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A laser pump-re-pump atomic magnetometer
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We demonstrate experimentally an atomic magnetometer based on optical pumping theory, a magnetic resonance that
is induced by a radio frequency field and dependent on the magnetic field strength. Compared with the conventional method
using one radiation field, which is used not only as the probe beam but also as a pump beam, the additional re-pump beam
can increase remarkably the amplitude of the signal. It is shown that the amplitude of the magnetic field resonance signal
can increase more than 55% by using an additional re-pump beam, which makes the sensitivity of the magnetometer higher.
Finally, we investigate the relation between amplitude of the signal and re-pump laser power, and calculate the atomic

population in the trapping states with rate equations.
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1. Introduction

High-density hot alkali-metal vapors are used in vital
metrology applications in geophysical surveying, space sci-
ence, nuclear magnetic resonance, non-destructive testing,
medical diagnoses, gravitational wave detection, etc.!!~131 In
these applications the resolution of frequency measurement
of the hyperfine or Zeeman resonance can be improved by
increasing the number of alkali-metal atoms. The present
work presents a highly sensitive rubidium atomic magnetome-
ter based on laser optical pumping. The technique of optical
pumping, developed more than half a century ago, is a pow-
erful means for the generation of a high degree of spin polar-
ization in dilute atomic vapors,['®! and can be used to measure
magnetic field.['”] It is known that a sample of alkali-metal
atoms can be polarized along a given axis by optically pump-
ing it along that axis with circularly polarized light. When
special precautions are taken to preserve a long lifetime of
the sample’s spin polarization, any perturbations of this po-
larization, for example, those induced by external magnetic
fields, can be detected with extreme sensitivity. Compared
with the conventional amalgam vapor lamp magnetometer,
the diode laser pumped alkali magnetometer has significant
advantages.['8! As is well known, the fiber optics are non-
magnetic, and an optic fiber coupled device allows flexible lo-
cation of the instrument without magnetic interference. Diode
laser is an easier and more efficient couple to optical fiber due
to smaller optical divergence. Also, diode laser has the poten-

tial to be battery operated at room temperature, miniaturized,
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and ruggedized for the development of a compact magnetome-
ter.

The primary goal of this experiment is to study the influ-
ence of an additional re-pump laser on the amplitude of the
signal. We study the magnetometer based on optical pump-
ing using two circular lights, and we call it a pump-re-pump
magnetometer. It is shown that an additional re-pump light
can improve the amplitude of the signal efficiently due to a
higher atom utilization ratio, and can be a promising method

to improve the sensitivity of the magnetometer.

2. Experimental procedure and results

Optically detected magnetic resonance can be understood
as a three-step process: optical pumping process, interaction
with external fields, and probing process. Firstly, a resonant
circularly polarized laser beam creates a spin polarization in
the atomic vapor via optical pumping. Next, the atomic mag-
netic moment experiences a torque due to a magnetic field. Fi-
nally, this magnetic field is detected by monitoring the power
transmitted through the sample with a photodiode and a lock-
in amplifier. The actual magnetometer will be realized in the
following way.

Optical pumping is achieved by light from an extended
cavity semiconductor laser whose frequency is tuned to 3’Rb
D1 transition (A = 795 nm) with polarization spectroscopy
by a vapor cell.['] Figure 1(a) shows the traditional optical
pumping method. A circular beam produces a coherent atomic
population in 5S; 5, F = 2 Zeeman magnetic sub-states, but
there are still a portion of atoms in the state of 5S; /5, F = 1.
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A radio frequency field is turned to the splitting of Amp = 1
Zeeman sublevels and then the magnetic resonant signal is de-
tected. Figure 1(a) shows that almost all atoms are trapped
in the states 581/2, F =2, mg =1 and mp = 2 via an addi-
tional laser as shown in Fig. 1(b). We prepare the atoms using
two optical pumping processes. In the first optical pumping
process a circular laser field drives the 58y, F =2 — 5Py )5,
F =1 transition and creates spin polarization. In the second
optical pumping process a separate laser field drives 55 s,
F=1—5P /25 F = 2 transition, ensuring that all magnetic
sub-states in the 58, F = 1 manifold are emptied because

of angular momentum selection rule.
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Fig. 1. (color online) Energy level diagrams of 8’Rb showing atom
transition using (a) a traditional method and (b) the additional re-pump
beam scheme.

A diagram of the magnetometer is shown in Fig. 2. In this
experiment, the cylinder cell (diameter and length are 2.5 cm
and 5 cm respectively), is mounted inside four layers of mag-
netic shields with a shielding factor of 10°, filled with natural
Rb and a buffer gas containing a mixture of neon at 1333 Pa
and argon at 1333 Pa to hinder vapor diffusion to the interac-

tion region. In order to create sufficient atomic density in the

small cell, we heat it to 56 °C. A long solenoid is used to create
a standard static magnetic field and a shorter one is for mod-
ulating the magnetic field. The magnetic fields are parallel to
the light and normal to the flat cell. The radio frequency field
perpendicular to the light propagation is produced by a pair
of quadratic coils of 55-cm radius and their mutual distance is
also 55 cm. The laser beam is transported by a single-mode
polarization-maintaining optical fiber to the cell, and it is cir-
cularly polarized before entering the cell. The power trans-
mitted through the Rb cell is detected via a photodiode. The
diameter of the beam at the cell is about 7 mm. The photocur-
rent is analyzed via a lock-in amplifier by magnetic energy
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Fig. 2. (color online) Schematic diagram of the experimental setup,
where HW denotes the half wave plate, PD the photodiode, QW the
quarter wave plate, M the mirror, BS the beam splitter, PBS the po-
larization beam splitter, BEL the beam expansion lenses, and DAQ the
data acquisition.

Figure 3(a) shows a typical absorption spectrum with a
full width at half maximum (FWHM) of 1.2 kHz versus radio
frequency. Figure 3(b) displays the spectrum recorded from
the lock-in amplifier output through energy level modulation
scheme, in which the energy levels are modulated by an al-
ternating current magnetic field generated through a solenoid.
The magnetic field used in these experiments is nominally
50 mGs (1 Gs = 107* T), the probe laser was 0.1 mW. The re-
sulting signal from the lock-in amplifier is shown in Fig. 3(c),
where the magnetic field varies in steps of 0.7 nT in the 2-s
interval, with a time constant of 30 ms, sensitivity of 2 mV, a
low-pass roll off of 24 dB/octave.

In Fig. 4, we show the probe light transmittance as a func-
tion of radio frequency. The probe and re-pump laser are both
0.1 mW. It is clearly seen from this figure that the amplitude
of resonance in the presence of an additional re-pump beam
(dashed line) is much larger than the traditional scheme (solid
line), and their amplitude ratio is around 7 to 4. In order to de-

termine the best experimental scheme, we study two re-pump
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schemes. In this part, we use 5Sy 5, F =2 — 5Py 5, F =1 as
the probe beam, and 5S; 5, F =1 — 5Py 5, F = 1 and 5S 5,
F =1— 5P, F =2 as the re-pump beam. In Fig. 4, it is
clearly shown that the 5Sy 5, F =1 — 5Py 5, F =2 is used as
the re-pump beam to obtain a larger magnetic field resonance

signal.
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Fig. 3. (a) Absorption spectrum versus radio frequency, (b) lock-in sig-

nal versus radio frequency, and (c) lock-in signal versus time as the

magnetic field varies in steps of 0.7 nT in each 2-s interval.

()
[

K

. 4
without repump beam ;¥
i

—0.151

repump F=12>F'=1 :2
V

Transmission/arb. units

repump F= 1~>F“ ! :/2' ) )

20 30 40 50
Resonance frequency/kHz

—0.20

Fig. 4. Comparison among different re-pump schemes.

The results can be explained in physics as follows. As-

sume the atom number to be a constant. Because we use 58 /5,
F =210 5P/, F =1 as the probe beam, atoms trapping in
the state of 55/, F =1 do not make a contribution to the
signal in the absence of the re-pump beam. Furthermore, the
re-pump beam using 58/, F =1 — 5Py, F =2 is more
effective than using 585, F =1 — 5Py 5, F = 1, for which
the reason is obvious: 5S; 5, F =1 — 5Py 5, F = 2 re-pump
beam enables almost all atoms in the states to contribute to the
signal, while 5S>, F =1 — 5Py 5, F = 1 cannot pump atoms
in the state 5S; /2 F =1, mg = 1 for our consideration case.
Figure 5 represents the absorption spectra versus radio
frequency for some values of re-pump light power when the
probe laser is kept unchanged. In this experiment, we choose
551/2, F=2t 5P1/2, F =1 and 551/2, F=1— 5P1/2,
F =2 as probe beam and re-pump beam, respectively. The
probe beam power is 0.1 mW. It is seen in Fig. 5 that the am-
plitude of the signal increases with re-pump laser power in-
creasing, e.g. for Lepump = 0.05 mW and 0.4 mW, we have
(E,—E;)/E; = 56.3% and 118.8% respectively, where E; is
the amplitude of signal in the presence of a re-pump beam,
and E; is the amplitude of signal in the absence of a re-pump

beam.
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Fig. 5. Absorption spectra versus radio frequency for different values of
re-pump light power. The inset shows the magnified transmission dips.

We have discussed that the amplitude of the signal is rel-
evant to the atomic population in the trapping states (5S 2,
F =2, mp = 1,2). In order to explain our results, we calculate
the atomic population in the trapping states with the follow-
ing simplified model. We use two circular polarization beams
corresponding to the transitions from levels 5S; 5, F =2 to
5Pyjp, F'=1and 555, F =110 5Py, F = 2, respectively.
In this consideration case, atoms in 5S; /25 F =1 ground state
may absorb a 6+ photon because the excited state includes an
mp = 2 sublevel; similarly, atoms in 581/2, F=2mp=-2,
-1, 0 may also absorb a o photon. However, atoms in the
F =2, mp =1, 2 sublevel of the ground state are forbidden
from absorbing a photon. The probabilities py, p2, p3, P4, Ps,
Ps» P7, and pg describe the number densities in the eight Zee-

man sublevels of the ground state as shown in Fig. 6, and their
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initial values are all 0.125. The optical pumping rate equations

can be written as follows:

p1 = —(Na+ N5+ N6+ N2)P1+ Viapa+ Ni5Ps
+ Yi6Ps + Y12P2 + (I' /8)k — Ropap1,
P2 = —(Vi2+ %5+ Va6 + Y27 + 123)P2 + T12P1
+ 255 + Y266 + 12707 + 1233 + (I'/8)k — Rop2 2,
p3 = — (13 + N6 + V37 + ¥38)P3 + V23P2 + V36P6
+ 737p7+ Y38ps + (I' /8)k — Ropap3,
Ps = —(Via+ 15)Pa + V1aP1 + Yasps + (I'/8)k — Rop1 P4,
ps = — (W5 + V56 + V15 + 25)Ps + Vaspa + Vs6P6
+ Y15P1 + Y25p2 + (I'/8)k — Rop1 ps,
Pe = —(¥56 + Y67 + Y16 + Y26 + ¥36)P6 + Vs6P5
+ Y6707 + Y16P1 + Yo6P2 + Y3603 + (I' /8)k — Rop1Ps,
p7 = — (Y67 + V18 + Y21+ 137)P7 + Y61P6 + V7808
+ P2+ 13703 + (I'/8)k,
ps = —(¥rs+¥38)Ps + ¥1sp7 + 138p3 + (L' /8)k, (D)
where decay rates ;; describe the relative population transfer
rates between magnetic sublevels of ground states,'% and I"
denotes the spontaneous rate of decay of atoms from the ex-
cited state to the ground state. For simplicity, we assume that
the Zeeman sublevels of excited states are degenerate, and the
excited atoms have equal probability of decaying to either of
the ground-state Zeeman levels. The optical pumping rate R
is defined as the average rate at which an unpolarized atom
absorbs a photon from the pump beam, which depends on the
intensity of the light.?!?21 In Eq. (1), k = Rop1 (P4 + Ps + Pe)
and k = Rop1 (P4 + Ps + Ps) + Rop2(P1 + P2 + p3) represent ex-
cited state atoms corresponding to one field and two fields,

respectively.
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Fig. 6. (color online) Excitation scheme and population-transfer rates
between magnetic sublevels of ground states.

We numerically calculate atomic population as a function
of the re-pump beam power according to Eq. (1). For sim-

plicity, we let I" = 1, and all physical quantities are given in

the units of I'. The parameters used here are ¥, = I' /160,
Yia = 3I'/80, 115 = 3I'/160, 116 = I'/160, 3 = I'/160,
Yos = 3I'/160, 16 = I' /40, o7 = 3I' /160, 36 = I"/160,
137 = 3I'/160, 13g = 3I'/80, 15 = I'/80, 56 = 3I"/160,
Y67 = 3I' /160, and 3 = I'/80. Figure 7 shows the atomic
population in the trapping state (5S 5, F =2, mp =1,2) as a
function of Rqp2, provided that the probe beam power is kept
unchanged. The horizontal red line is a reference when there
is only a probe field. We see that the atomic population in trap-
ping state increases with re-pump beam power increasing, e.g.
for Rop2 /Rop1 = 1 and 4, we have [n(black) —n(red)]/n(red) =
62.3% and 73.6%, respectively, which accord well with the ex-

perimental results.
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Fig. 7. (color online) Population versus normalized optical pumping
rate in the system.

3. Conclusions

In this paper, we demonstrate an atomic magnetometer
based on optical pumping theory, a magnetic resonance that is
induced by a radio frequency field and dependent on the mag-
netic field strength. We show that the amplitude of magnetic
field resonance signal can increase more than 55% using an
additional re-pump beam, which makes the sensitivity of this
magnetometer better. Using 5Sy/p, F =1 — 5Py )5, F =2 as
a re-pump beam is superior to using 58,5, F =1 — 5Py,
F =1. We also investigate the relation between amplitude
of the signal and re-pump laser power. It is found that the
larger amplitude of the signal can be obtained with a higher
re-pump laser power. Finally, in order to explain our results,
we calculate the atomic population in the trapping states with
rate equations. This type of magnetometer provides manifold
applications such as in geophysical surveying, space science,
nuclear magnetic resonance, non-destructive testing, medical

diagnoses, gravitational wave detection, etc.
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