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so-called light-shift dispersed M, (LSD-Mz) regime, we focus on the key parameters
defining its performance. That are the reconstructed Larmor frequency, the transfer
function between output signal and magnetic field amplitude as well as the shot
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1 Introduction

Optically pumped magnetometers (OPMs) are, in principle, scalar-type quantum sensors
for magnetic fields based on the Zeeman effect. That is the shift of energy levels due to the
interaction of atoms with an external magnetic field [1]. Usually alkali vapors in paraffin-
coated glass cells are used as sensing element. Because the energy shift by the Zeeman
interaction is based on the scalar product of the measured external magnetic field By and
the magnetic moment of the atom, such a magnetometer measures the absolute value of
the field. This fact makes them interesting for the realization of absolute field sensors [2—
4].

On the other hand, the alkali vapor is usually polarized by optical pumping with a circu-
lar laser beam to create large signal amplitudes. With the pump beam an additional direc-
tion dependence is introduced leading besides dead zones also to unwanted effects usually
summarized under the label “heading error”[5]. These effects can be understood from the
change in the atom-light coupling that is in dipole approximation given by the scalar prod-
uct of the laser’s electric field and the atoms electric dipole moment [6]. Suppression of
the heading error is intensively studied [7-9] and it has important consequences in the
application of OPMs [10, 11].
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The most sensitive magnetic field sensors are based on superconducting quantum inter-
ference devices [12, 13]. They have been optimized to allow sub-femtotesla field gradient
resolution even in Earth’s magnetic field [14] and today, besides others, are used for geo-
magnetic and archeological explorations [15—17]. Still the requirements due to cryogenic
liquids is demanding and for low temperature superconducting sensors the costs of liquid
helium are high. In this context, the newly introduced operational modes which enable
shot-noise-limited field resolutions of OPMs on the femtotesla scale in Earth’s magnetic
field strengths are promising alternatives. Namely, those are the light narrowing (LN) [18—
20] and the LSD-Mz [21] mode.

In this work, we analyze the performance of magnetometers based on the LSD-Mz mode
and experimentally investigate their characteristics as a function of their orientation in an
external magnetic field. The paper is organized as follows: We describe the experimental
setup before we discuss a theoretical description of the measured values. Afterwards we
present experimental data and relate it to our theoretical description. We demonstrate the
influence of different rotational axis to the results. Finally, our model allows an estimate
of the influence of the heading direction on the field resolution which we use to conclude
on the usability of OPMs based on this mode in Earth’s magnetic field.

2 Methods

2.1 Experimental description

Because we are interested in the characteristics of a high resolution OPM as a function
of its orientation relative to the Earth’s magnetic field, our experimental setup is based
on a vapor cell design suitable for the LSD-Mz regime. Namely, the used micro-fabricated
buffer gas cell contains two active volumes connected to the same reservoir. It is created by
ultrasonic milling the desired structure into a 4 mm thick silicon wafer. The diameter of the
two cylindrical cells is 11 mm and their distance 16 mm. After filling the reservoir region
with droplets of diluted cesium azide and a drying step, the cell is closed by anodic bonding
with Borofloat glass plates. Finally, decomposing the azide to cesium and nitrogen as buffer
gas with excimer laser irradiation finalizes the fabrication. For the used cell the buffer gas
pressure is about 200 mbar as necessary for the LSD-Mz mode. A detailed description of
the cell fabrication can be found in [22]. A photograph of the used cell arrangement is
shown in Fig. 1(b).

The cell is mounted at the center of a rotational table and accompanied by optic elements
for the preparation and detection of the required circularly polarized laser beams, see
Fig. 1(a). A schematic of the optical setup is shown in Fig. 1(c). The laser light is guided to
the experiment by a polarization maintaining fiber. The beam preparation (BP) is done in
a compact setup. Therein a lens (KL) collimates the beam to a diameter of about 4 mm and
a linear polarizer (LP) is used to define the polarization direction. The beam is then split
by the use of a polarizing beam splitter (PBS). A right angle deflecting prism (DP) and two
quarter-lambda plates (1/4) create two parallel beams with right and left handed circular
polarization, respectively. An additional linear polarizer (LP) in the straight beam is used
for balancing their intensities. The so prepared beams are passed through the centers of
the active volumes of the two cells, before they are slightly focused with lenses (L) onto two
photodiodes (PD) for recording the transmitted intensities. Unwanted light on the diodes,

as for example from the heating laser, is blocked with an absorbing bandpass filter F.
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Figure 1 (a) The experimental setup (see also Ref. [6]) is mounted on a rotational table inside of a Helmholtz
coil system and a mu-metal shielding. The orientation of the setup concerning the created magnetic field is
adjusted by a cable pull. (b) The vapor cell used for our experimental investigations features two circularly
shaped active volumes and a rectangular reservoir. (c) The schematic drawing of the setup viewed from the
side for rotating angles of & = 0 includes the optics for generating two circularly polarized laser beams. The
axis of rotation is parallel to the y-axis. The pump (PL) and heat laser (HL) are colored in red and blue,
respectively. The whole optical setup can be rotated inside the magnetic field By that is fixed along the z-axis

The pump laser (PL) with a wavelength of 895 nm is stabilized to the Doppler free ab-
sorption line for the F =3 — F' = 4 D, transition of the Cs vapor of an additional paraf-
fin coated glass cell placed close to the laser on the optical table (not shown in Fig. 1).
A 978 nm heat laser is guided to the setup by a fiber and an optical setup, containing colli-
mating lens and deflecting prism (not show in Fig. 1). The sensor is heated to a temperature
of roughly 100 degree Celsius for a suitable optical density of cesium atoms.

The whole optical installation is mounted inside of a three layer mu-metal shielding
(see Fig. 1(a) and Ref. [23]). Also, a three axis Helmholtz-coil system is included allowing
the application of arbitrary magnetic fields. In all discussed experiments we apply a static
magnetic field By of about 50 11T along the horizontal z-axis that corresponds to the sym-
metry axis of the cylinder-shaped shields. The normal of the rotational table and thus the
vertical rotational axis is labeled by y. Two additional Helmhotz coil configurations are
mounted around the cell allowing for the application of magnetic rf-fields (By) perpendic-
ular to the laser light for the detection of the magnetic resonance. We respectively denote
the amplitude and the frequency of the B; field by £2 and v. Note, the B field created by
the y-coil is perpendicular to both, laser light direction k and magnetic field By for each
rotation angle «. But using the second rf-coil leads to an angle modification between Bo
and B, from perpendicular to parallel configuration during rotation. Nevertheless, we la-
bel the latter as “x-coil” according to its initial orientation. Our setup thus resembles the
real situation of an OPM moved in Earth’s magnetic field.

The measurements are carried out as follows: At first the heading angle is adjusted from
outside of the shielding by a cable pull to an angle o between By and the propagation
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Figure 2 Measured magnetic resonance for both

helicities as well as difference signal. The latter yields - g* I
a large transfer function exploited in the LSD-Mz _ 0.1 LSD-M4
mode. This example curves are measured at an é
angle o = 0 with the y-coil = 0 L

S ol /TN

37 /

Q

. AN

S -0.2

.
L

-0.3 W

170 172 174 176 178
frequency (kHz)

direction of the laser light k. The latter is given by sina@, + cos é,. Here, the &; denote the
unit vectors in i-direction. Then, consecutively the B; field is swept through the magnetic
resonance using the x as well as y coil. Thus, for each angle o recordings are made with
a magnetic rf-field applied in y and cos aé, + sinaé, direction. Because at an angle o = 0
both configurations are equivalent, we adjusted the current feed to the different B; coils
to produce magnetic resonances with the same height and width at these angles to correct
for the slightly different coil constants.

In the starting configuration (« = 0) the LSD-Mz mode requires two detuned circularly
polarized laser beams both of which are oriented in parallel to the external magnetic field
By [21]. When using buffer gas cells, the population is pumped to dark states at mp =
+4 of the F = 4 ground states, respectively for o, and o_ light. By the magnetic rf-field
the transition between the Zeeman-split levels can be driven, which is observable by an
increase in laser absorbtion. The substraction of the signals for both helicities results in
a steep linear measurement curve around the actual Larmor frequency v, = yB,. Here
y = 3.5 Hz/nT denotes the gyromagnetic ratio of cesium. This substraction also reduces
the common noise present on the two signals, as for example intensity noise from the laser.
For illustration, corresponding measurements of the magnetic resonances are presented
in Fig. 2 for an angle of « = 0 using the y-coil.

By fitting this measurement curves of the photocurrent / as a function of rf-frequency
v with a Lorentzian function

Av?

I=1v)+1;=lp—————— + 1, 1
(V) + g 04(\)—V0)2+AU2 dc (1)

we extract the DC-photocurrents I, the amplitudes Iy and widths (FWHM) Av of the
magnetic resonances, as well as the resonant frequencies vy. The latter is given by the light
shifted Larmor frequency vy = v; & v;s, where v s denotes the frequency shift due to the
AC-Stark effect. Although the helicity of the two laser beams as well as their relative inten-
sities were balanced to less than 1% prior to recording the experimental data, a remarkable
deviation in both, the dc-current and the resonance amplitude, is observed. Therefore, in
all measurements including the one presented in Fig. 2 an additional electronic balancing
through amplifying the o, signal by an additional factor of 4 = 1.61 is introduced. The rea-
son for the observed deviation, that is dependent on the applied magnetic field requires
further investigations.
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From the steepness of the difference signal s = d(I,, — I, )/dv at the Larmor frequency
we calculate the theoretical shot-noise limited sensitivity as

25 () + 15 (un)
B, - , )
Ys

by error propagation of the two channels’ shot noises where the photocurrents 1. are
taken at the Larmor frequency and e is the elementary charge. This value sets the theoret-
ical lower limit for the field resolution of an OPM operated in the LSD-Mz mode. Please
note that a possible sensor operated in the M,-mode suffers from low-frequency noise due
to the direct measurement of the photo-current. However, by the use of two laser beams
from the same source, noise contributions such as the amplitude noise of the laser can be
reduced to a large extent as we will show elsewhere. The heading characteristics of the
fitting parameters of Eq. (1) as well as of the sensitivity are in the following discussed.

2.2 Theoretical description
Two theoretical concepts are required for the description of our experimental results. On
the one hand, the measured resonance frequencies are strongly modified by the light shift
due to the intense off-resonant pumping. This effect has been extensively studied [6, 7, 9,
24] and we use the method presented in Ref. [6] for a description of our data.

On the other hand, the magnetic resonance itself can be described by Bloch equations.
Here, we firstly analyze the Hamiltonian describing the magnetic resonance of a two-level
system

hv
H= TOO'Z + h$2 cos 2w vE[cos oy + sinao,] (3)

for the x-coil. Please note that the same Hamiltonian is valid for the y-coil keeping cos o = 1
and sino = 0. In Hamiltonian (3), £2 = y B, is introduced as the amplitude of the B field in
frequency units, oy, 0,, as well as o, denote Pauli matrices, and / the Planck constant. In
order to proceed, we aim to discuss the system in a rotating frame that removes the time
dependent diagonal term. That can be achieved by a unitary transformation 1J; = /¢
where we choose G(t) = % sin 2w vt cosa. As constructed, I/; commutes with o, and the

term ihll, U I removes the diagonal coupling [25]. The transformation therefore results in

hVQ

H = — O:t h$2 cos 2 vt cos arf €% 52T

o, + e—igsinvatai]' (4)

Here, we used o4 = 0.5(c, & io,) and the abbreviation g = % cosa. Although we could
continue with the Jacobi—Anger expansion and finally find the stationary terms in a frame
rotating with v, we note that the ratio £2/v is small in our experimental realization. Thus,
we can summarize the terms in the brackets to o, and solve the Bloch equations in a frame
rotating with v around the z-axis in rotating wave approximation. The modification of the
stationary result for the z-component of the magnetization compared to the usual result

is limited to a reduction of the effective rf-amplitude with a factor cos« as

nr;

{o2) = _F,Fq; +22cos2a’
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Above we introduced the rates I and I, as respected inverse relaxation and coherence
times T and T,, as well as 1"«; =(I wz +8)/T, »- The detuning of the B; frequency from
resonance is included by 6 = vp — v.

Still, this modification for the x-coil alone fails to accurately explain our measured data.
What is missing in Eq. (5) is the modification of population transfer by optical pumping,
or in other words the change in the dc-photocurrent that depends on the population dif-
ference. To include the optical transition and the decay from the atoms excited state into
the two-level model, we modify the relaxation and excitation dissipative dynamics, similar
as in Refs. [26] and [27]. Namely, we set for the respective excitation I, and decay rate I’

Vr  §2,|cosa|

I, = > + #(1 —cosa),
£2,|cos | (©)
I, = L P (1 + cosa).
2 2

Here we assumed a repopulation rate of the ground state levels y,/2 and an effective pump-
ing rate between the two levels £2, proportional to the laser field £2; (see below). We note
that the equations above are written for o, polarization of the light. Still, they take the
same form for o_ light. This other helicity only differs by a change of the signs inside the
brackets. On the other hand, because the mp = —3 level has higher energy compared to
the mp = —4 in two level approximation, the result for o_ would be equivalent to Eq. (6).
The rates resulting from the optical pumping in Eq. (6) include contributions of the scalar
product between the atoms’s dipole moment and the electric field (o 1 &+ cos &) (compare
to Ref. [6]) as well as an additional factor of | cos @|. Also, we did not include the linear po-
larized component scaling with sin « that, in principle, can also contribute to a population
difference. This statement is especially true close to a perpendicular pumping orientation
l§0 1 k. The rates defined in (6) enter to the observable photocurrent. It relates to the

expectation value of o, as

(-1

I(v) = Iy(o;) = Iy (L + L) Ty + ()22

7)

Here, the function c(«) is constantly one for the x-coil and cos« for the y-coil. As con-
structed, our model accurately describes the dc-photocurrent as shown in Sect. 3. Namely,
if § > Zo0 or equivalently £2 — 0, we find

r,-T, cos?«

=1lo =1lo
I,+1T, |cosot|+p1’

1 (8)
with the dimensionless fitting parameter p; = y,/£2,. The above function changes with
decreasing optical pumping from a cos to a cos? angular dependence while at the same
time the amplitude is decreased. This reduction of the dc-current summarizes the fact
that for an effective pumping to the dark states the rate of equalization of population y,
should be significantly smaller than the optical pumping o< £2,,.

To bring Eq. (7) into a similar form as Eq. (1) we separate the dc-current to find the

Lorentzian-like resonance function as

()22 ) ©)

I(v) = Idc(l ~ s T+ @)
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The resonance amplitude is accordingly the value of the second term in above equation at

resonance, namely at v = vy. It is

c*()

c2(a) + pa(p1 +cosa)’ (10)

io=1(v =vo)/ly =

where we introduced a second dimensionless fitting parameter p; = I,£2,,/$2?.
Finally, the full width at half maximum (FWHM) of the resonance curve of Eq. (7) is
given by

Av=2I, |1 @) (11)
v= +———————— 4 ps.
¢ pap1 + | cosal) ps

This relation describes the quadratic addition of the natural linewidth I, and the power
broadening by the B; field

T, 202?

p2(p1 + | cosa|)) - Ty(y + 82y cosal) (12)

AUB] =

of the magnetic resonance line. To fit our experimental results, it is necessary to introduce
an additional constant broadening term p3 that we account to the broadening of the mag-
netic resonance line by the laser power as we will demonstrate below. We introduce this
solely to the resonance width, since a saturation in the optical transition does not yield
the same in the magnetic resonance and thus will not influence to the amplitude of the

measured Lorentzian-shaped signal.

3 Results
3.1 Resonant frequency—Ilight shift
In a first step we analyze the angular dependence of the magnetic resonance center fre-
quencies as plotted in Fig. 3. We added to the figure also the mean value of the measured
center frequencies found for the two different circular polarizations.

In general, the magnetic resonances are strongly shifted by the ac-Stark shift due to the
strong off-resonant pumping. The angle between the laser beam direction, represented
by its k-vector, and the magnetic field By influences to the atom-light interaction by the

Figure 3 Extracted center frequencies of the 175
o X,(S+

magnetic resonances for both circular polarizations X0
of the laser as a function of the heading angle . 1748 % St x.m
Also the mean frequencies of the two helicities are = \% 3 % i*?
given. The latter roughly corresponds to the Larmor A‘; 174.6 - £ oo v’n;
frequency measured by the LSD-Mz mode. The 2 Q‘% ?&
diamonds and dots correspond to a By field that is % 174.4 ' O
applied respectively in plane of rotation and & 3 %Q% jf? %
perpendicular to it. Away from /2 the two coils g 1742
produce the same result. Additionally, theoretical g ‘5&
curves describing the expected light shift are P S —— ]
added as solid orange and blue lines i

-T -T2 0 w2 T

heading angle o
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transition dipole moment [6]

Eg

2/2

-

D-E= ei(];;‘Z””Lt)([cosa + 11D, + [cosa F 1]D_ + 2sinaD;). (13)

Therein E; is the amplitude of the electric field, k the k-vector of the laser, 7 the atoms
position, vy the frequency of the laser beam, and the D; are components of the dipole
operator. In words, above equation states that with modifying the angle « the weight of
pumping to different excited states is strongly influenced. Namely, D,, D_, and D, compo-
nents couple to excited states with increased, decreased, as well as unchanged magnetic
quantum number m} = mr + {+1, -1, 0}, respectively.

The strongest characteristic results from the vector light shift that can be interpreted
as virtual magnetic field added in direction of the lights angular momentum [24]. It is
strongest close to angles of zero and £ and reduces to zero close to perpendicular ori-
entation. Also as expected, it changes its sign for a change in the laser’s helicity. A more
detailed discussion of the light shift can be found in Ref. [6]. We use the findings therein
to calculate the expected light-shifted transition frequencies between Zeeman levels with
highest and lowest magnetic quantum numbers to their neighboring states. These corre-
spond to the respective blue and orange solid lines plotted in Fig. 3 and can be identified
with the transitions probed when pumping to the dark states my = £4, where the plus and
minus sign are to be used for o, and o_ light, respectively. For the curves we used a mag-
netic field strength of By = 49.664 1T, detunings of 8r/_4 = -8 GHz and ép.3 = -9.2 GHz
from the respective optical transitions F =4 — F' =4 and F = 4 — F’ = 3, a linewidth of
the optical transitions I'ope &~ 4 GHz, and optical driving amplitudes in frequency units
£2; =3.15 MHz and 3.45 MHz for o, and o_ polarized beam, respectively. The last values
corresponds to the on-resonance Rabi frequencies [28] introduced by the pumping beams.

We achieve a good correspondence between our model and the experimental results. It
is best close to angles of zero and £, where additionally to the strong light shift also a
very good pumping to the dark states is achieved. Close to angles of £77/2, not only the ob-
served light shift is reduced but also the population is distributed between several ground
state levels. This effect reduces the magnetic resonance amplitude and, additionally, en-
ables probing more ground state transitions both reducing the agreement between theory
and experiment.

Nevertheless the model allows the reconstruction of the laser intensities I; from

1/ I —
2= 4cn€0(]—1/2||D||]—1/2). (14)

Here the vacuum permittivity €, speed of light ¢, reduced transition dipole moment {J =
1/2||ﬁ||]’ = 1/2) [29], as well as the refractive index # enter to the equation. We found
the two intensities to be 64 and 76 W/m?. Since their ratio does not correspond to the
scaling factor a, we expect some influence of slightly varying beam profiles or non-perfect
circular polarization. If we assume the laser power distributed equally to a circular beam
with a diameter of 4 mm we find a total value of about 1 mW which fits well to separate

measurements.
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Figure 4 Photocurrent as a function of the heading
angle. The diamonds and dots correspond to the
data recorded with the x and y coil producing the
By field, respectively. In the picture the difference A
of o_ minus o values are added to visualize the
balancing. The solid lines are calculated according
to Eq. (8). The dotted gray lines correspond to the
functions 0.38 mA x | cosa| and 0.38 mA x cos® o
for a better visual comparison of the results to these
functions

DC Photocurrent (mA)

- -2 0 w2 T
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3.2 The dc-photocurrent
A second basic characteristic is found for the dc-photocurrent as introduced in Eq. (1). It
is plotted as a function of the heading angle in Fig. 4.

As demonstrated in the figure, we observe a dependence that roughly follows a | cos | or
| cos |2 function. Furthermore, the orientation of the B; coils has no influence to the pho-
tocurrent away from the magnetic resonance, as expected. Although we used an electronic
balancing, we still observe a slightly higher dc-photocurrent for the o beams compared
to the o, helicity of about 2% in maximum that is best demonstrated from the difference
signal.

The explanation of the shape of the measurement curves is found in the interaction of
the dipole moment D with the laser’s electric field E as given in Eq. (13). We included this
effect by modified relaxation and excitation rates depending on the effective circularly
polarized laser intensity (6). The measured photocurrent is increased when the pumping
of the atoms to dark states is more efficient because they cannot absorb anymore light.
A large dark state population is related to large differences in the ratio of light pumping
to larger and smaller magnetic quantum numbers. They are respectively proportional to
D, =D, +iD,and D_ =D, —iD,,.

Our model (Eq. (8)) predicts a change from a cos? & dependence to one proportional to
| cos | when the effective pumping amplitude £2; is increased compared to the relaxation
of the polarization given by a rate y,. That allows for a more accurate fit of the photocur-
rent as a function of the orientation angle « as demonstrated by the solid lines in Fig. 4.
For this curve, we estimate the ratio of relaxation to optical pumping rate to be p; ~ 0.3
and the amplitudes Iy = 0.49 mA. Keeping in mind the electronic amplification of the o,
channel, the variable p; is multiplied by 1/1.6 for this channel making it necessary also to
adjust the amplitude Iy when fitting the curve measured for this helicity to 0.56 mA. Ad-
ditionally, in consistency with the experiment, our model predicts a smaller photocurrent
with decreasing the optical pumping amplitude o §2, that usually is not included in Bloch

equations.

3.3 Magnetic resonance amplitude
In contrast to the very similar angular dependencies of the dc-photocurrent for the two
different B; coils, a clear discrepancy is found in the normalized amplitude of the magnetic

resonance signal iy = Io/I4, as demonstrated in Fig. 5.
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Figure 5 Normalized magnetic resonance height 1 P
Io/lgc as a function of the heading angle. Again the ol
diamonds and dots correspond to the x and y 0.8 _—
orientation of the By field, respectively. The <g ) < yo
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This mentioned discrepancy is well explained by the additional modification of the ef-
fective B, field amplitude when modifying its direction compared to Bo. We included this
in our calculation by the factor c that is constantly 1, when using the y-coil, and |cos«|,
when the x-coil is used. With Eq. (5) we fit the normalized amplitudes presented in Fig. 5
and found very good agreement between experiment and theory with a factor p, = 0.12.
Note, for o, we additionally had to adjust the value of p, by a factor of 1.6. The depen-
dence we observed for the normalized resonance amplitude driven by the x-coil is strongly
influenced by the cos function given for the effective B;-field amplitude §2. Namely, the
resonance height is maximal at « = 0 and 7 and tends to zero in vicinity of « = £7/2,
where effectively no B field remains.

In contrast, when using the y-coil, our theory predicts an increase in resonance ampli-
tude towards one for angles close to o = +7/2. Except in close vicinity of these angles
this general tendency is also found in the experiment. From our model, it is clear that
this increase is connected to a reduction of the optical pumping to the dark state: A given
strength of the B;-field corresponds to a certain rate of population shifting back from the
dark state to absorbing states. In other words, the B; field introduces a Rabi oscillation
whose frequency depends on the field amplitude. Thus for larger powers, the shifting of
population to the absorbing state is faster. If this rate is smaller than the possible popu-
lation transfer that can be achieved by the pumping laser, the measured photocurrent in
resonance does not reach down to zero. Therefore the amplitude Iy/I,. is smaller than one.
When rotating towards /2 and using the y-coil, the effective B; field amplitude stays
constant. Because at the same time the optical pumping to the dark state gets less effective,
the photocurrent amplitude is increased towards one. That means that all the atoms that
are optically pumped contribute to the resonance with the B; field. Still, our model does
not accurately reproduce the extracted values in close vicinity of a = &7 /2, where the ex-
perimentally observed amplitudes drop to zero. This deviation probably results from not
considering the linearly polarized pumping at these angles, that not only leads to optical
alignment but also takes the role of the B field in redistributing population.

3.4 Resonance width

A fitting of the experimentally observed resonance widths with the same parameters p;
and p, turned out to be unsuccessful. Thus we found it necessary to introduce an addi-
tional fitting parameter p3 to Eq. (11). Theoretical curves with parameters p3 = 3.5 and
I, = 350 Hz are plotted together with the experimental data points in Fig. 6.
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Figure 6 FWHM of the magnetic resonances as a p——
function of the angle . Again diamonds and dots ‘.. X:J
correspond to the use of x and y coil for applying 3 ' XA
the rf-field, respectively. In green, we added the N ¥:9,
) ) jan) y,0

corresponding difference between o and o 2 \
result. The solid lines correspond to calculation % 6f -
results following Eq. (11) in the same color as the =
corresponding data points 8 |
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Our adjusted model again fits nicely to the experimental results in the case of the x-coil
as demonstrated by the solid lines’ correspondence to the data presented as diamonds in
Fig. 6. We observe a reduction of the power broadening introduced by the rf-field. There-
fore, we assume that close to angles of « = /2 the minimal possible magnetic resonance
width is achieved for this certain temperature and laser power.

In contrast, applying a constant effective magnetic rf-field by the y-coil, leads to a strong
increase of the resonance width in the experiment. We account this to a large redistribu-
tion of population between Zeeman states resulting in an overlay of several ground state
transitions and the linear optical pumping remaining at these angles. Since our model is re-
stricted to two-levels and we neglected the linear pumping, we fail to catch the magnitude
of this increase in magnetic resonance width. Still, we note that the qualitative behavior is
accurately reproduced by the theoretical model.

As already mentioned above, we account the factor ps3 to a power broadening due to the
strong laser power. To justify this assumption we can estimate the expected laser power
broadening similar to Eq. (12) by (compare e.g. Ref. [30])

2F

AVjgger = — L =
laser 9 Fw Fopt

3.5, (15)

where we used the values for £2; of the o, beam and I, as noted above. Since this value
is in agreement with the fitting parameter, we identify the strong power of the detuned

laser as one important source of broadening of the magnetic resonance.

3.5 Shot-noise-limited sensitivity

Finally, as a key parameter of the proposed magnetometer we extracted the shot-noise lim-
ited sensitivity of the LSD-Mz signal as explained in Sect. 2.1. The respective experimental
values as a function of the angle « for the two rf-coil-orientations are presented in Fig. 7.
Our experiment shows a minimal shot-noise limited resolution for the used parameters of
20 fT/+/Hz already close to the optimal conditions [21]. This optimal resolution is found
in the case of parallel alignment of the laser direction to the magnetic field. This results
from the strong dependence of the sensors performance on the pumping to the dark state
and achievement of a reasonable light shift. Both of these requirements are connected to
the atom-light interaction and thus are reduced towards perpendicular orientation. There,
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Figure 7 Shot-noise-limited resolution as a
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both the magnetic resonance signal as well as the light shift are reduced resulting in a loss
of sensitivity.

We observe a strong dependence of the amplitude and width of the magnetic resonance
signals on the angle that additionally is slightly different for the two used orientations of
the B; coils. Still, because the width of the magnetic resonance as well as the light shift are
both dominated by the laser intensity, the shot noise limited resolution is quite stable for
angles of £20° around optimal orientation.

As shown above, our model allows for a description of the orientation dependence of
all the key parameters of the magnetic resonance. Thus it enables us to estimate the shot
noise limited sensitivity as a function of « in the case of perfect balancing of the channels.
To do so, we calculate the steepness of a single resonance curve as the derivative of (1)

8 AV*(v - )
T (4 = vp)? + Av2)?

_ ’ dl (16)

v

s
2
and evaluate it at v = vy + vrg. There the maximal steepness of the LSD-Mz signal is
achieved and corresponds to twice the value of a single magnetic resonance s(vy + vis) =

2| % [(vo + vLs). Substituting into the equation for the shot-noise-limited resolution (2) re-

sults in

e 1 (4% +Av?)?
BSVI = T . LS 2 ) (17)
Iy 8yiy  Av2ypg

with the parameters I, i, and Av defined by the respective equations (8), (10), and (11).

The theoretical estimated sensitivity is added to Fig. 7. In the calculation we used the ex-
perimental parameters of the starting angle and for o, light and assumed perfect channel
balancing. In general a slightly better sensitivity is expected from our calculation but the
qualitative shape fits very well to the experiment. Note, the two additional peaks around
angles of +7/2 result from the overlay of the two resonance curves for the o4 beams
meaning wrs = 0, as can be seen in the plotted resonance frequencies of Fig. 3. This over-
lay results in a difference signal constantly equal to zero and thus s — 0. Still, due to the
lack of contrast at perpendicular configuration, this effect is not visible in the experimen-
tal data. Finally, we note that although a perfect balancing has only little influence to the
sensitivity, it makes the sensor more robust against heading error, concerning the recon-

structed absolute magnetic field, see green data points of Fig. 3.
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4 Discussion of results and conclusion

We experimentally analyzed the performance of an OPM operated in the LSD-Mz mode
at Earth magnetic field strengths as a function of the heading of the sensor. We found that
the reconstructed Larmor frequency for all heading angles corresponds accurately to the
magnetic field when the two channels with different helicities are well balanced. The shot
noise limited resolution strongly depends on the orientation in the external magnetic field.
We demonstrated that this is related to the modified atom-light coupling responsible for
both, a reduction of the photocurrent due to a reduction of spin polarization and a smaller
light shift. The strong optical pumping leads to a strong contribution of power broadening
to the magnetic resonance widths. This is added to the power broadening induced by the
B; field. The orientation of the latter has a strong influence to the amplitude and width of
the resonance signal. Nevertheless, in terms of shot noise limited resolution the two coils
produce similar dependencies on the orientation angle.

Our experimental results can be explained in frame of light-shift calculations and Bloch
equations. It was necessary to include the modified optical pumping into the latter by
introducing heading dependent relaxation and excitation rates to a two-level model. This
allows us to qualitatively and to a large extent also quantitatively describe our experimental
results. We note, that such a model is not restricted to the description of the LSD-Mz
mode, discussed in this work.

Finally, we conclude that a sensor operated in the LSD-Mz regime should be roughly
+20° aligned to the direction of the measured magnetic field vector to achieve a good
field sensitivity. Notably, for well balanced beams the actual error in the Larmor frequency
induced by light shift to each individual magnetic resonance is canceled by their subtrac-
tion. That gives a reasonable flexibility in adjusting the heading of an OPM sensor in an
external magnetic field which allows their operation in Earth field strengths.
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