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Formation of ultracold “Li®*’Rb molecules in the lowest triplet electronic state
by photoassociation and their detection by ionization spectroscopy
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(Received 17 September 2014; accepted 3 March 2015; published online 19 March 2015)

We report the formation of ultracold 7Li®*Rb molecules in the a’L* electronic state by photoas-
sociation (PA) and their detection via resonantly enhanced multiphoton ionization (REMPI). With
our dual-species Li and Rb magneto-optical trap apparatus, we detect PA resonances with binding
energies up to ~62 cm™! below the 7Li 2s %Sy, + 35Rb 5p 2P}, asymptote. In addition, we use REMPI
spectroscopy to probe the a’L* state and excited electronic 3°I1 and 43T+ states and identify a’X*
(" =7-13), 3’ (v’ = 0-10), and 43T+ (v’ = 0-5) vibrational levels. Our line assignments agree
well with ab initio calculations. These preliminary spectroscopic studies on previously unobserved
electronic states are crucial to discovering transition pathways for transferring ultracold LiRb mole-
cules created via PA to deeply bound rovibrational levels of the electronic ground state. © 2015 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4914917]

. INTRODUCTION

Ultracold molecules are a source of great interest and
a focus of active research due to their promise in areas of
research such as novel quantum phase transitions,' ultracold
chemistry,24 tests of fundamental forces,>”’ and others. A
subset of these ultracold molecules is heteronuclear diatomic
alkali molecules that possess a permanent electric dipole
moment in the ground electronic state. This attribute is of great
interest in using ultracold molecules for quantum computation
applications,®” where controlling dipole-dipole interactions is
a key to using molecules as qubits.

One common method of creating ultracold molecules is
photoassociation (PA). PA creates molecules in an electroni-
cally excited state, which quickly decay to high-lying vibra-
tional levels of the lowest singlet (ground) and triplet electronic
states. Transferring these molecules to the most deeply bound
rovibrational ground-state levels, however, requires transfer
pathways that may involve additional excitation steps to states
that have a better wave function overlap with the rovibronic
ground state.!%!!

Our choice of molecule, "Li®Rb, has a large electric
dipole moment (~4.1 debye'?) in the rovibrational ground
state. Experimentally, LiRb is one of the least well-known
heteronuclear alkali molecules that can be created in ultracold
traps. Very recently, however, studies of two groups have
started to shed light on this molecule through spectra in hot
vapors, 313 as well as, for the first time, PA spectroscopy using
trap-loss measurements.'®!” Especially exciting is the high rate
of photoassociation of this molecule, as reported in Refs. 16
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and 17. These studies have been guided by the results of several
ab initio calculations.'8-20

In this paper, we report the formation of ultracold "Li®*Rb
molecules in the lowest triplet state, a*~ ", and perform prelim-
inary spectroscopic studies of ultracold 7Li®**Rb molecules
using ionization detection. In the process, we have discov-
ered new PA resonances that were not seen in earlier trap-
loss spectra. In addition, we also measure resonantly enhanced
multiphoton ionization (REMPI) spectra and identify vibra-
tional levels of the following previously unobserved electronic
states: 3°I1 (v’ = 0-10), 43T+ (vy’ = 0-5), and a®Z* (v =7
—13). We compare our observations with ab initio calcula-
tions'? and semi-empirical potentials'® and show good agree-
ment between theory and experiment. These initial spectro-
scopic investigations shed new light on its structure and are
important steps toward finding transition pathways to transfer
ultracold LiRb molecules into the most deeply bound rota-
tional, vibrational, and electronic (rovibronic) ground state
levels.

The paper is organized as follows: In Sec. II, we describe
our experimental setup and detection scheme. We discuss PA
spectroscopy in Sec. III, the REMPI spectra and their analysis
in Sec. IV, the estimation of molecule formation rate in Sec. V,
and we conclude in Sec. VI.

Il. EXPERIMENTAL SETUP

In this section, we briefly describe the experimental
parameters of our measurements. A more complete description
can be found in Ref. 21. We generate a sample of cold LiRb
molecules by photoassociating 7Li atoms and ®Rb atoms in
a dual species magneto-optical trap (MOT). We show this
PA step in Fig. 1(a), in which we display a diagram of
the relevant potential energy curves (PECs) for LiRb.!° The

©2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4914917
http://dx.doi.org/10.1063/1.4914917
http://dx.doi.org/10.1063/1.4914917
http://dx.doi.org/10.1063/1.4914917
http://dx.doi.org/10.1063/1.4914917
http://dx.doi.org/10.1063/1.4914917
http://dx.doi.org/10.1063/1.4914917
http://dx.doi.org/10.1063/1.4914917
http://dx.doi.org/10.1063/1.4914917
http://dx.doi.org/10.1063/1.4914917
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:adeelmala@gmail.com
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
mailto:elliottd@purdue.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4914917&domain=pdf&date_stamp=2015-03-19

114310-2 Altaf et al.
30000
| (a)
25000 - |
20000 |11\ e Li (25)+Rbidd)
‘ 311 —
~ 15000 F ||\ HL— -
—'E \“ \ B - — Li (2s)+Rb(5p)
S o0l ||\ew 47
m |\ 2
| \ a'g Decay PA
5000 L \ \ h’l‘[ REMPT i
\ (\\
ol \ ar |
\ = Li (25)+Rb(5s),
\ X'z
-5000 ¢ 1 \—/I T ! L L
2 4 6 8 10 12 14
R (A)
(b)
Li (2s)+Rb(5p, )
12800 - _———
E
o 12600 | Li (25)+Rb(5p, ,)
——2(0"),2(0), 2(1)
—3(0"),3(0), 3(1)
12400 | A, 1)
1 1 " 1 " 1 1
10 15 20 25 30
R (A)

FIG. 1. (a) Schematic of the PA and REMPI process with selected potential
energy curves relevant to this work plotted from ab initio calculations of
Korek et al.'® PA molecules decay to the a>Z* state and are resonantly ionized
by a pulsed laser through the 3%IT or 4’Z* intermediate electronic state. (b)
Representation of the long range potentials asymptotic to the 7Li 2s S /2
+ 8Rb S5p 2P1/2 and "Li2s 251/2 + 8Rb 5p 2P3/2 free atomic states, using
calculations of Ref. 22.

long-range PECs to which we photoassociate ultracold LiRb
molecules are shown in Fig. 1(b). The excited state molecules
decay spontaneously to the lowest triplet state, from which
we ionize them using REMPI. Vibrational levels of the 3°I1
and 4°Z* electronic states enhance the ionization signal when
the ionizing laser is resonant with a transition from the a’T*
state. The sensitivity of this ionization scheme allows us to
detect PA resonances that were unobservable through trap-loss
spectroscopy, and the REMPI spectra allow us to determine
energy levels of the ground and excited electronic states of the
LiRb molecule that have not previously been observed.

We cool and trap atomic 'Li and 3Rb in a dual spe-
cies MOT, with atom number N and density »n for Li and
Rb as Np; ~ 5% 107, np; ~5x 10 cm™ and Ngp ~ 1 x 108,
nrp ~ 4 x 10° cm™3. We use a dark spot Rb MOT to reduce
collisional losses in the trap,?' leaving most of the trapped
8Rb atoms in the F = 2 ground hyperfine level. We monitor
the MOT operation and the overlap of the Li and Rb atomic
clouds with a pair of CCD cameras. We photoassociate LiRb
molecules using the 795 nm output of a Coherent 899 cw
Ti:Sapphire (PA) laser, whose output power is typically be-
tween 300 and 350 mW and whose collimated beam diam-
eter is ~0.85 mm. The frequency of the Ti:S laser beam is
locked to a temperature stabilized external Fabry-Perot cavity,
reducing the laser linewidth to ~1 MHz. We monitor the PA
laser frequency with a Bristol 621 A wavemeter (accuracy
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~60 MHz). The excited state molecules created through PA
spontaneously decay to weakly bound vibrational levels of
the a’Z* state, from which we ionize them using the output
of a Spectra-Physics PDL-2 pulsed dye laser, pumped by the
second harmonic of a Q-switched Nd: YAG (~7 ns pulse width,
10 Hz repetition rate). The PDL-2 output has a linewidth of
~0.3 cm~!. We use rhodamine 590 dye in the dye laser. For
ionizing the molecules, we typically use a pulse energy of 2-
3 mJ and a laser beam diameter of ~4 mm at the MOT. For
REMPI spectroscopy, we fix the Ti:S laser frequency on a cho-
sen PA resonance and monitor the frequency drift by recording
the heterodyne beat signal between part of the Ti:S output
and a frequency comb (with a 250 MHz frequency difference
between comb teeth). The linewidth of the beat signal is ~2
MHz. During normal operation, the beat signal may drift by ~5
MHz over a period of 30-45 min, which is the typical length of
time required to collect a single data set. This drift is less than
the typical linewidth of our PA resonances (~10s of MHz) and
does not significantly affect our REMPI spectra.

Atomic and molecular ions created by the PDL pulses
are accelerated towards a microchannel plate (MCP) detector
assembly by a set of three field plates. We bias the MCP at
a potential difference of —1.8 kV. Each ion strike registers as
a sharp (~5 ns) current spike, and we record these events to
count the number of ions detected for each ionizing pulse.
We use time-of-flight (TOF) mass spectrometry to resolve
atomic and molecular ions and to count only LiRb* ions. Our
maximum count rate is ~2 LiRb* ions per laser pulse. For PA
spectra, we fix the dye laser wavelength and scan the PA laser
frequency, whereas for REMPI spectroscopy, we fix the PA
laser frequency and tune the output wavelength of the PDL.
We control the Nd:YAG firing sequence, tune the dye laser
wavelength and Ti:S laser frequency, and record the LiRb" ion
counts using a laboratory computer.

lll. PHOTOASSOCIATION SPECTROSCOPY

We acquire PA spectra by scanning the PA laser in discrete
~20 MHz frequency steps below the "Li 2s°S;,, + 3Rb 5p
2P, ;, asymptote. See Fig. 1(b) for the long-range PECs in this
energy range. All the PA line positions Aps in this section
are measured relative to the 8Rb (5s, F = 2)-%Rb (5p1/2,
F = 2) transition at vy, = 377 108.946 GHz. We show the
newly observed PA resonances in Fig. 2. As in our trap-loss
measurements,'®!” we observe and assign resonances to all
three electronic states [2(0%),2(07), and 2(1)] asymptotic to this
level. For Apy ~ 8 GHz or less, the PA laser disrupts the Rb
MOT operation, rendering PA resonances unobservable in this
range. As with trap-loss spectroscopy,'®!” we only observe one
rotational level for most of the PA resonances and assign these
as J = 1. We include the REMPI wavelengths used to acquire
these spectra in Fig. 2.

In our previous trap-loss spectroscopy work, we observed
PA levels upy = 24 of 2(0%) and ups = 3-5 of 2(07) and 2(1)
(We use ups to label the vibrational level of the PA state,
where ups = 1 indicates the first PA level below the disso-
ciation limit). In addition, we now also find lines for upp
= 50f2(0"); upa = 8,9,and 11 of 2(07); and upp = 6,7, and 10
of 2(1), visible only through ion detection. We include in Fig. 2



114310-3 Altaf et al. J. Chem. Phys. 142, 114310 (2015)
0.10 0.2
(a) (b) (c) (d)
1.0 - -
0.08 1
0.8 _ -
=
=]
.%D 0.06
0.6 o
n
a] 0.1
&
- 0.04 |-
ko] 0.4 -
9]
N
E 0.02 |
g ‘ il o R
= w 2 l ! FIG. 2. [(a)-(2)] The normalized PA
MAM/J resonances for the 2(0%) (red dashed),
0.00 . 0.0 ~—1 0.0 2 e Ak 2(07) (green dashed-dotted), and 2(1)
1 : (orange solid) states. We have labeled
5 : 6 7 8 i each PA vibrational level upa below the
MR MIRNN 02 T | . 1 P B | respective resonance. We identify the
-207  -208  -209 -235  -236 -400 -402 -640  -644 2(1) resonances [in panels (b), (c), and
(f)] through their hyperfine structure.
APA (GHZ) APA (GHZ) APA (GHZ) APA (GHZ) By contrast, the Q=0 lines show no
hyperfine structure, except for loosely
bound levels (2(07)ups =5, for exam-
ple). We have labeled multiple rota-
0.6 tional levels where observed (panels
| (e) (f) (g) (d) and (f)); otherwise, the rotational
1.0 J=1 1.0 | quantum number is J=1. The aster-
05 L isks (*) and diamonds (¢) label hy-
I perfine ghosts originating from popu-
0s L 0s L lation in the Li(2s, F =1) and Rb(5s,
| | F =3) states, respectively. The ion-
= 04 - ization laser frequencies are (a)—(c)
g 17742.4 cm™!, (d)~(f) 17602.5 cm™,
= 0.6 | 0.6 and (g) 17612.7 cm™.
i 03+
&~
— L
ot o2l 0.4 0.4
9]
N
= *
g il 02 02
A . >
o 0
i b
0.0 : 0.0 0.0
9] 10
-Ol - | N | | " -02 1 -02 [ |
-955 -956 -1340 -1345 -1861.2 -1862.4
A,, (GHz) A, (GHz) A, (GHz)

the PA resonances that we observed only using the REMPI
detection scheme, but note that for peaks that appear in both
detection schemes, the line positions in trap-loss spectra are
in excellent agreement (within ~40 MHz, consistent with the
linewidth of the resonances) with the line positions that we
now observe through ion detection. We also observe similar
hyperfine structure in both sets of spectra. We have normalized
all signals in Fig. 2 to the 2(1) upa = 5 PA REMPI line strength.

A. Peak assignment

As done in our previous reports,'®!” we base electronic

state assignments of the PA levels on the structure of the PA

resonances. The hyperfine energy, Ejs, scales as Epy
~ Q/J(J + 1), where Q is the projection of the total angular
momentum, excluding nuclear spin, on the internuclear axis.
Hence, Q = 0 lines have no internal structure to first order, but
Q > 1 lines show hyperfine structure. In Fig. 2, we show the
sets of peaks assigned to each of the three electronic states.
In Table I, we list the observed PA lines for the J = 1 line
of each vibrational level. Through earlier trap-loss measure-
ments, we identified PA lines up to upa = 4 for 2(0%), and
upa = 5for 2(07) and 2(1).'7 With the more sensitive ionization
detection method, we identify an additional seven PA levels, as
listed below the dashed lines in Table I, with a binding energy
of up to Apy ~ =62 cm™! (~1862 GHz below the "Li 25 %S
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TABLE I. Binding energies Aps (in GHz) for the observed PA levels be-
low the Li(2s) + Rb(5p;,2) asymptote at vi;2=377108.946 GHz. States
in italic in each column are new, observed through the REMPI detection
scheme alone. The three 2(07) state entries shown in boldface indicate the
PA resonances used for the REMPI spectra discussed in Sec. IV. Note:
29.9792458 GHz=1cm™".

UpA 2(0) 2(07) 2(1)

2 -9.45

3 -38.06 -15.48 -16.26
4 —98.44 -51.04 -52.54
5 —208.08 -119.21 -121.41
6 -235.51
7 —401.52
8 —641.33

9 -955.86

10 —1345.77
11 -1862.02

+ 85Rb 5p 2P}/, asymptote. One additional weak PA resonance
~218 GHz below the 7Li2s2S;,, + 35Rb 5p 2P}, resonance
that was unobserved with earlier trap-loss spectroscopy is also
shown in the supplementary material>*). We use some of these
newly discovered PA lines to record REMPI spectroscopy of
ground and excited electronic states (Sec. IV).

In Ref. 17, we derived the C¢ dispersion coefficients of the
PA states by fitting the binding energy of the three vibrational
levels observed for each electronic series through trap-loss
spectra to the Le-Roy Bernstein formula® for a long range
potential described by a single C¢/R® term. It becomes of
interest now to re-compute Cg using our extended data sets
for each of these series. We find that the potential is well
characterized by C¢/R® over these extended energy ranges. The
revised values of Cg are in good agreement with the original
values (Cg = 10 120 (450) for the 2(0%), 12410 (180) for the
2(07), and 13 130 (330) for the 2(1) electronic states).

‘We note that we searched for, but were unable to observe,
the PA resonances that are missing in Table I, such as upa
= 6,7, and 10 of the 2(07) state and ups = 8 and 9 of the 2(1)
state. Similarly, we were unable to observe more deeply bound
PA levels than those shown in Table I.

IV. SPECTROSCOPY OF a°x+, 3%, AND 43:* STATES

As mentioned earlier, the electronic ground state mole-
cules formed by spontaneous decay of photoassociated mole-
cules can be ionized via two-photon absorption using the
output pulses of the PDL, when the frequency of this laser
is one-photon resonant with a transition between a populated
ground state, with vibrational level v”” and an excited inter-
mediate state, with vibrational level v’. We show a schematic
representation of this REMPI process in Fig. 1. The REMPI
spectra allow us to identify the energies of the lowest triplet
a®%* state and the intermediate 3°TT and 4°%* states.

We acquire the spectra presented in this section by fix-
ing the PA laser frequency at one of the three different PA
resonances: upy =5, 9, and 11, all belonging to the 2(07)
electronic state and tuning the output frequency of the PDL

J. Chem. Phys. 142, 114310 (2015)

in discrete ~0.3 cm™! steps. We record spectra for upy = 5 and
11 for PDL frequencies between 17 280 cm™' and 18 050 cm™
(wavelengths ~ 578.7 and 554.0 nm, respectively) and be-
tween 17 589 cm™! (~568.5 nm) and 17 821 cm™! (~561.1 nm)
for ups = 9. From one-photon electric-dipole selection rules
for transitions valid for Hund’s case ¢ [AQ =0, =1 except
0* « 07], molecules from the 2(0") state decay to 1(0”) and
1(1) ground states, which correlate to the a’x" state. For the
stated PDL wavelength range, LiRb molecules ionize through
intermediate electronic states that are asymptotic to the Li(2s)
+ Rb(4d;) states (j = 3/2 and 5/2). In the experimental line
assignments presented below, we estimate the uncertainty in
the transition energies to be ~0.5 cm™!, mainly due to the PDL
linewidth and shot-to-shot fluctuations of the laser frequency.

A. Analysis of spectra

In Fig. 3(a), we show the complete REMPI spectrum
between 17 280 and 18 050 cm™!, recorded with the PA laser
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FIG. 3. (a) REMPI spectrum recorded for the 2(07)v =11 PA resonance.
The asterisk (*) denotes the Rb 9s 281/2—5p 2p, /2 one-photon transition,
and the 9s 2S; 12-5p 2p, /238 s, /2 stepwise transition due to the presence
of the Rb MOT pump laser (5p 2P3/2-5s 2S1,2) and the REMPI ionizing
laser (9s 2S, /2-5p 2p, /2)- (b) A short representative section of the REMPI
spectrum, showing features and patterns originating from 331'[v1’_[, 432+v§,
and a>T*v”. The spectra originate from ups =5 (orange), 9 (green), and 11
(blue), respectively. Numbers on top of the horizontal lines represent v” of
the a3%* state, where the green dashed, black solid, and red dashed-dotted
lines label 3°IT Q=0, 1, and 2 components, respectively (labeled for the set
of triplets near 17775 cm™!). The boxed number to the left of the (green)
dashed vertical line denotes the vibrational number vy’ of the 3°I1q state. The
unboxed number to the left of the (blue) dashed-dotted-dotted vertical line
labels vy’ of the 4°%* state. See supplementary material®* for the complete
set of REMPI spectra with the line positions and their assignments.
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fixed at the 2(07) upp = 11. As we will show in this section,
the frequencies of these spectral lines, as well as those of
similar spectra that we recorded with the PA laser fixed at the
upa = 5 or ups = 9 lines of the 2(07) state, allow us to identify
the relative energies of several vibrational levels of the lowest
triplet a’Z* state, the excited 311 state, and the excited 4’X*
state.

B. Features associated
with a®x+v” — 3%V transitions

The REMPI spectra reveal structure on three different en-
ergy scales. On the largest scale, we observe recurring features
spaced by ~70 cm™!, as are clearly seen in the total spectrum of
Fig. 3(a). In Fig. 3(b), we show a section of the REMPI spec-
trum between 17 725 and 17 825 cm™! to highlight some of the
identified peaks and the distinct features seen in the spectra (the
complete labeled spectra are available in the supplementary
material®*). In this figure, these features are seen as a grouping
of three peaks around 17 740 cm™' and around 17 810 cm™!. We
assign these features separated by ~70 cm™" as the progression
of 3%, vibrational levels v{;» where we include the spin-orbit
component of this state as a subscript: 3°TIq,.

Each v line also has a characteristic triplet substructure,
with adjacent “teeth” within each triplet regularly spaced by
~3 cm~!. We observe that each tooth within a triplet shows
almost equal signal strength. This is seen in each of the three
sets of ups REMPI spectra. We assign these triplets—from
lowest to highest frequency—as the Q = 0, 1, and 2 spin-orbit
components of 3311, as we have indicated on just one of these
triplets near 17775 cm™! in Fig. 3(b).

Finally, comparing the overlayed REMPI spectra of upa
= 5,9, and 11 reveals several different ¢>°X* vibrational levels
v”. This is the progression with increasing spacing of the triplet
set of peaks as we go towards higher frequency. Transitions
from high-lying vibrational levels v” near the dissociation
limit appear stronger than transitions from more deeply bound
(lower v”’) levels.

Having identified line positions and features correspond-
ing to 3* Mgy « a’T*v” transitions, we now present details
of vibrational level assignment of the 33, states.

C. 3%, vibrational levels and spin-orbit components

In order to assign the line positions to vibrational levels of
an excited electronic state, we make use of the results of the
ab initio calculations of LiRb PECs by Korek et al.,'® which
include spin-orbit interaction. We employ the potential curve
of the a>T* state calculated by Ivanova et al.'* for calculations
of the energy spacing between vibrational levels v”' of the
ground state and LEVEL 8.0% to calculate electronic state
vibrational levels and Franck-Condon factors (FCFs).

The ab initio potentials with spin-orbit interactions show
numerous avoided crossings. For these adiabatic potentials,
we assume separation of nuclear and electronic motion based
on the Born-Oppenheimer approximation, which gives rise
to avoided crossings between electronic states of the same
symmetry. However, the relativistic wavefunctions in the vi-
cinity of these avoided crossings change rapidly and result in
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FIG. 4. (a) Plots of the diabatic PECs. In our studies, we identify excited state
vibrational level progressions associated with the 3°II (red) and 4°Z* states
(blue). (b) Close-up view of the 3311 state showing the spin-orbit splitting. All
curves are plotted from ab initio calculations of Korek et al.'

non-adiabatic effects.?” Hence, we modify the ab initio PECs
asymptotic to Li(2s) + Rb(4d;) and Li(2s) + Rb(6s) by using
diabatic crossings and recalculating the PECs. We show the
modified diabatic PECs in Fig. 4(a), where we highlight the
relevant 33TI and 43X potentials.

The 3°I1 state consists of four spin-orbit components:
Q =07, 0% 1, and 2. From LEVEL 8.0 calculations of the
diabatic PECs, we calculate and show the spin-orbit compo-
nents in Fig. 4. At the equilibrium internuclear separation R,
~5.6 A, the calculated energy splittings AEq between the
various Q components are unequal. Our REMPI spectra, how-
ever, reveal a slightly different picture: we observe only three
out of four spin-orbit components, and the spacing AE, be-
tween the components of the triplet structures appears to be
nearly equal. While we use the diabatic PECs from Korek
et al." to aid our assignment of the spin-orbit components
(see Figure 3(b)), the qualitative differences between calcu-
lated and observed levels make these assignments tentative. We
hope that our measurements will motivate development of an
improved model for the 3°IT state. We note that degeneracy of
the 0* and 0~ components, as well as roughly equal spacing
between Q = 0 and 1, and Q = 1 and 2 has also been observed
in REMPI spectroscopy performed in KRb.?

Next, we assign the vibrational levels vyr by comparing
calculated vibrational levels and spacing with our experimental
results. We tentatively assign vy starting with O because in our
REMPI spectra, we do not observe resonances at frequencies
below ~17323 cm™!. While this could be due to diminish-
ing Franck-Condon factors or the limited tuning range of the
rhodamine 590 dye (or both), assigning these lowest observed
lines as vy = 0 is supported by the ~89.4 cm™! energy spac-
ing between the lowest vibrational state of the 3°IIg—y and
433+ states, in good agreement with the ~85.5 cm™! spacing
predicted in the theoretical PECs of Ref. 19. (We discuss the
assignment of the 43X * vibrational levels in Sec. IV E.)

We also use the calculated vibrational spacings AG,;, of
Ref. 19 to aid in assigning the vibrational levels of the 331
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FIG. 5. Comparison between calculated'® and observed 3°IT vibrational
spacings AG .1/ for (a) Q=0, (b) Q=1, and (c) Q=2. Theoretical cal-
culations (red open squares) are based on the diabatic PECs and calculated
using LEVEL 8.0.2° The experimental data points (black closed circles) are
each plots of AG,,, for Q=0, 1, and 2.

state. We show these data in Fig. 5, in which the open red
circles show the calculated level spacings, and the black closed
dots show the experiment spacings. We observe very good
agreement between theory and experiment for these data.

D. a%x* vibrational structure

We assign a*Z*v” levels by examining line positions in the
upa =5, 9, and 11 REMPI spectra and comparing our obser-
vations with the vibrational level spacing AG 1, calculated
from the analytic a*~* PEC of Ivanova et al.'* Experimental
AG 412 most closely match calculated AG .1/ for v =7
—13. In Table II, we compare the calculated vibrational energy
spacing AG 1,2 with experiment. Entries in the column titled
AG 1,2 (Expt.) are the average of the observed vibrational
spacing for all three 3°Ilg spin-orbit components, which we
derive from the present spectra. Although the agreement is very
good, one should accept these assignments as tentative, since
the PEC of Ref. 13 is based on a very limited set of spectral
lines.

J. Chem. Phys. 142, 114310 (2015)

We observe (Fig. 3(b)) that transitions from v = 13, 12,
and 11 are strongest when the PA levels used are upy =5, 9,
and 11, respectively, i.e., spontaneous decay from more deeply
bound PA resonances leads to population in more deeply bound
vibrational levels of the a’L* state. This strongly suggests
the underlying reason for the different line strengths to be
the varying wavefunction overlap between the ups levels and
v”. The strength of these upp—v’’ transitions, in part, can be
qualitatively explained by FCF for decay from the initial PA
vibrational levels to the ground triplet state v”’. We calculate
the FCFs from ups = 5, 9, and 11 to a’X*v”’ using the 2(07)
ab initio potential from Korek et al. and the a*T* potential
from Ivanova et al. and show these in Fig. 6. We see that the
FCFs for deeper PA levels are larger for more deeply bound
ground state vibrational levels, in qualitative agreement with
our observations. The calculated FCFs differ in detail from
our observations, however, in the distribution of v’ populated
through each PA resonance. With the PA laser fixed on ups
=5, we primarily populate v”" = 13, 9, and 7 of the ground
state; upa = 9 populates v”’ = 12 and 8; and ups = 11 populates
v” =11, 10, 8, and 7. For the v = 13-11 vibrational levels
of the a®T* state, the agreement with the calculated FCFs is
reasonable. For the v/ = 7-10 vibrational levels, however, the
theoretical predictions for the transitions from the PA levels
do not agree with the experimental observations of the REMPI
spectra. Several factors could play a role in such disagreement:
the accuracy of the excited state, the presence of avoided
crossings among different excited states, and the ionization
probability. The excited state used for the FCF calculation is
based on fully ab initio calculations, and taking into account
the sensitivity of the wave function to small changes in the
interaction, a difference between calculations and experiment
would be expected. Our calculations are based on a single
channel approach, where the excited states are assumed to be
uncoupled. This approximation is less accurate if the excited
states show interaction among them through the existence
of avoided crossings. Finally, we analyze the effect of the
ionization probability, since deeper bound states show higher
ionization probability than shallow ones. This would explain
qualitatively why deeper vibrational levels of the a’X* state
show more intense REMPI lines than is predicted from FCFs
calculation. It is worth mentioning that similar disagreement

TABLE II. a3%* vibrational levels and energies (measured from the Li(2s) + Rb(5s) asymptote: E; calculated
from the analytic PEC of Ref. 13). The calculated vibrational spacing (AG,~+1/2 (Th.)) is compared with
experimental results (AG,~1,2 (Expt.)) and shows very good agreement. The (E,»—Eg) column lists the
calculated vibrational level energies E,~ with respect to the dissociation energy E 4. For a’Z*v” identification,
the vibrational level spacing AG is more relevant than the calculated E,~ values. All energies and vibrational

spacings are in units of cm™".

v” (Eyr—Eg) AGyri1/2 (Th) AGyry1/2 (BExpt) AG 71172 (Th.)=AG i1 /2 (Expt.)
7 -57.0 16.7 16.6 0.1

8 —40.3 13.6 13.7 -0.1

9 -26.7 104 10.4 0.0

10 -16.3 7.5 7.7 -0.2

11 -8.8 5.0 4.7 0.3

12 -3.8 2.6 2.8 -0.2

13 -1.1 1.0

14 -0.1
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FIG. 6. Calculated FCF for transition from the three PA levels to a T+
vibrational levels. For PA resonances with large binding energies, the FCF
is larger for decay to lower (deeper bound) v” levels.

between calculations and experiment has been observed in
other REMPI spectra.’®?8 Revisiting the excited state PECs
with the help of experimental data might help to improve
theoretical calculations, which in turn may lead to a more
accurate calculation of the FCFs.

Additional observations from our spectra are as follows:
(i) the 3’y « a’Z* (v” = 7) features are weaker than the
above mentioned transitions for all three spectra, likely due to
only minimal decay to this vibrational level from any of the PA
resonances used in our measurements; and (ii) many v” = 10
transitions are partially obscured by the overlap with stronger
0" =11 lines. These transitions are most clearly seen in the
17 440-17 600 cm™' range and labeled in Figure S5(b) in the
supplementary material.>*

E. Assignment of 43+ vibrational levels

In addition to the 33I1, vibrational levels, we also observe
and assign vy = 0-5 vibrational levels of the 43X+ state. The
433+ diabatic PEC is shown as the blue curve in Fig. 4(a).
Unlike the triplet structure originating from spin-orbit splitting
of the 3°II state, we do not observe separate Q =0~ and 1
components for 432+, This may be due to the small spin-orbit
splitting for this state, calculated to be less than 1 cm™' at the
equilibrium internuclear spacing R, ~ 5.4 A. We compare the
calculated 4°X* vibrational spacing with experiment graphi-
cally in Fig. 7.

We recalculate the v”—vyy transition energies with refer-
ence to the Li(2s) + Rb(5s) asymptote for each spin-orbit
component Q =0, 1, and 2 of the 3°II and 4°T* states and
present these data in Table III. The calculated energies'® of
these states fall approximately 62-66 cm™' lower than the
observed energies, indicating that the depth of the ab initio
potential energy well is too large by this amount. This seems
a very reasonable agreement with experiment.

We have fit the 33T and 4°%* electronic state energies
presented in Table IV to

Ey=T, +we 0+ 1/2) — wexo(v + 1/2), (1)

J. Chem. Phys. 142, 114310 (2015)

o0 Theory
100F . ® Experiment
g
U a
80 L °o _
[m]
[m]
o_
e 0y
g 60 - jDuDDjﬂ
a
2
40 .
r}—D
[m]
a
Dj
20 O
| L 1 s 1 L 1
17500 18000 18500 19000 19500
E (cm™)

FIG. 7. Comparison between calculated'® and observed 43L* vibrational en-
ergy spacings AG 1 ,2. Theoretical calculations (red open squares) are based
on the diabatic PECs and calculated using LEVEL 8.0.2° The experimental
data points are shown as black closed circles.

where T, is the term value, w, is the vibrational constant, and
WeX, 1s the anharmonicity, in order to determine the best values
for each of these constants. The term values are referenced to
the Li(2s) + Rb (5s) asymptote, and, for comparison, we also
list theoretical values from Refs. 19 and 20 when available.
We note good agreement between our measured values and
the theory values in most cases, with the exception of the
anharmonicity of the 3°IT states, for which the theory value is
five times greater than the measured value.

V. MOLECULE FORMATION RATE

Before we conclude, we present an estimate of the number
of triplet ground state molecules available for REMPI ioni-
zation. In earlier trap-loss studies,!” we observed an excited
state molecule formation rate, Rps, of ~107 s™! for resonances
near the "Li 2s 2S; 2+ 85Rb 5p p, /2 asymptote. Here, we use
ionization data for the 2(07)ups = 5 level to estimate Rps. The
following calculation based on Ref. 29 takes into account the

TABLE III. Energies (in cm™!) of the vibrational levels of the 33I1 and 43%*
states as determined from the observed spectra. All energies are referenced to
the Li(2s) + Rb (5s) asymptote.

3%

v’ Q=0 Q=1 Q=2 435+

0 17321.9 17324.2 17326.1 17411.8
1 17390.4 17393.4 17396.0 17512.7
2 17460.3 17463.2 17465.9 17610.3
3 17530.2 175327 17535.2 17702.0
4 17597.3 17601.0 17604.3 17789.8
5 17667.3 17670.0 17673.2 17872.0
6 177354 17738.6 17741.8

7 17803.0 17806.5 17809.5

8 17870.2 17874.1 17877.4

9 17936.9 17940.2 17944.2

10 18002.6 18006.6 18010.6
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TABLEIV. The term value Tk, the vibrational constant w,, and the anharmonicity wex, of the 33I1 and 432+ states
as determined from the observed spectra. All energies are given in cm~! and are referenced to the Li(2s) + Rb (5s)
asymptote. For comparison, we also list theoretical values, when available, from Refs. 19 and 20.

State This work Reference 20? Reference 19
Q=0" Q=0
331 Te, 17250.9 (7) 17224
Q=0P e 70.3 (3) 70.91
e Xe 0.19 (3)
3% Te, 17253.3 (5) 17301
Q=1 e 70.5 (2) 74.29
e Xe 0.19 (2) 1.09
31 Te, 17255.3 (3) 17234
Q=2 We 70.6 (1) 70.86
W Xe 0.19 (1)
Q=0 Q=1
Te, 17306.4 (8) 173724 17 699 17700
435 +e e 106.3 (6) 109.584 108.26 118.31
We Xe 24 (1) 1.744

2This work does not include spin-orbit coupling. These spectroscopic constants are expected to correspond most closely with

Q=1 of the 31T state and Q =0~ of the 43L* state.

"We do not resolve Q= 0" and Q =0~ states in the present work. Reference 19 reports Te and we for Q=07 only, as listed.
€We do not resolve Q=07 and Q = 1 states in the present work. Reference 19 reports T and we for each, as listed.
dData given are for the second minimum of the potential, relevant to the present measurements. The values for the first minimum

of this potential are Te = 17,372 cm™!

molecular creation rate by PA, ionization, and detection effi-
ciencies that will be relevant to ionization detection of ground
state molecules as well.

The number of ions detected per ionization pulse, Nj,,, de-
pends on (i) N, the number of ground (triplet) state molecules
in a particular vibrational state (for example, v”’ = 12), (ii) the
probability, p;,,, of ionizing molecules per ion pulse, and (iii)
the detection efficiency e,. In other words,

Nion = aPion€d- (2)

For the 2(07) ups = 11 level, we record a strong ion signal
N;ion ~ 21ions/pulse. The ionization probability is calculated as
Pion = 1= e—o’E/I/hcnwz’ (3)

where o is the photoionization cross section, and since there
is no available data for LiRb in the literature, we estimate it as
the same order of magnitude as Rb, ~ 10722 m2.>’ With pulse
energy E ~ 3 mJ, ionizing laser wavelength A = 565 nm and
the pulsed-laser beam diameter, 2w = 4 mm, we obtain from
Eq. (3) pion ~ 6.5 x 1072, Estimating the detection efficiency
eqis difficult, as it is related to the MCP detector efficiency and
also the probability that an ion generated by the ionization laser
strikes the MCP. Here, we estimate ¢, between 0.1 and 0.8.
Using the values for p;,, and e, along with N,,,, we calculate
from Eq. (2), an estimate for the number of molecules in the
a’T* state: N, ~ 40-300/pulse. Note: From this, it is possible
to estimate the number of a’L* state molecules formed per
second. Since molecules are not trapped, they drift out of the
ionization region in ~10 ms, while the ionizing laser pulse ar-
rives only once every 100 ms allowing only ~10% of molecules
to be detected. The number of a>%* state molecules formed in
100 ms is thus ~10 N,, i.e., the >~ state molecule formation

,we=117.85cm™!, and wexe=1.74 cm™!.

-1

rateis ~4 x 10°=3 x 10*s~!, relatively high and consistent with
our previous expectations.'®!”

Solving the rate equation for the number of a’Z* state
molecules, a relation between the photoassociation rate Rpy
and the number of those molecules is found,?

_ RPA(FCF)[

Na = l+t/t @

where ¢ is the time between REMPI laser pulses (0.1 s) and
7 is the transit time of the molecules in the ionizing beam
volume, i.e., the time that molecules reside in the REMPI
beam, and hence, the limiting time for the creation of a’zt
state molecules that can be ionized. For a 4 mm beam diam-
eter and molecules with kinetic energy ~1 mK, 7 ~ 10 ms.
The PA level, 2(07) upsy = 5, could decay to many different
vibrational levels of the lowest triplet state a’~*. Neverthe-
less in Fig. 6, we notice that this decay is mainly to the v”’
= 12 level. In Eq. (4), FCF stands for the FCF for decay from
the PA level to the v”’ = 12 level of ¢°T*. In this case, FCF
= 0.2. The FCF is calculated from ab initio LiRb PECs'® using
LEVEL 8.0.2° Substituting the FCF, transit time 7, and N,
into Eq. (4), we calculate the excited state molecule formation
rate to be Rpy = 2 X 10*-2 x 10° s!. Within the uncertainty
in the photoionization cross section ¢~ and detector efficiency
ey, this estimate leads to a photoassociation rate higher than
other molecular species, for instance, Rb,,? consistent with the
extremely high Rps observed in trap-loss measurements. '

VI. CONCLUSION

We have discussed the formation of ultracold 7Li®*Rb
molecules in the lowest triplet state using PA followed by spon-
taneous emission and presented preliminary REMPI spectra
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to probe the high-lying vibrational levels of the lowest triplet
state and excited electronic states. Using ionization detection,
we have discovered new PA resonances with binding energies
up to ~62 cm~!. Next, we have recorded REMPI spectra by
fixing the PA laser at three different resonances, the upy =5,
9, and 11 vibrational lines of the 2(07) electronic state, and
identified transitions 3°IT (v = 0-10) « &°T* (v” = 7-13).
Furthermore, we have also labeled lines corresponding to
435 (v = 0=5) « a®T* (v’ = 7-13) transitions. Overall, we
have identified ~94% of the lines experimentally observed in
our REMPI spectra and derived the spectroscopic constants
for these newly observed electronic states. At this point, we
do not have sufficient information to explain the origin of the
unassigned lines. They may be connected with one of several
other electronic states—besides the two we have studied—that
may be accessible by our REMPI laser, as seen in Fig. 3(a).
Further investigation in this direction may be warranted. Nev-
ertheless, these initial investigations of the ¢*L*, 3°II, and
433+ electronic states of the 'Li%Rb system are a reasonable
starting point for our ongoing work on identifying suitable
transition pathways to transfer short-lived ultracold molecules
into stable, deeply bound-molecules.
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