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1. Introduction

Optically pumped magnetometers (OPM:s) are some of the most
sensitive magnetic field sensors; they are a promising alternative
to conventional cumbersome and expensive superconducting
quantum interference devices'"!. Benefiting from micro-electro-
mechanical-system (MEMS) technology'>~*, miniaturized OPMs
have been applied to magnetocardiography (MCG) and magneto-
encephalography (MEG)"”~). Vertical-cavity surface-emitting
lasers (VCSELs) are widely acknowledged as having a small vol-
ume and low power consumption, which makes them perfect
candidates for built-in laser sources of miniaturized OPMs!*!. The
successful application of VCSELs in atomic gyroscopes and
atomic clocks further proves their feasibility and dominancel®~'!,

Laser performance directly affects OPM sensitivity. The fre-
quency fluctuation and intensity noise can be coupled to sensor
output, which is often the most prominent source of measure-
ment noise. Furthermore, long-term laser fluctuation results in
lower accuracy and decreases sensor stability!"*). Therefore, it is
necessary to increase the laser stabilization and suppress noise.

Current frequency stabilization methods can be classified
according to the presence or absence of frequency reference into
two types: passive and active frequency stabilization'"*). Passive
frequency stabilization requires low-noise current sources, high-
precision temperature controllers, and a stable environment.
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Optically pumped magnetometers (OPMs) have developed rapidly in the bio-magnetic measurement field, which requires
lasers with stable frequency and intensity for high sensitivity. Herein we stabilize a vertical-cavity surface-emitting laser
(VCSEL) without any additional setup except for the parts of an OPM. The linewidth of the absorption spectrum as a fre-
quency reference is broadened to 40 GHz owing to pressure broadening. To enhance performance, the VCSEL injection
current and temperature are tuned simultaneously using a closed-loop control system. The experiments reveal that
the VCSEL frequency stability achieves 2 x 107 at an average time of 1s, and the intensity noise is 1x 10~V /Hz"/? at
1-100 Hz. This approach is useful for suppressing OPM noise without additional sensor probe parts.

Keywords: optically pumped magnetometer; vertical-cavity surface-emitting laser; single-closed-loop; double-closed-loop.

However, it suffers from VCSEL aging, which is an inherent
problem of certain materials. The frequency and intensity of
VCSELs can drift because of changes in the gain profile, such
as a less-than-ideal environment!"), Active frequency stabiliza-
tion requires an external frequency reference, such as dichroic
atomic vapor laser lock (DAVLL) and the saturated absorption
method!"®'?). The saturated absorption method is a classical
approach that is widely used for frequency stabilization through
a Doppler-free spectrum!?°2*!, VCSEL frequency stability via
Allan deviation can be < 2 x 107'2 at an average time of 1 s*°).
The Doppler profiles are also often used as the frequency refer-
ence, even though its linewidth is wider than the sub-Doppler
resonances by two orders of magnitude!®®’. For OPMs operated
in a spin-exchange relaxation-free (SERF) regime, the vapor cell
is often filled with a significant amount of buffer and quenching
gases. The vapor cell needs to be heated to 370-470 K to achieve
the SERF regime, and thus the linewidth of the absorption spec-
trum is much wider than that of the Doppler profiles'*”’.
Although the saturated abruption method exhibits better per-
formance, the additional frequency stabilization setup increases
the volume and power consumption of OPMs, which is unfav-
orable for their application in MEG and MCG!"*'). Thus, the
absorption spectrum method using built-in alkali vapor cells
in OPMs is favorable. However, because of pressure broadening,
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the absorption spectrum linewidth is considerably broad and is
significantly larger than the Doppler-free profiles. Although the
VCSEL stabilization performance is worse than that of the satu-
rated absorption method, this approach based on a broadened
absorption spectrum requires no additional sensor probe parts.

In this study, we stabilized a VCSEL based on a broadened
absorption spectrum whose linewidth is about 40 GHz due to
pressure broadening. This method was operated through a
3-mm-inner-length cubic alkali vapor cell and does not need
any additional setup for laser stabilization except to the OPMs’
parts. To simultaneously improve the long- and short-term sta-
bility of VCSELSs, a closed-loop control system was developed
utilizing two proportional-integral-differential (PID) modules
that tune the injection current and temperature of the VCSEL.
The experiment consisted of three parts. First, measurements
were performed for the laser properties and a broadened absorp-
tion spectrum due to pressure broadening. The vapor cell was
filled with a drop of Rb atom, 600 Torr *He, and 50 Torr N,
which were heated to 140°C. Subsequently, the frequency stabil-
ity of the VCSEL was measured and analyzed in three running
modes: (i) the free-running mode, in which the VCSEL operates
without frequency reference; (ii) the single-closed-loop mode, in
which the injection current of the VCSEL is controlled only by a
PID module; and (iii) the double-closed-loop mode, in which
the injection current and temperature of the VCSEL are simul-
taneously tuned by two PID modules. The experimental results
show that the VCSEL frequency stability under the double-
closed-loop mode is 2 X 1077 at an average time of 1 s, which
is a three-fold improvement compared with the free-running
regime. Finally, the ability to suppress laser noise was assessed
under both closed-loop modes. The intensity noise was sup-
pressed by 70% in the double-closed-loop mode compared with
the free-running mode.

2. Methods and Experimental Setup

For OPMs, a pump beam, tuned on the alkali D; resonance line,
traverses a vapor cell to polarize alkali atoms. The absorption
curve is obtained by scanning the pump laser frequency.
Because of collisions between alkali atoms and gas molecules
(buffer gas and quenching gas), the absorption spectrum is
broadened. The amount of linewidth broadening is proportional
to the number density of the gas molecules, which is on the order
of 1-100 GHz. Therefore, the linewidths due to the natural life-
time and Doppler broadening are negligible and ignored in the
case of pressure broadening. The lineshape of the absorption
spectrum has a Lorentzian curve form as follows:

_ I /2x
B (f _fo)2 + (FL/Z)2 ’

L(f) (1)

where f is the pump laser frequency, f, is the resonance fre-
quency, and I'; is the absorption spectrum linewidth (full width
at half-maximum).
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Fig. 1. Schematic of the experimental apparatus. CL, collimating lens; BS,
beam splitter: A/4, quarter wave plate; PD, photodetector; OPM, optically
pumped magnetometer; PID, proportional-integral-differential module.

Lock-in amplifier

The laser frequency drift is converted into a light intensity sig-
nal detected by a photodetector through a heated alkali vapor
cell. The high-frequency modulation signal is added to the
VCSEL injection current, which results in the scanning of the
laser frequency. The signal demodulated by a lock-in amplifier
(MEFLL Zurich Instrument) is the dispersion spectrum, which is
distributed anti-symmetrically as

TL(f =fo)/=

=+ @

L(f) =

When the VCSEL frequency deviates from the center of the
absorption curve, the dispersion signal is distributed on the neg-
ative or positive half-axis of the vertical coordinate. Therefore,
the drift direction of the frequency can be determined according
to the dispersion signal.

As shown in Fig. 1, the parts in the blue dashed box [excluding
the beam splitter (BS)] are the major OPM fractions. The
absorption spectrum is detected by the PD when scanning the
VCSEL frequency. Then, the lock-in amplifier demodulates
the signal from the PD and sends the demodulated signal to
PID 1. The PID 1 module rapidly tunes the VCSEL frequency
by controlling the injection current. The PDI 2 module controls
the VCSEL temperature to achieve a larger frequency tuning
range.

The frequency tuning range by changing the VCSEL temper-
ature is larger than the range by tuning the VCSEL injection cur-
rent. When the injection current has a big deviation from the
initial value, the VCSEL may jump modes. However, the system
response speed using the injection current is much higher than
that using the VCSEL temperature. Based on these analyses, PID
1 is used to tune the VCSEL frequency rapidly by the injection
current when the VCSEL frequency drifts from the resonant fre-
quency. PID 2 is designed to tune the VCSEL frequency by
changing the VCSEL temperature and pull the VCSEL injection
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current to the initial value. To adjust the injection current, the
input signal of PID 2 is set as the output signal of PID 1, and the
setpoint of PID 2 is zero. Therefore, the proposed double-closed-
loop method can increase both the frequency tuning range and
the response speed.

After sequentially passing a linear polarizer and a quarter-
wave plate, the VCSEL beam becomes circularly polarized.
The circularly polarized light is separated into two parts by
a BS. The reflected light is monitored by a wavemeter (WS7,
HighFinesses), and the transmitted light can pump the alkali
atoms in the cube-shaped vapor cell. The outer and inner side
lengths are 4 and 3 mm, respectively. The glass cell is filled with
a drop of Rb atom, 600 Torr *He, and 50 Torr N,. The vapor cell
is placed in a boron nitride ceramic oven, which is heated to
140°C by twisted-pair wires using a 200 kHz AC, and the
temperature control accuracy is approximately 30 mK. The
wavemeter is designed based on Fizeau technology. The absolute
accuracy is 60 MHz in the range of 375-800 nm, and the wave-
length deviation sensitivity is 2 MHz. The absorption spectrum
linewidth is approximately 40 GHz*®\. The incident optical
power before the cell is approximately 200 pW. The light after
the cell is detected by a photodetector with a gain transimpe-
dance amplifier (PDA100A2, Thorlabs). To decrease the device
noise, the bandwidth of the photodetector needs to be opti-
mized. The photodetector PDA100A2 has an eight-position
rotary switch with different gain and bandwidth combinations
from 1.51 kV/A (11 MHz) to 4.75 MV/A (3 kHz). Consider-
ing the modulation frequency, the input range limit of the
lock-in amplifier, we set the bandwidth to 11 MHz. A lock-in
amplifier synchronously reads and demodulates the photodetec-
tor voltage signal. The first-order demodulation signal has the
profile of the Lorentz dispersion curve utilized as a frequency
discriminator. The frequency error signal is sent to the PID 1
module, whose output signal tunes the VCSEL injection current.
The PID 2 module is used to tune the temperature controller,
whereas the input signal is the output of the PID 1 module.
The setpoint of PID 2 is zero.

The VCSEL frequency stabilization is analyzed via Allan
deviation based on the output data of the wavemeter. The wave-
meter measurement is consistent with the results obtained using
the beat note signal. A 794.98 nm VCSEL (ULM79X, Philips)
operates at an injection current of 1.8 mA and a temperature
of 47.6°C, which is a typical operating condition.
Additionally, the light spot diameter is 1.1 mm, and the laser
output power is 400 pW. A current source (LDC200CV,
Thorlabs) and a temperature controller (TED200C, Thorlabs)
are used to drive the VCSEL. In addition to the DC component,
the VCSEL injection current contains a high-frequency modu-
lation current at 59 kHz and a control signal from the feedback
control system.

To obtain suitable VCSEL parameters, the tuning coefficients
and absorption spectrum are examined. The VCSEL frequency
stability results under the three running modes are analyzed
according to the experimental setup. Furthermore, we experi-
mentally investigate the noise suppression performance results
under the three operating modes.
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3. Results and Discussion

3.1. VCSEL properties and absorption spectrum

The VCSEL properties are measured and shown in Fig. 2. As
presented in Fig. 2(a), the VCSEL threshold current is approx-
imately 0.6 mA, which is consistent with its description. When
the tuning range of the injection current is 1.5-2.0 mA, the out-
put intensity is approximately 400-600 pW, and the fitting of
the tuning coefficient is 391.9 pW/mA (black line), as shown
in Fig. 2(a). Figure 2(b) shows the dependence of the VCSEL fre-
quency on temperature and injection current. The tuning coef-
ficient is 224 GHz/mA at 47.5°C (blue line), estimated through
least-squares fitting. Similarly, the coefficient between the
VCSEL frequency and temperature is 29.4 GHz/K (red line)
when the injection current is 1.8 mA. Within a limited tuning
range, the tuning coefficients are considered to be constant.
The absorption and dispersion curves (black and red lines,
respectively) are obtained by scanning the VCSEL injection cur-
rent presented in Fig. 3, which is broadly consistent with Eqs. (1)
and (2). In the absorption curve, approximately 80% of the light
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Fig. 2. VCSEL properties. (a) Intensity tuning of the VCSEL can be obtained
by changing the injection current. The injection current tuning coefficient
is 3919 pW/mA. (b) The tuning coefficient is 224 GHz/mA at 475°C and
29.4 GHz/K at 1.8 mA.
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Fig. 3. Absorption and dispersion curves (black and red lines, respectively).
The vertical axis indicates the detection signal strength, and the horizontal
axis represents the laser frequency detuning.

is absorbed when the frequency is tuned on the Rb D1 resonance
line. The linear slope around the zero crossing of the dispersion
curve is 32.1 mV/GHz, which indicates the sensitivity of the con-
trol system to frequency fluctuations. As shown in Fig. 3, the
shape of the absorption curve is asymmetric, showing a
deviation from the Lorentzian line shape. Based on our analysis,
there are three main causes for this: (i) an increase in light inten-
sity with scanning of the injection current, (ii) collisions between
alkali atoms and perturbing particles (quenching and buffer
gases), and (iii) the thermal motion of alkali atoms. The
demodulated signal (red line) has a dispersion line shape, whose
slope indicates the sensitivity of the system to the VCSEL fre-
quency fluctuation.

3.2. Frequency stability

The VCSEL frequency is measured continuously by a wavemeter
for approximately 10 h under the free-running, single-closed-
loop, and double-closed-loop modes, which are presented in
the time domain in Fig. 4. The wavelength drift rate is
12.5 MHz/h in the double-closed-loop mode (red line), which
is far superior to that of the single-closed-loop (19.0 MHz/h)
and free-running (328.7 MHz/h) modes.

To provide a more comprehensive analysis of the short-term
and long-term frequency stability under these three modes, the
Allan deviation is calculated in the three running modes, as
shown in Fig. 5. The short-term frequency stability of the
free-running VCSEL is approximately 8 X 10~ and 2.85 x 1072
at an average time of 1 and 100 s, respectively. The Allan
deviation improves to 1 X 107% at both average times (i.e., 7 = 1
and 100 s) in the single-closed-loop mode. For the double-
closed-loop mode, the VCSEL frequency stability is 2 x 1077
at 7 =1s, which is superior to that of the other two running
modes. The results of this experiment show that the VCSEL fre-
quency short-term stability under the double-closed-loop mode
is better than under the single-closed-loop mode.
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Fig. 4. Frequency shift as estimated by the wavemeter. The frequency shift
rates under the free-running (black line), single-closed-loop (blue line),
and double-closed-loop (red line) modes are 3287, 19.0, and 12.5 MHz/h,
respectively.

When the average time exceeds 100 s, the Allan deviation of
both closed-loop modes is similar. The most obvious finding to
emerge from the Allan deviation is that the advantage of the
double-closed-loop method is not pronounced for VCSEL fre-
quency long-term stability.

There are several reasons to explain the results. The broad
absorption spectrum is the main factor affecting the perfor-
mance of long-term stability. In addition, environmental tem-
perature fluctuation during the measurements also adds to the
difficulty in achieving high long-term stability. Nevertheless, the
running time of OPMs for MCG or MEG is much shorter each
time (generally much less than 10 h); thus, it is helpful for OPMs
using the double-closed-loop method, which only enhances the
short-term stability.
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Fig. 5. Allan deviation calculated for three data sets under three running
modes. The black, blue, and red lines represent the open-loop, single-
closed-loop, and double-closed-loop modes, respectively.
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3.3. Intensity noise suppression

To quantitatively describe the noise suppression effect of closed-
loop systems, Gaussian white noise is added to the VCSEL injec-
tion current. The peak-to-peak value of the artificial noise is
24 pA produced by a waveform generator (Keysight, 33500B
series). The bandwidth of the artificial noise is 100 Hz, which
covers the working frequency of OPMs. Figure 6 shows that
the single-closed-loop control system eliminates the impact of
Gaussian white noise. When artificial noise is added, the stan-
dard VCSEL intensity deviation is 1.5 and 0.24 mV under the
free-running and single-closed-loop modes, respectively. The
time-domain results demonstrate the noise suppression perfor-
mance of the single-closed-loop control system.

The noise level is also calculated in the frequency domain. The
intensity noise spectral density (NSD) is calculated under
the free-running and single-closed-loop modes. Subsequently,
the noise rejection ratio (NRR) is introduced to represent the
noise suppression effect’®”!:

NSD free-running
NRR =20 - log ——— "8 (3)
NSDclosedloop

The intensity NSD is shown in Fig. 7. When exposed to
Gaussian white noise, the VCSEL tuned by the single-closed-
loop control system has a lower noise level, which is approxi-
mately 7 x 107° V/Hz!/? at 1-20 Hz. Moreover, the noise level
increases with frequency in the 20-100 Hz range because the
bandwidth of the single-closed-loop system is 100 Hz. Notably,
the noise level under the free-running mode is approximately
1.5 X 1074 V/Hz!/2, which is well above that of the single-
closed-loop mode. Therefore, the NRR of the single-closed-loop
control system is approximately 26 dB. The double-closed-loop
control system has a better performance. The noise level under
the double-closed-loop mode is lower than 7 X 107° V /Hz!/2,

T T
Free-running mode

c=15mV

60.0 . ! . . .
0 50 100 150 200 250 300
63.0 T —— T T
<625 6 =0.24 mV Single-closed-loop mode

0 50 100 150 200 250 300
Time (s)

Fig. 6. Light intensity noise in the time domain exposed to Gaussian white
noise. The standard deviation is 15 and 0.24 mV under the free-running
and single-closed-loop modes, respectively.
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Fig. 7. NSD of the intensity exposed to Gaussian white noise. The black, blue,
and red lines are the free-running, single-closed-loop, and double-closed-loop
modes, respectively. The VCSEL intensity noises under the free-running, single-
closed-loop, and double-closed-loop modes are approximately 1x 10 1x 107,
and 7 x 100 V/Hz"%, respectively.

However, without artificial noise, the performance of the
single-closed-loop system in terms of amplitude noise suppres-
sion is similar to that of the free-running mode. In contrast, the
double-closed-loop system exhibits excellent amplitude noise
suppression properties. The intensity NSD in the three running
modes is measured and analyzed without artificial noise. The
intensity of the laser passing through the heated vapor cell is
detected using a photodetector. The signal from the photodetec-
tor is recorded and demodulated using a lock-in amplifier.
The NSD is calculated from three sets of demodulated signals
under the three running modes, as shown in Fig. 8. The noise
under the double-closed-loop mode (red line) is approximately
1 X 107°V/Hz!/? at 1-100 Hz, which is lower than the noise
under the single-closed-loop (blue line) and free-running (black
line) modes. The noise level under the free-running mode is
approximately 4 x 107° V/Hz!/2; thus, the light intensity noise
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Fig. 8. Intensity NSD under the three running modes. The black, blue, and red
lines represent the free-running, single-closed-loop, and double-closed-loop
modes, respectively.
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