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The TICI molecule has previously been investigated theoretically and proposed as promising candidates for
laser cooling searches [X. Yuan et. al. J. Chem. Phys., 149, 094306, 2018]. From these results, the cooling
process, which would proceed by transitions between 35)’1'[5r and XlZ(J{ states, had as potential bottleneck
the long lifetime (6.04 us) of the excited state a®II, that would prohibit experimentally control the slowing
region. Here, we revisit this system by employing four-component Multireference Configuration Interaction
(MRCI) calculations, and investigate the effect of such approaches on the calculated transition moments
between a’Il$ and a®Il; excited states of TICI as well as TIF, the latter serving as a benchmark between
theory and experiment. Wherever possible, MRCI results have been cross-validated by, and turned out to be
consistent with, four-component equation of motion coupled-cluster (EOM-CC) and polarization propagator
(PP) calculations. We find that the results of TIF are very closed to experiment values, while for TICI the
lifetime of the a?’HSr state is now estimated to be 175 ns, which is much shorter than previous calculations
indicated, thus yielding a different, more favorable cooling dynamics. By solving the rate-equation numerically,
we provide evidence that TICI could have cooling properties similar to those of T1F. Our investigations also
point to the potential benefits of enhancing the stimulated radiation in optical cycle to improve cooling

efficiency.

I. INTRODUCTION

Nowadays, the realization of high precision measure-
ments on atoms and molecules to test violation of time-
reversal symmetry, as manifested by an electric dipole
moment (EDM) has become a useful tool to search new
physics beyond the Standard Model'. That can be an
alternative way of directly searching new particles in col-
lider experiment, which is now estimated as TeV energy
scale. A key prerequisite to facilitate such fundamen-
tal physics investigations at atomic and molecular level
is achieving unprecedented levels of accuracy in high-
precision experiments.

To this end, the use of laser cooling technology pro-
vides a powerful method for reducing the noise in the
atomic and molecular spectroscopy. While widespread
for atoms, the cooling of molecules is more challenging;
Rosa? had outlined the three conditions for molecular
candidates in laser cooling : 1) strong one-photon tran-
sition, 2) highly diagonal Franck-Condon factors (FCFs)
and 3) no intervening electronic state. Since Shuman,
Barry, and DeMille® first reported the cooling of the SrF
molecule, three diatomic molecule (CaF%, YO2, YbF®)
have been successfully cooled.

It is interesting to note that, out of these four suc-
cessfully cooled systems, three contain atoms for which
relativistic effects such as spin-orbit coupling play an im-
portant role in the resulting molecular electronic struc-
ture. Such physical effects yield more complicated energy
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levels and transition properties that provide additional
challenges to the design of cooling schemes, in compar-
ison to species in the upper rows of the periodic table.
Therefore, in this context, electronic structure calcula-
tions are particularly interesting as a way to prescreen
candidate for experiments, due to the fact that highly
accurate calculations can be performed for such small
systems.

Among species containing heavy elements, Thallim
halides (T1X) appeared as an interesting class of systems.
TIF is an ideal candidate for measurement of P- and T-
violating interactions™ because of its high mass and po-
larizability. Researchers proposed using spin-forbidden
transition aIl;-X'Y(+ to set up cooling optical cycling
for TIFY. Many groups had investigated its spectroscopic
properties experimentally!®. The wave-number used
for optical cycling in TIF is 271.7 nm, reflecting the fact
that the corresponding low-lying excited state are rather
high, potentially making them less advantageous from an
experimental perspective than for species in which such
states are lower, as would be the case in heavier TIX
species. On the other hand, calculations'? on TIBr, TII
and TI1At have shown that the potential wells of their
low-lying excited state deviate too far from ground state,
not satisfy condition (2), and thus leaving TICl as the
sole other candidate.

For TICI, [Yuan et al!'3 have carried out a study of its
electronic structure and arrived at the conclusion that
a‘?’Hg' -X'¥y+ is an appropriate optical cycling. How-
ever, the same work found the radiative lifetime of a®TI§
state to be of about 6 ps, which is too long for cur-
rent experiment conditions. This result was however in
disagreement with other theoretical works'? which had
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found the lifetime to be about 800 ns. Interestingly, in
these two investigations the final, spin-orbit coupled elec-
tronic states have been obtained from scalar relativistic
correlated calculations, whose spin-free states are subse-
quently coupled via spin-orbit configuration interaction
(SOCI) calculations.

Thus, the first objective of this work is to revisit the
TICI system in order to determine what is behind the
discrepancies in radiative lifetimes described in the liter-
ature, and with that address whether or not it is a system
of interest for laser cooling experiments. Given the lack
of experimental data on radiative lifetimes for TICl, we
shall also verify the performance of our theoretical ap-
proaches with respect to experiment for the TIF system.

As it is found in the literaturé®?¥ that SOCI cal-
culations can be sensitive to the number of electronic
spin-free states entering the SOCI calculation, whether a
contracted or uncontracted CI is employed etc., we con-
sider it of interest to attack this problem from a different
perspective, with spin-orbit coupling (SOC) interactions
being accounted for at mean-field level by using four-
component based Hamiltonians, followed by a treatment
of electron correlation on a spinor basis, employing the
multireference configuration interaction (MRCI) method,
accompanied by benchmark calculations with the rela-
tivistic equation of motion coupled cluster singles doubles
(EOM-CCSD)2? and the Polarization Propagator (PP ).
approaches, in order to cross-validate the MRCI calcula-
tions for ground, excited and transition properties.

This paper is organized as follows. The ab initio cal-
culation method is described in section 2. The computa-
tional results and the corresponding cooling scheme are
presented and discussed in section 3. Finally a brief sum-
mary is presented in section 4.

Il. COMPUTATIONAL DETAILS

The ab initio calculations on the electronic states of
TIF and TICl were performed with the DIRAC19 re-
leasé?? of the the DIRAC relativistic electronic struc-
ture package?d. In all calculations we employed the
four-component Dirac-Coulomb(DC) Hamiltonian, with
the usual approximation of the (5S5|SS) integrals by a
Coulombinc correction®®. The uncontract Dyall basis
sets aaenZ2” are selected for T1 atom and the correlation-
consistent basis set aug-cc-pVnZ2827 for halogen, with
n being the basis sets cardinal number (n = 2,3,4 for
double-, triple-, and quadruple-zeta respectively. As a
shorthand notation, in the following we shall refer to the
different basis sets as nZ.

The molecular axis is put along with the z-axis with
the center of mass at the original point, and the pos-
itive direction is from Tl to X. For permanent dipole
moments (PDM), we use the following bond lengths (A),
which is the experimental equilibrium distance: 2.0844
(X'3d, TIF), 2.049 (a3, TIF), 2.0745 (a’M,, TIF),
2.485 (X34, TICL), 2.472 (211, TICL). 2.485 (a’Ily,

TICl). Since, the PDM of a linear molecule is the first
derivative of the energy versus electric field along the
molecular z-axis, which form in CBS should be exactly
the same as total energy?d, and therefore we employ the
expression :

2
piops = pn — aexp” " —Bexp= (7D (1)

We note that for excited states, the complete basis
set (CBS) results are extrapolated based on 3Z and 47
results with the formula?22:

43F4(R) — 33E5(R)

Ecps(R) = FEpEE : (2)

In this study, we focus on the transitions of a3Il;-
X3¢ and a3l -X1E] (2 = 0 states) in TIF and TICL
The PDM and the transition dipole moments (TDM) are
carried out by multi-reference configuration interaction
MRCI method as implemented in the KRCI module3®31,
In the MRCI calculations the reference configuration
space is defined as (8,8) corresponding to 6s 6p 7s or-
bital of T1 and 2(3)p orbitals of halogen. About 107
configurations are included in this work. We note the
version of the KRCI module employed in our calculations
calculations does not support the use of two-component
Hamiltonians.

In addition to MRCI calculations, we have carried out
calculations of excitation energy, PDM and TDM by
four-component CCSD32533 EOM-CCSD method?# and
PP3586.  As the analytic calculation of expectation val-
ues of the excited states is currently not available for
both methods in their implementations in DIRAC, we ob-
tained excited state dipole moments through finite field
calculations. In these, the component of the dipole mo-
ment operator are individually taken as the perturba-
tions with strengths of £0.0005 a.u, are included at the
Hartree-Fock step (corresponding to an orbital-relaxed
picture). We also note that for the EOMCC implementa-
tion transition moments are also not currently available.
In contranst, for PP these are available and will be com-
pared to those obtained with MRCI. In EOM-CCSD and
PP, we correlate occupied electrons which are higher -10
a.u, and truncate the virtual space at 20 a.u.

The data, figures and scripts associated to this paper
can be obtained as supplemental information at the Zen-

odo repository=L,

I1l. RESULT AND DISCUSSION
A. Permanent dipole moment

We present the PDMs and vertical excitation energies
(T,) for MRCI, EOM-CCSD, as well as PP with previ-
ous SOCI358 and experiment result!? in Table [II Our
results point to an asymptotic convergence of the MRCI
PDMs as a function of basis set level for all states under
consideration, which leads to a decrease in magnitude of



dipole moments for all states of TIF and TICI at CBS
level compared to the smaller basis set results.

In addition to that, we see that in magnitude the ex-
cited state dipole moments are smaller than those for the
ground states, and that PDMs for TIF are all smaller in
magnitude than those for TICl. As it turns out, the mag-
nitude of the PDM is larger for T1CI than for TIF in the
respective ground states, while the reverse is true for the
excited states. We note that all of our results show a
dipole with a negative sign, so that a decrease in magni-
tude actually corresponds to a small build-up of electron
density around the TI1 atom as the quality of the basis
set is improved.

The MRCI results are consistent with the coupled-
cluster ones (due to constraints in computational re-
sources, we were not able to carry out EOM calculations
with 47 bases, and thus only present results for 2Z and
37); the differences in PDMs between the two approaches
is often, in absolute value, of around 0.3 D and no larger
than 0.5 D for all states considered. It is interesting to
note that differences between the methods tend to be
smaller for 3Z than for 2Z bases, with the coupled clus-
ter results varying less than MRCI ones when going from
27 to 37, and as such we expect that our 3Z results can
serve as a semi-quantitative comparison. This gives us
confidence that our 4Z and CBS MRCI results should be
reliable.

For the coupled cluster ground states, for which we
can also calculate PDMs analytically, we observe that the
finite-field and analytic derivative results are very close
to each other (differences around 0.03-0.04 D), providing
indications that (a) orbital relaxation is not particularly
important for such species and (b) the finite-field results
for the different electronic states are reliable.

Finally, compared to the SOCI results of Yuan et al*,
we see that for the ground state, SOCI and our MRCI
results match rather well. For excited states, the situ-
ation is different, and for some states such as the 3II;,
we observe significant differences between methods for
both TIF and TICIL. Furthermore, for T1F there are also
important differences for the 3IIJ state.

In comparison to experiment, the measurements of the
PDM of the aII; state of TIF by |Clayburn et al.'? yield-
ing a value of -2.28(7) D, are in very good agreement
with our MRCI 4Z (-2.46 D) or CBS (-2.47 D) results,
or our EOM-CCSD 3Z results (-2.47 D). From that, and
the very close matching of our MRCI and CCSD results
for TICI, we expect that our results should provide a
good estimate for the experimental value. We believe fu-
ture high-resolution PDM measurements for more states
would be highly desirable as a test, and possible confir-
mation, of our results.

Concerning excitation energies (T,), for TIF we see
significant variations with basis set size for MRCI, yield
decreasing excitation energies as basis sets quality is
improved-roughly a 2000 cm~! decrease when passing
from 2Z to 3Z for both II states, and around 1000 cm ™!
when passing from 3Z to 4Z, and another 1000 cm™!

when passing from 47 to CBS, adding up to changes of
nearly 5000 cm ™~ from 27 to CBS. This trend is qualita-
tive the same for EOM calculations, though the changes
are much smaller (around 300-400 cm ™! from 2Z to 3Z).

For TICI, on the other hand, we observe much smaller
variations with changing basis sets for MRCI (less than
1000 cm ™! between 2Z to CBS results), with excitation
energies increasing as basis sets are improved. As for TIF,
EOM trends follow the MRCI ones, and energy changes
are again much less importan than those for MRCI.

In contrast to MRCI and EOM, PP results for all ex-
cited states show an increase in excitation energies with
increased basis set size, with changes between 27 and 37
basis being of about 1000 cm™! in all cases. It is in-
teresting to note that the 3Z PP excitation energies are
generally lower but not far from MRCI CBS results for
both molecules. While that seems fortuitous for TIF, due
to the large variations in excitation energies for MRCI,
for TICI it appears that all three correlated approaches
do indeed show quite similar performances.

We see that for both species, the T,, EOM results are
very much in line with the experimental T, values (given
the nature of the excited states, the calculated T, values
should in effect be quite close to the T. ones), mean-
ing that MRCI energies can reliably reflect experimental
excitation energies.

The difference between SOCI and the current excita-
tion energies for TIF is striking, with SOCI overestimat-
ing the four-component results by 2000 to 3000 cm™!,
depending on the excited state. Taken together with
the (a) strongly underestimated magnitude of the ex-
cited state dipole moment with respect to experiment;
and (b) the rather good agreement for calculated grond-
state dipole moments, it would appear that the SOCI
calculations of [Yuan et al'® are somewhat unbalaced in
their description of excited states, with respect to the
ground-state. Interestingly, for T1Cl the SOCI calcula-
tions match rather well both the four-component excited
state energies, and ground and excited state dipole mo-
ments. This suggests that any issues with SOCI calcula-
tions would not be so much in the description of the dif-
ferent electronic states of TICI, but rather in on the tran-
sition properties, which we turn our attention to next.

B. Transition properties

Our results for TDMs, obtained at bond lengths cor-
responding to the experimental equilibrium distance of
the corresponding excited states, are found in table [[I}
Unlike the excited state properties, for TDMs it is not
possible to estimate a CBS value and as such we shall
focus on TDM results obtained at 4Z level for MRCI. As
EOM TDMs are currently not available, we decided to
present TDM values obtained from 47 PP calculations;
from the results discussed previously we expect PP calcu-
lations provide a cross-validation of MRCI results, closely
matching the MRCI ones for TICI, but less so for TIF.
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Table I. The computed permanent dipole moments (D) and vertical excitation energies (T,)(cm™") for the different states

under consideration for T1F and TICI.

27 37 47 CBS SOCH338 Exp
Molecule State Method PDM T, PDM T, PDM T, PDM T, PDM T, PDM T,¢
TIF X'=y MRCI  -4.16 0 -3.88 0 -3.79 0 -3.74 0 -3.67 0
CCSD*  -4.37 0 -4.32 0
CCSDP  -4.33 0 -4.29 0
aSTI MRCI  -3.15 36825 -2.81 34695 -2.76 33708 -2.74 32990 -1.46 37025 35164
EOM?  -2.67 34790 -2.69 35082
ppa 31592 32414
asIl; MRCI ~ -2.90 40070 -2.47 37921 -2.46 36507 -2.47 35474 -1.26 38535 -2.28 36864
EOM? -2.45 36475 -247 36782
ppa 32920 33719
TIC1 X'sf  MRCI  -4.60 0 -4.46 0 -4.42 0 -4.4 0 -4.32 0
CCSD?  -4.66 0 -4.65 0
CCSDP  -4.63 0 -4.64 0
AT MRCI  -243 31130 -2.19 31630 -2.13 31813  -2.1 31947 -2.08 31438 31054
EOM? -1.78 31095 -1.80 31193
ppa 30801 31338
alIl;" MRCI  -1.83 33366 -1.51 34594 -1.48 34711 -1.47 34797 -1.74 32526
EOM?® -1.45 32369 -1.29 32426

2 Finite filed calculations, equivalent to an orbital-relaxed formulation.
b Analytic gradient calculation, employing an orbital-unrelaxed formulation3.

¢ Refer to adiabatic excitation energy value (Te) in experiment.
* a3T1; state of TICI is not a bound state

It turns out that MRCI and PP results are, in effect,
quite close to each other for the different transitions in
TIF, differing by less than 0.1 D for the transitions from
the ground to each of the II states, the transition to the
311, state the PP TDM being larger than the MRCI one,
whereas the reverse is true for the transition from the
ground to the 3II;.

In the TICI case the difference between MRCI and PP
is slightly larger than 0.1 D for the transition from ground
to the 311, state, with the PP value being larger than
the MRCI one as in the TIF case. The good agreement
between the two four-component approaches for both
molecules (discrepancies between MRCI and PP calcu-
lations are smaller than 25%) gives us confidence in the
ability of MRCI of obtaining sufficiently accurate TDMs.

Comparing our current results for TICI to those in the
literature, we observe first that for the transition from
ground to the ®II; state, our results differ by a little over
0.1 D from those from [Yuan et al*®. Second, we see that
the SOCI TDMs of a®Il7 are indeed strongly underesti-
mated, differing from ours by nearly 0.7 D.

The TDM of a®II and a®II; of T1CI are slightly larger
than the counterparts of TIF for both MRCI and PP,
something which is consistent with our understanding
that T1Cl should have somewhat stronger spin-orbit cou-
pling effects than TIF, whereby further weakening the
selection rules making the spin forbidden transition a®II-
XY in comparison to TIF.

If a comparison of calculated TDMs is already instruc-
tive, a more direct comparison to experiment is done

through a comparison of lifetimes, also shown in Table[[T}
From the TDMs, we evaluate the Einstein coefficient and
lifetime, which had been used in the previous work®?,

Ay = 2.142 x 101 x TDM? X qyryn x AE>  (3)

(where energy difference AE, TDM in unit a.u. and
Ay in unit s71). and the radiative lifetime is obtained
using

B 1
o Z’U” A’U”U”

The vibrational energy level and the corresponding
Franck-Condon factors (g,,~) are taken from avail-
able experiment?3(a3Il; state of TIF) and previous
calculations!338(a3TlS state of both TIF and TICI).
The detailed Einstein coefficients A, and vibrational
branching R, of transitions are listed in supplement
material.

Given that SOCI PDMs agree rather well with four-
component ones for the ground states of TIF and TICI,
we consider this approach (combining ground-state vi-
brational wavefunctions obtained from SOCI potential
energy curves and four-component TDMs at MRCI or
PP level) to be reliable.

For TIF, the computed lifetime of the aII; state is 91
and 153 ns for MRCI and PP, respectively and the for-
mer is closer to the experiment value 99(9) ns. For TICl,
the previously calculated 6.04 us lifetime of the a®Ilj

(4)

Ty’



state would correspond to a huge challenge under cur-
rent cooling experiment condition. However, we see that
on the basis of the current four-component calculations,
lifetimes for the aII{ state would correspond to 175 ns
(MRCI) and 128 ns (PP), respectively, which are both
much shorter than previous value and, therefore, may
make TICl more favorable for experimental realization
than previously thought.

Given the small deviation between theoretical and ex-
perimental lifetimes for the aIl; state of TIF obtained
with MRCI, and the systematic agreement between four-
component approaches for TDMs, we thus consider the
lifetime of a’II{ state of TICI 175 ns to be a more ac-
curate estimate than the previous estimation by [Yuan
et al), and shall use the MRCI lifetime in the following
assessment of a proposed cooling scheme.

Table II. The computed transition dipole moment at R. and
the corresponding lifetimes

TIF Transition TDM(D) lifetime(ns)  Reference
a3 -X'S] 0.837 91 MRCI
AT -X1 5 0.673 153 PP
alI-X15d 99(9) Exp?
aSTly-aTl 4 0.114 MRCI
a3Il1-a3Tl, - 0.072 MRCI
bl XS 0.518 278 MRCI
aly-X'57 0.651 176 PP
TICI
allly -XTSg 0.767 175 MRCI
alIly-X' 57 0.896 128 PP
alTly -X1ed 0.130 6040 Refl3
a4+ -X1sd 808 ReflZ
a1 -X15d 0.946 MRCI
Al -X1Sd 0.800 Ref13

C. Simulation of laser cooling

Regarding the cooling efficiency and the corresponding
length of slowing region is depended on the lifetime, the
new value of a®TI7 state of TICI shows a different cooling
dynamics and lowers technology difficulty in experiment,
compared to the results of [Yuan et alf'3. In spite of the
changes in TDM the optical cycling scheme for TIF and
TICl, shown in Fig [1] still closely follows that originally
proposed by [Yuan et al["3, which is outlined below.

The main pump laser is set at a®TI(v’=0)- X! 3 (v'=0)
transition with a wavelength \g/g: 272 nm (T1F) and 319
nm (TICl). There are four additional lasers for repump-
ing the population of vibrational excited states. For the
sake of clarity, we call those lasers in the following order:
Moo is the first laser, Aj/1~ is the second lasers, A\gron is
the third laser, Ai/3~ is the fourth laser, and Mgy is the
fifth laser. All the wavelength of the lasers are listed in
Table [T

To discuss the cooling process in more details, we solve
a rate-equation to count the number of photons scattered

Table III. The wavelength (nm) of lasers used in cooling
process represented by figure[T]

laser TIF TIC1
15751 )\0/0// 272 319
2rd: )\1/1// 273 320
3ed: )\0/2// 279 325
A4t Ayran 280 326
5th: )\2/4// 281 327
V'=2
a’l RANAN
) .

Va4l

v'=4

v'=3 5, laser 4,

3 /M— v'=2 4, laser i,
Iyt o v'=1 3 | X
X'y , laser &,

v'=0 2, laser A,
1, laser Ay,

™

Figure 1. The proposed cooling scheme for TIF and TICL
The excited states are a’Il; and a3H§ for TIF and TICI, re-
spectively. The dashed gray lines are spontaneous decay and
the solid red lines are laser-driven transition.

during the cooling process*’:

dpP
T MP (5)
where P is the vector containing N vibrational levels in
order of ascending with energy and M is the NxN matrix
consisting of various Einstein coefficient.

Before simulating the population dynamics, it is nec-
essary to see the influence of vibrational decay process
within the ground state XlES' . Here, we compute the

L3 AO’O”
ratio Ao

of Einstein coefficient between electronic re-
laxation Ago(v’=0) — (v"=0) and vibrational relax-
ation Ay (v’=1) — (v"=0). The vibrational transition
dipole moment (vIDM) matrix elements over vibrational
wave functions of XlZa' state is computed with the help

of Molcas vibrot module??.
vI'D Mg :/¢(1z/’=1)R¢(v”=0)dR (6)

The ratio for TIF and TICl is 1.8x107 and 3.0x107, re-
spectively similar as the result of SrF4Y 2.5x107. Such
large ratio means the vibrational relaxation is very weak,
and therefore we chose to ignore it in the following sim-
ulation model.



Explicitly, the rate-equation has the form:

4P j=i—1 j=i—1
E7aliaie > AiiPi— > Bijp(wij)P;
=1 =1
J=N J=N
= Y Biplwij)Pi+ Y AuP; (7)
Jj=i+1 J=i+1
j=ie1 j=N
+ > Bipwii)Pi+ Y Bjip(w;i)P;
=1 =it

Here, Ay, Bij, Bj; are spontaneous emission, stimu-
lated emission and absorption coefficients, respectively.
p(w;;) is the spectral energy density at frequency w;;.

After numerically solving the equation, the average
number of scattered photons are evaluated by multiply-
ing the obtained population in the excited state of optical
cycle by its total radiation rate A;; +B;;. The stimulated
coefficients B are relative to the A with

w23

hws.

)

Bij = Bj' = Aij (8)

where, h is the Planck constant and c¢ is the speed of
light.

We use three different laser configurations in this simu-
lation: Case (a-1) includes three laser: Aggr, A1r17, and
Aoro; Case (a-2) has an additional laser Aj/3/. Case
(a-3) contains all five lasers. The simulation results are
plotted in Figure [2l The population is initially in X! Eg
(v’=0) state.

The dynamics of this two molecules are similar. It is
seen from the figure that TIF arrives at the corresponding
limit faster than TICl since its spontaneous radiation rate
is almost twice as much as rate of TICl. On the other
hand, we note that T1CI scatters more photons during the
cooling process than TIF does. Specially, in the situation
of employing five lasers, T1F absorbs about 7300 photons
but TICI absorbs 25000 photons in this model.

A simple equation

1
=4
1 =220 Roir

could be used to qualitatively estimate the total pho-
ton absorption/emission cycles*!: It’s plain to see Ny
is sensitive on the vibrational branching, particularly on
the non-diagonal element in Franck-Condon factors such
as (v'=0) — (v"=1,2,3...etc). Such sensitivity is also pre-
sented on the significant difference between five laser and
four laser configuration.

The less scattered photons means that we need to in-
crease the number of laser for sufficiently cooling. The
accurate calculation of non-diagonal value of FCFs would
require a higher level of accuracy in the electron corre-
lation calculations, such as by the inclusion of triple (T)
and higher excitation in CI and coupled-cluster wave-
function, or to consider the non-adiabatic corrections.

Ntot = (9)

Due to constraints in computational resources and avail-
ability of computer implementations, the exploration of
such factors is beyond the scope of the current work. Be-
fore delving into that, however, it would be interesting to
have accurate experimental data on vibrational branch-
ing measurement, in order to gauge how much theory
will have to improve to bridge the gap to experiment for
TICL.
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Figure 2. The number of scattered photon for T1F and T1CI
with different laser configurations. Case (a-1) has first three
laser: Aoror7, A1/177, and Agror. Case(a-2) includes Case (a-1),
plus the fourth laser A;/3.. Case (a-3) includes Case (a-2),
plus the fifth laser Ag/yr.

In addition, as reported by Norcia et al#?, introducing
the stimulated emission is a potential efficient method for
laser cooling. Due to that, here we also investigate the
effect of stimulated radiation by changing the spectral
energy density p(w;;) of the simulation in which employs
five lasers. The p(w;;) in Case (b-1) and Case (b-2) are
10712 J/(m3-s-Hz) and 107 J/(m?s-Hz) respectively.
In Case (b-3), we remove the stimulated radiation terms



in the equation with keeping the same p(w;;) as Case
(b-1). The results are displayed on Figure 3] The large
difference on both photons number and scattering rate
between Case (b-1) and Case (b-3) shows that the in-
fluence of stimulated radiation is significant in the simu-
lation.

By comparing with Case (b-1) and Case (b-2), we
find that increasing higher spectral energy density results
in absorbing more photons. For instance, T1Cl could be
scattered 25000 photons in 0.04 s under p(w;;) = 10712
J/(m3-s-Hz) , but only 10000 in 0.08s under p(w;;) =
10713 J/(m®-s-Hz) . In conclusion, enhancing the stimu-
lated radiation is a good method for improving the cool-
ing property including both total number of scattered
photon and scattering rate.

7000 1

6000

v
=]
o
S

N
o
o
S

w
o
o
S

Number of photon scattered

N
[=]
S
o

1

= Case(b-1) -
Case(b-2)

e Case(b-3) |

0.02 0.03 0.04 0.05

1000

Time (s)
(a) TIF
25000 : P -
i
i
1
1 1 1
20000 - --=
el 1 1 1
E 1
2 i
g i
@ 15000 ; ---
£ ] 1 1
S I 1 1
o 1 | 1
< 1 1 1
o 1 1 1
‘5 10000 1 : ! i--
5 1 1 1
£ : : :
2 i i i
5000 - ! _— :
m— Case(b-1)
Case(b-2)
04 = Case(b-3) |
| |
0.00 0.02 0.04 0.06 0.08 0.10
Time (s)
(b) TIC1

Figure 3. The cooling simulation at different levels of stim-
ulated radiation. Case (b-1): spectral energy density p(wi;)
is 10712J/(m?3.s-Hz) ; Case (b-2): p(wi;) is 107*3J/(m3-s-Hz)
; Case (b-3): p(ws;) is 1072J/(m>-s-Hz) but the stimulated
radiation coefficients B;; is set as 0.

IV. CONCLUSION

In this work we have investigated the permanent dipole
moments (PDMs) for ground and low-lying excited states
of TIF and TICI molecules, as well as transition dipole
moments (TDMs) between these electronic states, via
four-component Multi-reference Configuration Interac-
tion, equation of motion coupled-cluster and polarization
propagator calculations. Our main goal is to obtain, from
the TDMs, the excited state lifetimes that allow us to to
predict whether the T1Cl species is a suitable candidate
for laser cooling experiments.

After cross-validating the four-component MRCI re-
sults with the other two approaches, we have employed
it to obtain a PDM of -2.47 D and lifetime 91 ns of a®Il;
state of TIF, which are close to the experimental results
of -2.28(7) D and 99(9) ns, respectively.

For T1Cl, we obtained from our four-component MRCI
calculations a lifetime of 175 ns for the a®II§ state. This
value, which is much shorter than a recent theoretical
estimation of 6.04 us, obtained from spin-orbit CI calcu-
lations. Our results point to the strong underestimation
of the TDMs as the main factor behind such a discrep-
ancy, as the SOCI ground and excited state energies and
PDMs for TICI closely match the four-component values.

With the new lifetime, we have performed a new a
population simulation by solving the rate equation, and
we find that TICl shows cooling dynamics similar to
that of TIF. Our simulations also shows that the vibra-
tional branching of weak transitions determined by non-
diagonal element of Franck-Condon factors is potentially
very important for cooling efficiency. Because of this,
we consider that highly accurate experiment on Franck-
Condon factor of a*IIf-X!Y* transition of TICI could
provide useful information for refining theoretical mod-
els.

Finally, we analyzed the influence of stimulated radi-
ation on cooling process. We show the stimulated ra-
diation is important and increasing the spectral energy
density is a possible way to improve the cooling efficiency.
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