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PbF, a valuable candidate for measuring the electron electric dipole moment (eEDM), is of great significance in
measuring its spectrum and deriving its molecular constants in experiment. In the present work, the rovibronic spectrum
of the BZZ+—X12H1 /2 transition of PbF in a wavelength range of 260 nm-285 nm is studied by the laser ablation/laser

induced fluorescence method. The molecular parameters of the X,°I1; /2 (' =0) and B2Xt (/ =0, 1) states are derived
from the recorded spectra of the (0, 0) and (1, 0) bands of the B22+—X12H1 /2 transition. Also, the Franck—Condon factors
(FCFs) of the transitions between the B2XZ" and X12H1 /2 states are calculated by the RKR/LEVEL method and the Morse

potential method, respectively.

Keywords: spectroscopic parameters, Franck—Condon factors, an eEDM candidate, lifetime

PACS: 33.15.Pw, 33.20.Lg, 33.20.Vq, 33.70.Ca

1. Introduction

Heavy polar diatomic molecule, PbF, with a single un-
paired electron and a larger internal electric field (Ecf), is a
valuable and sensitive candidate for measuring the electron
electric dipole moment (eEDM) accurately.!!=3! Spectroscopic
experimental study of open shell state of PbF is required for
implementing the precise eEDM measurement.

The preliminary study of the B—X; emission spectrum of
PbF was first conducted by Rochester in a carbon tube fur-
nace in 1938.14! Reddy and Rao have photographed the B-X,
subsystem in the 2" order of a 21-ft (1 ft=3.048x10~! cm™!)
concave grating spectrogram, but in their spectra the fine struc-
ture is not well-resolved. ! Later, Singh and Singh determined
the rotational constants of the upper and lower states, B and X,
states.[® In 1977, Lumley and Barrow studied the rotational
transitions of the B—X; system of PbF in a King furnace by
the spectrograph method and gave the rotational constants for
the B and X states.[” In 1985, Balasubramanian used the rela-
tivistic configuration interaction approach to calculate the low-
lying states of PbF and gave the associated potential curves.!®!
In 1992, Chen and Dagdigian produced PbF by reacting Pb
atoms with F, molecules, detected the B-X spectrum of PbF
by laser-induced fluorescence method, and made a rough esti-
mate of the lifetime of the B state.[°! Ziebarth ez al. studied the
high-resolution emission spectra of PbF in X22H3 /2—X12H 1/2
transition.'9 In addition, the radiative lifetime of the B state
of PbF and the average transition dipole moment of B—X tran-
sition were given by McRaven et al.!'!l In 2010, McRaven et
al. used resonance enhanced multi-photon ionization (REMPI)
technique to measure the rotational spectra of the B, D, E, and
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F states of 28 PbF, and determined spectroscopic constants for
these states and for the isotopologues 2’°PbF and 207PbF!!?]
as well. In a recent study, Baturo et al. reported the electric-
field-dependent g factor of 2072%8PbF’s lowest rotational en-
ergy level through experimental measurements and theoreti-
cal calculations, and gave the optimal electric field of eEEDM
measurement.''3) However, the reported spectral data of B—
X transition of PbF are still meager. Only partial parameters
of PbF in B state were given by above studies, the rovibronic
spectra and structures of the PbF B—X transition still need
studying further.

In this work, the spectra of (0, 0) and (1, 0) bands of
PbF in B—X transition are recorded and analyzed to obtain
the rovibronic structure and spectral constants of the B state
and X state. Also, the FCFs of the transitions between the vi-
brational levels of the B—X transition and the potential energy
curves of B and X states are calculated by the Morse potential
method!'*! and RKR/LEVEL!">-2%I methods.

2. Experiment setup

In the present work, the laser ablation and laser induced
fluorescence techniques were used for generating PbF radical
and measuring the spectrum of PbF in the range of 260 nm-
285 nm. The details of the experimental setup are described in
the following.

The PbF molecular beam was produced by the reaction of
Pb plasma with CF4 gas. The ablation laser with a wavelength
of 1064 nm and the laser output energy of ~ 1 mJ was focused
on ~ 0.5 cm above the rotating and translating Pb metal rod
through a lens with a focal length of 30 cm to generate Pb

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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plasma. The reaction gases (10% CF, gas mixing with argon
carrier gas in volume) were ejected into the reaction chamber
from the pulse valve and reacted with the Pb plasma at a dis-
tance of 1 cm from the pulse valve to generate PbF molecular
beam.

The fluorescence spectrum of B2L"—X °I1, /, transition
of the PbF molecules was excited by an excitation laser at
a distance of 30 cm from the ablation point. The excitation
laser was an Nd:YAG laser pumped dye laser with a typical
linewidth of 0.04 cm~! for the fundamental beam. The diam-
eter of the excitation laser beam in the detection chamber was
~ 1 mm. Typical laser pulse energy for detecting the B?L—
X12H1 /2 transition of PbF was ~ 0.5 mJ. Typically, the static
pressure and the dynamic pressure of the reaction chamber
were 3.5 x 107% Pa and 5.0x 1073 Pa, respectively. The static
pressure and the dynamic pressure of the detection chamber
were 2.0x 1076 Pa and 2.0x 10~* Pa, respectively.

The laser excited fluorescence signal was collected with a

lens telescope system onto a photomultiplier. The signal from
the photomultiplier was directed to a gated integrator. A 1-
GHz digital oscilloscope was used to measure the radiative
lifetime of the v/ = 0 level and the v/ = 1 level of PbF B2X*
state.

The wavenumbers of the spectral lines were calibrated by
a calibrated wavemeter.

3. Results and discussion

The B—X| transition of PbF is expected to be the 2L —
211, /2 transition, each band has six branches. Figure 1 shows
the schematic diagram of energy level transitions between the
2y + state and °T1; /2 state. These six branches are denoted as
Q21, Q1, P21, Ry, Py, and Ry;.

As shown in Fig. 1, the allowed transitions are those with
AJ = 0, £1. Transitions for which AJ = J' —J" = —1 be-
longs to the P-branch, AJ = J' —J” = 0 the Q-branch, and
AJ =J' —J" = +1 the R-branch.
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Fig. 1. Schematic diagram of energy levels of B-X transition of 2%8PbF.

The heavy-metal nature of Pb is reflected clearly in the
large spin—orbit splitting in the ground electronic state. The
predominant electronic configuration of the X state is found to
be o2 7*. The large spin—orbit splitting in the X state arises
from electron occupation in the 7* orbital. The Hamiltonian
of the ground state, X12H1 /2, can be expressed as

1 1
HX1 :B//J// (]”—|— 1) _DIIJ//2 (_]"—|— 1)2:|: Ep// (]”+ 2> , (1)

where B” and D" are the rotational constant and the centrifu-
gal distortion, respectively, p” is the Q-doubling constant, and
J" is the rotational quantum number.

The B state is assigned as a Rydberg state which stems
from the electronic configuration 6> 7* o, with the o orbital

1.7-%1 According to the

being derived from a 7s atomic orbita
Barrow’s reported results,?!! B2Xt is a case (b) state, with
very small spin splitting. The Hamiltonian of the B state can

be written as!?!]
1
Hy (1)=BY' (/' +1) =D (/' +1)*+ S )
1
Hy (2)=BJ (/' +1) =D'J* (' +1)" = 29/ +1). (3)

where B’ and D’ are the rotational constant and the centrifugal
distortion, respectively, ¥ is spin doubling constant, and J’ is
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the rotational quantum number.
The population of the rotational levels is given by a Boltz-
mann distribution,
(20 + 1) exp(—Es (J, p) /ks T)

P(J,P) :Zfi,Pi ((2][ + ])exp (—EB (J;,p;)/kBT)) ’ “)

where p is the parity of the related state, the subscript i refers

to the i-th energy level, kg denotes the Boltzmann constant, T
represents the rotational temperature of the molecule.

The relative dipole moment between two different states
is given by(??]

Ivy= Y PU"P)S Y
‘,”p”n/lp, J//p//"]/p/
2
X eXp 412 (Ve _2 bryrsy) ) (5)
Av

where vy s is the transition frequency between the upper
state J'p’ and the lower state J” p”, and given in Eq. (6); S is
the relative transition dipole moment between the upper state
and the lower state, symbol ” and symbol ’ represent the upper
state and lower state, respectively.

Eg (J',p") —Ex,(J".p")
v./”p”,]’p’ = A 1 . (6)

From Egs. (4) and (5), the calculated relative intensity of Qy;
branch is around twice stronger than that of the Py branch and
the Rp; branch, and the intensity of the P; branch and Ry
branch are almost similar to each other.

The B22+—X12H] /2 transition of the PbF molecule is a
perpendicular transition as deduced by Lumley and Barrow.!”]
Figure 2 gives the recorded experimental and simulated spec-
tra of the PbF B?£—X,I1; /, (1, 0) and (0, 0) bands, respec-
tively.

As shown in Fig. 2, the simulated spectra of (0, 0) and
(1, 0) are in good agreement with the experimental ones.
The recorded experimental spectra of the (0, 0) and (1, 0)
bands of the B-X; system are both double-headed. The
spectra features have a sharp cut-off in intensity at the low-
est transition frequency, and a gradual loss. The spectra
are blue-degraded, thus the rotational constants are inequal:
B/(B2X") > B"(X I, )5).

The relatively weak spectra on the left-side of (0, 0) and
(1, 0) bands belong to the Py branches, the ones in the mid-
dle are mainly for the Q branch and Q»; branch, and the ones
on the right side are for the R branch and Ry; branch. How-
ever, under our present experimental conditions only three
branches, P, Q1, and Ry, are resolvable. From the recorded
spectra (Fig. 2), the intensity of experimentally measured P
branch and Ry branch are weaker, the intensity of Q;; branch
is approximately twice stronger than that of the P; branch and
the Ry branch. These are consistent with our calculated val-
ues from Eq. (5).
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Fig. 2. Experimental (red) and simulated (black) LIF excitation spectra of
PbF B2L—X 1, , transition for (a) (0, 0) band and (b) (1, 0) band.

The rovibronic spectra of these two bands, (0,0) and
(1,0) (in Fig. 2), are simulated using Pgopher program. 3]
The rotational and fine structure constants are determined by
directly fitting the experimental data of each band. The de-
rived spectral parameters of the B and X states are given in
Table 1.

Table 1. Spectral parameters of B2Z* states and Xlzl'Il /2 states of 208PbF (in units of cm™').

X12H1/2 B2y
Parameters Y =0 V=0 V=1
This work Ref. [10] This work Ref. [7] This work Ref. [7]
T. 0 0 35644.26(8) 356432
B, 0.23066(2) 0.230663(2) 0.24709(12) 0.24736(5) 0.24588(10) 0.24588(5)
107D, 1.772(3) 1.823(5) 1.622(9) 1.62(3) 1.455(7) 1.64(3)
P -0.1382(2) 0.13820(1)
b4 —0.0098(1) 0.0026(1) 0.0023(4) 0.0027(1)

4This value is cited from Table 4 in Ref. [7].
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In Herzberger’s book, it is mentioned that the B state of
PbCl and PbBr is easy to predissociate and assigned as a dif-
fuse band.[?4] According to our measurement, the B state of
PbF has a short lifetime. It may also be caused by predissocia-
tion similar to the case for the B state of PbCl and PbBr. In the
present work, we also find that we can excite PbF from its X;
state to B state by using much lower laser energy than from its
X state to A state. It is because the oscillator strengths of the
corresponding band systems are relatively great. !
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Fig. 3. Decay profile for excitation of (a) v/ = 0 level and (b) v/ = 1 level
of the B state of PbF, with black dots denoting measured experimental
decay data, and red solid lines referring to fitting curves.
Figure 3 displays a typical decay profile for excited B
state of PbF molecule. The contributions due to the laser scat-

tered light from the excitation laser and the ablation laser are
eliminated in the decay profile which is shown in Fig. 3. The
fluctuation of the decay profile results from the fluctuation of
the laser output power.

The best fits yielded lifetimes for the B state v/ = 0 and
[ levels are 11.90 ns and 10.51 ns, respectively. The duration
of the probe laser pulse and the response time of the photo-
multiplier in the present experiment are both ~ 10 ns. It was
shown in Ref. [9] that the lifetime for the v/ = 0 level and the
v =1 level are 3.6 +0.4 ns and 6.6 + 0.4 ns, respectively. It
was estimated in Ref. [11] that the lifetime of the B state is less
than 2 ns. To accurately measure the lifetime of the vibrational
level of the B state, a laser with a narrow band width or a CW
laser, and a rapid response detector are needed.

The potential energy curve of B state is calculated by the
Morse potential and RKR/LEVEL methods, and the obtained
results are shown in Fig. 4. The calculated FCFs of the B-X
transition are shown in Table 2. The calculated FCFs by Morse
potential and RKR/LEVEL methods are consistent with each
other. The calculated results show that the intensity of the (0,
0) band and the (1, 0) band are similar. The transition intensity
of (2, 0) is around half that of the (0, 0) and the (1, 0).

- --- RKR
- —— Morse

Energy (10* cm—1)

SO = N W ke OO N
T

3.0 3.5 4.0 4.5 5.0 5.5
r (A)

Fig. 4. Calculated potential energy curves of PbF X; state and B state
by Morse potential (red line) and RKR/LEVEL (black line) methods.

Table 2. Calculated Franck—Condon factors of PbF B2L+-X 12H1 /2 transition.

Method V=0 V=1 V=2 Vv =3 VvV =4 V=5 V=6
V=0 Morse 3.86x107! 3.86x107! 1.74x107! 4.55%1072 7.48%x1073 7.87x10~4 5.16x107
RKR 3.83%x107! 3.84x107! 1.76x107! 4.78x107! 8.29x1073 9.14x10~4 6.13x1073
V=1 Morse 3.51x107! 1.17x1073 2.35%107! 2.68x107! 1.15x107! 2.63x1072 3.50x1073
RKR 3.49x107! 6.00x10~% 2.27x107! 2.70%x107! 1.21x107! 2.86x1072 3.79%1073
V=2 Morse 1.76x107! 1.78x107! 7.25%1072 6.93%x1072 2.60x107! 1.80x10°! 5.54%1072
RKR 1.76x107! 1.70x 107! 8.10x1072 5.98x1072 2.58x107! 1.88x10~! 5.76x1072
V=3 Morse 6.34x1072 2.24x107! 3.30x1072 1.49x10°! 2.77x1073 1.94x107! 2.23%107!
RKR 6.52x1072 2.21x107! 2.52x1072 1.58x107! 8.97x10~* 1.93x107! 2.31x107!
VIi=4 Morse 1.83x1072 1.34x107! 1.67x107! 8.75x10~* 1.50x 107! 1.35x1072 1.16x107!
RKR 1.98x1072 1.37x10~! 1.55x10~! 3.67x1073 1.53%x10~! 1.73x1072 1.24x107!
V=5 Morse 4.45%1073 5.46x1072 1.68x107! 8.35x1072 3.38x1072 1.04x107! 5.53%x1072
RKR 5.21x1073 5.92x1072 1.67x107! 6.81x1072 4.48x1072 1.05x 107! 5.62x1072
V=6 Morse 9.29%10~* 1.73%x1072 9.54%1072 1.59x107! 2.31x1072 7.72%1072 5.01x1072
RKR 1.24%x1073 2.04x1072 1.01x107! 1.49%x10°! 1.44%1072 8.76x 1072 5.89%1072
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4. Conclusions

In this work, the laser ablation technique combining with
the chemical reaction method is used to produce PbF radicals.
The rovibronic spectra of (0, 0) and (1, 0) bands of PbF B2y+-
X12H1 /2 transition in a range of 260 nm-285 nm is detected by
the laser induced fluorescence method. The rovibronic molec-
ular parameters of the X state and B state are derived by ana-
lyzing the recorded spectra of the (0, 0) and (1, 0) bands of PbF
B2X XTI, , transition. Also, the lifetimes of B (v =0, 1)
state are discussed from the fluorescence decay spectra. Fi-
nally, based on the obtained results in the present work, the
Franck—Condon factors of B—X; transition of PbF are calcu-
lated and compared with that obtained by the Morse potential
and RKR/LEVEL methods.
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