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In-situ Doppler-free spectroscopy and laser frequency stabilization based

on time-division multiplexing differential saturated absorption
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We introduce a novel time-division multiplexing differential saturated absorption spectroscopy (TDMDSAS) approach,
providing superior accuracy and stability in Doppler-free spectroscopy. By distinguishing probe and reference fields
in the temporal domain, TDMDSAS efficiently suppresses Doppler broadening and common-mode optical noise. We
utilized this technology to determine the absolute frequency of diverse neutral Yb isotopes across its 65> 1Sg — 6s6p' P,
transitions. Furthermore, the first-ever observation of in-situ Doppler-free Zeeman sub-level spectra was accomplished,
enabling the determination of magnetic field gradients. We stabilized a UV diode laser at 399nm by utilizing the error
signal derived from the time-differential spectral signal of !7#Yb. This technique yielded a frequency instability of 15
kHz with a 40 s averaging time and a standard deviation of around 180 kHz over a half-hour period. Given its low cost,
straightforward, and scalable nature, TDMDSAS holds excellent potential in metrology and quantum applications.

So far, a variety of techniques for spectroscopy and
laser frequency stabilization have been developed in labora-
tory setting, encompassing saturated absorption spectroscopy
(SASY™, " modulation transfer spectroscopy (MTS)>®,
dichroic atomic vapor laser lock (DAVLL)*M| polar-
ization spectroscopy (PS)?13, scanning transfer cavity
lock (STCL}#15, and Pound-Drever-Hall (PDH) frequency-
locking!®!” Among them, SAS is a well-established and ex-
tensively utilized technique for high-resolution spectroscopy
and laser frequency stabilization.

In the standard SAS scheme, only the Voigt profile is cap-
tured, necessitating an additional reference field to obtain a
Doppler-free spectrum. This exacerbates system’s complex-
ity and makes it susceptible to inhomogeneous background
absorption. MTS involves a high-frequency modulation of
the pump beam that reduces susceptibility to the Doppler
background and directly obtains a dispersion-like signal using
two beams. Regrettably, the optical modulator could produce
residual amplitude modulation (RAM) to the optical field!5'%,
potentially distorting the dispersed-like signal. Similarly, PS
exclusively acquires the dispersion-like lineshape and is pro-
foundly impacted by the optical polarization purity, despite
without any modulation. The single-beam SAS?Y2! enhances
SAS by utilizing the space-division multiplexing method but
it still contends with issues of structural stability. Addition-
ally, it is incapable of measuring the magnetic field gradient
due to the opposite orientation of the "two probe beams".

To overcome these limitations, we introduce a more
straightforward, efficient, and cost-effective technique: time-
division multiplexing differential saturated absorption spec-
troscopy (TDMDSAS). This approach transforms spatially
separated probe and reference beams into temporally dis-

tinct entities, thereby enabling memory-based digital signal
processing??2%. Our method simultaneously captures high-
resolution, noise-suppressed in-situ Doppler-free signals, to-
gether with demodulated signals for laser frequency stabiliza-
tion. We measure the absolute frequency of the 65> 'Sy —
6s6p 'P; transition in Yb isotopes, the frequency shifts of
Zeeman sub-levels under different magnetic field strengths,
and perform frequency stabilization on the 399nm laser. The
laser is stabilized to the transition of '74Yb at 751526399.672
MHz, achieving frequency instability of 15 kHz with an av-
eraging time of 40 s, and a standard deviations of roughly
180 kHz over 2000 s. Moreover, our method features the
proficiency to detect magnetic field gradients. This innova-
tive method holds immense potential for extension to other
atomic species and offers practical significance for applica-
tions in atomic clocks**, atomic magnetometers> and quan-
tum computation®27,

The experimental setup is shown in Fig[Tll A 399nm ul-
traviolet diode laser (DLC DL PRO HP) is directed through
two polarization beam splitters (PBS), partitioning its output
into three distinct beams. One of the beams is directed to-
wards a wavelength meter (HighFinesse WS-8, WLM) for fre-
quency measurement. The remaining two beams serve as the
probe beam and the pump beam, both of which are tightly fo-
cused through a lens into a hollow cathode lamp (Hamamatsu
L2783, HCL). To achieve a Doppler-free spectrum with an
optimal signal-to-noise ratio, we finely tuned the power and
polarization using PBS and half-wave plates (HWP) and op-
timized the operating current of the Yb HCL. Upon finalizing
these parameters, the HCL’s driving voltage was set at 197
V with a stable current of 1.3 mA. Directly before entering
the HCL, the intensity of the probe beam was maintained at
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FIG. 1. (Color online) Schematic diagram of the experimental setup:
half-wave plate (HWP), polarization beam splitter (PBS), hollow
cathode lamp (HCL), acousto-optic modulator (AOM), photodetec-
tor (PD), wavelength meter(WS-8). The dashed box at the bottom
illustrates the process of internal signal digitized processing within
the FPGA.

200 uW, and that of the pump beam at 500 uW. Within the
atomic sample, the waists of the probe beam and pump beam
were approximately 450 um. The precise alignment of the
probe beam with the counter-propagating pump beam is cru-
cial to avoid RAMPUSZ829 which could distort the signal. Af-
ter traversing through the HCL, the probe beam is detected by
a photodetector (PDA100A, PD) with a 40 dB gain. The ac-
quired signal is then parsed by an analog-to-digital converter
(ADC) and subsequently analyzed by an FPGA.

To ensure a pristine Doppler-free signal without any distor-
tion, we utilized the concept of time-interleaved ADC, which
interleaves sampling of the same signal over time and main-
taining a shared sampling rate, thereby allowing for high-
speed data acquisition without distinctly sacrificing signal in-
tegrity. In our setup, the pump beam’s frequency is shifted
by 200 MHz using an acousto-optic modulator (SGT200-397-
1TA, AOM)*, which is controlled by a TTL signal from the
FPGA through an RF switch. The high and low states of the
TTL signal determine the presence or absence of the pump
beam, and the switching frequency can reach up to 50 MHz.
However, due to the response time constraints of the atoms,
PD, AOM, and potential interleaving spurs in signal process-
ing, we opted for a TTL signal frequency of 20 kHz. After
receiving the detection beam signal from the PD, the FPGA
performs time-domain differentiation, based on the state of
the TTL signal, to retrieve Doppler-free signals. The two sig-
nals of difference originate from the same probe beam, en-
abling the acquisition of in-situ Doppler background infor-
mation within the pump-probe region for the identical atoms
group. Consequently, the resulting Doppler-free signal ex-
hibits exceptional robustness. To generate the error signal for
laser frequency stabilization, a 47 kHz sine wave modulation
signal is applied to the diode voltage of the laser. If mod-
ulation is applied solely to the pump beam via AOM, it re-

sults in amplitude modulation and necessitates a higher mod-
ulation frequency and depth to achieve MTS. We derive the
error signal by mixing the Doppler-free signal with the mod-
ulation signal and processing it through a digital lock-in am-
plifier. The error signal is then processed by the proportional-
integral-differential (PID) controller and fed back to the laser
controller for frequency stabilization. The controller board,
incorporating FPGA (Spartan6 LX9), DAC (DAC8563), and
ADC (ADS8688A), integrates multiple functions including
time-domain signal processing, digital lock-in amplifier, dig-
ital PID controller, digital filter, and digital signal generation.
Moreover, the controller board and highly engineered inter-
active software remarkably assist in acquiring Doppler-free
spectra and laser frequency stabilization.
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FIG. 2. (Color online) (a) The spectrum of 1Sg —! Py transition of
Yb, Vapc(green, dots) represents all the signals received from the
PD, Vapco (blue, solid), indicative of Doppler- broadened absorption
while the TTL is in a low state, Vapci(yellow, solid) corresponds to
saturated absorption peaks with a high TTL signal, and the Doppler-
free spectrum Vapco— (light blue, solid) is obtained by differencing
Vapco from Vapci. (b) The associated first-derivative demodulation
signal is derived from Vapcg—;. The inset shows a detailed image of
the demodulation signal of '7#Yb for laser frequency stabilization.
The detunings are relative to the absolute frequency of the 74Yb
transition.

The typical SAS signal can be described with a Voigt pro-
file, representing the superposition of two lineshapes?: the
Doppler broadening with a Gaussian profile and the natural
linewidth with a Lorentzian profile
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where @ is the laser frequency and @y is the atomic transi-
tion frequency. 7y and I' represent the full width at half max-
imum (FWHM) of the Lorentzian and Gaussian line shapes,
respectively. To acquire the error signal sent to the feedback
loop for frequency stabilization, we apply a modulation signal
Asin(Qr) set an operating point for demodulating the signal
with the first harmonic, culminating in the following result,
A { —Y(o— a)

— (1)
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where T = 27/Q and DU (w, ay) is the first derivative of
D(®, @), and A is the modulation depth. During the demod-
ulation process, we scan @ to generate a dispersive-like line-
shape. We aim to mitigate the Doppler background as effec-
tively as possible to achieve a superior Doppler-free spectrum.

Pulse amplitude modulation is applied to the pump beam
in the TDMDSAS setup. A low TTL signal indicates the ab-
sence of the pump beam, inducing a significant broadening
of the atomic absorption spectrum due to the Doppler effect.
This broadening results in the Doppler broadening profile as
described in Eq[I] A high TTL signal denotes the presence
of the pump laser, due to different velocity groups in reso-
nance with each beam. The higher-power pump beam effec-
tively contributes to saturated absorption fatigue for the probe
field, yielding the characteristic profile of SAS as described in
Eq[2] The received signal undergoes automatic and real-time
difference to generate the Doppler-free signal S(®) — D(o)
as the TTL signal alternates between its states. Specifically,
the FPGA processes the received signal, Vapc, from the PD
into three categories based on the TTL signal’s states. As in-
dicated in Fig[2[a), these include the Doppler-broadened ab-
sorption signal Vapco, the saturated absorption signal Vapci,
and the Doppler-free signal Vapco—;. Furthermore, Figgkb)
displays the spectral first-derivative demodulated signal of the
Vabpco—1, as explained in the first term on the right side of
Eq[j]

In the TDMDSAS scheme, we can extract in-situ Doppler
background information, including orientation. This capabil-
ity contributes to Doppler-free spectra exhibiting exceptional
long-term absolute stability and enhanced resolution, out-
performing alternative differential schemes. The frequency
shifts of the transitions for different isotopes of Yb rela-
tive to the transition frequency in '7#Yb are presented in Ta-
ble [Il The absolute frequency of !74Yb is determined to be
751526399.672 £ 2.3 MHz. The deviation in absolute fre-
quency from other results primarily originates from variations
in the pumping AOM’s operating frequencies, leading to dif-
ferent frequency shifts between the probe and pump fields®.
During our ten daily measurements, the standard deviation
remained consistently within 2.3 MHz, mainly due to vary-
ing operational conditions of the WLM unit, which also con-
tributes to the difference between our results and absolute fre-
quency readings from Ref®.
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FIG. 3. (Color online) (a) The TDMDSAS are observed under mag-
netic field strengths of 4.4, 5.9, and 7.9 mT. (b,c,d) Correspond-
ing first-derivative demodulated signals of three different magnetic
fields. The detunings are relative to the absolute frequency of the
174Yb transition.

The spectroscopy linewidth of the 'Sy —!' Py transition
in 7*Yb measured by our approach, is approximately 65
MHz, broader than the natural linewidth of 29 MHz, reach-
ing the minimum SAS resolution®. The broadening observed
in the Doppler-free signal is believed to be attributed to col-
lisional dephasing, induced by the buffer gas (Ne) sealed in
the HCL*12 To further ensure the minimum resolution of
TDMDSAS, we applied external magnetic fields aligned par-
allel to the probe beam using the permanent magnet. This
setup permitted the observation of Doppler-free spectra fea-
turing Zeeman sub-levels and the absolute Zeeman splitting
frequency more accurately. The magnetic field intensity is
adjusted by altering the placement of the permanent magnet,
and it is important to note that the magnetic shielding effect
of the hollow cathode should be considered?!?. As illustrated
in Fig[3] we investigated the Doppler-free spectroscopy un-
der diverse magnetic field strengths at 4.4, 5.9, and 7.9 mT,
corresponding Zeeman sub-level shifts are 64, 85, and 115
MHz. Table shows the frequency shifts of !7®Yb, 174Yb, and
172Yb under a magnetic field of 7.9 mT. As observed from
FigEkb), when the magnetic field reaches 4.4 mT, it is evi-
dent that the Zeeman splitting at a frequency of 64 MHz is
still distinguishable. The resolution has reached its optimum
limits due to the constraints imposed by the FWHM of the
peaks. However, as the magnetic field intensifies, the Zee-

TABLE I. Measured absolute frequencies of 1Sy —! P; transition
and frequency shifts relative to !7*Yb

Isotope Shifts (MHz) m=1 m=—1
176yp -508.66 -394 -623
1B3Yb(F =5/2) -239.26 - -
174ypb 0 114 -116
172ypb 538.81 654 424
7yb(F =3/2) 840.24 - -
TIYb(F =1/2) 1173.70 - -




man sub-levels of '71Yb risk being submerged into neighbor-
ing peaks. Our method, engineered for precision measure-
ment of both the magnetic field and its gradient, effectively
navigates around hurdles inherent in conventional SAS tech-
niques, wherein magnetic field disparities originate due to the
spatial separation between the probe and reference beams.
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FIG. 4. (a) The frequency drift when the laser is locked to the '74Yb
transition using our method. The Gaussian histogram depicts the
distribution of frequency offsets relative to the central frequencies.
(b) Allan deviation o, (7) of the frequency fluctuation is plotted as a
function of average time when the laser is stabilized to the 'Sy —! P
transition in !74Yb, measured by the WLM using our refined method.

To quantify the frequency stability and achieve optimal
laser frequency stabilization, we meticulously locked the laser
at the zero-crossing point of the dispersion signal correspond-
ing to the transitions of 7*Yb (15y —! P}), as indicated in
the inset of Fig[Z[b). This process stabilized the target laser
at a wavelength of 398.911413 nm over an extended period.
Fig[fa) illustrates the drift measurements of the laser when it
is locked using our method, revealing a frequency standard de-
viation of 180 kHz. The histogram on the left side depicts the
deviations in the laser frequency from its central frequency,
with FWHM of 0.44 MHz. Overall measurements span over
2000 s, and we are interested in calculating the Allan deviation
oy (1) of the frequency fluctuation measured by the WLM. Ini-
tially, it was at 46 kHz when 7 = 1 s, and decreased to 15 kHz
when 7 = 40 s. However, it eventually increased to 37 kHz
when 7 = 1000 s, as shown in Figﬂb). This behavior could
arise from long-term drifts in the WLM itself33,

In summary, a straightforward, versatile, and efficient TD-
MDSAS method has been innovatively established. Given the
capability to capture in-situ Doppler background information

including direction, this scheme exhibits excellent noise sup-
pression on the Doppler-free spectrum. Our efforts encompass
absolute frequency measurements of Yb isotopes, exploration
of Doppler-free spectra with Zeeman levels, and the achieve-
ment of high-performance laser frequency stabilization. Fur-
thermore, the in-situ magnetic field measurement functional-
ity broadens its application potential for magnetic field gra-
dient determination. This protocol widely applies to laser
cooling experiments and can be extended to various types of
lasers and atomic species. It presents significant implications
for atoms and ions quantum computation and practical value
in applications such as atomic clocks, atomic magnetometers,
and atomic interferometers.
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