bruit excellents. Nous
avons étudié systématiquement la structure hyperfine des états
de Rydberg 6snp 'P,. Entre n=20 et n=23, nous observons une ré-
sanance die au mélange singulet-triplet produit par 1'interac-
tion de configuration avec le niveau 5dép P1 perturbateur
proche de la limite d’ionisation. Nos résultats sont en désac-
cord avec une analyse existante de cette série & 1’aide de 1la
méthode du défaut quantigue & plusieurs voies. Les mélanges sin-
gulet-triplet des séries de niveaux de Rydberg Bsnp P,l et

Bsnd Dy, sont comparés.,

Abstract - Odd-parity barium Rydberg states have been populated
by stepwise excitation via MI-E1l and E2-El transitions, starting
from the 6s lg ground state. Using two cw dye ring lasers and
emgloying thermionic detection, Doppler-free spectra of 6snp
1/°p and esnf 1:/3p Rydberg states have been recorded with ex-
cellent signal/noise ratios. A systematic study of the hyper-
fine structure of 6snp P, Rydberg states has been carried out.
Between n=20 and n=23 a resonance in singlet-triplet mixing
occurs caused by configuration interaction with the 5d8p ip
perturbing state, located close to the first ionization limit.
Our results are in disagreement with an existing multichannel
quantum defect analysis of this series. The singlet-triplet mix-~

ing of 6snp 11?1 and 6snd 1D2 Rydberg series is compared.

1. INTRODUCTION

High resolution laser spectroscopy of atomic Rydberg states has been
actively pursued by several research groups within the past five years.
Besides the alkalies Rb /1/ and Cs /2/ the two-electron systems /3/ Ca
/4/, sr /5/, Ba /6,7/, and ¥Yb /8/ have received a great deal of atten~
tion. Recently such measurements have been extended to atoms with three
valence electrons (In) as well /9/. Detailed information concerning

the electronic structure of Rydberg states of two-electron systems has

pbeen deduced from measured g-factors /10/, hyperfine structures /3-8/
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and isotope shifts /11,12/. For example, the hyperfine structures of
msnd 1D2 and 3D2 Rydberg states of Ca (m=4), Sr (m=5), and Ba (m=6)
were used to sensitively monitor singlet-triplet mixing caused by
configuration interactions of these Rydberg series with doubly excited

perturbing states.

In most experiments Rydberg states were reached by two-photon absorp-
tion starting from the atomic ground states. For stepwise excitation
via resonant E1-El transitions moderate powers (0.0l - 0.1 W) of the
cw dye laser radiations employed are sufficient to populate the Ryd-
berg states, because of the large oscillator strengths connected with
resonant dipole transitions. Furthermore, purely optical technigues
/13/ may be used to detect Rydberg atoms. For off-resonant El1-El tran-
sitions, however, the low oscillator strength requires considerably
larger power densities of the laser radiation as well as sensitive
detection schemes. These conditions can be met using cw dye ring
lasers with output powers of typically 0.1 - 1 W and thermionic diodes
which are extremely sensitive detectors for Rydberg states. In this
way Rydberg series of the same parity as the ground state have been

studied up to now.

Starting from the atomic ground state an odd number of electric dipole
transitions is reguired to reach Rydberg states of opposite parity.
For example,Garton and Tomkins /14/ employed classical optical spec-

troscopy to study the 6snp 1P1 Rydberg serlies of Ba, populated by a

one-photon transition from the 6s 1SO ground state. Subsegquently

Armstrong et al. /15/ excited 6snp 1P1 and 6snp 3P states via the

! 11213
cascades 6s° 1SO -~ 6s6p 3P1 > 6s57s lSO: (351) + 6snp 7P, using three

pulsed dye lasers. In principle such excitation schemes can be em-
ployed for high resolution studies as well. waever, since narrow-band
tunable UV laser radiation of sufficiently short wavelength is not
available yet, one-photon excitations ©f odd parity Ba Rydberg states
have to proceed from metastable excited states. In this way Eliel and
Hogervorst /16/ measured hyperfine structures and isotope shifts of
6snf 3F Rydberg states (20 < n < 50) starting from the 5d6s 3D1 P
metastable states. However, the sensitivity was insufficient tolrecord

1 1
'35 and 6snf F, Rydberg series. In

thi§ paper we report on an elegant technigue to populate odd-parity

high resolution spectra of 6snp

Rydberg states of alkaline-earth atoms by two-photon excitation via

resonant M1-El and E2-El1 transitions. For demonstration we have

measured isotope shifts and hyperfine structures of 6snp 1.3

1,3

P and ésnf

F Rydberg states of barium. Starting from the 652 1So ground state,
2
3P P, and 1D intermediate

Rydberg states were reached via 5d 17 By 2
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Fig. 1 - Two-step excitation 1 3
of 6snp and 6snf barium Ryd- 6Sn1p é6snf 'R 6s np R 5d 8 3%
berg states via M1-El1 and 3 E - 2GR,
E2-E1 transitions. % 23

1 1 f. Fig. 1). Similar

evels (c g ) g 102 Sd23P2 Sd23p1
to off-resonant E1-El transi-
tions, the low oscillator 433.61nm 418.08nm 42589nm
strength of forbidden atomic -
transitions can be counter- —352150 652150 632150

balanced by the high output
powers of cw dye ring lasers

and the sensitivity of thermionic detection.

2. EXPERIMENTAL

Two stabilized c¢w dye rxing lasers (Fig. 2) with a bandwidth of about
1 MHz were used in our experiment. The first ring laser, operating

between 417 nm and 460 nm,

ided fficient inten- ,
provided sufficient inten p OYE LASER OYE LASER
sity (0.1 - 0.3 W) to in-
duce the M1 or E2 transi- Q
21 2 Q z
tions 6s° 's_ » 5d° at 1 THE RMIONIC
3
1,=425.9 nm (CR), A= CHOPPER, F__EDE_] (CHOPPER
418.1 nm(31>2) and 1= 4{:}1 { — 7
1 =
433.6nm D2). The second REF f; _% \ REF f,
dye ring lasexr could be
LOCK-IN - LOCK-IN
tuned between 520 and SIGNAL
. AMPL, SIGNAL T AMPL
615 nm and excited the
atoms from the inter-
STRIP CHART

mediate to the final

RECORDER
Rydberg states (cf.
FPig. 1}. The wavelengths
wexre measured using a Fig. 2 - Experimental setup

commercial wavemeter. A

marker cavity with a free spectral range of 149.7 MHz provided the
necessary frequency calibration. The beams of both dye lasers were
Superimposed and co- or counterpropagated through a stainless steel pipe
filled with Ba and heated to about 700 °c. Both laser beams were
linearly and parallel polarized. To prevent coating of the windows, the
oven was filled with 50 mTorr of Ar buffer gas. For thermionic detec-
tion the stainless steel pipe was taken as anode while a 5-mil tungsten

wire running along its center served as cathode. The cathode was heated
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to red glow by a dc current of about 1 A. The diode was operated with
a potential difference of about 1 V between the electrodes. The volt-
age drop across a. 50 k@ load resistor was fed into two lock-in ampli-
fiers. Two choppers, modulating the intensity of the first and second
laser beam at a rate of f1 = 1.6 kHz and f2 = 73 Hz, respectively,
served as references for the lock-in amplifiers. Due to velocity se-
lective optical pumping /17/ two-step excitation with co- or counter-
propagating laser beams results in Doppler-free spectra. They were re-
corded by scanning the frequency 92/2W of the second laser across the
upper atomic transitions, while the wavelength Al of the first lasex
was kept fixed at an arbitrary position within the Doppler contour of
the particular fofbidden atomic transition. Although Doppler-~free
signals corresponding to excitations to the (final) Rydberg states
were observed at either modulation frequency, detection at f2 yvielded
superior signal/noise ratios. The modulation of the first laser beam
at the freqguency fi; mainly served to observe the Doppler-broadened

1 21 3

first transitions 652 So -+ 54 D P, and 3P employing thermionic

5
detection. Since these atomic states aré locateé about 19 000 cm-1 be-
low the first ionization limit, the ions are produced most likely by
photoionization of these states due to the absorption of another blue
photon. Contrary to highly excited Rydberg states, collisional ioniza-
tion can be ruled out for these low lying levels. Thermionic detection
of the Doppler-broadened MI or E2 transitions greatly facilitates the
search for the Doppler-free transitions to the Rydberg states reported
in this paper.

In Fig. 3 Doppler-free spectra of the 6sl7p 1P1 Rydberg state. are
shown, recoxded with counterrunning (Fig. 3a) or copropagating (Fig.
3b) laser beams. Besides the isotope shifts of the even isotopes

136,138
! Ba the spectra clearly exhibit the hyperfine structures of the

odd isotopes 135,137

Ba (I=3/2). The hyperfine structures of the inter-
. 1 .
mediate (5d2 D2) and final state (6sl7p 1P1) appear in the spectra.

Therefore the hyperfine compocnents are labelled Fi—F according to the

hyperfine levels of the intermediate and final statefinvolved in the
two-step excitation. Generally, the contribution of the intermediate
state to the observed hyperfine splittings depends on the geometry
chosen. For counterpropagating laser beams, the hyperfine structure of
the intermediate level is reduced by a factor (\)2—\)1)/\)1 (cf. Fig. 3a)
while hyperfine splittings enlarged by the factor (v2+\>1)/v1 are re-
corded for copropagating beams (see Fig. 3b). Also, both optical tran-

sitions add to the measured isotope shifts, with the contribution of

the first transition weighéd by the factors —v2/v1 and +\)2/\)1 for co-
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Fig. 3 -
Spectrum of
the Ba 6sl1l7p
lp Rydberg
stéte ex—
cited by

Barium [
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and counterpropagating laser beams, respectively. Since the transition
6s2 > 5d2 corresponds to a decrease, the excitation 5d2 ~ 6snp to an
increase in electron density at the nucleus, the isotope shifts of both
transitions are of opposite sign. Hence the contributions of the first
and second transition to the measured isotope shifts add for copropagat-
ing but almost cancel for counterrunning laser beams. This is clearly
exhibited in Figs.3a and b. The influence of the geometry on the
measured hyperfine splittings and isotope shifts can be easily under-
stood. At fixed frequency the first laser beam excites different ve-
locity egsembles to the intermediate state, Doppler-tuned to the
various hyperfine components of the first optical transition. For a co-
Or counterpropagating second laser beam these velocity ensembles ex-
perience different Doppler shifts and hence a different frequency of
the second laser is required to excite a particular velocity ensemble

to the same final state.
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Fig. 4 - High resolu- 21 21 3
tion sgectrum of the Bs SO — 5d DZ - Bs 24p f%
6s24p “P, Ba Rydberg 433.61nm 534.61 nm
state.
o~
e ——— ~ o~
o  J00MHZ o =
4 to the 'p = woQ o
Compare s} e 1 " N o] N = ur
Rydberg series, u- = " & !
[l [They I L=
transitions to 6snp u- [
3P Rydberg states
are of considerably l
lower oscillator 137 135 137 135 13%3588 135 137
strengths with 3500 2200 0 2500
transitions to the FREQUENCY v / MHz
3P2 fine structure

components being strongest /15/. Fig. 4 displays the Doppler-free
spectrum of the 6s24p 3P2 Rydberg state, recorded with counterrunning
laser beams. Due to configuration interaction with a close-lying 5d8p

3
P2 perturber, transitions to this Rydberg state were found to be ex-

ceptionally strong. Generally the hyperfine structure of 6snp 3P1 Ryd-
. . 21 .

berg states escaped detection choosing the 54 D2 state as inter-

mediate level. However this Rydberg series could be effectively popu-

: 2 .
lated via the 54 3P2 fine structure component, although the quadru-
pole transition 652 1SO - 5d2 3P2 is nominally spin-forbidden. As an

3
example, the Doppler-free spectrum of the 6sl7p P1 state is displayed

in Fig. 5. In order to reach highly excited atomic states with J=0 by
two-step excitation, the magnetic dipole transition 6s2 1SO - 5d2 3P1

was selected. The Doppler-£free spectrum of the 5d8p 3PO level is shown
in Fig. 6. This state is thought to perturb the 6snp 3PO Rydberg

series /15/ which has not been observed up to now. Since J=0, the

Fig. 5 -
6s2 'Sy —= 5d% 3P, — 65 17p°P, Fe=512

D 1 -f
opprer-tree 418.08nm ST1.91nm

spectrum of
%he 6s17p 300 Mz
P, Ba Ryd-

berg state

F=312

L

137 135 135 ' ! 135
137 138 137

FREQUENCY v
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Fig. 6 - Doppler—free3
spectrum of the 5d8p Po
perturbing state of Ba
populated by MI1-El
transitions
6s2 1S, — 5d2 P —=5d 8p R

splittings of the F_=3/2 425.89nm 568.06nm

135,137
components of Ba
6)

ly due to the hyperfine
3

P —_—

1 300 MHz

(cf. Fig. are entire-

2
structure of the 5d

intermediate level.

1
Apart from the 6snp ’3P

134
138

—iq3g
——137

3
Rydberg series, 6snf " F

3

136

27

F (10fn_<_ 21) and

3
6snf 'F, (10 < n < 40) FREQUENCY v

Rydberg states have been

. 21
studied in detail. Choosing the 54 D, fine structure component as

2

intermediate level, excitations to 6snf Rydberg states are favored over

transitions to the 6snp series. For example, signals of upto 1 V corre-

sponding to signal/noise ratios of about 1000 for the most abundant

isotope 8Ba, were observed for 6snf 1F3 Rydberg states. The spectrum

of the 6s26f 11:‘

3 Rydberg level, shown in Fig. 7, has been recorded with
copropagating laser beams.
Fig. 7 - High reso- 65 26f 1F Barium
lution spectrum of 3
the 6s26f "F3 Ba
Rydberg state 531.60 nm
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III. DISCUSSION

The msnl Rydberg series of alkaline-earth elements are strongly per-

turbed due to Coulomb interaction with doubly excited configurations.

Barium. is notorious for the large number of perturbing states,

pre-
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dominantly of 5dn'l’' configuration. By studying barium Rydberg series
employing high resolution laser spectroscopy we aim at determining the
wavefunctions of these states. Although isotope shifts can be used to
derive the amount of admixture of perturbing configurations into the
6snl Rydberg states quantitatively /11,12/, in the following we re-
strict ourselves to a discussion of the hyperfine structures of 6snp

1

P1 and 6snd 1D2 Rydberg series.

For Rydberg states of pure 6snp or 6snd configuration spin-orbit in-

teraction of the Rydberg electron
(1)
causes singlet and triplet states to mix. Using intermediate coupling

the wavefunctions of Rydberg states of pure 6snl (1=1,2) configuration

are expressed as

l6snl ‘1.5 = A |6sn1l ‘L. > + 0 l6snl °1. > (2)
1 so 1 so 1
... 3 1 3
|6snl "L.> = -@ |6snl "L > + A [6sn1l "1 > (3)
1 so 1 so 1
. 2 2 . X
with Qso + Aso = 1. The wavefunctions have been expanded in terms of

pure configuration, exactly SL-coupled basis vectors indicated by the
long horizontal bars. Also, on the left hand side of Egs.(2,3), the
pure 6snl character of the wavefunctions is indicated. Using second
order perturbation theory the triplet amplitude Qso can be expressed
in terms of the spin-orbit coupling constant and the singlet-triplet

separation, e.g.

1

QSO( D2) = V3/2 End/AEST (4)
where
AE = E(6snd ! ) - E(6snd 3 ) (5)
st - sn D2 sn D2

Since for Rydberg states of pure 6snd configuration both £ and AE
*_3 * nl ST

décrease proportional to n , n being the effective guantum number,
Qsofis expected to be essentially independent of the principal guantum

number n.

Because of singlet-triplet mixing, the strong Fermi-contact interac-

tion of the 6s valence electron with the nuclear magnetic moments of

135,137 . .
°:13 Ba results in well-resolved hyperfine structures of 6snp 1P1
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and 6snd 1D2 Rydberyg states. Neglecting any direct interaction of the

Rydberg electron with the nuclear magnetic moment, the Hamiltonian de-

scribing the hyperfine interaction is given by

> >
s, I

hf 6s 1 : (&)

Generally, taking the free ion value for a represents a good ap-

6s
proximation. With the aid of Egs.(2,6), the hyperfine splitting fac-

tors A corresponding to singlet states of pure 6snl (1=1,2) configura-

tion are calculated to first order to be

a
alln) = —%2— {Qio(lLl)
21(1+1)

- oV o Cup o ) (7)

1 so 1

Eq.(7) is wvalid, provided the hyperfine coupling constant acg is con-~

. For

siderably smaller than the singlet-triplet separation IAEST
{aesl n IAEST] off-diagonal elements of the Hamiltonian H between

hf
3
the 1P1 and or 1D and D fine structure components may

Po,1,2 2 1,2,3

lead to dramatic shifts of the individual hyperfine components and a
description of the hyperfine structure by a splitting factor A may no
longer be possible. Provided the singlet-triplet separation is known
from experiment, however, the hyperfine-induced mixing of the true
wavefunctions of the fine structure components as well as the dis-

placements of the individual hyperfine components can be calculated

exactly by diagonalization.

In Figs. (8,9) the position of the hyperfine components Ff of the 6snp

1
P1 and 6snd D2 Rydberg states have been plotted versus n, respective-

ly. The variation of the hyperfine splittings with principal quantum
number n reflects changes in the coupling of both valence electrons.
As was mentioned above, pure 6snl Rydberg states are predominantly SL-
coupled and the singlet-triplet mixing caused by spin-orbit interac-
tion is almost independent of n. However, strong configuration inter-
actions with doubly excited 5dn'l’' states which are generaily best
described by jj-coupling, may result in a complete breakdown.of SL-
coupling. For example the dramatic resonance-like variation of the

hyperfine splitting of 6snd 1D2 Rydbexg states (cf. Fig. 9) obsexved
for principal guantum numbers ranging between 20 and 35 is caused by
the configuration interaction of this Rydberg series with the 5d7d 1D2

perturber, located between n=26 and n=27. A similar resonance occurs

1
for 6snp P1 states between n=18 and n=30. However, at n=21 and n=22

strong hyperfine-induced mixing of the nearly degenerate fine struc-

1 3
ture components P1 and P2 result in a repulsion of hyperfine compo-

nents with the same principal gquantum number Ff, partially masking the
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2r Barium .
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c L ]
n
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T
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[

10 ' 20 ' 30 ' &0
PRINCIPAL QUANTUM NUMBER n
Fig. B8 ~Positions,of the hyperfine components Ff = 1/2, 3/2, and 5/2

of 137Ba of 6snp "P, Rydberg states. The frequencies are measured re-
lative to 1 Ba. The data have been corrected for the isotope shifts
of the gquadrupole transition 6s ls » 542 lp, as well as for the
hyperfine splitting of the intermediate state. The term values and de-
signation of the Rydberg states as 6snp P1 levels were taken from
Ref. 15.

Fig. 9 - Positions of the L
hyperfine components F =
1/2 (e), 3/2 (&), 5/2 (o), oL
and 7/2 (m) of 137pa of
6snd D2 Rydberg states.
The frequencies are meas-
ured relative to 138ga.

The data have been correct-
ed for the hyperfine
splitting of the inter-
mediate 6s6p lp, level.

The 1isotope Shl%ts of the
first transition 6s2 ls ~
6s6p Ip ,stiill conta1ne8

in the éata ,result in a
vertical dlsplacement 1 . n L L
virtually independent of 10 20 30
n. PRINCIPAL QUANTUM NUMBER n

HFS 6sad 'D,/ GHz

resonance-like variation of the hyperfine structure of the P1 series.
1
Furthermore, the oscillator strength of the transition 54 D2 > 6snp

1P1 shows a pronounced minimum around n=23. Because the transition
probability drops by about two orders of magnitude the hyperfine struc—
ture of the 6s23p 1P1 state could not be obsexrved. The decrease in os-
cillator strength around n=23 is explained as Fanoc-minimum of the 5d8p

1
P1 perturber.
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Besides the configuration interactions of the 5474 1D2 and. 5d8p 1P1

1
perturbing levels influencing a larger number of 6snd D, and 6snp

1P1 Rydberg states, respectively, there are rather localized perturba-

tions of these Rydberg series as well. Examples provide the configura-

tion interaction of the 5474 3F2 perturbing level with the 6s144d 1D

2
and 3D2 Rydberg states (¢cf. Fig. 9) /18/ and the interaction of sever-
3 3 . : .
al perturbers of 5d4f and 5d8p ( D, Pl) configuration affecting 6snp
1P Rydberg states below n=16 (cf. Fig. 8).

1

In the remaining part of this paper we focus our attention to the re-

1
sonance in singlet-triplet mixing of 6snd 1D2 and 6snp P1 Rydberg

states, caused by the 5474 1D2 and 5d8p 1P1 perturbers, respectively.

For this purpose the wavefunctions of the perturbed 6snd Rydberg

states are written as

1 1 1 1 3
l6snd D,> = AL D2) l6sna Dy> + Qf D2) |6snd D,> +
1
a =
e ( DZ) |5d5/2 745,y I=2> (8)
3 3 1 3 3
|6sna “p,> = a(’p,) |6snd 'D,> + A(TD,) |6sna “p,>
+ e(’p,) sa 74 J=2> (9)
2 5/2 3/2

2
with A2+Q +€2=1. The absolute phases of the wavefunctions have been

chosen arbitrarily in such a way to make the largest amplitudes

(A(iDQ), A(3D2) positive. The last terms in Egs.(8,9) account for the
admixture of the doubly excited 5474 1D2 state. FProm an analysis of

the fine structure of the 547d configuration /19/ it is well known

that the 5d7d component in the wavefunction of the 5474 1D2 perturber

is almost exactly jj-coupled corresponding to [5d 7a J=2>. For
13 5/2 3/2
7

perturbed &snp P Rydberg states, the corresponding wavefuncticns

can be expanded in an analogous way. Compared to the density of the
6s valence electron at the nucleus, the core polarization of the 5474
component in the wavefunctions of perturbed 6snp 1P and 6snd 1D

1 2
berg states can be neglected. Therefore first order perturbation theo-

Ryd-

ry yields for the hyperfine splitting factor of perturbed 6snl 1L

1
(1=1,2) Rydberg states
1 %6s 21 1 1
A(TLy) = TT(IT1Y e L) - 2/T(1+1) A( L) v oal L)} (10)
in complete analogy to Eqg.(7). However, since A2+QZ<1 hyperfine struc-

ture data have to be complemented by additional information, such as

lifetime /20/ or isotope shift measurements /11,12/, in order to deter-
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mine the amplitudes A, and e separately. It follows immediately from
Eg. (10) that the sign of the measured hyperfine splitting factor A
allows the relative sign of the singlet (A) and triplet (Q) amplitudes

to be determined.

In Figs. 10 and 11 the triplet

amplitudes Q(lPl) and Q(1D2)
have been plotted versus the
principal guantum number n, 0.5
respectively. Whereas hyper-
fine-induced mixing of 6snd
1D2 and 3D fine structure
components have been taken
into account quantitatively

1
to derive Q( D2), Eg. (10) was

used to obtain preliminary oSk

Admixture coefficient £
o

N n

values for the-triplet ampli-

: - 10 20 30 %0
tudes Q( Pl) of the 6snp p1 PRINCIPAL QUANTUM NUMBER n
Rydberg series. It should be Fig. 10 -~ Experimental and theoretical
noted that this approxima- singlet-triplet mixing parameters

1
1 .
tion is not valid for 6s2lp P1 24 Pl) for 6snp Pl states of Ba

and 6s22p 1P1 Rydberg states.

Therefore, triplet amplitudes of these states have been omitted in

Fig. 10. The accuracy of the data shown in Fig. 10 is estimated to be
better than 20 %. For comparison triplet amplitudes ch(lpl) predicted

b& a multichannel quantum defect theory /15/ of the 6snp 1’3P1 Rydberg

series are also shown in Fig. 10. BAs can be seen theoretical and ex-
perimental amplitudes strongly

disagree. It has been shown

T v v v T T T
recently /6/ that a multi- 06 165 Adg, 422> 7
channel guantum defect analy- Bal
o4 ]
sis, using term values of o
6snd l’3D2 Rydberg states ex-— g oz fF 1
I
clusively, does not allow to &
) . s O 165 nd B, >
derive the triplet amplitudes o /
w
Q(1D2) reliably. Additional 5 -0z} 1
< -QL% 1
Fig. 11 - Experimental ost 1
singlet-triplet mixing
1 -16s ndy, J=2>
parameter 0 D2) deduced 0
from the hypegflne struc- Aﬁ; < o £ = % o
ture of 6ésnd "D, Rydberg PRINCIPAL QUANTUM NUMBER n

states.
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experimental data sensitive to singlet-triplet mixing, such as g-fac-
tor /10/ or hyperfine structure /7/ measurements should be used be-
sides term values. In this way the resonance of the triplet amplitude
Q(1D2), (cf. Fig. 11) could be described quantitatively within a three
channel model /7/. Hence the discrepancies between experimental and
theoretical triplet amplitudes Q(IPI) (cf. Fig. 10) call for a new
1,3P

multichannel quantum defect analysis of the 6snp Rydberg series.

1

We conclude with a brief, gqualitative discussion of the resonance ob-

1
served for Q(iD in the vicinity of the 5d47d D, perturber. As can be

2)
seen from Fig. 11, this resonance is superimposed on a constant verti-

cal offset, representing 950(102). Therefore we express Q(1D2) as

1 _ 1 1
Q( D2) = Q ("D,) + QCI( D

so 2 ) (11)

2

and use second order perturbation theory to calculate the configura-

; . . — 1
tion interaction between the zero-order wavefunctions |6snd D,>,

6snd 3D2> (cf. Bgs.(2,3)) and ]5d5/2 74, ,, J=2> (cf. EQs.(8,9)) to
obtain ch(lDz). The 2zero-~order energies, corresponding to these state
—_ 1 3 —

vectors are denoted by E(6snd D2), E(6snd D2) and E(5d5/2 7d3/2 J-ZL
respectively. Up to second order one obtains

Q(lD ) = (1-0.5 52)9 (1D y + A (10 Ye,ve, AE__/AE (12)

2! = IR S TR so' U2’%1"%2 S8qp/figp

where

AE = E(6snd 3D ) - E(54 74 J=2) (13)

TP 2 5/2 3/2 4

1
el—e( D2), €,

=€(3D2) and the singlet-triplet separation AEST is given
in Eqg.(5). The admixture coefficients €(1D2), €(3D2) (cf. Egs. (8,9))

may be obtained from second order perturbation theory. They can be
expressed by the exchange integrals R2(6snd; 5d47d) and R2(63nd; 7d54d)
/21/ and are inversely proportional to the perturber - Rydberg state

N 3
separation. However, €(1D2) and € ( Dz) may be taken from the three
channel quantum defect analysis /7/ carried out for 6snd 1'3D2
states in the vicinity of the 5d74 1D2 perturber. It is found that the

1" %5 stays always negative and shows a resonant behavior

around n=26,27. Therefore the change in sign observed for Q(1D2) (cf.

Rydberg
product ¢

Fig. 11) can be related to the triplet-perturber separation AETP (cf.

Egs.(12,13)), since the zero-order singlet-triplet splitting is al-

ways positive. Hence for Rydberg states below (above) the unshifted

A . — 1 . .
position of the perturber, i.e. E(Sds/z, 7013/2 J=2), QCl( D2) is posi

tive (negative). Whereas the change in sign of QCI ( D2) occurs at an
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enexrgy close to the term value of the 5474 1D2 perturber, for the 6snp
1P1 series the resonance (Tf. Fig. 10) is separated from the 5d8p 1P1
perturber by about 200 cm . Since the crossover takes place at the

unshifted position of the perturber, the energy of the 5d48p 1P1 level
is raised by about 200 cm_1 due to its configuration interaction with
the 6snp 191 Rydberg states. Indeed, it is known that this perturber

1 )
strongly couples to the 6snp P1 series, affecting a large numbex of

states in the discrete and continuous part of the spectrum /14,15/.

Iv. CONCLUSION

Exploiting the sensitivity of thermionic detection and the considerable
output powers of cw dye ring lasers, odd-parity barium Rydberg states
were investigated by high resolution laser spectroscopy. Starting from
the atomic ground state, the Rydberg states were reached by resonant
M1-E1 and E2-El transitions. Generally the spectroscopy of Rydberg states
populated via forbidden transitions promises to be widely applicable.
From hyperfine structure and isotope shift measurements, detailed in-
formation about the electronic structure of Rydberg states can be de-

rived.
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