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The detection dead zones and heading errors induced by light shifts are two important problems in opti-
cally pumped scalar magnetometry. We introduce an atomic-orientation-based single-beam magnetometry
scheme to simultaneously solve these problems, using a polarization-reversing and path-bending Herriott
cavity. Here, a reflection mirror is inserted into the cavity to bend the optical paths in the middle and divide
them into two separated orthogonal regions to avoid the detection dead zone. Moreover, half-wave plates
are added in the center of each optical region, so that the light polarization is flipped each time it passes
the wave plates and the light-shift effects are spatially averaged out. This operation is demonstrated to
eliminate the unnoticed heading errors induced by ac light shifts. The methods developed in this paper are

robust to use and easy to apply other atomic devices.
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L. INTRODUCTION

Optically pumped scalar magnetometers resolve atomic
Zeeman splittings to extract the bias-field magnitude [1].
With developments in experiment schemes, hardware,
and techniques, scalar magnetometers have made great
advances with regard to sensitivities [2—4], stabilities [5],
and miniaturization [6]. They have been widely used in
research on fundamental physics [7,8], geophysics [9],
space science [10], and neuroscience [11,12]. However,
due to their working principles, they usually suffer from
two important problems in practical applications, namely
detection dead zones and heading errors.

As studied by Bloom [13], detection dead zones in scalar
magnetometers refer to certain directions of the target field
where the sensor signal-to-noise ratio (SNR) is signifi-
cantly reduced. For example, the detection dead zones
of magnetometers using dc pump beams involve regions
perpendicular to the pump-beam direction and the dead
zones of double-resonance magnetometers include extra
regions near the radio-frequency-excitation field direc-
tion. Several methods have been developed to solve this
problem, including the use of a pulse laser to increase
the pump-beam power [11], the employment of multiple
vapor cells [10,14], and the combination of multiharmonic
information [15].

Heading errors correspond to the effect whereby the
measured field magnitude is correlated with the sensor ori-
entation. Nonlinear Zeeman effects [16,17] and light shifts
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[18] are two main sources of such errors and the latter can
be the dominant factor when the bias field is not large.
In optical-pumping experiments, light shifts correspond
to changes of the atomic-ground-state transition frequen-
cies due to interactions between atoms and light beams
[19,20]. There are two physical mechanisms that generate
such shifts: one is due to the transfer of coherence between
ground and excited states in atomic transitions [19,21] and
the other is due to ac Stark shifts [20,22]. In experiments
conducted in atomic cells filled with quenching gases, the
former is largely suppressed [23]. The ac Stark shift can
be divided into scalar, vector, and tensor parts [20], among
which the vector part is the most important one in atomic-
orientation-based magnetometers. This vector light shift is
determined by the circular-polarization component of the
light and its effect on atoms is equivalent to an effective
magnetic field [22]. It is common to circumvent this prob-
lem by either locking the beam on resonance or employing
atomic-alignment-based magnetometry [7,24].

In miniaturized atomic devices [6], it is often preferred
to leave the laser wavelength unlocked, so that both power
and space can be saved. Moreover, in certain atomic-
orientation-based magnetometry techniques, such as the
one using a single elliptically polarized light beam [25],
the optical-pumping beam has to be kept off resonance.
In these cases, it is necessary to develop new methods
and schemes to simultaneously eliminate the detection
dead zones and the light shift, even when the light fre-
quency is off resonance or drifting. A previous successful
scheme employs a single polarization-modulating beam,
which can simultaneously excite orientation and alignment
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resonances [26]. While the combination of these two kinds
of resonances can eliminate the detection dead zones, the
light-shift effect is time averaged out. However, in practice,
the electrical-optical modulator used for polarization mod-
ulations is sensitive to the environment parameters. This is
not only a problem for the device calibration but it can also
cause drifts or fluctuations of the time-averaged light-shift
result.

In this work, we present an atomic-orientation-based
scalar magnetometer that only uses a single amplitude-
modulated beam. This sensor is assisted by a Herriott
cavity, which is modified to lift the detection dead zones
and suppress light shifts. Following this introduction, the
setup and working principle of the magnetometer employ-
ing a conventional Herriott cavity are introduced in Sec. II,
the measurement results and identification of the prob-
lems in this conventional magnetometer are presented in
Sec. III, the solutions to these problems by modifying
the optical properties of the beams inside the cavity are
described in Sec. IV, and the paper is concluded in Sec. V.

II. MAGNETOMETER SETUP AND WORKING
PRINCIPLE

A Herriott-cavity-assisted vapor cell, which is made
by the anodic bonding technique [27,28], is used for the
atomic magnetometer. This cavity consists of two cylindri-
cal mirrors with a curvature of 100 mm, a diameter of 12.7
mm, a thickness of 2.5 mm, and a separation of 19.3 mm.
In this work, the multipass cavity increases the interaction
length between light and atoms [29] so that the cell can
be kept at a relatively low working temperature, which is
essential for the stability of some optical elements, as dis-
cussed in the latter part of the paper. Such a cavity also
provides a platform for manipulating the optical properties
of beams inside. The vapor cell, filled by Rb atoms with
natural abundances and 350 torr of N, gas, is placed on
a three-dimensionally-printed optical platform and heated
to a temperature around 55 °C by running an alternating
current through ceramic heaters.

Figure 1 shows the optical platform used for a single-
beam Bell-Bloom scalar magnetometer [30]. The pump
beam is amplitude modulated using acoustic optical mod-
ulators with a duty cycle of 20% and fiber coupled to
the optical platform. This pump beam, with a diameter of
1 mm and circular polarization, enters the cavity from a
2.5-mm hole in the center of the front mirror and exits from
the same hole after 21 reflections. This magnetometer sen-
sor sits in the middle of five-layer mu-metal shields, with
a 10-uT bias field generated by solenoid coils inside the
shields. The sensor is also connected to a rotation table
outside the shields through a plastic holder, so that the rel-
ative angle between the pump-beam direction and the bias
field can be precisely controlled.

FIG. 1. An illustration of the optical platform for a single-
beam Bell-Bloom scalar magnetometer: PBS, polarizing beam
splitter; PD, photodiode detector.

Two photodiode signals are sent out from the sensor:
one is the transmitted pump-beam signal and the other
is the reference signal, prepared by recording part of the
input beam before it enters the cavity. This latter is also
used to lock the time-averaged input-beam power to 0.14
mW. The current signals from these detectors are first con-
verted to voltage signals by two transimpedance amplifiers
with feedback resistors of 10 k€2 and bandwidths around
100 Hz. These voltage signals are sent to a differential
amplifier, with a unit gain on the pump-beam signal chan-
nel and a variable gain g on the reference-signal channel.
The subtractor output is further amplified by a factor of
200 and recorded as the magnetometer signal.

Two sets of coordinates are used to describe the spin
dynamics, following the notation in Ref. [27]. One is the
xyz coordinate system, with the z axis along the center of
the pump-beam direction. The other is the x'y’z’ coordinate
system, with the z’ axis along the bias-field direction and
the y’ axis perpendicular to the z-z' plane. We denote the
angle between the z and z’ axes by .. For this single-beam
scalar magnetometer, we fix the y axis in the z-z’ plane, as
shown in the inset of Fig. 1. The dynamics of the electron-
spin polarization P is described by the Bloch equation [25]:

dP 1
i yP x (Bo+B) + @[ROP(S —P) — R,P],
(1

where y is the atomic gyromagnetic ratio, Q(P) is the
nuclear-spin slowing-down factor, Rop is the optical-
pumping rate, s is the photon spin of the light beam [23],
R; is the atom depolarization rate in the absence of light,
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and By is the effective field induced by the light-shift effect.
By is connected to Rop by the relation [31,32]

Teer ®s/Ar

ops +i(2I + 1)y By S

)

where / is the nuclear spin, 7, is the classical electron
radius, ¢ is the speed of light, / is the oscillator strength,
@ is the light-photon flux, Ar is the beam area, I is the
atomic transition line width, and Av is the light detuning.

For a pump beam that is amplitude modulated at a
frequency w, the optical-pumping rate can be expressed as

o0
Rop = ap + Z a, cos(nwt — o), (3)

n=1

where a; is the corresponding coefficient of the Fourier-
expansion series of Rop. With the pump-beam duty cycle
0f 20% in this experiment, we have a;/ag ~ 1.9. When the
pump beam is on resonance with the Rb D, transition and
w 1s close to the atomic Larmor-precession frequency w;,
a substantial transverse atomic polarization can be built, as
[27,30]

Srpay sinyr,
2[R +iQ(P)(w — w)]

Py +iPy = e @ (4)

where R = R; + ay, r,, is the abundance of the Rb isotope
that is driven by the modulated pump beam. In most situ-
ations, @ > R and the ac part of the longitudinal atomic
polarization is negligible compared with P, [27]. The
static part of the longitudinal polarization is

P, = saycos ./ (Rg + ayp). (5)

The propagation equation of the pump-beam intensity is as
follows:

dl(z)
dz

=—I©@)[l —s-P(2)]no, (6)

where o is the photon-absorption cross section of the
atoms and 7 is the atom density. Taking the time average,
we have

d(l(z))
dz

= —{I(z))no |:1 — sP./(z) cos r,

srpaq(z) sinyr,
- T(Z)A[Px/,s(w)]] , (7)

where the operator (- - - ) denotes the time average, A(P) is
the amplitude of the oscillating parameter P, and Py  is the

part of P, that is in synchronization with the first harmonic
of the pump-beam modulations in Eq. (3):

say cos(wt — ay) sin yr, R
2 R+ O (P) (e, — )
3

Px/,s(w) =

The analytic solution of Eq. (7) is the principal value of
the Lambert W function [33]. A more convenient way to
effectively express the transmitted beam intensity /, is as
follows:

1) = ¢l ]o)e*NdeN"[SFZ/ cos Yiz-+srn sinyzA[Py (@)]a) /250] ©)

where [p is the input-beam intensity, the coefficient ¢
denotes the ratio of I;/I, without atoms, and c is deter-
mined by the optical patterns and beam-power loss inside
the cavity. The optical depth N, is equal to no/, with / as
the length of the optical paths inside the cell, and X is the
spatial average of the parameter x over the whole of the
optical paths.

III. MAGNETOMETER RESULTS AND
PROBLEMS

In this scalar magnetometer, the bias-field amplitude
is extracted from the atomic Larmor frequency, which is
determined by finding the resonant response of the atoms
to w. Figure 2 shows the experimental results when the
pump beam is resonant with the Rb D; line. Here, the
recorded signal can be expressed as V = G({I;) — g{lf)),
where [r is the reference-beam intensity recorded by one
of the photodiode detectors in the sensor, g is the vari-
able gain of the reference-signal channel in the differential
amplifier mentioned previously, and G is the conversion
factor that connects the recorded beam intensity and the
voltage output from the sensor electronics. The data show
symmetrical line shapes, which agrees with predictions
from Eqgs. (8) and (9). The exact line shape of the Herriott-
cavity-assisted magnetometer signal is complex, especially
due to the diffusion of atoms among the complicated opti-
cal patterns [2,34,35]. It has been shown that [29] we
can use a combination of two Lorentzian functions to
describe the atomic polarization in the frequency domain.
Therefore, the magnetometer signal can be fitted by the
equation

2

(Liy2
f(w):hexp[z ci(5)

— (0 — wp)? + (H)?

} +b. (10)

Figure 2 shows good fitting results using Eq. (10).

To characterize the magnetometer signal amplitude, we
define a parameter S as the difference between the magne-
tometer resonant signal (w = wy) and the signal when w is
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FIG. 2. An illustration of the magnetometer signal as a func-
tion of the pump-beam amplitude-modulation frequency while
the pump beam is on resonance with the Rb D; line and
¥, = 30°. Here, we focus on *Rb atoms, as in the rest of the
paper. The solid line is the fitting result using Eq. (10).

far from w; . In the case that the light is resonant with the
Rb D line, S is determined from Eq. (9):

S o (If(w = wr)) — (@ — 00))

> [N+N i 2‘”}
exp | — — cos” Y,
P ¢ de-i-ao
2 —_— —_—
§Trpaq a .2
N, ) —=11. 11
X[“"( @ Ritao ‘”) } (n

When the cell temperature is low enough, the optical
depth N; is negligible and the atomic polarization com-
ponent in Eq. (7) can be neglected, so that the transmitted
beam intensity is almost independent of the atom polar-
ization. This is the situation for the experimental data at
a cell temperature of 35°C in Fig. 3, where the trans-
mitted beam power has a weak angular dependence, as
shown in Fig. 3(a). In this case, S is determined by the
last line in Eq. (11), which predicts that S is a maximum at
Y, = 90° and decreases with v,. This is consistent with
the experimental results at the same cell temperature in
Fig. 3(b). As the cell temperature and N; increase, the
atomic polarization component starts to play an important
role in determining the transmitted beam power. This case
corresponds to the experimental data at a cell temperature
of 55°C in Fig. 3. Due to the cos® v, term in Eq. (11), the
maximum amplitude of S shifts from 1, = 90° as shown
in Fig. 3(b). While the two experimental conditions lead
to quite different experimental results when 1, is large,
the magnetometer signal amplitudes show similar rapid
decay as v, approaches zero. This is due to the last line
in Eq. (11), which is proportional to sin® v, when . is
small. Therefore, the regions near i, = 0° are detection
dead zones of current magnetometers.
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FIG. 3. The (a) transmitted beam power and (b) S value of the

magnetometer response as a function of i, at two different cell
temperatures.

To better compare the experimental results in different
experimental conditions, we further define the normalized
magnetometer response as the original magnetometer sig-
nals modified by subtracting the signal when w is far off
resonance and then normalized by the parameter S. For the
data in Fig. 2, the corresponding normalized magnetometer
response can be described by

f(w)—(h+b)
S

» al%)
= - . (12
28 (Zi:l Ci) -1

N(w) =

where the parameters in the equation are the same as those
in Eq. (10). Figure 4(a) shows the normalized magnetome-
ter responses with three different values of ¥, at a cell
temperature around 55 °C. While all the results have sym-
metric line shapes, the line width increases as 1. decreases.
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FIG. 4. (a) The normalized magnetometer responses at differ-
ent values of v, when the pump beam is resonant with the Rb
D line and the cell temperature is around 55 °C. The solid lines
are fitting results using Eq. (12). (b) The same as (a), except that
the pump beam is 6-GHz blue detuned from resonance. The solid
lines are fitting results using Eq. (15).

This is due to fact that, as shown in Fig. 3(a), the transmit-
ted beam power increases when 1, changes from 90° to
30°, which leads to a larger power-broadening effect.

However, the situation becomes more complicated when
the pump beam is off resonance. In this case, we need to
consider the light-shift effects. Similar to Rop, the effec-
tive field from light shifts can be expanded as B, = [B¢ +
>, Brncos(nwt — a,)]z. The first-harmonic part of B;, can
excite a part of P, to the x’-y’ plane, so that there is an
additional polarization term P/, along the x" axis besides
P, in Eq. (4). By treating this effect as a perturbation, we
can express P/, as [36]

P (0 — w)y B cos(wt — ay) sin Y, Py
Y7 2[R2/QX(P) + (v By sin . /2)? + (@ — w)?]
(13)

The transmitted pump-beam intensity is now determined
by A(Py s + P’y), instead of A(Py ), in Eq. (9). Therefore,

the dispersion relation between P/, and w introduces asym-
metric magnetometer-response results. Similar to Eq. (10),
a combination of two Lorentzian functions and two disper-
sion functions is used to describe the atomic polarization
behavior. The function to fit the magnetometer signal with
detuned light is

¢ <%)2 + di(w — wo)

F(w) = hexp +b (14)

;i\’
= (w—wp)?+ (j)
and the normalized response is described by

F(w) — (h+b)
S

2
il 7 ) +dilw—wo)
exp |:Zi2_1 : —<2) - wf :| -1

(@-00)2+(%)

exp (Z?:l Ci) -1

N'(w) =

15)

Figure 4(b) shows the normalized magnetometer results
when the pump beam is 6-GHz blue detuned from the
Dy line. It confirms the appearance of asymmetrical line
shapes as ¥, deviates from 90°. On the other hand, the data
also show that the asymmetry of the line shapes increases
as v, decreases. This is because the degree of this asym-
metry is determined by the ratio A(P’y) /A(Fx/,s), which
is proportional to cos v,. In order to quantify the degree
of the line-shape asymmetry, we introduce a new param-
eter D, which is the ratio of the asymmetric part to the
symmetric part in the fitting function:

dj(w—wg)
(@=0)+(F)?

2 +27éf
Zi:l ./.c:)LL—Zn(Sf

2 +278f
Zi:l fa()ULL—2n6f

D(f) = (16)

l_‘.
ci(4)?

(@=0)+(F)?

The parameters in the above equation are the same as in
Eq. (14). Using the fitting results, we have D(3000) = 2.38
for the data at i, = 30° in Fig. 4(b).

IV. SOLUTIONS AND DISCUSSION

The field-orientation-dependent asymmetric magne-
tometer response, induced by ac light shifts, presents a
new source of heading error in Bell-Bloom magnetometry.
From Egs. (8) and (13), we can observe that the ac light-
shift effect on the transmitted beam intensity is determined
by sBy1, the product of the photon spin and the effective
field from the light shift. It is confirmed by the experiment
that the asymmetry of the magnetometer response can be
reversed by flipping the pump-beam polarization or detun-
ing. Therefore, to solve this heading-error problem without
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consuming additional power, a simple way is to reverse the
pump-beam polarization inside the atomic cell.

If the optical lengths of the pump beam inside the cell
with two opposite circular-polarization components are
the same, the effect of s - P, in Eq. (6) can be cancelled
out. In the same way, the static light shift can also be
spatially averaged out. Therefore, the whole of the light-
shift effects in this magnetometry can be eliminated using
such a method. In practice, to maintain the magnetome-
ter signal, it is also important to reduce the possibility
that atoms polarized by one pump-beam polarization dif-
fuse into another region pumped by light with an opposite
polarization. Considering all the requirements, the most
suitable way to implement this scheme in the experiment
is to attach a half-wave plate in the middle of the cavity.

In the experiment, we use a customized true-zero-order
half-wave plate, which is attached to a piece of K9 glass
so that the total thickness of the wave plate is 0.6 mm.
Due to the heated environment around the cell, we need
to first check the temperature effect on the performance of
these half-wave plates. For a transverse wave propagating
along the z direction, the oscillation amplitude of its elec-
tric field can be expressed as Ay, = Ex, cos(wt + 8, ).
The circular-polarization component in this wave can be
characterized by an ellipticity parameter n [37]:

2E.E, sin(é; — 5,)
|Ex> +E, >

sin(2n) = (17)

An ideally circularly polarized wave has || = 45° and a
linearly polarized wave has n = 0°.

We attach one of the half-wave plates in the middle of
the cavity as shown in the inset of Fig. 5(a), use a far-off-
resonance light with 5 close to 45° as the input beam, and
measure the n value of the output beam from the cavity
at different cell temperatures. The experimental data in the
same plot show that the output beam has a weak elliptical
polarization at low temperature, due to 21 reflections on the
cavity mirrors and 22 passes through the wave plate. The
n value of the output beam changes slightly when the tem-
perature is below 80 °C and the circular polarization of the
output beam degrades rapidly when the cell temperature is
above 85 °C. Therefore, the customized half-wave plates
are feasible for applications when the cell temperature is
below 80°C, which covers the range of sensor-operation
temperatures in this paper.

Using this modified cavity with a half-wave plate in the
middle, we retake the magnetometer results at ¥, = 30°.
The new experimental data in Fig. 5(b) show D’(3000) =
0.09. Compared with the results using the conventional
cavity in the previous section, we have eliminated most
of the aforementioned light-shift effect and only 3.7% of
the original effect is left. This residual effect can be further
reduced by tuning the position of the half-wave plate inside
the cavity.
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FIG. 5. (a) The ellipticity parameter n of the output beam as

a function of the cell temperature, with the cavity configuration
shown in the inset. (b) A comparison of the magnetometer results
using two different cavity configurations. The lines are fitting
curves using Eq. (15).

We use the parameter SNR as the magnetometer signal-
to-noise ratio with a 1-Hz bandwidth. Figure 6(a) demon-
strates that there is a 2-orders-of-magnitude difference for
the maximum and minimum of the SNR in the magne-
tometer using a conventional cavity. To lift the detection
dead zones in the sensor, we add a reflection mirror to
the conventional cavity and arrange the cavity mirrors as
shown in the inset of Fig. 6(a). In this new configura-
tion, the optical paths are bent by 90° in the middle. This
path-bending cavity can be treated as a combination of two
separated normal multipass cavities. They can complement
each other because their dead zones are orthogonal.

While it helps to eliminate the detection dead zones,
the introduction of an extra reflection mirror also doubles
the interactions between the mirror surfaces and the beam,
which can strongly influence the quality of the beam cir-
cular polarization. In practice, we modify the cavity mirror
parameters by reducing the number of reflections inside
the cavity to 13 and increasing the length of each optical
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FIG. 6. (a) The magnetometer SNR as a function of i, using
two cavity configurations with the pump beam resonant with the
Rb D, line, = wy, and a cell temperature around 55 °C. The
inset shows an illustration of the path-bending cavity. (b) The
normalized response of the magnetometers taken at v, = 45°,
with the pump beam 6-GHz blue detuned from the Rb D; line.
The lines are fitting curves using Eq. (15) and the inset illustrates
a path-bending cavity vapor cell with half-wave plates.

path inside the cavity to 26.3 mm. In this way, the mag-
netometer signal amplitude is kept almost unchanged and
the polarization of the beam inside the cavity is also main-
tained with good quality. As shown in Fig. 6(a), the SNR
of the magnetometer using this path-bending cavity fluc-
tuates within 20% over the whole range of .. This is a
significant improvement compared with the magnetometer
using a conventional cavity and the remaining orientation
dependence of the SNR is mainly determined by the cavity
structure.

It is straightforward to combine the two methods devel-
oped above for simultaneous elimination of the dead zones
and light shifts. As shown in the inset of Fig. 6(b), this is
achieved by placing two half-wave plates in the middle of
the optical paths between the reflection mirror and the cav-
ity mirrors. Its function is confirmed by the experimental

results in Fig. 6(b), which show similar success in sup-
pressing the light-shift effect using this new configuration
as the results in Fig. 5(b).

V. CONCLUSIONS

In summary, we demonstrate an atomic-orientation-
based scalar magnetometer using a single amplitude-
modulated beam and a multipass cell. We suppress the
light-shift effect by more than one order of magnitude,
using a half-wave plate in the middle of the cavity to
reverse the beam polarization inside the cavity. We also
remove the detection dead zones and limit the change of
the magnetometer SNR within 20% over the whole angular
range, by modifying the cavity to a three-mirror configu-
ration. Through the combination of these two techniques,
we attain a light-shift-free and dead-zone-free scalar mag-
netometer. The optically pumped magnetometry methods
developed in this paper are robust to use and easily
extended to other atomic devices.

One important application is in the aforementioned
atomic magnetometry using a single elliptically polarized
light [25], where the beam has to be kept off resonance
for both optical-pumping and Faraday-rotation detection.
The inherent light-shift problem limits the application
of this magnetometry in precise scalar field measure-
ments. The polarization-reversing cavity developed in this
paper can solve this problem by eliminating the first-order
light-shift effect. Calculations based on Jones calculus are
performed to confirm the feasibility of this scheme. If the
proposed scheme can be successfully implemented, this
modified magnetometer would be a promising compact
single-beam version that could replace the widely used
two-beam double-resonance scalar magnetometers [1].
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