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ABSTRACT

The fine and hyperfine interactions in PbF have been studied using the laser-induced fluorescence (LIF) spectroscopy method. Cold PbF
molecular beam was produced by laser-ablating a Pb rod under jet-cooled conditions, followed by the reaction with SFs. The LIF excitation
spectrum of the (0, 0) band in the B*x* —X2H1/2 system of the 208phE, 27PbF, and 2°°PbF isotopologues has been recorded with rotational, fine
structure, and hyperfine-structure resolution. Transitions in the LIF spectrum were assigned and combined with the previous X*IT3/,-X>I1y/,
emission spectrum in the near-infrared region [Ziebarth et al., J. Mol. Spectrosc. 191, 108-116 (1998)] and the XTIy, state pure rotational
spectrum of PbF [Mawhorter et al., Phys. Rev. A 84, 022508 (2011)] in a global fit to derive the rotational, spin-orbit, spin-rotation, and
hyperfine interaction parameters of the ground (X*M,,) and the excited (B*T*) electronic states. Molecular constants determined in the
present work are compared with previously reported values. Particularly, the significance of the hyperfine parameters, A, and A, of 207pb is
discussed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0099716

I. INTRODUCTION Hy=BJ*-AS -J+I-A-S + (dee)s’ ‘n

Since the electron’s electric dipole moment (¢EDM) was -DE-n+usB-G- s 1
hypothesized, the prediction and measurement of eEDM have
attracted much attention from the scientific community.' > Exper-
imental detection of the eEDM would prove the time-reversal (T)

The first two terms of Eq. (1) give the J-dependent part of the rota-
tional energy including the A-doubling (or Q2-doubling), where B is
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symmetry violation and, hence, may lead to a modification of the
Standard Model (SM). PbF, a paramagnetic molecule, has been pro-
posed as an excellent candidate for the detection of eEDM.° The
eEDM is usually determined from the energy level shift in external
fields. Therefore, the energy level structures of PbF, especially its fine
and hyperfine structures, are of great interest to molecular spectro-
scopists and atomic, molecular, and optical (AMO) physicists. The
effective spin-rotational Hamiltonian, Hy,, of PbF in an Q = 1/2 state
in the presence of external fields can be written as’

the rotational constant, J is the total angular momentum excluding
the nuclear spin, A is the A-doubling constant, and §’ is the effec-
tive spin of the electron.” The third term describes the hyperfine
interaction, where I is the nuclear spin and A is the hyperfine inter-
action tensor. The fourth term represents the interaction between
the eEDM (d.) and the effective internal electric field (W*), where
n is the unit vector directed along the internuclear axis from the
positively charged atom to the negative one. The fifth term is for
the Stark interaction, where D is the permanent dipole moment of
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the molecule and £ is the external electric field. The final term is
for the Zeeman interaction, where Ug is the Bohr magneton, B is
the external magnetic field, and the tensor G—which is diagonal in
the molecular principal-axis system—determines the strength of the
Zeeman interaction. Since this Hamiltonian determines the energy
level structure of the PbF molecule in electromagnetic fields, which
is of significance for detecting eEDM-sensitive transitions, the deter-
mination of molecular parameters in Eq. (1) with high precision is
essential to improve future eEEDM measurements using PbF.

Spectroscopic studies on PbF started in the 1930s when
Rochester reported the first vibrational spectroscopic study on this
molecule.” ”* Later, Lumley and Barrow analyzed the rotational
structure of the B2S"-X,TI3/, B*X"-X,I115, and A*S"-X %11},
transitions of * PbF and gave the rotational parameters of the v = 0
and 1 levels of each electronic state.'” The high-resolution spectrum
of the X,2I15/,-X1%I1;, transition was studied in 1998.2° In 2010,
fine structure constants of the D, E, and F states of **PbF, *’’PbF,
and *"°PbF were determined in a mass-resolved resonance-enhanced
multiphoton ionization (REMPI) spectroscopic measurement.’! In
2011, the hyperfine structure of the X, state of 208phE, 27PbF, and
296PHE was determined from pure rotational spectra.”” However, the
high-resolution laser-induced fluorescence (LIF) spectrum of the
Bzt —X2H1/2 transition and the hyperfine parameters of the B*z*
state have not been reported yet.

In the present work, a supersonic expanded PbF molecu-
lar beam was produced, and the spectrum of the (0, 0) band of
its B2zt —X2H1/2 transition was recorded using the LIF technique.
Rotationally resolved transitions of the 208ppE, 2Y7PbF, and 2°°PbF
isotopologues were assigned, and their molecular parameters were
determined and compared with previously reported results.

Although the future PbF-based ¢eEDM measurement utilizes
its X state, it is critical to investigate its excited electronic states
too. First, the energy level structure of the X state is perturbed
by low-lying excited electronic states. Although the X state is a
relatively isolated state, its molecular constants determined in fit-
ting experimentally obtained spectra, e.g., the A-doubling constants,
still contain contributions due to interactions with other electronic
states, including the B state. Experimentally determined molecular
constants can also be used to benchmark relativistic configuration
interaction calculations of the low-lying electronic state of PbF. The
B%3* state of PbF is of special interest in that it is the lowest Rydberg
state arising from the o?ornt configuration, where oy is the lowest
Rydberg orbital.”* Therefore, the B state plays an important role in
the valence-Rydberg mixing, which shall be considered in both spec-
troscopic analysis’* and ab initio calculations.” In the present work,
the B-state rotational and spin-rotation constants of PbF have been
determined with better precision in fitting the high-resolution LIF
spectrum, while the hyperfine constants are reported for the first
time, adding important, new pieces of information to the study of
this promising candidate for the search of ¢eEDM using diatomic
radicals.

Il. EXPERIMENTAL

The PbF molecular beam was produced by the reaction of
laser-ablated Pb plasma with SFe. The B*3*-X*11,), transition was
measured using the LIF technique with resolved fine and hyperfine
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structures. A brief description of the experimental setup is given as
follows.

The second harmonic output of a Nd:YAG laser (Quantel-
Brilliant, 532 nm, 10 Hz repetition rate, pulse energy ~1 m]J) was
focused onto a high-purity Pb rod (Alfa Aesar, 99.999%) that under-
went a continuous rotational and translational motion. The Pb rod
was polished to remove the oxide coating before it was installed
in the source chamber. The gas mixture of SFs/Ar (volume ratio,
5:95) passed through a pulsed nozzle valve and expanded into the
source chamber to form a free jet expansion. The SFs molecule
reacted with the ablated Pb plasma to produce the PbF molecule,
which was excited from the ground (X2H1/2) state to the B*S" state
by the frequency-doubled output from a tunable continuous-wave
(CW) ring dye laser (Sirah, Matisse DS) in the detection cham-
ber. The excitation laser beam was slightly focused to ~1 mm onto
the molecular beam. The fluorescence following the BZZ+—X2H1/2
excitation of PbF was collected by a lens telescope system onto a
photomultiplier tube (PMT, Sofn Instrument Co., 71D101-CR131).
The PMT signal was amplified by a preamplifier (Standford Research
System, SR240A), integrated using a boxcar system (Standford
Research System, SR200 series), and sent to a personal computer
(PC). The LIF spectrum was recorded by a home-written LabVIEW
program.

The frequency of the CW dye laser was measured by a waveme-
ter (HighFinesse, WS-U) and calibrated using the Doppler-free
saturation absorption spectrum molecular iodine during the spectral
scan.

Ill. RESULTS

The high-resolution LIF spectrum of the BZZ+—X2H1/2 tran-
sition of PbF has been recorded in the frequency region of 35686
-35720 cm™". Totally, 336 spectral lines were identified and assigned
in the present work. The experimental and simulated excitation
spectra are compared in Fig. 1. The abundances of the four
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FIG. 1. Experimental (top) and simulated (bottom) spectra of the (0, 0) band of the
B%3*-XT1y, transition of PbF.
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naturally occurring isotopes of Pb, 28ph(1 = 0), 27Pb(I = 1/2),
206pp(I = 0), and ***Pb(I = 0) are 52.4%, 22.1%, 24.1%, and 1.4%,
respectively. Transitions of **PbF are not identified in the present
work due to its low abundance. The spectral linewidth (full width at
half maximum, FWHM) of the recorded spectrum is ~0.007 cm™".
The "F(I = 1/2) hyperfine splitting is not resolved in the recorded
spectrum.

A portion of the P-branch of the experimental spectrum is
shown in Fig. 2, in which transitions assigned to **PbF, *’’PbF,
and **PbF are labeled. The notation used to label the transitions
is defined similarly to the one given previously,””" “NAJp g (J),
where N = J — § is the total angular momentum excluding both
nuclear and electron spins. The first subscript, F;’, with i = 1, 2,
corresponds to the upper (J = N + 1/2) and lower (J = N — 1/2)
spin-rotation components of the B> state, respectively. The sec-
ond subscript, F/" withi=1,2, corresponds to the lower (X 121'11/2)
and upper (X,’II3;) spin-orbit components of the XII state,
respectively. When F, = F", only one number is used.

For the ground X2H1/2 state of 2PbF and 2°°PbF, Hund’s
case (a) angular momentum coupling scheme is used to describe its
energy level structure.”’ The Hamiltonian includes the spin-orbit
interaction (with the associated molecular constant, A) and its
centrifugal distortion correction (Ap), the rotational Hamiltonian
(B), the A-doubling (p, q),*°

- 1 Y .
HY (1) = AL.S, + BN* - 5q((e 22 e+2’¢]3)

1 —2i i
-3+ 2q)(e .8, + e+2’¢LSf), @

where J,, J_, S; and S_ are the shift operators and ¢ is the
orbital azimuthal angle of the unpaired electron. Centrifugal dis-
tortion corrections to the three terms (Ap, Ay, D, qD) have also
been included in the spectral simulation and fitting, although they

PP (10.5) 28ppF PP (9.5)

=
5
75 "P,(10.5) Woppp "P,(9.5)
=
2

"P,(10.5) WTppR "P,(9.5)

r )

G=1 G=0| wppp G-1 G=0
v0,,10.5) 2’PbF r0,,(9.5) u ﬂ
T T T T 1
35690.6 35690.8 35691.0 35691.2 35691.4

-1
Laser Wavenumber (cm™)

FIG. 2. A portion of P-branch of the BZ+-X?T1y, (0, 0) band of PbF. Assigned
transitions of 2°8PbF, 27 PbF, and 2%6PbF are labeled.
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are not included in Eq. (2) for clarity. The readers are referred to
Ref. 28 for details. The A-doubling parameter q is fixed to zero
in the present work due to its negligible effect on the energy level
structure.”

For the B " state of PbF, Hund case (b) is adopted. The Hamil-
tonian for the B*S" state of *PbF and *PbF can be described as

HY (%) = Too + BN* +yN - S, (3)

where the first term is the band origin, the second term is the
rotation Hamiltonian (the centrifugal distortion correction has also
been included in the spectral simulation and fitting), and the final
term describes the spin-rotation interaction. There are six transi-
tion branches, Py, P11, 1Q1, "Qa1, "Ry, and °Ry; in the (0, 0) band of
the B2 -X2 I1,/, transition of 208pHF and 2%°PbF.

In the LIF spectrum of 2’ PbF, the hyperfine splitting from the
nuclear spin of 207ph(1 = 1/2) is resolved. Hund’s case (agy) coupling
scheme is used in constructing the effective Hamiltonian of the X*IT
state of 2’ PbF, ¢

HYCT1) = a7 PO)ICTPb).L. + 2 d(Pb)

y [e—2i¢I(ZO7Pb)S+ + e+21¢1(2°7pb)5_], (4)

where a(*”Pb) and d(*”Pb) are the nuclear spin—electron orbit
interaction constant and the constant for the dipole-dipole coupling
between the nuclear spin and the electron spin, respectively.

For the B?S* state of 2’ PbF, Hund’s case (bgs) coupling scheme
is used,”’

H' (=) = b: *"Pb)ICPb) - S + c(CVPLYICCVPb)S.,  (5)

where the Fermi contact constant bF(207Pb) and the Frosch and
Foley hyperfine constant c(*’Pb) are adopted for the nuclear
spin-electron spin interaction and the nuclear spin-electron spin
dipole-dipole interaction, respectively.

In this Hund’s case (bgs) coupling scheme, the electron spin
angular momentum S§(=1/2) is coupled to the nuclear spin of 207py,
(I = 1/2) to give the total spin angular momentum G, with the
approximately good quantum numbers (G) having possible values of
1 and 0. G is coupled with N to give the total angular momentum F.
The aforementioned six branches of the 22 (b)-X*I11/2 (a) labeling
scheme regroup into eight branch features of the 2yt (b,;s)—le'Il/z
(agy) scheme. Therefore, 207PbF has eight branches,” Py, 1P51,7 0y,
1Q1, "Qa1, "Ry, “Rat, and °S; in the (0, 0) band of its B*X*-XII1»
transition (see Fig. 2).

The spectrum of the (0, 0) band of the BZZ+—X2H1/2 system
was simulated using the PGOPHER program.”” Molecular con-
stants of both the X*Iy/ ground state and the B’S" excited state
of the three isotopologues of PbF determined in fitting the spec-
trum are listed in Tables I and IT in comparison with previous
values, wherever available.'”*"**?*~* Observed and calculated tran-
sition frequencies and residuals of the frequency fit are given in
the supplementary material. The standard deviations of the fits for
the 2 PbF, 2’ PbF, and 2°°PbF spectral lines are 0.0015, 0.0010, and
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TABLE 1. Molecular constants of the X2I1;,, and BZS* states of 26PbF, 207PbF, and 2%8PbF (in the unit of cm~"). The first
value for each molecular constant listed is from a global fit to the X2ITa,-X2I14,, spectrum of Ref. 20, the pure rotational
spectrum of Ref. 22, and the BZZ*—XZHW spectrum of the present work, while previously reported values are included in
the other rows. The numbers in parentheses are error bars in the unit of the last digit.

State Parameter 208ppF 27phHE 206phHE
0.230 646(3) 0.230 766(2) 0.230 850 7(6)
% 0.230 663 40(6)" 0.230 756 67(3)" 0.230 850 63(2)"
0.230 663(2)" 0.230751(5)" 0.230 846(2)"
0.228 01(5)°
1.738(19) 1.900(41) 1.929(70)
1.826(2)" 1.844(6)"
3 107 D//
X1y * 1.823(5)" 1.82(2)" 1.817(6)"
1.81(5)°
8276.287 2(22) 8276.291 02(51) 8276.299 2(fixed)
A 8276.283 5(6)° 8276.2927(6)"
8276.283 59(9)" 8276.2930(4)" 8276.299 2(9)"
5.256 56(19) 5.26536(51) 5.261 1(fixed)
10° x Ap 5.256 8(1)" 5.2592(10)"
5.256 8(2)" 5.2590(6)" 5.2611(2)"
~0.137919(8) ~0.138269(2) ~0.138 326 8(1)
~0.13821392(1)" ~0.138270 00(1)" ~0.138 326 73(3)°
P ~0.13820(1)" ~0.13843(2)" ~0.13830(1)"
~0.138 8(3)°
5 0.247 322 5(57) 0.247 449 5(76) 0.247 537 5(16)
0.247 36(5)°
., 1.617(15) 1.619(4) 1.475(23)
Bs* 10° x D 1.62(3)°
0.002 653(16) 0.002 732(13) 0.002 716(22)
y 0.002 6(1)°
b Pb) 0.158 4(17)
¢(”’Pb) 0.006 0(4)
Too 31558.949 7(3) 31558.9183(8) 31558.9022(2)

*Reference 22.
®Reference 20.
“Reference 19.

0.0011 cm™, respectively, which are significantly smaller than the
FWHM of the LIF spectrum.

A global fit involving the field-free emission spectrum of the
X,2T13/,-X1 %111/, transition in the mid-infrared region,”’ the pure
rotational microwave spectrum of the X 121'11/2 state,”” and the LIF
spectrum of the B> _X°TI, 12 recorded in this work has been carried
out. Transition frequencies from different spectra were weighted
according to their reported accuracies. Molecular constants of the
ground (X?M12) and the excited (B*S*) electronic states determined
in the global fit are given in Table I. The spin—orbit constant (A)
and its centrifugal distortion correction parameter (Ap) of the X*TT

state of PbF determined in the present work are in good agreement
with values previously reported in Refs. 20 and 22. The values for
the Ay and pp of the X2 IT)/, state are fixed at the values reported in
Ref. 22. For the B*Z* state, the spin—rotation constant (y) has been
reported in Ref. 19, albeit only for 208pKE. Our results for the molec-
ular constants of the B°S™ state of 2PbF agree with Ref. 19. The
experimentally determined values of the Frosch and Foley hyperfine
constants, b(*YPb) and c¢(*”’Pb), of the B>S* state are 0.1584(17) and
0.0060(4) cm™, respectivelgl. The fine and hyperfine structure con-
stants of the B*Z" state of *’PbF and °°PbF are determined for the
first time in the present work.
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TABLE Il. The hyperfine constants, A, and Ay, of 27Pb in the ground state, X2ITy,,

and the excited state, B2=* of 27PbF (in the unit of cm~"). The numbers in the
parentheses denote the error bars in the unit of the last digit.

AL (*Pb) Al (*7pb)
Our results (expt.) -0.2423(7) 0.3380(12)
Reference 21 (expt.)  —0.24230225(1) 0.338456 59(3)
Reference 20 (expt.) 0.242(1) e
X*IL,  Reference 30 (theo.)* -0.2393 0.3316
Reference 31 (theo.)” ~0.2288 0.3244
Reference 32 (theo.)" —0.262(13) 0.304(14)
Reference 33 (theo.)" -0.2999 0.366 6
Bzt Our results (expt.) 0.1644(21) 0.158 4(17)

*The relativistic coupled-clusters method combined with the generalized relativistic
effective core potential approach and nonvariational one-center restoration technique.
YThe ab initio relativistic correlation method.

“The self-consistent field method.

4The ab initio effective core potential calculation method.

IV. DISCUSSION

Based on our experimental results, the energy level diagrams
of B’Y" and le'll/z states of PbF isotopologues can be derived.
The energy level associated with the LIF transitions assigned in
Fig. 2 are illustrated in Fig. 3 (for 2®PbF and ***PbF) and Fig. 4
(for *’PbF). The energy level diagrams for the X’IIy, state of the
28pbE and *“’PbF show that these two isotopologues have small

N ’ ’
95
9 R _
8\ 0.0242 cm'! 0.0252 em'!
B2L* S ) _
4.4285 cm! 4.4313 cm!
. 85 N
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~| @
| g
O =t
g
], ],
" J"
/ A +
i [
10 105 I 15175 e 1.5217 em!
X My, 1
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9 95— 1.3795 cmr! 1.3834 cm!
+
(a) 25PbF (b) 206PbF

FIG. 3. Energy level structure and transition diagram of 2°®PbF and 2°PbF
associated with the transitions in Fig. 2.
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FIG. 4. Energy level structure and transition diagram of 2 PbF associated with the
transitions in Fig. 2.

A-doubling splittings. In the eEEDM measurement, a sufficient exter-
nal field is required to mix the ground state A-doubling levels.
Therefore, the nearly degenerated lowest-lying A-doubling levels
of the *®*PbF and *”’PbF could have advantages for the PbF-based
eEDM measurement.

The hyperfine interaction tensor A [see Eq. (1)] is diagonal in
the molecular frame and can be parameterized as A, and A by com-
bining the Frosch and Foley hyperfine constants.® For the X*IT;,,
state of *’PbF, A, (*”’Pb) = —d and A|(*”’Pb) = 2a — b — c.”* We
derived A; *YPb) = —0.2423(7) cm ™! from our experimental results
(see Table I). The Frosch and Foley hyperfine constants, b and ¢, in
the X*I1}, state are negligible and, hence, were set to zero in our fits.
As aresult, A (*"Pb) is given as 0.3380(12) cm™'. The A, (**’Pb)
and A|(*”’Pb) of the X’II;;, state of *”’PbF are listed and com-
pared with previously determined values in Table I1. Our A, and A
values are in good agreement with the experimental results derived
for the X’II);; state in Ref. 22. The discrepancy in the sign of A,
in Ref. 20 is caused by different sign conventions in the expression
of the energy levels.”” The theoretically predicted values are slightly
larger than ours and previously reported experimental ones. More-
over, we have derived the values of the A, (**’Pb) = 0.1584(17) and
A (*”Pb) = 0.1644(21) cm™" for the B*Z" state of **’PbF from our
experimental results (see Table II). Currently, only McRaven et al.'”
and Baklanov et al.’! have reported the experimental and theoretical
results of the A, (*’Pb) and A (*"Pb) of the A’S™ state. There are
no reported values of the A, (*’Pb) and A (**’Pb) of the B’X" state
in the literature.

In the fourth term of Eq. (1), (dee)S' - n, the nonzero value
of d. can be measured experimentally. However, the effective inter-
nal electric field (W?) can only be predicted by high-level electronic
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structure calculations. A comparison of the experimentally deter-
mined values of the A;(*Pb) and A;(*”Pb) reported in the
present work can help test the reliability of computational method-
ologies for predicting W*. The same ab initio relativistic correlation
methods for calculating W* can also predict the Fermi contact inter-
action constant br = b + ¢/3.”! In this work, the experimentally
determined br(*’Pb) is 0.1604(18) cm™", which can also be used to
test theoretical methods for predicting W*.

V. CONCLUSIONS

In summary, we recorded the high-resolution LIF spectrum of
the (0, 0) band of the B’>* —X2H1/2 transition of PbF under jet-
cooled conditions and studied the fine and hyperfine interactions
in its B2=" and X*I1,), states. The spectral lines of 208phF, 297phF,
and *°PbF were assigned and analyzed to derive the fine and hyper-
fine molecular parameters of the v = 0 levels of the B?>s* and X1, 2
states of all three isotopologues. The hyperfine parameters, A, and
Ay, of the X211y, and B*Z* states of 2’ PbF were given and discussed.
The Fermi contact interaction constant (bg) of the B*S™ state of
27PbF was determined for the first time in the present work. These
parameters are essential in determining energy shifts in eEEDM mea-
surements and can be used to test theoretical methods in predicting
the internal electric field of PbF.

SUPPLEMENTARY MATERIAL

See the supplementary material for the rotational assignment
of experimentally observed spectral lines in the (0, 0) band of
the BZZ+—X2H1/2 transition of 2*®PbF, 2’ PbF, and 2°°PbF (in units
ofcm™).
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