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Unusually large polarizabilities and previously unidentified atomic states in Ba
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Electric polarizabilities of four even-parity states of atomic barium in the range 35 600-36 080 cm
excited via two successiVel transitions, are measured using direct spectroscopy. Several states have polar-
izabilities more than two orders of magnitude larger than might be expected from the known energy levels of
Ba, implying the existence of two previously unobserved odd-parity states nearby. These two states are located
using Stark-induced excitation, and tentatively identified »e)6s8p SPo,z- The (also unusually highpolar-
izabilities of these states, as well as that of a third odd-parity state, are reported.
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Knowledge of the electric polarizabilities of certain en- transitions(Fig. 3). Two tunable dye lasergQuanta Ray
ergy levels of barium(not measured in previous studies PDL-2) pumped by synchronized frequency-doubled Nd-
[1-1Q) is useful for the analysis of experiments with Ba YAG (yttrium aluminum garngtlasers(Quanta Ray DCR-11
searching for violation of Bose-Einstein statistics for photonsand Quantel YAG58Pthat produce 10 ns pulses at 10 Hz
[11,12. We have measured scalar and tensor polarizabilitiegepetition rate are used. One dye laser, using Fluorescein
and some hyperpolarizabilities of four even-parity statess48 is tuned to resonance with the 554.7 ni&? &,

(6p” °P,, 6s7d °D,,, and 5i6d °D,) of Ba lying between _ gggp 1p, transition. The other dye laser, using Rhodamine
35600 and 36 000 cm (Fig. 1). Three of these four states G is tuned from 556 nm to 570 nm using a combination of

lhave pﬁlarizabﬂitigs more tr(;afn twoh oI(ders of magnlitUdfdiffraction grating angle adjustment and changing nitrogen
arger than might be expected from the known energy leve ?)ressure in the laser cavity. In order to avoid ac Stark shifts

(cjlfosBeazi ierplsytlgt%Stzef Oe;éste;r(i:te ?_foé\ai?] a?g%:{g?ﬂﬁgmi% of the second-stage transitions, the relative timing of the two
ying partty. 9 laser pulses is offset by-25 ns. The laser linewidths are

excitations of odd-parity states, we identified transitions to

the 68p 3P, state and to two other states that may be the 20 GHZ without an intracavity etalon, er6 GHz when a

previously unidentified §8p 3P, , states, and measured these Narrowing etalon is employed. Color glass filter's are used to
states’ energies and polarizabilities. The existence of theggduce the pulse energy te-0.4mJ to avoid power-

states explains the unusually large polarizabilities reporte@foadening effects. In the interaction region the counter-
here. propagating beams are3 mm in diameter.

Some of the polarizabilities determined in this work are ~ The Ba beam effusion source has a multislit nozzle that
the largest measured for any atomic states with principagollimates angular spread te0.1 rad in both the horizontal
quantum numben< 10, with the exception of the nearly and vertical directions. The oven is resistively heated to
degenerate states of hydrogen. Highly polarizable diatomic
moleculeq13] and Rydberg atomd 4,15 have been used to 26200 | 54647, 36200425 ——— 5d7p’F, 36234.858
measure electric fields, for example, in noncontact circuit Sd6dFs 36165311
board testing. The states of Ba studied here could fulfill the
same purpose but with a much broader dynamic range.

Highly polarizable levels are also of use in experiments 36000
searching for(parity and time-reversal violatingatomic - 5d6d3D) 35933.825 emmmmmmn

L e < 5d6d3Gjy 35894.28 ——— ——— 6s8p!P; 35892.518
electric-dipole momentgL6], although the short lifetimes of '
the levels studied here may limit their usefulness in this re- = 35800 | 6s7a%p, 35785300 ,
gard. Finally, this work demonstrates the use of Stark- g’ gszgjgz ;:;g;gg — e==== 6s8p°P; 35757
induced transitions for the observation of previously uniden- & ! 6s8p3P; 35669.0

e . T T 3
tified energy levels, a technique that, to our knowledge, has 35600 | 6p6p7P2 35616947 658p~Po 35648.5

not been previously used for this purpose.
Pulsed lasers excite Ba atoms in an atomic béaig. 2)
to the even-parity states of interest via two succes&ite

35400
657d!D, 35344423 ————
Even Parity 0dd Parity
*Electronic address: chihhao@socrates.berkeley.edu
"Electronic address: simonkeys@yahoo.com FIG. 1. Partial energy spectrum of Ba. The thicker lines indicate
*Electronic address: mgk@MF1309.spb.edu the states whose polarizabilities are measured in this work. The
SElectronic address: budker@socrates.berkeley.edu dashed lines denote the previously unidentified energy levels.
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FIG. 2. Simplified schematic diagram of the apparatus. FIG. 4. Fluorescence from thep® 3P, state as a function of

laser frequency witfia) an electric field applied angb) no electric
~700°C, corresponding to saturated Ba pressufel Torr  field. The data are fit by Lorentzian functions.
inside the source and estimated atomic beam density
~10M atoms per cr in the interaction region,~20 cm REE 2555% W&, (1)
away from the nozzle. Residual gas pressure in the vacuum 0 0
chamber is<107° Torr.

Fluorescence resulting from spontaneous decay t0 @nere the quadratic Stark Shngg))J , due to mixing with
0

lower-lying state is observed with a photomultiplier tube, at . ) .
45° to both the atomic and laser beams. Interference filter I °th‘?r st'ate$alJ1M> by a weakz-directed field of magni-
lljdeé’ is given by

with 10 nm bandwidth are used to select the decay chann
of interest, and a color glass filter is used to further reduce

the scattered light from the lasers. 202
: ; . JoM|D,la; 1M
\oltage of up to 80 kV is appliedusing a feedthrough 555%)3 NE > [(@0JoM|Dlay i M) , 2)
described in Ref[16]) between parallel electrodes of diam- " a3 Eagm—Eagm

eter 6.4 cm, spaced 0.9133 cm apart, splitting and shifting

the resonance signal§ig. 4 and allowing Stark-induced ) o

transitions to neighboring odd-parity states. Individual resoWhereD is the electric-dipole operator. In terms of the scalar
nances are identified with particular Zeeman sublevels usingnd tensor polarizabilitiea, and a,,

their dependence on laser polarizatidrable ). Excitation
of theM =0 sublevel of a=1 state is nominally forbidden in 3M2 = (g + 1)
our experimental setup. Resonances corresponding to such Y :agoJo+ a@%%
excitation are still observed, however, with a signal ampli- %o Jo(23p- 1)
tude one order of magnitude smaller than for the allowed

transitions, most likely because of imperfections in the direc- ) o
tion and purity of the laser polarizations. The polarizabilities The fourth-order shife_, ,,, important for stronger mixing,
and hyperpolarizabilities are determined from the depenis characterized by the hyperpolarizability

dence of the splitting on the electric figlHig. 5) as we now

3

describe.
. . .. . _ 4 —4
The static polarizabilityx for a statela,JoM) with energy YagiM = ~ 4! 55520)301\45 (4)
Eagiom (8o represents additional quantum numbeésdefined
by
or, in terms of the scalar and tensor hyperpolarizabilitigs,
tark-i ixi and 7],
tat S induced mixing 7’2,4[ ]
559.5-569.6 nm TABLE |. Zeeman sublevels of states with total angular momen-
435 ’ ’ tum J=0,1,2that can be excited by twE1 transitions involving
mm 6s6p LP; various combinations of light polarizatiorj7]. The initial state
6s6p 30,12 hasJ=0, the intermediate state hds1.
554.7 nm Polarizations of laser beams
6521Sg J 2,z y,zorzy Y.y y, Z+iy
Even parity Odd parity
0 M=0 M=0 M=0
FIG. 3. The excitation-detection scheme. Solid arrows indicatel M=+1 M=%1
laser excitation; the hollow arrow indicates fluorescence. Odd- M=0 M=+1 M=0,+2 M=0,+1,+2

parity states are excited due to Stark-induced mixing.
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3M2-Jy(Jp+ 1) .\ a10%351\/#‘ +[25 - 3Q(Jo+ DIM2 + (Jg— 1)Io(Jo+ D)(Jg + 2)
32— 3o(235 - 1)(230 - 2(23- 3) '

Yo+ A5 (5

YagIM = 7

The polarizabilities and hyperpolarizabilities obtained in thisthat the unknown state is probably®R, state, mixing with
work are listed in Tables Il and Ill. The electric-field depen- which is subject to suppression becausbk=—AL (see Ref.
dence of the Stark shifts can be used to calculate dipol§l8], p. 212. Thus it is most likely the unidentifieds8p 3P,
matrix elements using solutions of the secular equation instate. We solve the secular equation for a three-level system
volving two or more levels. For weak mixing, known values consisting of the §7d 3D, ; and the 88p 3P, states with
of the energy splittings must be used in order to extract theéhree free parameters, namely the electric-dipole moments
dipole matrix elements, as can be seen from &). For  between the §7d D, ; states and thesBp 3P, state and the
stronger mixing, both the matrix elements and the energgnergy of the 8p 3P, state. Using this method to fit the
splittings can be extracted from the dafBable 1V). The  6s7d D, M=+2 Stark-shift data, we determine the energy
extracted energy splittings can be compared to known splitef the &8p 3P, state to be 35 756) cm . For the §? 3P,
tings to check the validity of neglecting the mixing with state, dipole matrix elements estimated for the coupling of
other energy levels. different sublevels to the nearbys®p 3P, state are larger
The polarizabilities of three of the even-parity states,than expected, as this is nominally a two-electron transition,
6s7d 3D, 6s7d 3D,, and §? 3P,, are too large to be due to but approximately equdlTable IV). This indicates that con-
the known energy spectrum of Ba, suggesting that unidentifiguration mixing, rather than coupling to other nearby lev-
fied odd-parity states with large dipole coupling to theseels, may be responsible for the high polarizabilities of this
even-parity states lie in this energy regig@imhe polarizabil-  state.
ities of the fourth even-parity stated6d 3D, agree with our To confirm the existence of the two previously unidenti-
estimates based on the known energy leyeldeasured fied odd-parity states predicted above, we looked for fluores-
Stark shifts can be used to extract information about the poeence from normally forbidden two-photon transitions to
sition and angular momenta of unknown odd-parity statesdd-parity states that become allowed here due to Stark mix-
that may be coupled to these even-parity states. For thiag with even-parity stategFig. 3). Five resonances were
6s7d °D, state, at least on@=0 or 2 odd-parity state lying seen in this energy region and identified as transitions to
somewhat below this state is required to explain the higlsublevels of three different odd-parity statdable V). One
polarizability of theM=0 sublevel. For the §d °D, state, of these states is the previously observe8s®P; state[19].
the Stark shift of theM=0 sublevel can be explained by The other two are probably thes® 3P, , states, the only
coupling with the 88p 3P, level, whereas the shifts of the previously unidentified states of Ba that are expected to lie in
M=+1, £2 sublevels canngFig. 6). This indicates that an- this energy region. The existence of th&8p 3P, , state ex-
other unknown close-lying odd-parity state, witk2, is re-  plains the large polarizability of theséd ®D, , states. Ex-
sponsible for the high polarizabilities of these sublevels. Therapolation of the Stark-induced resonances shows that the
fact that it apparently does not couple to th&®°D, state  zero-field energiegTable V) of the 68p 3P, , states are con-
(since it does not strongly cancel the contribution to thesistent with those predicted above using polarizability data.
Stark shift of this state from thes8p 3P, , states indicates  The extrapolated energy of thes8p 3P, state has a large
uncertainty because of the lack of low-field data for this
state. This determination can be improved by fitting all of the

) I Stark-shift data with the solution of the secular equation
~ '\ M|=2
"-é 1 ;\\
% \\\ M|=1 TABLE II. Observed scalar and tensor polarizabilities.
g L
7] \ \
Q ap a
;é -3 \ NG State [MHz (kV/cm)™3|
Mo\
. \ 6p? 3P, 31.059) -27.31)
- 3 —
0 10 20 30 40 50 60 6s7d Dy 93(1) 26.65)
Electric field (kV/cm) 6s7d °D, -33513) -26813)
5d6d °D, -4.22) 2.01)
6s8p °Py 176(3)
FIG. 5. The Stark splitting and shift of thep® °P; resonance as  gsgp 3p, 97(6) 24(3)
a function of electric field. The fit determines the polarizabilities gsgp, 3p, =370 =60

and hyperpolarizabilities given in Tables Il and Il
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TABLE lIl. Observed scalar and tensor hyperpolarizabilities. 6 =2
= / A4
-5
Yo Y2 Ya P // /
State [kHz (kV/cm)™4] 8 4 // -~ /
=1 e
6p2 3P, -2.21.6) 0(1) ~0.63) g 4 ,/://M_ .
6s7d 3D, 61(3) -5(2) % 2 A IS -
[T
8 / S
.0
0 .4%—”

0 10 20 30 40 S0 60 70
Electric field (kV/cm)

TABLE V. Experimental reduced electric-dipole matrix ele- FIG. 6. The Stark splitting and shift of thes&l 3D, resonance

ments and level splittings obtained here from Stark-shift data alongs 5 function of electric field. The shifts depend quadratically on the
with known level splittings and matrix elements estimated using theapplied field strength only up to a strength ofL0 kV/cm. The

Bates-Damgaar(BD) approximation, neglecting level mixind8].  gpjft of theM =0 sublevel is described well by a model in which the

3
TW0'|39V9| m0d39|3 are used except for the group’®™Dz,  gyplevel interacts with one other level. The=+2 sublevel shifts
6s7d *D3, 6s8p *P,, which is treated as part of a ten-level system. oqyire two other levels in their description. The shifts of ¥e

=+1 sublevels apparently cannot be described as due to the inter-

Observed Mixed AE (cm™) ID]] (eao) action with a few nearby levels.

state state Expt. Known  Expt. BD

6p> 3P, M=0 6s8p 3P, -52.02) 14.12)
2 3 - 3 — . .

2'07 q Eé MM__iol gzgp 3:21 10320 9532'(122) 1;":{22) 347 written for the ten-level system consisting of all states be-
6z7d Do M= 42 6382 3p. 5?1) ) 9322 162(133) 155 tween 35600 cm and 36 000 cm' using 15 free param-

2 - = 2 . . . . .
6570 %Dy M=+2 68p3P, 28(1) 402) 44 eters, 14 reduced electric-dipole matrix elements and the en-

ergy of 68p°3P,. We determine this energy to be
357571) cm’l, in agreement with the prediction made
above.

Alternative determinations of the dipole matrix elements
can be madéTable VI) by considering various linear com-

TABLE V. Extrapolated zero-field energies of states excited viagpinations of the scalar and tensor polarizabilities that exclude
Stark-lno_luced transitions. Predicted energies are extracted_from ﬂ}ﬁixing with levels of specific angular momentuf7]. In
.Stark'Sh'ﬁ datdsee text, except for the energy ofsBp °P,, which this analysis, theé-S-coupling scheme is used. The configu-
's from Ref.[19]. ration and spin-orbit mixing are estimated according to the
known energy spectrum.

Energy(cm™)

Proposed designation Extrapolated Predicted The quoted errors are primarily due to data fitting uncer-
tainties resulting from the use of models with simplified level
6s8p °P;M=0,£1 35,668.61) 35,669.02) structure. The dominant source of experimental systematic
6s8p *PM =0 35,648.61) <35,709 error comes from the temporal drift of the Fabry-Perot inter-
6s8p 3P,M=+1,+2 3355'77551313))3 35,7561) ferometer used for laser-frequency calibration or, in the case

of the study of Stark-induced transitions, of the diffraction
4with ten-level approximation. grating position. This drift can be tracked using the zero-field
positions of the known even-parity atomic resonances as
markers. The residual error on the determination of the po-
sitions of resonance peaks after accounting for the time de-
pendence of the frequency calibration is500 MHz

(~6 GHz for the study of the Stark-induced transitipns
secondary source of experimental systematic uncertainty is
the 0.03% error in determination of the electric field. Stark
shifts of the intermediate $6p 'P; state are too small to

TABLE VI. Reduced electric-dipole momen¢s units of egy)
obtained as described in R¢L7] from polarizabilities found here.

68p °P, 6s8p °P, 6s8p °P, affect the rc_asults. Other sources of systgmatic error, includjng
the dynamic Stark effect, electronic noise, and the hyperfine
6p? 3P, 0 14.346) 6.0(1) structures of the Ba isotopes with nonzero nuclear spin, are
6s7d °D; 15.91) 12.42) found to be negligible.
6s7d 3D, 0 21(3) 142) In conclusion, we have measured the scalar and tensor
5d6d 3D, 14(2) <15 polarizabilities of four even-parity states of barium in the

range of 35 600—36 000 cth and the hyperpolarizabilities
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of two of these states. Three of the states have unexpectedly The authors thank V. V. Yashchuk and D. English for ex-
large polarizabilities, suggesting the existence of two previperimental help and useful discussions, and B. P. Das, D. P.
ously unidentified states. These two states have been ideneMille, W. Gawlik, M. Kuchiev, and J. E. Stalnaker for
fied by laser spectroscopy on Stark-induced transitions, anldelpful advice. This research was supported by NSF Career
polarizabilities have been measured for these states, as w&lrant No. PHY-9733479 and the Miller Institute for Basic
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