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ABSTRACT— Recently atomic magnetometers
are one of the best tools in biomagnetic
measurement such as magnetic field of brain
and heart. In this paper, the technology of
optically pumped atomic magnetometer based
on circularly polarized light absorption
pumping is described. We have been
investigated a new method for measuring
polarization effect in an alkali vapor based on
polarized light transmission. In addition several
magnetometers’ response factors such as cell
temperature, laser’s intensity are introduced
and reviewed. Our results show that the
difference between absorption of circular and
linear light not only depends on polarization,
but also in number of polarized atoms.
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I. INTRODUCTION

One of the most sensitive magnetic field
probes is the electron spin magnetic
momentum (MM) of paramagnetic atoms. MM
of these atoms can produce a macroscopic
magnetization which leads to various magnetic
phenomena. One of the magnetic phenomena
is enhancement of magnetization by orienting
spins of the medium along a common axis. An
effective method to produce the spin polarized
media is optical pumping [1]. In this method
circularly polarized light (in D1 transition line
of Alkali metal) used to polarize atoms by
transferring polarization of light to the atoms.
Also linearly polarized light (in D2 transition
line of Alkali metal) can be used for studying
the changes of atomic polarization. Beside
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linear light detection, absorption of pumped
light can be used as polarization probe. This
technique is called optically detected magnetic
resonance (ODMR) [2, 3].

The transmitted light intensity is a function of
absorption caused by light-matter interaction.
Absorption of media depends on many factors
such as number of atoms, wavelength of
absorption line and population distributions of
atomic energy states. When light with near or
on absorption resonance wavelength passes
through the medium, it is partially or
completely absorbed. Absorption of circularly
polarized light in alkali vapor leads to
redistribution of population in hyperfine states
and induces polarization in the media. As a
result, light with right and left circularly
polarization will have different refraction
index. In this situation polarization angle of
linearly polarized light rotate with respect to
magnetic field amount. This property has been
used for measuring magnetic field as an
atomic magnetometer. Nevertheless non-
homogeneous polarization along cell can
reduce magnetometer sensitivity. In addition,
the magnetometer’s band width, which means
magnetometer’s  velocity in  following
magnetic changes, depends on polarization
lifetime [3]. However, high polarization
gradient in cell is one of the factors that affect
relaxation rate and so increases bandwidth.
Light intensity (pumping rate) is one of the
effective parameters in creating homogenous
polarization in the cell [4]. In this paper, effect
of this parameter and temperature effect have
been investigated.
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Il. OPTICAL PUMPING THEORY

If a right circularly polarized photon absorbed
by an alkali vapor atom, the atom changes its
magnetic quantum number by +1. The excited
atom can decay to ground state via three
possible channels 0, +1. After several exciting
and decaying process, atoms pump into level
with maximum angular momentum (Dark
state). In this state, atoms cannot absorb the
incident light anymore and the vapor is called
polarized. The whole process is shown in
Fig. 1.
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Fig. 1. The optical pumping process with circularly
(o+) polarized light [1].

In alkali metal vapors, polarized Light-matter
interaction, leads to polarization dependent
intensity. As the intensity of light passing
through the vapor varies as,

dl
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where n is the density of the alkali vapor and
o(v) is the photon absorption cross-section. In

the case of linearly polarized light (s=0), the
solution is an exponentially function of z,
1 (z)=1(0)exp(—-no(v)z) (2)
where z is the position in the cell and I (0) is
the intensity of light entering the cell. The
optical depth, OD, which is the total
attenuation of light through the cell, is given
by:

OD =no)I (3)
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where |, is the length that the light passes
through the vapor. In addition to optical depth,
the absorption of incident light depends on
both the alkali and photon polarization. For
example, at high spin polarization, the
circularly polarized light passes through the
alkali vapor with no attenuation, and the vapor
becomes transparent to such light, while at low
spin polarization, it is mostly absorbed. For the
case of circularly polarized light (s=1), the
answers obtained by solving an algebraic
equation:
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That can be solved by using the Lambert W-
function:

Rrel
o)
|:O'(V)I(0)

R

I(z)=

(5

exp{a(gl ©_ no(v) z]:l ,

rel rel

P
1+1/1(z)

where P, a dimensionless and z dependent
parameter, is the polarization of vapor through
the cell and R, is the relaxation rate of

polarization in the vapor. The polarization of
vapor and light attenuation through the cell are
shown in Fig. 2 for a cell with nominal OD=5

and low (R, =R, ) and high pumping
rates (R, =15R ;) at the front of the cell.

At low pumping rate, as the pumping is lower
than the expected value, there is a large
polarization gradient through-out the cell.
However, at high pumping rate the vapors
fully polarized and as a result the beam is
rarely absorbed [4, 5].

Nevertheless in the above equation effect of
pumping rate on polarization relaxation aren’t
taken into account. At high pumping rate, the
probability of unwanted transitions increases
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due to factors such as pumping in wavelengths
far from resonance that forces atoms to leave
coherent state. This is the cause of decreasing
differences between circular and linear light
transmission [6, 7].
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Fig. 2. Light intensity or atomic polarization
through-out the cell with high optical depth (OD=5)

for low pumping rate (ROp = Rm) and high pumping
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rate (R, =15R,) . Pumping rate was calculated
from Eq 5. [2]

I1l.EXPERIMENTAL PROCEDURE

In this study a spherical cell used for optical
pumping experiment containing a mixture of
isotope 85 of Rubidium atoms and Neon as
buffer gas. Vapor cell surrounded by four
heaters each placed in four sides of the cell to
ensure uniform atomic gas distribution. A
DFB diode laser was used as pump source
with internal wavelength stabilization at
795nm. The transmitted light intensity
measured by photo detector in combination
with a lock in amplifier to ensure high signal
to noise ratio.

As the photo detector voltage is proportional
to the incident light intensity, the light
intensity can be read in unit of voltage from
lock-in amplifier and transfer to intensity unit

(W / cm’ ) with constant factor.

Firstly, to measure the difference between
circularly and linearly polarized light versus
input intensity at different temperature, two
polarizer placed before a quarter-wave plate to
control the input intensity. Then modulated
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light was used for observing cell’s circular and
linear light transmissions due to the laser
intensity changes with high signal to noise
ratio.

1V.RESULTS AND DISCUSSION

To investigate the creation of spin polarization
in Rb vapor, the transmission of circularly and
linearly polarized light through the medium as
a function of input intensity is depicted in
Fig. 3. In this figure, the excess in intensity of
transmitted circularly polarized light with
respect to linearly one, shows the amount of
created spin polarization in the atomic vapor at
a constant temperature (density). In addition,
growth of the number of alkali atoms
participating in optical pumping process, leads
to enhancement of difference between
circularly and linearly polarized light
transmission.
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Fig. 3. Output light intensity versus input light for
circularly and linearly polarized light. Difference
between circular and linear light transmission levels
fall below a certain threshold.

However, at low input intensity, the
transmission rate of the two kinds of polarized
light shows that for polarization creation, the
input intensity should exceed a certain
threshold. The threshold input intensity to
have a significant pumping rate with respect to
relaxation rate is shown in Fig. 3.
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The fitting curve results from Lambert W- g T circular light
function and experimental data of the
circularly polarized light transmission with
OD=2.7 is evaluated in Fig. 4. As can be seen, 05
the dashed line of lambert model overlaid with
the experimental data (blue solid line) which “
shows the goodness of fitting.

0.6

output light
(v)
=
w
1

0.2

P 0.14
0551 waa

i T T T T T T T T T T T T T T T T T T T 1
05k - 1 2 3 4 5 6 T 8 9 10
D45}F Z incident light (v)
4 7 b) F=—circular light
o4 ‘///" i 07 —+—linear light

035F P |

output intensity (v)

0af 1 >
0251 b 0.5
02F E —
i Z 044
L - 4 E
0.15 // E)
01 f/ 1 1 1 1 1 1 L] g. 034
2 3 4 5 6 7 8 ‘g'
input intensity (v) 0.2

Fig. 4. Output intensity of circularly polarized light
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As shown in thls figure, dashed line is a ﬁt toa Fig. 5. Output versus input light for circularly and
model that includes the effects of input linearly polarized light in a) 100°C b) 92°C.
intensity and relaxation rate in light Difference in threshold intensity for two
; i ; temperature and increasing polarization with
transmutation as described in the text. g

intensity is specified in this figure.

Transmitted rate of circular and linear light for
different temperature is shown in Fig. 5 while
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Fig. 6. Variation of the difference of transmitted

circularly and linearly polarized light versus input

intensity that shows the input intensity in which the

relaxation rate dominates the pumping rate.
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As the input intensity increases, decaying rate
surpasses the pumping rate and so the
difference value will decrease (Figure 4). It
should be noticed that reduction of input
intensity in Fig. 4 with respect to previous
figures is due to the using of one filter for
preventing saturation of photo detector.

Comparing the temperature dependent curves
in Fig. 7 shows the fact that temperature
growth not only results in increasing the
difference of two kinds of polarized light
output intensity but also in decreasing slope of
the curves. Further reduction at higher input
intensity is a direct result of more relaxation at
higher temperature due to more collisions.
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Fig. 7. Difference between circularly and linearly
polarized light at different temperature.

V. CONCLUSION

Systematic studies on the optical pumping
phenomena in alkali metals have been done. In
this purpose, the effect of light polarization,
pumping rate and the temperature has been
investigated. Our results show that the
decaying rate exceeded from the pumping rate
with enhancement of the pumping intensity.
Also we have difference in threshold intensity
for two temperature and increasing
polarization with intensity in our alkali metal’s
vapor. Moreover, dominance of relaxation rate
due to high pumping rate because of unwanted
transition has been reported.
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