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Abstract

We have developed a low-cost and simplified absolute wavelength standard for the cesium D,
line (894 nm) using a single-mode vertical-cavity surface-emitting laser (VCSEL) stabilized by
a dichroic atomic vapor laser lock (DAVLL). The DAVLL signal, obtained from the differential
transmission of two orthogonal circular polarizations through cesium vapor in an external
magnetic field, was optimized by adjusting the number and arrangement of ring-shaped
permanent magnets. Using this optimized signal, a feedback control system was implemented
to stabilize the VCSEL wavelength, resulting in a measured drift rate of 057 * 0.01 kHz/s. These
results suggest that using the stabilized VCSEL as a wavelength standard is effective for
experiments that require determining the wavelength of another laser within a GHz-scale
spectral region, with a precision better than 10 MHz for peak determination, despite the 50 MHz

linewidth of the DAVLL signal, in situations where continuous scanning is not available.

Key Words: Laser, Spectroscopy, Wavelength stabilization, Zeeman-selective optical pumping

1 Introduction

Since its invention, the laser has advanced many
areas of science and technology and has become an
essential tool in modern society . In particular,
laser cooling and trapping of atoms have played a
key role in the development of experimental
quantum mechanics, achievements that were
recognized with the Nobel Prizes in Physics in 1997
and 2001 23 While sophisticated laser systems for
controlling cold atoms in isolated environments have
achieved remarkable progress, the use of lasers for
studying and controlling more complex systems—
such as plasmas or high-temperature atomic
ensembles with thermal distribution—remains an
important subject in applied spectroscopy. Recent
progress in semiconductor lasers, especially their
low cost and ease of operation, has further broadened

the scope of applications in this field.

When performing spectroscopy or investigating
wavelength-dependent phenomena with lasers, a
reliable wavelength standard is required. Absolute
wavelengths are usually calibrated using atomic
transitions, while relative values and linearity are
calibrated with interferometers. If measurements
involve continuous wavelength scanning, calibration
can be achieved easily by simultaneously recording
several atomic transition signals or interferometer
fringes. In contrast, when working at a fixed laser
wavelength, a reference laser can serve as the
wavelength standard by injecting both the reference
and the experimental laser into the same scanning
etalon. The wavelength of the experimental laser is
then determined in real time from the difference in
their peak positions. For this method to be effective,
the reference laser itself must be stabilized to an
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absolute standard such as an atomic transition.

To stabilize a laser’s wavelength, an error signal
that indicates the deviation from a reference is
required. The simplest way to generate such a signal
from atomic transitions is side fringe locking on an
absorption line. However, this method is very
sensitive to changes in vapor pressure caused by
temperature fluctuations. More advanced techniques,
such as modulation transfer spectroscopy (MTS) 6]
are highly effective for stabilizing lasers with
intrinsically narrow linewidths. At the same time,
they require expensive components, including electro-
optic modulators (EOMs) and lock-in amplifiers. In
addition, the lock-in process involves integration time.
These factors make MTS less suitable for stabilizing
lasers that are inherently unstable.

Dichroic atomic vapor laser lock (DAVLL) ™ offers
a cost-effective method for wavelength stabilization
and is particularly suitable for suppressing
wavelength drift in unstable lasers. In this
technique, a magnetic field is applied along the
laser propagation direction, introducing circular
dichroism in the atomic medium. The differential
signal between the two circular polarization
components then serves as the error signal.

Unlike frequency modulation or lock-in
amplification methods, DAVLL does not require
modulation. It also allows flexible tuning of the lock
point over a relatively broad frequency range, making
it easy to use. Furthermore, the influence of vapor
pressure fluctuations on signal amplitude is largely
canceled in the differential measurement, which
makes DAVLL more robust against temperature
variations than side-fringe locking. The use of
permanent magnets reduces flexibility in optimizing
the magnetic field distribution, but it also eliminates
heating effects that occur with current-driven coils.

Several enhanced versions of DAVLL have
been reported, including tilted DAVLL (t-DAVLL)
12 181 small-sized DAVLL ™ and sub-Doppler
DAVLL 1315 Nevertheless, even standard DAVLL
is sufficient for developing a simplified
wavelength-standard laser.

Vertical-cavity surface-emitting lasers (VCSELs)
were first developed in 1997 8, They are a type of
semiconductor laser that emits light perpendicular

to the substrate. Owing to their manufacturing
process, which is suitable for mass production,
VCSELs are more cost-effective than conventional
edge-emitting lasers. In recent years, single-mode
VCSELs, capable of emitting at a single wavelength,
have become widely available, although the choice
of available wavelengths remains limited.

VCSELs are highly resistant to temperature
variations and allow continuous wavelength tuning
over a broad range without mode hopping by
adjusting the injection current. However, they
have relatively low output power, and their
sensitivity to current noise can broaden the
emission linewidth, which is a disadvantage.
Because of these characteristics, VCSELs are well-
suited for spectroscopy of atomic or plasma
systems in which Doppler broadening is dominant.
Their low output power also makes them suitable
for use as simplified wavelength standards in
applications where high power is not required.

In this study, we developed a cost-effective and
straightforward absolute wavelength reference
using a VCSEL-DAVLL system for the cesium D
line at 894 nm. Our research on light-induced drift
(LID) " in cesium atoms requires investigating
wavelength-dependent effects over a ~2 GHz range
near the absorption line, without continuous laser
wavelength scanning. The system developed here
functions as a subsystem for LID experiments,
providing a stable wavelength reference that
enables efficient data acquisition while keeping
both complexity and cost low.

2 Experimental methods

2.1 Principle of DAVLL

The principle of Dichroic Atomic Vapor Laser
Lock (DAVLL) has been well described in previous
studies ™8 so only a brief overview is given here.
Figure 1 illustrates the generation of an ideal
DAVLL signal using absorption spectroscopy.
When a magnetic field is applied along the
propagation direction of a linearly polarized laser
beam, the atomic medium exhibits dichroism with
respect to the two circular polarization components
that make up the linear polarization. One
components absorption shifts to higher frequencies,
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Fig. 1. Conceptual illustration of ideal DAVLL signal formation
using laser absorption spectroscopy. A indicates the capture
range of the frequency lock.

while the other shifts to lower frequencies.

A quarter-wave plate converts the intensity ratio
of the two circular polarization components into a
ratio of horizontal and vertical polarization
components, which are then separated using a
polarization beam splitter. The differential absorption
spectra of these separated components are used to
generate an error signal, hereafter referred to as the
DAVLL signal. This signal serves as feedback for
wavelength stabilization. The gradient of the DAVLL
signal determines the sensitivity of the frequency
lock, i.e., how quickly the feedback loop can respond,
while the amplitude determines the capture range
and the stability of the lock.

For transitions with hyperfine structures, such
as the D, and D, lines of cesium-133, the absorption
spectrum’s response to the magnetic field becomes
more complex. To obtain a clean DAVLL signal, it
is necessary to optimize the magnetic field strength.
In this study, the magnetic field was generated
using ring-shaped permanent magnets, and the
optimal configuration was determined by adjusting
the number and arrangement of the magnets.

2.2 Experimental Apparatus

Figure 2 shows the setup for the VCSEL-
DAVLL experiment. The vertical-cavity surface-
emitting laser (VCSEL, L895VHI, Thorlabs) was
mounted on a laser holder (TCLDMY, Thorlabs)
and driven by a current controller (LDC200C,
Thorlabs) and a temperature controller
(TED200C, Thorlabs). The injection current was
modulated using a function generator (WF1974,
NF Corporation). To minimize back-reflections and
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Fig. 2. Schematic of the DAVLL system. HWP, QWP, and PBS
denote the half-wave plate, quarter-wave plate, and
polarizing beam splitter, respectively. The combination
of the HWP and PBS splits the laser beam, enabling
simultaneous generation of the DAVLL signal and saturated
absorption spectroscopy. The QWP and PBS are used to
separate the circular polarizations of Signal 1 and Signal
2. The DAVLL signal is generated from these two signals,
and feedback is provided to the laser’'s current controller
through a servo controller to stabilize the wavelength.

ensure stable operation, an optical isolator (I-80-U-
4-L, ISOWAVE) was placed after the VCSEL. The
laser output was split for power adjustment using a
/2 plate and a polarizing beam splitter (PBS), with
part of the light directed to the monitoring line.

The linearly polarized laser was passed through a
cesium vapor cell (100 mm long, 30 mm diameter;
Horizon) placed at the center of a ring-shaped
permanent magnet (8 mm thick). The average
magnetic field strength at the cell position was
measured to be 3565 G. After passing through the gas
cell, the laser light was processed by a A/4 plate and
PBS to convert the circular polarization into linear
polarization components (horizontal and vertical).
These components were then measured with a
differential amplifier photodetector (Nirvana Detector
Model 2007, New Focus) to generate the DAVLL
signal. This signal was fed back into the laser current
controller through a servo controller (LB1005, New
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Focus), stabilizing the laser wavelength.

To focus the laser onto the photodetector, a 100
mm focal length plano-convex lens was used. For
relative frequency calibration, the DAVLL signal
was acquired alongside the signal from a Fabry-
Perot interferometer (SA30-95, THORLABS, FSR:
1.5 GHz) using an oscilloscope (DH0924, RIGOL).
The laser beam, split by a beam splitter, was
passed through the cesium gas cell, and the
reflected light was used to scan the saturated
absorption spectrum with the photodetector. The
output laser power was measured with a power
meter (PM100D, Thorlabs), and the approximate
VCSEL wavelength was measured with a
wavelength meter (SHR, Solar Laser Systems).

3 Results

First, we describe the output characteristics of
the VCSEL used in this experiment. Inexpensive
VCSELs often exhibit variations in their output
wavelength. Figure 3 (a) shows the relationship
between the driving current (horizontal axis) and
the wavelength measured with a wavelength meter
(vertical axis). The temperature controller was set
to 44.00 °C, and cesium absorption was observed around
2.67 mA. The wavelength increased linearly with
current, with a slope of 0.335 nm/mA. Although not
plotted in the figure, the output power also
exhibited a linear dependence on current, ranging
from 0.003 mW at the lowest current to 0.2 mW at
the highest, corresponding to a slope of 0.089 mW/
mA. These results indicate that a single-mode
VCSEL can achieve continuous wavelength
scanning of approximately 0.6 nm under a fixed-
temperature setting.

Figure 3 (b) shows the dependence of the VCSEL
wavelength on temperature at a fixed driving current
of 2.610 mA. The horizontal axis represents the
laser temperature, and the vertical axis represents
the wavelength measured with a wavelength meter.
Cesium absorption was observed when the VCSEL
temperature was set to 44°C. The wavelength increased
linearly with temperature, with a slope of 0070 nm/°C.
These results demonstrate that a single-mode VCSEL
allows for wavelength tuning of about 3.5 nm by
adjusting the operating temperature within a range
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Fig. 3. Wavelength variations of the VCSEL with changes in (a)
driving current at a fixed temperature of 44.00 ° C and (b)
laser temperature at a fixed driving current of 2610 mA,
where cesium (Cs) absorption is observed.
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Fig. 4. Absorption spectrum (measured by saturated absorption
spectroscopy) and Fabry-Perot interferometer
measurement using the VCSEL. The red line shows the
absorption spectrum obtained with the VCSEL, where
the four peaks correspond to the hyperfine structure of
the cesium D1 line. The inset presents the laser linewidth
of the VCSEL (red line) together with a fitted Gaussian
distribution (blue line).
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close to room temperature. The actual tunable
range varies between individual VCSEL units, even
of the same model, with an uncertainty of
approximately 2 nm in the central wavelength.

Figure 4 shows the absorption spectrum obtained
with the VCSEL. The horizontal axis represents
the relative frequency measured with a Fabry-
Perot interferometer, and the vertical axis
represents the signal intensity detected by an
amplified photodetector. The VCSEL wavelength
was scanned by varying the driving current.

In the cesium D; line, four Doppler-broadened
peaks were observed, corresponding to the hyperfine
transitions F"=4 = F'=3 F'=4—F' =4 F'=3—>F'=
3, and "= 3 — F’= 4. At the center of each peak,
absorption decreased due to saturation effects. These
results demonstrate that VCSEL wavelength scanning
by current modulation provides sufficient resolution to
resolve features as narrow as the Doppler linewidth
(~500 MHz). Furthermore, the ability to scan across
the entire hyperfine structure of the cesium D; line
(~10 GHz) in a single sweep without mode hopping
highlights the advantages and ease of use of VCSELs,
whereas external-cavity semiconductor lasers
typically allow a tuning range of only about 3 GHz.

The inset in the center of Figure 4 shows the
VCSEL spectrum measured with a Fabry-Perot
interferometer. Owing to significant current noise,
the VCSEL exhibited a full width at half maximum
(FWHM) linewidth of 48.5 MHz—more than ten
times broader than the typical linewidth of an
external-cavity laser (~1 MHz). This broad linewidth
makes VCSELs less suitable for resolving fine
structures in saturated absorption spectra. The
spectrum shown in the inset is from a single-shot
measurement; averaging would reduce the apparent
noise. In the following, we describe wavelength
stabilization of the VCSEL using feedback control.
Although narrowing the linewidth remains a
challenge, the primary objective here is to suppress
wavelength drift rather than to reduce the linewidth.

Figure 5 presents a set of graphs showing the
DAVLL signal, Signal 1, and Signal 2, with relative
frequency on the horizontal axis and signal voltage
on the vertical axis, organized according to the

number and arrangement of magnets. The magnet
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Fig. 5. Changes in the DAVLL signal corresponding to the
number and arrangement of magnets. The green and
blue lines represent the absorption of the two circularly
polarized light components, while the red line shows the
differential signal.

configurations are shown in the inset. Due to a
protrusion in the center of the cell from the sealing
process, magnets cannot be placed in this region. To
ensure proper alignment, the magnets must be evenly
spaced while preventing the cell from extending
beyond the outer edge of the magnet array.

When the cell extends beyond the magnet
array, stray magnetic field lines that do not pass
through the central holes can interact with the
atoms. These field lines are oriented opposite to
the main field inside the rings, causing the
direction of the peak shift to reverse.

A different effect arises when only two magnets
are used. In this case, even if the cell is properly
aligned, the magnetic field lines inside the two
rings fail to connect smoothly. As a result, the
space between the magnets is dominated by field
lines oriented opposite to those within the rings,
leading to a reversal of the DAVLL peak shift.
This reversal is most evident in the F'=3 = F’'=
4 transition, which shows particularly high
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sensitivity to magnetic field variations. Increasing
the number of magnets to four or more improves
the continuity of the magnetic field inside the
rings, suppressing the influence of these opposing
field lines and stabilizing the DAVLL signal.

The apparent magnitude of the peak shift in
response to the magnetic field varies depending on
the hyperfine levels involved in the transition.
Among the observed transitions, the F’= 3 = F= 4
line exhibited the largest peak shift, making it the
most suitable for generating a DAVLL signal. This
can be attributed to Zeeman-selective optical
pumping between stretched-state sublevels, which
behaves nearly closed on the experimental time
scale. For the F”’= 3 — F= 4 transition, ¢* and o~

components drive resonant transitions between

mp-=+3 = mp = +4 and mp = -3 = mp = —4,
respectively. Because atoms excited to mp = *4
predominantly decay back to 7 = +3, Zeeman-selective
optical pumping between the stretched states is
strongly enhanced compared with other hyperfine
lines. Consequently, the DAVLL signal for the F'= 3
— F= 4 transition closely approximates the ideal
dichroic response to a magnetic field. Furthermore,
increasing the magnetic field strength widens the
separation between Signal 1 and Signal 2, improving
the signal slope available for frequency locking.

On the other hand, the F'=3 — F=3 and F'= 4
— F= 4 transitions do not support effective Zeeman-
selective optical pumping, resulting in only
minimal peak shifts under the magnetic field—so
small that they are barely observable. Consequently,
the slope of the DAVLL signal, which is essential
for wavelength stabilization, cannot be effectively
obtained from these lines.

In the F'= 4 — F'= 3 transition, efficient Zeeman-
selective optical pumping does not occur. However,
o " and o~ components can still drive transitions
between mp = +4 = mp = +3 and mp = —4 —
mp = —3, respectively. As a result, although the
response to the magnetic field is weaker than that
of the F"= 3 — F'= 4 transition, a finite degree of
peak shift is still observable. In our experiment,
however, Signal 1 was strongly suppressed,
preventing the formation of a clean DAVLL signal.

Among the results obtained in this experiment,
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Fig. 6. Comparison of a VCSEL stabilized using the DAVLL
signal with four magnets and an unstabilized VCSEL,
evaluated from a reference signal aligned to the cesium
absorption peak over 5000 s. The red trace shows
the wavelength variation of the stabilized VCSEL,
and the blue trace that of the free-running VCSEL
(temperature-controlled only). The central red and
blue curves indicate moving averages of the respective
data. The green line represents the fitted slope of the
evaluated section of the free-running case.

the F" = 3 — F' = 4 transition with four magnets
produced the most suitable error signal for
wavelength stabilization. The gradient of its
DAVLL signal coincides with the intrinsic
absorption peak of cesium and, importantly, does
not depend on the stability of any single Signal. If
the DAVLL signal were dominated by one
component, it would be highly sensitive to
fluctuations in cesium vapor pressure, since
temperature variations in the cell strongly affect
peak heights. An ideal DAVLL signal, by contrast,
should inherently cancel out such variations in
amplitude, ensuring a stable error signal for
feedback control.

Figure 6 shows the evaluation of VCSEL
wavelength shift with and without wavelength
stabilization. The graph plots elapsed time on the
horizontal axis and relative frequency, derived
from the cesium absorption spectrum, on the
vertical axis. The DAVLL signal was generated
using four magnets, with the servo controller time
constant set to 100 Hz.

When wavelength locking was applied, the
VCSEL exhibited a linewidth of 1035 MHz and a
drift rate of 0.57 kHz/s. For comparison, in the free-
running state the drift rate reached a maximum of
1354 kHz/s. As seen by comparing with the inset of
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Figure 4, the laser spectrum linewidth remained
nearly unchanged, but the drift was significantly
suppressed. The slightly narrower linewidth
observed in the locked case is likely an artifact:
because the VCSEL frequency is stabilized near the
cesium absorption peak, noise-induced fluctuations
appear smaller than those in the side-fringe region.

4 Discussion

The experimental results demonstrate that a
low-cost and simple wavelength standard for the
cesium D, line can be realized using a VCSEL and
DAVLL. This approach is particularly valuable in
experiments where continuous wavelength scanning
is not feasible, but frequency tuning within the GHz
range is needed to track long-term responses. One
such case is Light-Induced Drift (LID), for which
this wavelength standard was specifically developed
to enable real-time determination of laser frequency
using a Fabry-Perot interferometer in combination
with a stabilized reference laser. Although VCSELs
exhibit significant current noise that makes
linewidth narrowing difficult, this is not a critical
limitation for standardization purposes. The
observed drift rate demonstrates that the system
provides sufficient stability for practical
applications.

Single-mode VCSELs are now available at
relatively low cost for selected wavelengths,
including the Cs Dy, Cs D, and Rb D, lines. While
variations in output wavelength exist between
individual devices, the available tuning range of
~3.5 nm within the temperature-tuning range
provided by the Peltier element demonstrates that
such tuning is feasible for typical VCSEL samples
under proper temperature control. The main
limitation of VCSELSs is their susceptibility to
current noise, which makes them unsuitable for
techniques requiring extreme spectral resolution,
such as sub-Doppler DAVLL. In this study,
permanent magnets were chosen to generate the
magnetic field, avoiding the heating issues of
current-driven coils. Proper arrangement of the
magnets was crucial to ensure smooth magnetic
field line continuity, and four evenly spaced
magnets around a 10 cm cell were found to yield

the most stable DAVLL signal. Adding more
magnets increased the apparent shift but
introduced peak broadening, making the four-
magnet configuration optimal.

The response of spectral peaks to the magnetic
field is strongly influenced by the hyperfine
quantum numbers. The F'= 3 — F' = 4 transition,
which exhibits Zeeman-selective optical pumping
between stretched sublevels that behaves nearly
closed on the experimental time scale, produced the
most ideal DAVLL signal. In contrast, the F"= 3 —
F'=3 and F"= 4 — F' = 4 transitions exhibited
negligible shifts, while the F"= 4 — F' = 3 transition
showed partial polarization dependence but yielded
a distorted signal unsuitable for stabilization. For
the cesium Ds line, both lower-state transitions have
closed cycling transitions, making ideal DAVLL
signals easier to obtain ™. By contrast, in the D,
line, only specific transitions support efficient
Zeeman-selective optical pumping, limiting the
conditions under which an ideal signal emerges. At
the same time, the well-separated hyperfine
transitions in the D, line allow a clearer observation
of the link between quantum numbers and dichroic
response. In systems without cycling transitions,
Zeeman-selective optical pumping plays an essential
role in the formation of DAVLL signals.

5 Conclusions

In this study, we demonstrated a low-cost and
straightforward wavelength standard for the
cesium D; line using a single-mode VCSEL in
combination with DAVLL. By optimizing the
magnetic field with a ring-shaped permanent
magnet array, a stable DAVLL signal was obtained
from the F"=3 — F'= 4 transition, where Zeeman-
selective optical pumping between stretched
sublevels behaves nearly closed on the
experimental time scale, enhancing the dichroic
response. The system achieved wavelength
stabilization with a drift rate of ~0.57 kHz/s.
Although the VCSEL exhibited a relatively broad
linewidth due to current noise, this did not hinder
its performance as a wavelength reference. The
results confirm that such a compact system can
provide sufficient long-term stability for practical
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applications, particularly as a reference subsystem
in experiments such as Light-Induced Drift (LID),
where continuous wavelength scanning is not
feasible. This approach may also serve as a model
for applying inexpensive VCSEL-based standards
in other spectroscopic experiments requiring
robust but low-cost frequency stabilization.
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