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Abstract

We report the results of an experimental study on the highly excited 1112‘;r and 61Hg

electronic states of the cesium-133 dimer. The rovibrational structure of these states was
probed using the optical-optical double resonance (OODR) technique in which 133Cs,
molecules from thermally populated levels in the X125 ground state were excited through
intermediate levels in either the B*I1,, state or the mixed A*X} ~b3I1,, manifold. Probe laser
resonance frequencies were determined by detecting laser induced fluorescence (LIF) from
the target states to the ground a3X;} triplet state. The observed states were identified as 12;;

and 1Hg electronic states based on the selection rules for dipole allowed transitions

followed by the line patterns in the recorded excitation spectra. Bound-bound fluorescence
spectra from rovibrational levels in the target states down to the A ~ b manifold were also
taken to further confirm electronic state multiplicity. Two sets of Dunham coefficients
corresponding to the two target states were fitted from experimentally determined term
values and are reported in the present work. Potential energy curves constructed from these
Dunham coefficients are also presented and compared to ab initio curves from our

collaborators.
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Example Excitation Spectra

1115, *(v=1, J=99/100/101) « B, (v=2, J=100)

—— R branch pump
—— P branch pump
—— Q branch pump

I:)100 Q100 R100

102 R R

AR

I
12402.0 12404.0 12406.0

RS

Laser-Induced Fluorescence Signal (arb. unit)

Probe Laser Frequency (cm™)

6 1IT,(v=14, J=99/101) « B, (v=2, J=100)

— R branch pump
—— P branch pump
—— Q branch pump

I:)100 RlOO

Laser-Induced Fluorescence Signal (arb. unit)

1

W " il - Y 1- T I T
12457.0 12458.0 12459.0 12460.0 12461.0

Probe Laser Frequency (cm™)

Bound-Bound Fluorescence Spectra

11 13,*(v=0, J=99) — ALx,*~ b3,

a) g
********* R pump é:
—— P pump R=

z

=1 |

2 o

g 2

el

AT
% o <

111

—n

588 591 594 597 600 603

Laser-induced fluorescence intensity (arb. unit)
11
12
13

— n=116

n=120

[ — L SJU
|

I I I
590 600 610 620 630

Laser-induced fluorescence wavelength (nm)

1115, *(v=12, J=79/81) — Al%,*(n=158, J=80)

R branch pump
—— P branch pump

80 RSO

I:)82 P78 R82 R78

T T T T
15782.0 15783.0 15784.0 15785.0

Laser-Induced Fluorescence Signal (arb. unit)

Probe Laser Frequency (cm™)

6 1IT,(v=13, J=114/115/116) «— AL, *(n=167, J=115)

R branch pump
P branch pump

Q115

R115
P115

P117 P113 Rll? R113

s

i L ) .m‘n Jt i .|L-u .lu ™ ..mmlu

15369.0 15370.0 15371.0 15372.0 15373.0 15374.0 15375.0

Laser-Induced Fluorescence Signal (arb. unit)

Probe Laser Frequency (cm™)

6 11, (v=4, J=99) — AL *~ b3II,

g
b) ——— P branch pump 3 0
""""" R branch pum 8 =
= prmp 2
= ~ Q branch pump = =
= =
: =
-8 gt
< o
2 + o
wn o = _ __[/\]:
5 Lot 1 <
+~ | !
= T - | S
5 I | Il ! el
2 l il !
2 - ‘ RN - ; I
o kol BE RN NN : N
2 H b b b g Aoy !
(] i
5 |
= : — g
= B i
8 538 591 594 597 i 1 Wl
Q ; N
= ! oo: R
—g = T
& =y D
2 o R 17—
S =i s | T
— i S Il—
S L l SL
| WL L
I T I T | . T I T
600 615 630 645

Laser-induced fluorescence wavelength (nm)

Dunham Fitting and RKR Results

The total energy of a diatomic molecule can be decomposed into three distinct terms:

Eiotar = Ee1 + Evip + Evor = Te + G(v) + Fv(])-

The electronic energy term T, sets the position of the potential well minimum for a given

electronic state.

The vibrational and rotational terms G (v) and E,(J) produce the energy levels associated with
a vibrating rotor potential and can be expanded into the following power series:

1 1\° 1\°
o=+ 2)-an (2] sanfo s -

and

EJN)=B@®JJ+1D-D@J*(J+1*+-.

The leading term of the G(v) expansion generates the energy levels corresponding to a
harmonic oscillator potential, while subsequent higher order terms alter said levels to account
for the anharmonicity of the actual physical potential.

The rotational coefficient B(v) and the centrifugal distortion coefficient D(v) of the
E,(J) expansion can be further expanded still:

and

1 1\°
B(v)=Be—ae<v+§>+ye(v+§> + -

D(v) =De+ﬁe<v+%)+~--.

These four series can be neatly summarized into one all-encompassing expansion, known as a
“Dunham expansion”, given by:

Loy = 9 Vi (04 ) G + 1) = A2
v,] k,l 2 )
k,l

Where the coefficients Yy, relate to the previously given spectroscopic coefficients by:

Yio = we Y50 ® —weX, Y30 = weye
Yo1 = B, Yi1 = —a, Y21 = Ye
YOZ = _De Y12 =~ _Be etC

The Dunham coefficients of our target states, calculated via a least squares fitting procedure
from found term values, were determined to be:

State Te+Yoo Yi0(we) Y20(—wexe) Y30(weYe) Y40(weze)
1115+ | 25496.5018(229) 33.28830(544) ~7.8307(921)x102 |  —4.9450(9041) x10-* 4.4178(4113) x10°5
6 T, e | 25146.0142(2889) | 3250844(20732) 0.319694(86980) | —9.45641(151248) x 102 | 1.2074862(1458082) x 10°2
6 T, f | 25146.4905(2779) | 32.05255(25341) 0.258184(133295) 0.1307251(332948) | 2.6117630(5138468) x 10°2
State Yo1(Be) Yi1(—a) Y21(Ve) Y31 Yo2(—=D.)
1115+ | 9.44895(195) <107 | ~3.5330(349)x10° 6.254(284) x10°7 2.0281(713) x10°8 ~3.407(54) x10°°
6 I, e | 8.63825(2183) x 107 | 130526(19162) x 10 | ~5.59740(66535) x 10°* | 1.032241(117249) x 10° —2.874(72) x 10°?
6 U, f | 8:68724(1991) x 10° | 5.0752(17075)x 10 | ~2.53727(63545) x 10°* | 4.71660(113030) x 10°¢ ~6.30(111) x 1010

Fluorescence to levels with predominately singlet character in the mixed A12u+~ b3Hu Fitted Dunham coefficients for the reported states. All values given in units of cm-L,

manifold ~1000x stronger than that of predominately triplet character levels.

Term Values

(=30 MHz absolute accuracy)

Potential energy curves can be generated from Dunham coefficients via the Rydberg-Klein-Rees
(RKR) method. This method provides a means of numerically calculating the turning points of

- Cesium heatpipe oven the PE curve for a given state by iteratively solving the following Klein integrals:
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Where v, /- IS the electronic/vibrational/rotational component of the total molecular 25.2 - o o . °, it
wavefunction, respectively. Dipole transition selection rules are tabulated below: o o o o 11 1291+ RK_R_ |
. A =041 1. G. Herzberg, Spectra of Diatomic Molecules (Van Nostrand, New York, 1950). 1172 ab-initio
_ 2. P.F. Bernath, Spectra of Atoms and Molecules (Oxford University Press, New 25.0 == ' ! ' ! ! !
* AS=0 4.5 5.0 5.5 6.0 6.5
York, 1995). _
g 3. J. M. Bai et al., Global analysis of data on the spin-orbit-coupled ALX,* and b3l Internuclear Distance (A)
 + o 4, — o — (electronic wavefunction only, need only be specified when A = 0) states of Cs,, Physical Review A 83 (2011).
« A] =-1,0,1 (“Pbranch”, “Q branch”, “R branch”) 4. J. L. Dunham, The energy levels of a rotating vibrator, Physical Review 41, 721 Support
- WhenA' = A" =0, A] = +1 ONLY. (1932). |
« AJ = 0 transition tends to be weak/nonexistent when A4 = 0 and J is large 5. R.J.Le Roy, RKR1 2.0: A Computer Program Implementing the First-Order ;
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e eo e f o fforP/Rbranches, e & f for Q branches

* Note: All rotational levels in 1X* states have e parity ONLY, whereas levels in I1
states and above come in degenerate e/f pairs.
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