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Energies of high-n barium Rydberg states
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We have measured the energies E„of 6sns 'So (30&n &214), 6snp 'Pl (60&n &214), and

6snd 'D2 (30 & n & 285) Rydberg states of barium with an accuracy of +60 MHz. For the 'Dz series

the energy separations E„+I
—E„between neighboring Rydberg states have been deduced with an

uncertainty of +10 MHz. The singlet-triplet splitting between 6snd 'D2 and 'D2 states is reported
for principal quantum numbers ranging between n=30 and n=190. In addition, we have deter-
mined the energies of 6snf 'F3, 6sng '64, 6sng '6, and 6snh 'H, Rydberg states at lower principal
quantum numbers (47& n &78). From our measurements we have deduced quantum defects 51 of
the corresponding 6snl 'LI Rydberg series to be 50(n ) 50) =4.212(5), 5i(n ) 100)=4.332(5),
52(n & 78)=2.718(5), 53(47 & n & 78)=0.047(5), 54(47 & n & 78)=0.059(5), and 55(47 & n & 78)
=0.019(5). The first ionization limit of barium has been determined to be I6, ——42034.902(3) cm

Within the last ten years, Rydberg states of barium
have been studied extensively. In particular, experimen-
tal and theoretical investigations aimed at analyzing per-
turbations of 6snl Ba Rydberg series caused by
configuration interactions with doubly excited states.
Such perturbations may result in pronounced deviations
from the regular scaling of atomic properties of Rydberg
states with principal quantum number n. Energies of
Rydberg states, ' lifetimes, ' ' isotope shifts, and
hyperfine structures' have been analyzed to gain
quantitative information on configuration interactions.
In addition, the behavior of Ba Rydberg states in external
electric and magnetic fields has been studied to
this end. Multichannel quantum defect theory has been
frequently applied to analyze such data, a subject covered
by several review articles.

More recently, spectra of barium Rydberg states with
high principal quantum numbers (n & 100) have been re-
ported. ' Such highly excited states are readily per-
turbed by small external electric and magnetic fields. The
distribution of oscillator strength across Stark and di-
amagnetic manifolds of barium Rydberg states in electric,
magnetic, and combined fields has been studied recent-
ly. ' ' In the I-mixing region the distribution of oscil-
lator strength is strongly influenced by the presence of
core penetrating, low angular momentum states. In or-
der to account for these effects, quantitatively, energies of
high-n barium Rydberg states in zero field have to be
known precisely. In this paper we report energies of
6snl ' LI Ba Rydberg states with an accuracy of +60
MHz. The data have been obtained using high-resolution
laser spectroscopy. Our measurements either extend pre-
vious data to higher principal quantum numbers or are of
improved precision.

We have populated Rydberg states of barium employ-
ing the excitation schemes shown in Fig. 1. Starting from
the 6s 'So ground state, 6sns 'So and 6snd ' D2 Ryd-
berg states were reached via the 6s6p 'P, intermediate

level [Fig. 1(a)]. Stark mixing of Rydberg states caused
by small external electric fields allowed us to obtain ener-
gies of 6snp P& levels. The'excitation scheme shown in
Fig. 1(b} served to reach 6snd ' D2 and 6sng ' G Ryd-
berg states. The metastable state Sd6s 'D2 was populated
by a dc discharge. Again, Stark mixing was employed to
excite odd parity 6snf 'F3 and 6snh 'Hs states via the
Sd6p 'F3 intermediate level. An atomic beam apparatus
[Fig. 2(a)] was used in these experiments. The third exci-
tation scheme [Fig. 1(c}]served for a measurement of the
frequency separation between neighboring 6s (n +4)p 'P,
and 6snf 'Fs Rydberg states. In order to compensate for
the low oscillator strength of the electric quadrupole
transition to the 5d Pz intermediate state, this experi-
ment was performed in a vapor cell [Fig. 2(b)].

Two counterpropagating, linearly polarized cw dye
lasers, stabilized to a bandwidth of about 1 MHz inter-
sected an atomic beam [Fig. 2(a)] at 90'. The collimation
ratio of the atomic beam was about 1:150. For the first
and second transition of the excitation scheme shown in
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FIG. 1. Excitation schemes used to populate 6snl Rydberg
states of barium in an atomic beam (a),(b) and a vapor cell (c).
An electric quadrupole transition (E2) serves as first step in

scheme (c).
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Fig. 1(a) we used Rhodamine 110 (Lambdachrome 5700)
and Stilbene 3 (Lambdachrome 4200) as laser dyes, re-
spectively. The second excitation scheme [Fig. 1(b)] re-
quired the dye DCM (Lambdachrome 6500) for both
lasers. All dyes were purchased from Lambda Physik,
Gottingen, West Germany. The excitation region was
shielded from stray electric fields by means of a parallel-
plate capacitor. In addition, this capacitor was used to
apply electric fields along the atomic beam axis. An elec-
trostatic lens focused the ions onto the entrance aperture
of a quadrupole mass filter, which was used to suppress
background ions. The vapor cell [Fig. 2(b)] consisted of a
stainless steel tube, filled with Ba and heated to about
650'C. To prevent coating of the windows, the pipe was
filled with about 5)&10 Torr of Ar buffer gas. For
thermionic detection ' the stainless-steel pipe was tak-
en as anode while 12 tungsten wires in an annular ar-
rangement served as cathode. The voltage drop across a
50-kQ load resistor was fed into a lockin amplifier. The
first and second dye lasers were operated with Stilbene 3
and Rhodamine 110 as dyes [Fig. 1(c)], respectively.
Both laser beams were superimposed and counterpro-
pagated through the vapor cell.

The Rydberg atoms, excited in the atomic beam, were

ionized by different mechanisms. At principal quantum
numbers n & 30 the kinetic energy which can be
transferred in forward collisions with Ba ground state
atoms is sufficient to ionize the Rydberg atoms. Recent-
ly, Penning ionization of 6sns 'So (14 & n & 50) Rydberg
atoms has been studied by analyzing the kinetic energy
of the emitted electrons. Barium atoms predominantly in
6s6p 'P, or 5d6s 'D2 states served as collision partners.
Furthermore, field ionization of the Rydberg states may
occur for n&60. Above n=60, the radiative lifetimes
were sufficiently long for the Rydberg atoms to leave the
parallel plate capacitor. Subsequently, these atoms were
ionized by the electric field caused by the potential
difference between the first electrode of the einzel lens
and the upper capacitor plate. A field strength of about
25 V/cm is sufficient to ionize Rydberg states with
n =60. In a thermionic diode collisions with Ba atoms in
their ground state as well as Penning ionization are ex-
pected to contribute to the ionization of Rydberg atoms.
In addition, associative ionization between barium
ground state atoms and Rydberg atoms may occur be-
cause of the rather high barium vapor pressure. Further-
more, collisions of Rydberg atoms with buffer gas atoms
may result in the production of Ba+ ions. The contribu-
tions of the various processes to the observed signal de-
pend on the system under study and are poorly under-
stood.

Spectra were recorded by scanning the frequency Q2 of
the second dye laser across the upper atomic transition,
while the other dye laser was stabilized to the wavelength

of the first transition. For selected 6sns 'So and
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FIG. 2. Experimental setups used to excite Ba Rydberg states
in an atomic beam (a) or a vapor cell (b). The corresponding ex-
citation schemes are shown in Figs. 1(a), 1(b), and 1(c), respec-
tively. The abbreviation "disc." stands for discriminator.

FIG. 3. Spectrum of 6snd 'D2 (240&n &310) Ba Rydberg
states. The small signals which appear in the upper trace corre-
spond to 6sns 'So states. The origin of the frequency scale coin-
cides with the energy of the 6s240d 'D2 Rydberg state (see Table
I) ~
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—E„ofener-
gies of neighboring 6snd 'D2 Rydberg states vs effective princi-
pal quantum number v6, . Every fifth pair is plotted only. The
straight line corresponds to the v6,

' scaling law.
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6snd 'Dz Rydberg states, the wavelength of the second
dye laser was determined using a high-precision Michel-
son interferometer with an accuracy of +30 MHz. In
addition, a marker cavity with a free spectral range (FSR)
of 74.94(6) MHz served as a frequency scale for the
second dye laser. In this way energies of 6sns 'So,
6snp 'P&, and 6snd 'D2 Rydberg states were determined

by interpolating between energies measured by means of
the Michelson interferometer. A spectrum of 6snd 'D2
barium Rydberg states is shown in Fig. 3 for principal
quantum numbers ranging between n=240 and n=310.
The small signals which appear between the prominent
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TABLE II. Singlet-triplet splittings bE» ——E('D, ) —E('D, ) between 6snd "D2 Rydberg states of
barium. Typical uncertainties are given in parentheses.

30
49
50
59
60
65
81

109
113
114

34.416 (100)
5.153 (10)
4.832 (10)
2.767 (10)
2.648 (10)
2.031 (10)
0.962 (10)
0.353 (10)
0.314 (10)
0.305 (10)

115
116
117
118
119
120
124
127
130
133

0.285 (10)
0.281 (10)
0.286 (10)
0.272 (10)
0.271 (10)
0.262 (10)
0.243 (10)
0.215 (10)
0.207 (10)
0.190 (10)

136
140
145
150
155
160
165
170
180
190

0.183 (10)
0.160 (10)
0.146 (10)
0.133 (10)
0.119 (10)
0.110 (10)
0.099 (10)
0.095 (10)
0.079 (10)
0.065 (10)

TABLE III. Energies of 6sns So (30(n (214) Rydberg states of barium. The energies were measured using a high-precision
Michelson interferometer or were deduced ( + ) by interpolation using a marker cavity (see Table I). The overall uncertainty amounts
to +0.002 cm

30
38
50
60
61
65
70
75
80
81
82
83
84
85
86
87
88
89
90
9i
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107

Energy
(cm-')

41869.958
41938.792
41982.561
41999.644
42000.875
42005.206
42009.548
42013.002
42015.796
42016.291
42016.766
42017.224
42017.665
42018.089
42018.497
42018.891
42019.272
42019.636
42019.992
42020.334
42020.664
42020.983
42021.291
42021.590
42021.878
42022. 158
42022.428
42022.689
42022.942
42023. 188
42023.428
42023.659
42023.883
42024. 101
42024.312
42024.518

108
109
110

(112)
(113)
114*
iis*

117
118*
119
120*
121*
i22*
123*
124
125*
i26*
127*
128*
129*
130
131*
132*

134*
135*
136
137
138*
139*
140*
141*
142*
143*

Energy
(cm-')

42024.716
42024.910
42025.099
42025.282

42025.796
42025.959
42026. 119
42026.273
42026.426
42026.573
42026.716
42026.855
42026.991
42027. 125
42027.254
42027.380
42027.503
42027.623
42027.740
42027.852
42027.966
42028.073
42028. 180
42028.283
42028.385
42028.484
42028.581
42028.676
42028.769
42028.858
42028.948
42029.036
42029. 120
42029.204

145*

147
148*
149
150*
is&*
152*
153
i54'
155
i56'
157
158
159*
160*
161
i62'
163

i65*
166
167*
168*
169*
170
171
172*
173*
174*
175*
176*
177*
i78*
179

Energy
(crn ')

42029.286
42029.365
42029.442
42029.518
42029.592
42029.667
42029.737
42029.807
42029.876
42029.943
42030.010
42030.074
42030.137
42030.200
42030.260
42030.320
42030.379
42030.437
42030.493
42030.548
42030.602
42030.656
42030.708
42030.759
42030.809
42030.859
42030.908
42030.956
42031.003
42031.050
42031.095
42031.140
42031.184
42031.227
42031.269
42031.311

180
181*
182
183*
184
185
186
187
188
189*
190*
191*
192
193*
194
195*
196
197
198*
199
200*
201
202*
203*
204*
205*
206*
207*
208*
209
210
211*
212*
213
214*

Energy
(cm-')

42031.352
42031.391
42031.431
42031.470
42031.508
42031.545
42031.582
42031.618
42031.653
42031.689
42031.722
42031.757
42031.789
42031.822
42031.855
42031.886
42031.917
42031.948
42031.978
42032.008
42032.038
42032.066
42032.095
42032.123
42032.151
42032.181
42032.207
42032.234
42032.260
42032.286
42032.312
42032.334
42032.359
42032.383
42032.408
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6snd 'Dz and 6s(n +1)d 'Dz resonances correspond to
6s(n+2)s 'So states. It should be noted that the ob-
served linewidths exceed the natural linewidths of the
Rydberg states by several orders of magnitude. Besides
the finite bandwidths of the lasers, contributions arise
from the residual Doppler width 5v„,=7 MHz of the
first transition. These contributions are proportional to
5v„„ I

(vz —v&)/v,
I

and result in a constant linewidth of
the observed resonances in the order of a few MHz. The
atomic transition frequencies of the lower and upper
transitions are denoted by v, and v2, respectively. Since
the oscillator strength of the second transition decreases
proportional to v6, the amplitude of the 'D2 signals are
expected to decrease in the same manner with increasing
effective principal quantum number v6, . However, corn-
paring the amplitudes of the signals recorded at n=240
and 290, a ratio of 0.07 is deduced from the recorded
spectrum whereas this ratio is expected to be larger by a
factor of eight from the v6, scaling law. This discrepan-
cy is explained by the presence of small stray electric
fields, which cause Stark mixing and hence a decrease in

BARIUM

6s100s "S0
10mV/cm

6s 100p P1
A

25mV/cm

the 'D2 signal amplitudes. It follows from a systematic
investigation of the distribution of oscillator strength
across Stark multiplets of barium that the 6snd 'Dz sig-
nals disappear when 3(F/Fo)n =1. The electric field

strength F is measured in atomic units Fo ——5. 14)&10
V/cm. Taking n=310 as the principal quantum number
of the highest 6snd 'D2 resonance observed in Fig. 3, we
estimate stray electric fields to be in the order of 1

mV/cm. It should be noted that further improvements of
our experimental setup allowed us to reduce stray electric
fields down to about 45 pV/cm. In this way 6snd 'Dz
Rydberg states with principal quantum numbers up to
n =520 have been detected.

In Table I we have listed energies of 6snd 'Dz Ba Ryd-
berg states for principal quantum numbers ranging be-
tween n=30 and 285. The energies are referred to the
ground state and were obtained by adding the energy of
the 6s6p 'P~ state to the measured wave number of the
second transition. We have determined the energy of the
6s6p 'P, level to be 18060.258(2) cm ', slightly lower
than the value given in Ref. 49. The uncertainty of
+0.0015 cm ' for the first and second transition results
in an uncertainty of +0.002 cm ' (+60 MHz) for the en-
ergies listed in Table I. It should be noted that these
values are generally smaller by 0.1 —0.15 cm ' compared
to the values reported by Aymar et al. Besides energies,
we have measured the frequency separation
b,E =E„+, E„betw—een neighboring 6s ( n + 1)d and
6snd 'D2 Rydberg states with a precision of about +10
MHz. These energy separations may be used to identify
the principal quantum numbers of 6snd 'Dz Rydberg
states without measuring their energies directly. Energy
separations given in parentheses in Table I are less accu-
rate by an order of magnitude. Figure 4 is a logarithmic
plot of the frequency separation LE versus the effective
principal quantum number v6, . For clarity, only every
fifth pair has been plotted. The separation between
neighboring Rydberg states scales according to v6, , indi-

40mV/cm

BAR) UM

6s 189d 02

6s2 'S0 = 6s6p'P, = 6s nt

6S 190d '02

1

50mV/cm

6s 189d 3D&

6s 191p 'P, 6s 191s '50

m -+1 6s 190d D2
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500 1000
FREQUENCY (MHz)
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FIG. 6. Stark mixing between 6s100p 'P, and 6s100s 'So
Rydberg states. The excitation scheme shown in Fig. 1(a) was
employed.

FIG. 7. Stark shifts and broadening of 6s191s 'So and
6s191p 'P, (m=O) Rydberg levels due to stray electric fields.
The position of the m =+1 components corresponds to the en-

ergy of the 6s191p 'PI state in zero field. The shift of the
6s191s 'So state from its zero field position towards higher ener-
gies equals the splitting between the 6s191p 'Pl, m=O and
m =+1 components.
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cating that the 6snd 'Dz Rydberg series is not perturbed

by doubly excited states in this energy range.
We have used those energies of 6snd 'Dz Rydberg

states, which have been measured by means of the high-
precision Michelson interferometer to derive the first ion-
ization limit I6, of barium. Energies marked by an aster-
isk in Table I were interpolated by means of a marker
cavity and hence have not been considered for the deter-
mination of I6, . Using a simple Rydberg formula and en-
ergies of 6snd 'Dz Rydberg states with 78& n &230 we
obtain for the first ionization limit I6, =42034.902(3)
cm '. Lower-lying Rydberg states (n & 78) have been ex-
cluded because of the perturbation of the 6snd 'Dz Ryd-
berg series by the 5d7d 'Dz state, located between n=26
and 27. Furthermore, a three channel quantum defect
model, which accounts for the configuration interaction
of the Sd7d 'Dz perturber and the 6snd 'Dz, 6snd Dz
Rydberg series, leads to the same value for the ionization
limit.

Besides energies of 6snd 'D2 Rydberg states we report
the singlet-triplet splitting between 'Dz and Dz Rydberg
states (Table II). A typical spectrum used to derive
singlet-triplet splittings is shown in Fig. 5, displaying the
6s65d D„D2, and 'D2 fine-structure components. In
order to excite the D, state, the angle between the polar-

ization vectors of both linearly polarized laser beams was
chosen to be 45'.

Energies of 6sns 'So Rydberg states are listed in Table
III for principal quantum numbers ranging between
n=30 and 214. Energies of 6sns 'So Rydberg states
(n &61) reported previously by Aymar et al. are gen-
erally lower by 0.1 —0.15 cm '. In addition we have
determined energies of 6snp 'P, Rydberg states
(60 & n & 214) which are given in Table IV. Below n = 100
we have measured the frequency separation between
6sns 'So and 6snp 'P, (m=0) states as a function of the
electric field strength applied. By extrapolating to zero
electric field and using energies of 6sns 'So states, the
data in Table IV were derived. Figure 6 illustrates the
repulsion of neighboring 6s100p 'P

i ( m =0) and
6s100s 'So Rydberg states. Because of Stark mixing the
relative intensities of the recorded signals change dramat-
ically on varying the external electric field strength. At
principal quantum numbers well above n=100, stray
electric fields are suScient to cause considerable second-
order Stark shifts and broadening because of the near de-
generacy of the 6sns 'So and 6snp 'P

~
( m =0) Rydberg

states. The repulsion of the 6s191s 'So and 6s191p 'P,
(m =0) Rydberg states caused by stray electric fields is il-
lustrated in Fig. 7. On the contrary, the Stark shifts ex-

TABLE IV. Energies of 6snp 'P, (60& n &214) Rydberg states of barium. The overall uncertainty amounts to +0.002 cm '. The
energies were derived from recorded spectra using a marker cavity and the data given in Tables I and III.

60'

65'
70*
75*
80*
85+
90*
95 Q

100
108*
109*
110*
111*
114
115*
116*
117*
118*
119*
120*
121*
122*
123*
124*
125*
126*
127
128*

Energy
(cm-')

41999.637
42000.860
42005.177
42009.511
42012.963
42015.758
42018.054
42019.960
42021.559
42022.915
42024.692
42024.887
42025.076
42025.259
42025.777
42025.941
42026. 101
42026.256
42026.409
42026.556
42026.700
42026.840
42026.976
42027. 110
42027.240
42027.366
42027.489
42027.610
42027.727

129*
130*
131*
132*
133
134*
135*
136*
137*
138*
139*
140*
141
142*
143*

145*
146*
147*
148
149*
150*
151*
152*
153*
154*
155*
156
157

Energy
(cm-')

42027.840
42027.954
42028.061
42028. 168
42028.273
42028.374
42028.474
42028.571
42028.666
42028.759
42028.849
42028.940
42029.027
42029. 111
42029. 196
42029.278
42029.357
42029.434
42029.510
42029.585
42029.659
42029.730
42029.799
42029.869
42029.936
42030.003
42030.067
42030.131
42030.194

158*
159
160

162*
163
164
165*
166*
167*
168
169
170*
171

173*
174
175*
176*
177*
178*
179*
180
181*
182*
183*
184*
185*
186*

Energy
(cm-')

42030.254
42030.314
42030.373
42030.431
42030.487
42030.543
42030.597
42030.651
42030.703
42030.754
42030.805
42030.854
42030.903
42030.951
42030.999
42031.045
42031.090
42031.134
42031.179
42031.222
42031.265
42031.306
42031.347
42031.387
42031.427
42031.465
42031.504
42031.541
42031.578

187
188
189*
190*
191*
192*
193*
194
195*
196*
197*
198
199*
200*
201*
202*
203*
204*
205
206*
207*
208*
209*
210*
211
212*
213*
214*

Energy
(cm-')

42031.614
42031.649
42031.685
42031.719
42031.754
42031.786
42031.819
42031.852
42031.884
42031.915
42031.945
42031.975
42032.005
42032.035
42032.064
42032.093
42032. 121
42032. 148
42032. 178
42032.205
42032.232
42032.258
42032.284
42032.310
42032.333
42032.357
42032.381
42032.406
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perienced by 6snp 'P~ (m =+1) components cancel in

first approximation because 6snp 'P, levels lie approxi-
mately halfway between the neighboring 6s(n —2)d and
6s(n —1)d 'Dz (m =+1) Rydberg states (see Fig. 7).
However, the Stark mixing of the 6snp 'P, (m =+1)
components with the neighboring 'D2 states results in an
increase in oscillator strength of the 6s6p 'P& ~6snp 'P&

(m =+1) transition. It follows that the energy of the
6s191p 'P, state in zero electric field can be inferred im-

mediately from the spectrum shown in Fig. 7. Further-
more, the frequency separation between the 6s191p 'P,
m=0 and m =+1 components is equal to the Stark shift
experienced by the 6s191s 'So state. Correcting for this
shift the energies of 6sns S0 Rydberg states at high prin-
cipal quantum numbers were obtained. The data given in
Tables I, III, and IV are summarized in Fig. 8, where we
have plotted the effective principal quantum number v&,

(modulo 1) for 6sns 'So, 6snp 'P, , and 6snd 'Dz Rydberg
states versus the principal quantum number n. Starting
at n=50, the principal quantum number increases in

steps of 5. Using the ionization limit I&, ——42034.902
cm ' the effective principal quantum number vs, (modu-

lo 1), is constant within our accuracy for 6sns 'So and
6snd 'D2 Rydberg states with n &60 and n &78, respec-
tively. On the contrary, the effective principal quantum

BAR I UM

6s2 So = Sdz P2 =6snp, nf

68p'P„
'900 MHz'

64f F3

'

gl
.'x]P

64f 'F3

FREQUENCY v

FIG. 9. Spectrum of the 6s64f "Ffine-structure multiplet in

the vicinity of the 6s68p 'P, state.

number of the 6snp 'P& series is seen to vary below
n & 100. This variation is caused by the configuration in-
teraction with the 5d8p P, state, straddling the ioniza-
tion limit. Because of this perturbation, all 6snp 'P,
Rydberg states are pushed towards lower energies.
Therefore 6snp 'P, states lie below the corresponding
6sns 'S0 levels for n )60, while the opposite is true for
n (58 (see Tables III and IV and Figs. 6, 7, and 8). The
horizontal straight lines, shown in Fig. 8, correspond to
the (limiting) values for the quantum defects 5&

with 5o(n & 50) =4.212(5), 5&(n & 100)=4.332(5), and
5z(n &78) =2.718(5).

Apart from energies of 6sns 'So, 6snp 'P
&, and

6snd ' D2 Rydberg states, we have measured those of

6s n5 Qo

5Q
I

~ o~ l ~ ~ J~y ~ ~

150
I

25Q
I

&as= 42034.902 crtl "

6s57g '(j

Barium

Sd« 'Dz-Sd6p 'F,—6snl "'L

25 mVI cm

0.5- BARIUM

~ I
~ ~
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~ 7 e

6s

a I ~ J ~ &I

T ~ l , ~ e ~

np P

1.0- I« = 42034.902 cm

50 150 250
PRINCIPAL QUANTUM NUMBER n

6s57g 3(s

6s57f 1F

6s57h 1H

I I

-12 -11 -10

6s60d Dz,
k

FREQUENCY (GHz)

FIG. 8. Effective principal quantum number v&, (modulo 1)
vs principal quantum number. The solid lines correspond to the
limiting values of the quantum defects 5I of the 'So, 'Pl, and
'D& series, given in the text. The deviations observed for the
6snp 'Pl states below n=100 are caused by the Sd8p 'Pl per-
turbing state.

FIG. 10. Spectrum of the 6s57f 'F, , 57g 'G4, and 57h 'H,
Rydberg states of barium. The energies are measured with
respect to the nearest (6s60d) 'D2 state. The total angular
momentum of the 57g G state is unknown. A small electric
field was applied in order to excite odd parity states.
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TABLE V. Energies of 6snf 'F3, 'F~, 'F3, 6sng 'G4, 6sng 'G, and 6snh 'H5 Rydberg states of barium (47 (n (78). The overall ac-
curacy amounts to +0.002 cm '. The energies were deduced from recorded spectra using a marker cavity and the data given in
Tables I, III, and IV.

Level

6s47f 'F3
6s57f 'F3
6s61f 'Fz
6s61f F3
6s61f 'F3
6s62f 'F2
6s62f 'F,
6s62f 'F,
6s66f F2
6s66f F3
6s66f 'F,

Energy
(cm-')

41985.132
42001.069
42005.241
42005.247
42005.364
42006. 193
42006.198
42006.309
42009.575
42009.580
42009.670

Level

6s67f 'F?
6s67f 'F3
6s67f 'F3
6s71f 'F2
6s71f F3
6s71f 'F3
6s72f 'F3
6s75f 'F3
6s76f 'F,
6s78f 'F3
6s47g 'G4

Energy
{cm-')

42010.327
42010.332
42010.418
42013.024
42013.027
42013.100
42013.704
42015.370
42015.881
42016.843
41985.103

Level

6s57g 'G4

6s62g 'G4

6s67g 'G4

6s72g 'G4

6s75g 'G4

6s76g 'G4

6s78g 'G4
6s47g G
6s57g G
6s62g 6
6s67g G

Energy
(cm-')

42001.059
42006.300
42010.412
42013.696
42015.361
42015.871
42016.834
41985.113
42001.065
42006.307
42010.416

Level

6s72g G
6s75g G
6s76g G
6s78g G
6s57h 'H5
6s62h 'Hq

6s67h 'H5
6s72h 'H5
6s75h 'H5
6s76h 'H5
6s78h 'H5

Energy
(cm-')

42013.702
42015.367
42015.878
42016.840
42001.106
42006.338
42010.441
42013.722
42015.384
42015.893
42016.854

ing the 'F3 state to be observed in fields as low as 25
mV/cm. On the other hand, Stark mixing between the
6s57f 'F3 and 6s60d 'D2 states can be neglected at this
field strength because of their large frequency separation.
Similar arguments can be used to justify the identification
of the 6s57h 'H5 state. This resonance is not observed in

0.9-
BAR I UM

6snf 'F3

1.0-

0.9-

6s ng 'Gl,

6s nh'Hs

1.0-
50 60 70 80

PRINCIPAL QUANTUM NUMBER n

FIG. 11. ES'ective principal quantum numbers v6, (modulo 1)
vs principal quantum number. The solid lines correspond to the
limiting values of the quantum defects 51 of the 'F3, 'G4, and
'H5 states given in the text. The data marked by a cross (+ )
were taken from Refs. 8 and 9.

6snf ' F, 6sng ' G, and 6snh 'H, states (see Table V) for
principal quantum numbers between n =47 and 78.
Starting from the 5d P2 intermediate level [Fig. 1(c)]
6snp 'P, and 6snf ' F Rydberg states can be excited be-
cause of configuration mixing present in the intermediate
and final (Rydberg) states. In particular, 6snp 'P& Ryd-
berg states contain some 5d8p 'P, character, as discussed
above. Energies of 6snf 'F3, F2 3 Rydberg states were
derived from spectra such as the one shown in Fig. 9.
For this purpose we have measured frequency separations
between signals corresponding to 6s(n +4)p 'P, and
6snf 'F3, F23 states using a marker cavity with a FSR
of 149.53(18) MHz. Energies of 6snf 'F3, F2 3 Rydberg
states were derived from the measured frequency separa-
tions and the energies of 6s(n+4)p 'P, states given in
Table IV. We have compared our data with energies of
6snf Rydberg states at lower (n =45—55) principal quan-
tum numbers by calculating the corresponding quantum
defects. Excellent agreement with the data reported by
Post et al. was found.

In Fig. 10 we show a spectrum of 6s57g ' G and
6s57h 'H5 Rydberg states excited via the 5d6p 'F3 inter-
mediate level. In order to reach odd parity states, an
electric field of 25 mV/cm had been applied while record-
ing this spectrum. The signals were identified on account
of their quantum defects, their intensities and their be-
havior on application of small electric fields (F 5400
mV/cm). For exatnple, the frequency separation between
the 6s60d 'D2 and 6s57f 'F3 Rydberg states is known
from our experiments discussed in the previous
paragraphs. It is obtained from the splittings
between the Rydberg states 6s60d 'D2 —6s61s 'So,
6s61s 'So —6s61p 'P, , and 6s61p 'P, 6s57f 'F3, mea-—
sured separately with an accuracy of +10 MHz. The
60d 'D2 57f 'F3 frequency sepa—ration, derived in this
way, is in excellent agreement with the splitting observed
in Fig. 10. Furthermore, the strongest signal appearing
in Fig. 10 is readily identified as 6s57g G4 state. Because
of their near degeneracy, the 6s57g 'Gz and 6s57f 'F3
states are strongly coupled by small external fields allow-
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zero electric field. From similar spectra taken for
different principal quantum numbers, we have derived
the energies of 6sng 'G4, 6sng 6, and 6snh 'H5 states
listed in Table V. The total angular momentum quantum
number Jof the 6 states is unknown.

In Fig. 11, we have plotted the effective principal quan-
tum number v6, (modulo 1) of 6snf 'F3, 6sng 'G4, and
6snh '05 Rydberg states versus principal quantum num-
ber n. Within experimental error no variations are ob-
served for principal quantum numbers ranging between
n =47 and 78. The solid lines correspond to the average
values 53=0.047, 54=0.059, and 5s=0.019. These values
are consistent with quantum defects derived from ener-
gies of 'F3, '64, and 'H5 Rydberg states of barium at
lower principal quantum numbers. '

In summary, we have measured energies of high-n Ba

Rydberg states (30 & n & 285, 0 & 1 & 5) with an uncertain-
ty of +0.002 cm '. In addition, the energy differences

E„+,—E„between neighboring 6snd 'D2 Rydberg states
have been determined up to +10 MHz. These data can
be exploited to determine the principal quantum numbers
of high-lying barium Rydberg states. Energy separations
between neighboring Rydberg states, deduced from a
series of recorded resonances, allow to deduce the princi-
pal quantum numbers without measuring the absolute en-
ergies of the states with high precision.
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