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Molecular tellurium (Te2) offers a wide range of potential applications, including frequency reference.
Spectroscopic results about the 130Te2 spectrum were previously reported, but few lines lie around the
PbF transition of A (2R+) (t0 = 0)  X1

2P1/2 (t = 0) (�444.4 nm) which is regarded as an eEDM (electron’s
Electric Dipole Moment) sensitive transition. Here electronic transition lines for 130Te2 were determined
using the Saturated Absorption Spectroscopy method, where the origin of the transition band was inves-
tigated for the B1 (

3R�u )0
þ
u (t0 = 10) X1 (

3R�g Þ0þg (t = 5) transition. The Dunham model with high orders
was utilized to assign these transition lines, while Dunham parameters of the excited state B1 (t0 = 10)
were updated to a new level. The Toptica TA-SHG Pro laser was then locked to a single absorption line
using a P-I servo. Our results here not only provide the assigned atlas of Te2 spectrum near 444.4 nm,
but also contribute to a stable and sensitive spectroscopic detection of PbF molecules toward the
eEDM measurement, which is significant in understanding the fundamental physics beyond the
Standard Model.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

The measurement of the electron’s Electric Dipole Moment
(eEDM) has been a state-of-the-art technique in search of new phy-
sics beyond the Standard Model. Though only a few experimental
results have been obtained upon molecules such as YbF [1], HfF+

[2] and ThO [3], these still cannot confirm the existence of an
non-zero eEDM value. There are still more tentative molecular
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systems, such as RaF [4], RaH [5], BaF [6], HgF [7], HgBr [8], BaOH
[9], WC [10], YbOH [11], and PbF [12,13], have been investigated
for their suitability for an eEDMmeasurement. As a diatomic mole-
cule, PbF possesses numerous properties that are beneficial to
measuring eEDM, including the large dipole moment, strong inter-
nal electric field and small sensitivity to external magnetic field
[14,15]. In the proposed eEDM measurement, PbF molecules carry-
ing the eEDM phase can be detected via spectroscopic methods
such as the resonance-enhanced multiphoton ionization through
the A (t0 = 0, J = 1/2, F = 1, MF = 0)  X1 (t = 0, J = 1/2, F = 1, |MF|
= 1) transition of about 444.4 nm [14]. It is therefore crucial to have
reference lines around the required transition [15] for stabilizing
the laser system, eliminating the long term frequency drift
(1 GHz/hour) of narrow-linewidth laser due to mechanical or ther-
mal destabilization.

Atomic or molecular absorption lines are effective absolute fre-
quency standards for optical lasers, since they can cover a specific
range of wavelengths while maintaining a high level of stability.
The molecular tellurium absorption band covers the range
between 350 nm and 600 nm [16 17], and the most complete
absorption spectrum has been characterized by J. Cariou and P.
Luc from 420 nm to 540 nm[18]. In the 1980 s, dye lasers were uti-
lized to conduct supplementary work [19], in order to update the
spectroscopic constants of its ground and excited states [20–22].
Saturated Absorption Spectroscopy (SAS) or Modulation Transfer
Spectroscopy (MTS) were extensively conducted in recent years
on the Te2 spectrum as frequency standards in the 400–600 nm
range [23–29]. However, there are only 11 lines reported in our
desired range of 444.4 ± 0.05 nm [26], which are not sufficient to
address the molecular transitions of PbF A (t0 = 0, J = 1/2)  X1

(t = 0, J = 1/2) even by the aid of acousto-optic modulators (AOMs)
or electric-optic modulators (EOMs).

Therefore, it is vital to measure more specific molecular Te2
transition lines that lie around PbF A (t0 = 0, J = 1/2)  X1(t = 0,
J = 1/2), which are crucial to carry out the sensitive spectroscopic
detection of PbF molecules in an eEDM experiment. Here, we
demonstrate the optical scanning results of Te2 lines around
674600 GHz by a SAS method, which present 187 lines across a fre-
quency range of roughly 400 GHz with the linewidth closed to the
natural one. These molecular transitions are further analyzed using
the Dunham model and the least squares fitting method, in order
to shed more lights on the Dunham parameters Tt,Bt,Dt and Ht

of B1 state (t0 = 10) in a significant level. The frequency of a Toptica
TA-SHG Pro laser may be stabilized with greater than 10 MHz
accuracy (10-8 Df/f) by locking to a single absorption line via a P-
I servo. Our results not only provide the detailed frequency refer-
ence atlas near 444.4 nm which can be extended to other spectral
range of Te2, but also contribute to a stable and sensitive spectro-
scopic measurement of PbF in an eEDM experiment that is insight-
ful for understanding parity and time-reversal violating effects in
the fundamental physics.
2. Experimental details

Fig. 1 illustrates the experimental setup of the Saturated
Absorption Spectroscopy using a Te2 cell. The isotopic 130Te2 was
uniformly heated in a cylindrical glass cell (purity greater than 99.3
%; Opthos instruments, Part No. AC-T) maintained at 600 �C where
the tellurium vapor pressure is around 1 Torr. With two counter-
propagating laser beams and a reference beam, the absorption
spectrum of Te2 were studied using the SAS method. The ‘‘pump”
beam (reflected) and another transmitted light were created by
dividing the original beam from the blue laser (Toptica, TA SHG-
Pro) through a polarizing beam splitter (PBS, Thorlabs, PBS101),
allowing the splitting ratio between them to be changed using a
2

k/2 wave plate (Newport, 05RP12-10). The transmitted beam was
then split into two parts using an unpolarized beam splitter (Lbtek,
BS1055-A): the probe beam, which was directly transmitted
through the cube and into the Te2 oven, and the reflected beam,
which was parallel with the probe beam after a 90� prism mirror
(Lbtek, RAP105-A) for reference. The pump beam went through
the Te2 cell after another PBS, sharing the same beam path as the
probe laser but in the opposite direction, after being reflected by
two mirrors (CVI Optics, TLM1-450–45-4050). The pump beam
was held at 50 mW to saturate the Te2 absorption, while the probe
and reference beams were kept around 50 lW. A balanced Si Pho-
todetector (Thorlabs, PDB210A) was used to receive the absorption
signal, which can produce an output signal proportionate to the
intensity difference between the probe and reference beams.

A ramp scanning voltage (0.05 Vpp, 1 Hz) was created by a func-
tion generator (HP, 3245A) and then applied to the Toptica laser
diode’s piezo voltage, resulting in a scan range of 0.5 GHz, and
the entire scan was performed piece by piece with a 0.1 GHz over-
lap. Frequency may also be shifted by changing the voltage offset of
the PZT, allowing it to be tuned beyond 30 GHz in IR without mode
hop. The PZT scan has a scanning error basically due to the unsta-
ble applied voltage [26] while it is small enough to neglect. The
fundamental wavelength (IR, 888.8 nm) of laser was monitored
by a wavemeter (Highfineness, WSU-30) whose calibration will
be described later. The pump beam was modulated at 200 Hz with
an EOPM (Thorlabs, EO-PM-NR-C4). The signal from the photode-
tector output was demodulated using a Lock-in amplifier (EG&G,
Model 5210), and the signal was then collected using an oscillo-
scope (Tektronix, DPO4104B) and transferred to a computer.
3. Experimental results

Within twelve hours, the SAS technique detected 187 lines
ranging from 674387 to 674797 GHz. Table 1 summarizes the
observed transition lines, and Fig. 2 illustrates the resulting spec-
trum. The line 101 corresponds to line [1525] in the tellurium atlas
[18] and the relative intensities are normalized with respect to the
line 101. A typical transition was also presented in the inset of
Fig. 2 where the waveform collected by an oscilloscope is shown
as black squares. The red solid line agrees with a Lorentz fit with
a reduced R2 value greater than 0.9984 and a FWHM of 22.40(4)
MHz.

In our experiment, the uncertainty for the frequency measure-
ment basically attributes to the short-term instability of the laser
frequency, the wavemeter’s long-term drift and the wavemeter’s
absolute accuracy. The short-term uncertainty has been evaluated
by measuring the line 101 for 500 times, providing an uncertainty
of 6.36 MHz (95% confidence interval). The long-term uncertainty
during the whole experiment (12 h) is � 3 MHz according to
wavemeter’s specifications and Ref. [30]. The absolute uncertainty
is considered to be the absolute accuracy of the wavemeter itself
(30 MHz). Since the wavemeter measures the fundamental wave-
length (�888.8 nm) during the whole experiment and the SHG out-
put (444.4 nm) has been sent to the Tellurium cell for scanning, the
combined uncertainty is doubled to be about 62 MHz for the entire
spectrum. The uncertainty of intensity has also been evaluated,
which indicates a standard deviation of 0.029, leading to the statis-
tical uncertainty of 5.8 % (Fig. 2).
4. Discussion

4.1. Calibration of wavemeter

During the experiment, a difference of approximately � 4 GHz
gap (�2 GHz in IR) was discovered between the wavemeter read-



Fig. 1. Experimental setup for the SAS spectroscopy surrounding the tellurium cell (Not to scale). Red: fundamental laser output (�888.8 nm); blue: SHG laser output
(�444.4 nm); green dashed: electrical signal. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Q. Lin, R. Pang, Z. Wang et al. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 270 (2022) 120754
outs and the known transition frequencies published by Cariou
et al. [18] It is worth noting that the fundamental laser from the
IR port (�888.8 nm) has been sent to the wavemeter (HighFinesse
WSU-30) for frequency readout (Fig. 1). A similar SAS method was
utilized to address the calibration by adopting a cesium cell at the
room temperature. The initial beam from the Toptica laser’s IR Port
(�895 nm) was split through a polarizing beam splitter (Thorlabs,
PBS102), allowing most of the light reflected to be transmitted as
the pump beam went across the Cs cell. Then the pump beam went
through a k/4 wave plate (Newport, 10RP04-31) and a round con-
tinuously variable ND filter (Daheng optics, GCO-0704 M). After
being reflected by a mirror (Thorlabs, PF10-01-P01), the probe
beam went through the cell in the opposite direction along the
same beam path and was transmitted via the PBS. The pump beam
was held at 20 mW and the probe beam was kept around 50 lW,
which can be adjusted by rotating the ND filter. A Si Switchable
Gain Detector (Thorlabs, PDA36A2) was used to receive the absorp-
tion signal, which was then captured by the same oscilloscope.

Udem et al. [31] measured the Cesium D1 line using a mode-
locked laser, obtaining the absolute optical frequency of four
hyperfine transitions between F = 4 and F = 3 states. Table 2 sum-
marizes frequency readouts from the wavemeter and measure-
ments of those transition lines. The Fg = 4 ? Fe = 3 transition
was measured 500 times, yielding an average readout value of
335109.396 GHz, suggesting that the difference between the
wavemeter’s readout and actual frequency should be 1.974 GHz.
Unless otherwise specified, all frequencies in this work were cali-
brated with respect to this difference.

4.2. Comparison with previous results

Here, 22 lines are identified by comparing themwith the known
Te2 lines of the Cariou’s atlas [18], whose measured frequencies are
in good agreement with the previous data within 40 MHz. The
result was then summarized in Table 3.

4.3. Line assignment for X1-B1 transition

Previous work computed the Dunham parameters for the A and
B1 states of 130Te2 [21]. The band origin of B1 (3R�u )0

þ
u (t0 =

10)  X1(3R
�
g )0

þ
g (t = 5) transition was discovered to be about

674700 GHz and the low rotational (up to J ¼ 40) spectrum was
3

covered by this scanning range. Only P and R branches appear in
this spectrum while the Q branch is forbidden since X = 0 [32].
Therefore, the assignment for this transition was performed for P
and R branches only.

The Dunham model [33] was applied to our scanning result to
determine the frequency of a specific transition and the brief
explanation is presented here. Diatomic molecules have two
degrees of freedom, namely vibration and nuclei rotation with
respect to one another. The vibration of two nuclei can be regarded
as a quantum harmonic oscillator with the energy level form like
Et ¼ �hxðtþ 1=2Þ where t is the vibrational quantum number
and the rotational energy can be calculated with the quantum
angular momentum operator yielding energy levels

EJ ¼ ð�h2
=2IÞJðJ þ 1Þ, where J is the rotational quantum number.

When rotation and vibration occur simultaneously, a model with
higher order coupling terms is employed to explain the ro-
vibrational energy level, which may be characterized by Dunham
parameters as in Eq. (4.1), where Tt and Bt denote the electronic
energy and rotational constant respectively, and Dt and Htrepre-
sent the centrifugal distortion constants.

Et;J ¼ Tt þ BtJ J þ 1ð Þ þ Dt J J þ 1ð Þð Þ2 þ Ht J J þ 1ð Þð Þ3 þ � � � ð4:1Þ
Despite the fact that 187 lines were discovered during the scan,

only a handful of them are related to this transition, indicating that
a new approach must be used to identify B1 (3R�u )0

þ
u (t0 =

10)  X1(3R
�
g )0

þ
g (t = 5) transition lines from others before the

assigning operation. Previous published values were obtained from
Ref. [21] and parameters can be adjusted by making corrections to
them. The best-fit parameters are assumed to be able to match the
majority of the lines.

The parameters of the ground state were treated as invariants,
whereas the values of Tt and Bt of excited state B1ðt0 ¼ 10Þ were
initially considered. A tiny frequency range was applied to the pre-
viously reported value, which was then split into a grid. If there is
at least one experimental transition line within the tolerance
range, it will be considered as matched with the computed result.
The matching procedure was repeated until all of Tt and Bt sets
were completed, in which the one corresponding to most of the
matched lines was discovered.

Since all of the transition lines have been identified, the assign-
ing method may be performed using the least squares polynomial



Table 1
SAS lines of tellurium near 444.4 nm (relative frequency and intensity are given with respect to the line 101). Numbers in parentheses indicate the overall uncertainty in the last
two digits.

No. Freq. (GHz) Rel. freq. (GHz) Rel. Int. No. Freq. (GHz) Rel. freq. (GHz) Rel. Int.

1 674387.814(62) –223.233 4.10 96 674602.230(62) �8.817 0.79
2 674389.902(62) �221.145 3.53 97 674606.131(62) �4.916 3.10
3 674390.373(62) �220.674 0.28 98 674607.674(62) �3.372 5.30
4 674394.159(62) �216.887 4.33 99 674609.765(62) �1.281 1.02
5 674402.204(62) �208.842 0.37 100 674610.750(62) �0.297 0.53
6 674403.066(62) �207.980 0.90 101 674611.046(62) 0.000 1.00
7 674405.899(62) �205.148 1.07 102 674611.656(62) 0.609 0.73
8 674406.311(62) �204.735 1.64 103 674613.634(62) 2.588 2.85
9 674406.624(62) �204.423 0.44 104 674613.811(62) 2.765 0.15
10 674407.379(62) �203.667 1.02 105 674615.355(62) 4.308 4.98
11 674409.665(62) �201.381 3.57 106 674616.009(62) 4.963 3.06
12 674411.033(62) �200.013 1.98 107 674623.314(62) 12.267 0.13
13 674414.794(62) �196.252 2.65 108 674623.471(62) 12.425 1.84
14 674419.400(62) �191.646 1.23 109 674623.692(62) 12.645 0.16
15 674420.773(62) �190.274 1.36 110 674626.825(62) 15.779 0.37
16 674423.315(62) �187.732 0.54 111 674627.320(62) 16.274 1.21
17 674428.439(62) �182.607 3.19 112 674629.822(62) 18.775 5.38
18 674431.046(62) �180.001 1.63 113 674629.873(62) 18.826 1.46
19 674431.543(62) �179.504 1.48 114 674632.543(62) 21.497 3.75
20 674431.640(62) �179.406 0.97 115 674634.981(62) 23.934 0.18
21 674447.883(62) �163.163 2.08 116 674637.826(62) 26.780 3.00
22 674449.499(62) �161.547 0.63 117 674641.022(62) 29.976 0.92
23 674450.042(62) �161.005 0.46 118 674645.035(62) 33.989 2.67
24 674453.056(62) �157.990 0.74 119 674645.334(62) 34.287 0.36
25 674453.858(62) �157.189 1.19 120 674645.359(62) 34.313 0.59
26 674455.378(62) �155.669 2.87 121 674646.076(62) 35.030 2.15
27 674457.270(62) �153.776 0.82 122 674646.905(62) 35.859 3.89
28 674458.691(62) �152.356 0.46 123 674647.227(62) 36.181 2.64
29 674460.772(62) �150.275 3.13 124 674649.317(62) 38.271 2.50
30 674462.546(62) �148.500 0.84 125 674656.200(62) 45.153 1.03
31 674466.404(62) �144.642 0.72 126 674659.912(62) 48.866 0.73
32 674470.887(62) �140.160 0.26 127 674660.636(62) 49.589 0.59
33 674475.016(62) �136.031 0.42 128 674660.853(62) 49.806 0.81
34 674478.474(62) �132.572 0.45 129 674662.075(62) 51.029 2.47
35 674480.954(62) �130.093 2.41 130 674662.575(62) 51.529 2.96
36 674486.927(62) �124.119 1.18 131 674664.175(62) 53.129 2.42
37 674487.427(62) �123.619 0.56 132 674667.589(62) 56.543 0.75
38 674488.245(62) �122.802 1.32 133 674668.250(62) 57.204 0.15
39 674489.592(62) �121.454 0.22 134 674670.281(62) 59.235 1.02
40 674489.631(62) �121.416 1.61 135 674670.706(62) 59.660 1.76
41 674491.134(62) �119.913 4.22 136 674671.480(62) 60.434 1.36
42 674492.665(62) �118.381 0.28 137 674674.161(62) 63.115 5.03
43 674495.947(62) �115.099 4.15 138 674675.269(62) 64.222 4.29
44 674500.209(62) �110.838 1.42 139 674677.067(62) 66.020 3.12
45 674503.748(62) �107.298 0.58 140 674681.147(62) 70.101 2.15
46 674505.318(62) �105.729 3.71 141 674682.007(62) 70.960 6.09
47 674509.205(62) �101.841 4.18 142 674683.007(62) 71.961 1.28
48 674509.648(62) �101.398 1.21 143 674686.517(62) 75.471 1.07
49 674510.401(62) �100.645 0.64 144 674686.703(62) 75.657 4.88
50 674512.285(62) �98.762 0.84 145 674687.777(62) 76.731 1.30
51 674515.010(62) �96.037 4.49 146 674687.820(62) 76.774 1.12
52 674515.012(62) �96.034 3.95 147 674687.901(62) 76.855 0.13
53 674516.392(62) �94.654 0.41 148 674688.005(62) 76.959 1.49
54 674516.688(62) �94.358 3.14 149 674688.141(62) 77.095 0.27
55 674519.576(62) �91.471 1.26 150 674688.243(62) 77.196 0.37
56 674519.997(62) �91.049 5.16 151 674688.285(62) 77.238 0.61
57 674520.004(62) �91.042 2.41 152 674690.114(62) 79.067 6.76
58 674527.718(62) �83.328 1.02 153 674695.846(62) 84.800 3.59
59 674527.822(62) �83.224 1.94 154 674696.217(62) 85.171 1.67
60 674528.918(62) �82.128 0.28 155 674697.067(62) 86.021 1.07
61 674530.229(62) �80.818 0.18 156 674697.432(62) 86.385 0.87
62 674530.537(62) �80.510 0.53 157 674698.423(62) 87.377 2.39
63 674531.656(62) �79.390 6.10 158 674703.234(62) 92.188 2.79
64 674533.407(62) �77.639 0.94 159 674704.140(62) 93.094 0.44
65 674539.329(62) �71.717 3.05 160 674708.916(62) 97.870 1.30
66 674539.890(62) �71.156 0.61 161 674711.508(62) 100.461 5.12
67 674541.052(62) �69.995 0.96 162 674712.207(62) 101.160 0.29
68 674541.888(62) �69.159 3.49 163 674712.713(62) 101.666 0.79
69 674545.275(62) �65.772 3.57 164 674713.457(62) 102.411 0.47
70 674546.037(62) �65.010 2.11 165 674713.458(62) 102.411 0.59
71 674551.252(62) �59.795 0.83 166 674713.770(62) 102.723 1.06
72 674552.316(62) �58.730 0.72 167 674713.790(62) 102.743 1.31
73 674555.255(62) �55.791 2.18 168 674713.812(62) 102.766 1.22
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Table 1 (continued)

No. Freq. (GHz) Rel. freq. (GHz) Rel. Int. No. Freq. (GHz) Rel. freq. (GHz) Rel. Int.

74 674563.112(62) �47.934 0.89 169 674713.813(62) 102.766 0.77
75 674563.809(62) �47.237 1.24 170 674720.022(62) 108.976 0.15
76 674566.815(62) �44.231 2.95 171 674721.015(62) 109.969 0.24
77 674567.165(62) �43.881 2.12 172 674722.539(62) 111.493 0.73
78 674567.914(62) �43.132 1.04 173 674724.128(62) 113.082 0.38
79 674570.570(62) �40.477 5.07 174 674726.881(62) 115.835 0.41
80 674570.680(62) �40.366 0.13 175 674728.495(62) 117.449 0.31
81 674573.262(62) �37.784 2.37 176 674732.734(62) 121.688 0.19
82 674576.506(62) �34.540 1.37 177 674734.505(62) 123.458 0.29
83 674583.196(62) �27.850 3.42 178 674735.564(62) 124.518 0.15
84 674586.547(62) �24.500 3.29 179 674736.571(62) 125.525 0.26
85 674588.986(62) –22.060 4.59 180 674738.732(62) 127.686 1.18
86 674589.741(62) �21.306 4.50 181 674742.835(62) 131.789 0.49
87 674593.148(62) �17.898 2.61 182 674759.284(62) 148.238 0.37
88 674593.702(62) �17.344 0.88 183 674759.453(62) 148.406 0.32
89 674595.218(62) �15.829 4.30 184 674761.710(62) 150.664 0.29
90 674595.859(62) �15.187 4.05 185 674765.601(62) 154.555 0.33
91 674597.829(62) �13.218 1.38 186 674775.624(62) 164.577 0.21
92 674600.379(62) �10.668 1.77 187 674797.074(62) 186.028 0.25
93 674602.023(62) �9.023 1.37
94 674602.025(62) �9.021 1.63
95 674602.147(62) �8.900 0.33

Fig. 2. Overall Spectrum near 444.4 nm obtained from the SAS method. The inset illustrates the transition line 101 (674611.046 GHz) fitted with the Lorentz profile, and
frequencies of other lines are indicated with respect to the line 101. Black square: the scanning result; gray area: 95% confidence interval which are surrounded by blue solid
lines; red solid line: Lorentz fit. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Comparison of absolute frequencies of Cs D1 line and wavemeter readouts.

Transition This Work Udem[31] Difference
(GHz)

Frequency (GHz) Gap (GHz) Frequency (GHz) Gap (GHz)

Fg=3 ? Fe=4 335119.758 – 335121.7305 – 1.972526
Fg=3 ? Fe=3 335118.589 1.169 335120.5628 1.167688 1.973838
Fg=4 ? Fe=4 335110.565 8.024 335112.5379 8.024944 1.972894
Fg=4 ? Fe=3 335109.395 1.170 335111.3702 1.167688 1.975206
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fitting to obtain the values of Tt, Bt, Dt and Ht from Eq.(4.1). Fig. 3
illustrates the overall assignment by labeling each P (pink) and R
(red) branch of a transition line with its J value. Table 4 provides
5

the comparison of Dunham parameters Tt;Bt;Dt and Ht for
B1ð3

P�
u Þ0þu ðt0 ¼ 10Þ from earlier publications [21] and our study,

where the fitting uncertainty (95% C.I.) are given in parentheses.



Table 3
Comparison of obtained transition lines and the Cariou’s atlas.

This Work Cariou [18] Difference

Line No. Frequency (GHz) Gap (GHz) Line No. Frequency (GHz) Gap (GHz) (GHz)

6 674402.204(62) – [1500] 674402.243 – 0.039
12 674411.033(62) 8.829 [1501] 674411.018 8.775 �0.015
13 674414.794(62) 3.761 [1502] 674414.810 3.792 0.016
28 674458.691(62) 43.896 [1506] 674458.712 43.902 0.021
30 674462.546(62) 3.856 [1507] 674462.531 3.819 �0.015
33 674475.016(62) 12.47 [1508] 674475.044 12.513 0.028
35 674480.954(62) 5.938 [1510] 674480.983 5.939 0.029
47 674509.205(62) 28.252 [1513] 674509.182 28.199 �0.023
62 674530.537(62) 21.332 [1515] 674530.527 21.345 �0.010
69 674545.275(62) 14.738 [1517] 674545.241 14.714 �0.034
84 674586.547(62) 41.272 [1521] 674586.534 41.293 �0.013
92 674600.379(62) 13.832 [1523] 674600.346 13.812 �0.033
101 674611.046(62) 3.372 [1525] 674611.021 3.270 �0.025
103 674613.634(62) 2.588 [1526] 674613.621 2.600 �0.013
110 674627.320(62) 13.686 [1527] 674627.321 13.700 0.001
125 674656.200(62) 28.879 [1529] 674656.194 28.873 �0.006
136 674671.480(62) 15.281 [1531] 674671.492 15.298 0.012
137 674674.161(62) 2.681 [1532] 674674.188 2.696 0.027
160 674708.916(62) 34.755 [1534] 674708.949 34.761 0.033
163 674712.713 (62) 3.797 [1535] 674712.735 3.786 0.022
173 674724.128(62) 11.415 [1536] 674724.142 11.407 0.014
176 674732.734(62) 8.606 [1538] 674732.764 8.622 0.030
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Tt and Bt were found to be in good accordance with previous
research, and the higher-order terms were also fitted in this study,
with considerably greater precision. The remaining Dunham
parameters for B1ð3

P�
u Þ0þu ðt0 ¼ 10Þneed much broader spectral

scanning, since the current scan only extends the spectrum up to
J of 40, and higher terms contribute much more significantly as J
rises. The rotational and vibrational constants like xe and ae

required more data from other B1 X1 transition lines with differ-
ent t’ value.
Fig. 3. Line assignment of B1 (3R�u )0
þ
u (t0 = 10)  X1(3R

�
g )0

þ
g (t = 5). Black: experimental

(Relative frequency and intensity are given with respect to the line 101). (For interpretat
version of this article.)
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4.4. Frequency locking

Since the frequency of transition lines was determined using
the SAS approach, laser frequency locking may be performed in a
single resonance line. The signal can be modulated by EOPM, and
the dispersion-shaped waveform can be demodulated by the
lock-in amplifier and sent as an error signal to the locking P-I servo
(Newfocus, LB1005). The frequency of the servo may be regulated
by adjusting the voltage of the PZT via the P-I circuit inside the
results; pink: assigned lines for the P branch; red: assigned lines for the R branch.
ion of the references to colour in this figure legend, the reader is referred to the web



Table 4
Comparison of Dunham parameters Tt ,Bt ,Dt and Ht for 130Te2 B1 (3R�u )0

þ
u (t0 = 10).

Numbers in parentheses indicate the fitting uncertainty in the last two digits.

Item This work (cm�1) Barrow[21] (cm�1)

Tt 23848.93639(65) 23848.96

102Bt 3.10721 (53) 3.1085

108Dt 3.32(98)

1011Ht 0.35(48)
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servo. The frequency of a Toptica TA-SHG Pro laser can be stabi-
lized with greater than 10 MHz accuracy (10-8 Df/f) within
90 min, making it feasible to scan the sidebands using EOPM or
AOM through modulation when the laser is locked in a certain
transition line.
5. Conclusion

To summarize, the molecular 130Te2 transition lines were inves-
tigated using the SAS technique near 444.4 nm under the uncer-
tainty of 62 MHz, which is necessary for exploring the eEDM
sensitive transitions of 208PbF molecules in the A (2R+) (t0 =
0)  X1

2P1/2 (t = 0) spectroscopic detection. The optical spectrum
of Te2, spanning a frequency range of about 400 GHz, yielded
187 transition lines that are fitted with the Lorentz profile. The
molecular transitions of B1 (3R�u )0

þ
u (t0 = 10)  X1(3R

�
g )0

þ
g (t = 5)

were identified with J up to 40, while Dunham parameters Tt, Bt,
Dt and Ht of the B1 (t0 = 10) state in the Dunham model were
updated using the least squares fitting approach. A Toptica TA-
SHG Pro laser was then demonstrated to be stabilized in a
10 MHz (10-8 Df/f) precision by locking to a single Te2 absorption
line through a P-I servo. Our work not only contributes to a
detailed frequency reference atlas of Te2 near 444.4 nm which
might be helpful in other spectral experiments, but is also critical
to design an eEDM measurement using the PbF molecule that is
targeted for exploring the fundamental physics beyond the Stan-
dard Model.
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