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OPTICALLY PUMPED MAGNETOMETER
AND METHOD OF MEASURING MAGNETIC
FORCE

TECHNICAL FIELD

[0001] The present invention relates to an optically pumped
magnetometer and a method of measuring magnetic force,
and more particularly, to an optically pumped magnetometer
and a method of measuring magnetic force using an electron
spin or a nuclear spin of an atom.

BACKGROUND ART

[0002] An optically pumped magnetometer has been
known as a magnetometer that includes a cell in which an
alkali metal gas is contained, a pump light source for emitting
pump light, and a probe light source for emitting probe light,
and is configured to detect a fine magnetic field. The details
are found in, for example, Non Patent Literature 1.

[0003] Because a spin of an atom cluster polarized (opti-
cally pumped) by the pumping light rotates upon receiving a
magnetic field to be measured, the optically pumped magne-
tometer is configured to measure the rotation of the spin as a
rotation of a plane of polarization (hereinafter referred to as
“polarization plane”) of the probe light.

[0004] Non Patent Literature 1 discloses a method of
modulating the polarization plane of the probe light with a
sinusoidal wave by using a phase modulation element in order
to reduce a noise of a low frequency area. Non Patent Litera-
ture 1 further discloses, apart from the above-mentioned
method, a method of reducing a light intensity noise by
detecting a rotation of the polarization plane due to the mag-
netic field by using a polarization splitter in a balanced man-
ner.

CITATION LIST

Non Patent Literature

[0005] NPL 1: S.J. Seltzer. “Developments in Alkali-Metal
Atomic Magnetometry,” Dissertation, Princeton Univer-
sity (2008)

SUMMARY OF INVENTION

Technical Problem

[0006] However, the method disclosed in the above-men-
tioned Non Patent Literature 1 has the following problems. In
Non Patent Literature 1, in order to reduce an influence of a
noise that has power defined by an inverse of a frequency,
modulation driving is performed with the sinusoidal wave,
and a measured signal is shifted to a high frequency area, thus
separating and reducing the noise.

[0007] However, this measurement method has a problem
that a light intensity noise of the probe light cannot be
reduced.

[0008] In Non Patent Literature 1, as another method, an
example of difference detection using a polarization splitter is
disclosed, which is a polarization measurement method of
reducing the light intensity noise of the probe light.

[0009] However, this method of simply combining two
methods described above, in which the light intensity noise is
reduced by the balanced detection while the noise in the low
frequency area is separated and reduced by the sinusoidal
wave modulation, has the following problem.
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[0010] That is, because a position of the polarization plane
is shifted from an angle of the balanced detection due to an
oscillation caused by the modulation, the light intensity noise
cannot be fully reduced.

[0011] Details on analysis of these problems are described
later as comparative examples in the description of embodi-
ments of the present invention.

Solution to Problem

[0012] The present invention is directed to an optically
pumped magnetometer and a method of measuring magnetic
force, which can achieve both a reduction of a light intensity
noise of probe light and a separation and reduction of a noise
that is defined by an inverse of the frequency in the low
frequency area.

[0013] According to one aspect of the present invention,
there is provided an optically pumped magnetometer using
one of an electron spin and a nuclear spin of an atom, which
includes:

a cell containing a group of alkali metal atoms therein;

a probe light optical system for making probe light having a
linearly polarized light component enter the cell;

a modulation unit for applying modulation to an angle of a
polarization plane of the probe light; and

a detector for detecting a change of the angle of the polariza-
tion plane of the probe light transmitted through the cell,

in which the modulation unit allows rectangular wave modu-
lation to the angle of the polarization plane of the probe light,
and

in which the detector includes:

a polarization splitter; and

a differential circuit for obtaining a difference in light inten-
sity between components separated by the polarization split-
ter.

[0014] Further, according to another aspect of the present
invention, there is provided a magnetic force measurement
method of measuring a magnetic field intensity, which
includes the steps of:

preparing a cell containing a group of alkali metal atoms
therein;

making probe light having a linearly polarized light compo-
nent enter the cell;

applying modulation to an angle of a polarization plane of the
probe light; and

detecting a change in the angle of the polarization plane ofthe
probe light transmitted through the cell, in which the modu-
lation applying step includes applying rectangular wave
modulation to the angle of the polarization plane of the probe
light, and

in which the detecting step comprises measuring a difference
in light intensity between components separated by use of a
polarization splitter.

Advantageous Effects of Invention

[0015] According to the present invention, the light inten-
sity noise of the probe light can be reduced, and the noise that
is defined by the inverse of the frequency in the low frequency
area can be separated and reduced.

[0016] Further features of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.
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BRIEF DESCRIPTION OF DRAWINGS

[0017] FIG.11isaschematic diagram illustrating a configu-
ration example of an optically pumped magnetometer accord-
ing to an embodiment of the present invention.

[0018] FIG. 2 is a schematic cross-sectional view illustrat-
ing a configuration example of an optically pumped magne-
tometer according to an embodiment of the present invention.
[0019] FIG. 3 is a schematic diagram illustrating a polar-
ization state of a linearly polarized probe light in an optically
pumped magnetometer according to an embodiment of the
present invention.

[0020] FIG. 4 is a graph showing, with a black line portion,
a difference between an output from a photodetector arranged
at a transmission port and an output from a photodetector
arranged at a reflection port of a polarization splitter accord-
ing to an embodiment of the present invention.

[0021] FIG. 5 is a schematic diagram illustrating a polar-
ization state of linearly polarized probe light according to a
comparative example, as opposed to FIG. 3.

[0022] FIG. 6 is graph showing, with a black line portion, a
difference between an output from a photodetector arranged
at a transmission port and an output from a photodetector
arranged at a reflection port of a polarization splitter accord-
ing to a comparative example, as opposed to FIG. 4.

[0023] FIG. 7 illustrates a case where a polarization beam
splitter is used as a polarization splitter in an optically
pumped magnetometer according to an embodiment of the
present invention.

DESCRIPTION OF EMBODIMENTS

[0024] A configuration example of an optically pumped
magnetometer using an electron spin or a nuclear spin of an
atom according to an embodiment of the present invention is
described below.

[0025] An optically pumped magnetometer according to
the embodiment of the present invention includes: a cell con-
taining a group of alkali metal atoms therein; a probe light
optical system for making probe light having a linearly polar-
ized light component enter the cell; a modulation unit for
applying modulation to an angle of a polarization plane of the
probe light; and a detector for detecting a change of the angle
of the polarization plane of the probe light transmitted
through the cell.

[0026] Further, the optically pumped magnetometer is con-
figured so that a rectangular wave modulation is applied to the
polarization plane of the probe light by the modulation unit,
and then a rotation angle of the polarization plane is detected
by the detector by using a polarization splitter and a differen-
tial circuit.

[0027] Specifically, as illustrated in FIG. 1, the optically
pumped magnetometer includes a cell 101 containing a group
of alkali metal atoms (atom cluster) of potassium (K),
rubidium (Rb), cesium (Cs), and the like.

[0028] Inthe following description, a case where potassium
atom is used as an alkali metal atom is described.

[0029] The optically pumped magnetometer further
includes a pump light source 102, a probe light source 103, a
polarization plane modulation system (modulation unit) 104,
apolarization splitter 105, photodetectors 106 and 107, and a
differential circuit 108.

[0030] Pump light 109 emitted from the pump light source
102 is circularly polarized.
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[0031] The pump light 109 aligns a spin direction of the
potassium atom in the cell 101 by optical pumping, thus
polarizing the spin direction.

[0032] At this time, a wavelength of the pump light 109 is
set to a D1 transition wavelength of the potassium atom.
[0033] The spin of the spin-polarized atom performs pre-
cession movement by receiving a torque in accordance with a
measured magnetic field.

[0034] Probe light 110 emitted from the probe light source
103 and entering the cell 101 is linearly polarized.

[0035] The probe light 110 emitted from the probe light
source 103 transmits through the polarization plane modula-
tion system 104, and the polarization plane of the probe light
110 is modulated.

[0036] As another means for modulating the polarization
plane of the probe light 110, there is a method of making
multiple linearly polarized light beams having different
polarizations from each other enter the cell 101 as the probe
light 110 in an alternately switching manner. In terms of
stabilization of the polarization plane, this configuration is
advantageous because the polarization plane modulation sys-
tem 104 is not required.

[0037] On the contrary, when the polarization plane modu-
lation system 104 is used, this configuration is advantageous
in terms of simplicity because only one light source is
required.

[0038] In the following description, a case of using the
polarization plane modulation system 104 is described.
[0039] The polarization plane of the probe light 110 trans-
mitted through the cell 101 is subjected to paramagnetic
Faraday rotation in accordance with the precession move-
ment of the spin. The probe light 110 then enters the polar-
ization splitter 105 and is divided into reflected light and
transmitted light depending on the intensity in accordance
with the polarization plane.

[0040] The light transmitted through the polarization split-
ter 105 is detected by the photodetector 106 and the light
reflected at the polarization splitter 105 is detected by the
photodetector 107, and a difference between the transmitted
light and the reflected light is measured by the differential
circuit 108.

[0041] When the polarization splitter 105 is an ideal polar-
ization splitter, all the incident light transmits through the
polarization splitter at a certain rotation angle of the polariza-
tion plane. This rotation angle is set to 6,=0°.

[0042] At this time, polarized light having an angle of 90°
with respect to the angle 8, is all output from the reflection
side of the polarization splitter 105. At this time, when the
light is incident at an angle of the polarization plane of 45° or
-45°, the light is divided into the transmitted light and the
reflected light with the equal intensity.

[0043] At this time, because outputs of the photodetectors
106 and 107 are equal to each other, an output of the differ-
ential circuit 108 becomes zero.

[0044] Therefore, an initial polarization plane is adjusted to
have an angle of 6,=45° or 8,=—45° when there is no mea-
sured magnetic field. With this configuration, the noise such
as the light intensity noise influences the output of the pho-
todetector 106 on the transmission side and the output of the
photodetector 107 on the reflection side in the same manner,
and the noises are canceled out in the output of the differential
circuit 108, thus reducing the noise.

[0045] Consider a case where the polarization plane is
modulated with a frequency w,,,, by the polarization plane
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modulation system 104 and an oscillation magnetic field
oscillating at an angular frequency of w, is measured as the
measured magnetic field.

[0046] Atthis time, the output V(t) of the differential circuit
108 is represented by (Expression 1) below.

V(D) = Vocos2Bsin(D 1+ @) )+ 200 + 2@, @, D, D)

@ indicates text missingor illegiblewhen filed

[0047] In (Expression 1), V,, is a conversion coefficient in
converting the polarization angle into an output of a differen-
tial amplifier, p is the amplitude of the rotation of the polar-
ization plane due to the spin of the atom rotated by the mea-
sured magnetic field, 8, is an initial polarization angle before
the incidence on the polarization plane modulation system
104, and ¢, is the phase of a signal.

[0048] The following expression represents a function of
the modulation applied on the polarization plane of the probe
light 110.

S0 OmodPmost)

[0049] In this expression, o, , is the amplitude of the
modulation, ®,,,, is a modulation frequency, and ¢,,,,; is the
phase of the modulation.

[0050] Consider a case of entrance of a rectangular wave
whose polarization plane takes an angle of 45° and an angle of
-45° in an alternate manner as a modulation signal.

[0051] That is, in any polarization state, when the rotation
of'the polarization plane due to the magnetic field is zero, this
angle of the polarization plane causes the light to be divided
into the transmitted light and the reflected light with the equal
intensity by the polarization splitter 105.

[0052] In this case, the function of the modulation can be
represented by the following expression.

Fie
S (@mod> Omods Smod» 1) = ZSgH(Sin(wmodl+ Bmod))

[0053] In this expression, the following expression repre-
sents a signum function that oscillates at the angular fre-
quency ,,, -

SRS,y il HProat))

[0054] When measuring a fine magnetic field, f<<I, and
(Expression 1) is modified as (Expression 2).

Vi) = Vocos(Z,Bsin(wSt +ds) +200 +2- %sgn(sin(mmodt + gbmod)))

% Viino + Veost

[0055] In (Expression 2), V,,, o and V_, , are represented
by (Expression 3) below.

Sin((2k = D(@moal + $mod))
2k -1

4V, . 5
Vsino = TJO(Z,B)SIH(Z%)C’)

@ indicates text missingor illegiblewhen filed
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[0056] In(Expression3),J,and]J, are the zeroth-order and
first-order Bessel functions, respectively.
[0057] V. is an oscillation of the polarization plane by

the modulation, and V_,_, is a response to the measured
magnetic field.

[0058] When 6,is0°or 90°,V,, ,becomes zero,andV_,,
is maximized.
[0059] This indicates that the light is divided by the polar-

ization splitter 105, and components other than the signal
component are differentiated and canceled out by the differ-
ence between the outputs of the photodetectors 106 and 107.
[0060] When the polarization splitter 105 is not an ideal
crystal, or when a direct-current (DC) component is not can-
celed out but remains at the angle 0, of 45° or -45° due to a
distortion of optical arrangement or the like, the initial phase
and the amplitude of the rectangular wave may be finely
adjusted to take a balance therebetween.

[0061] Consider a case where the probe light 110 has a light
intensity noise and fluctuates at the time of measurement.
[0062] At this time, time dependency may be applied by
setting V, to V(1) in (Expression 2). When a power spectral
component of a noise that is defined by an inverse of the
frequency is represented as follows.

Vel @)

[0063] From some calculation, f3,,,, as the lower limit of §
is represented by the following expression.

B ~ i |nyx(wmod + wx)|
A
[0064] The following expression in the above-mentioned

expression represents an average intensity of the probe light
110.

75(0)

[0065] In this embodiment, the light intensity noise is
reduced because the operation is performed in a balanced
position where the DC components are constantly canceled
out.

[0066] A case where the modulation function is a sinusoi-
dal wave is considered as a comparative example. In the case
of the sinusoidal wave, which is a configuration that can be
understood as a combination of the conventional technolo-
gies, the function of the modulation can be represented as the
following expression.

T Or0d:DrmodPrmods = Crmod S Dot +Prn)

[0067] The output V(1) is represented by (Expression 4)
below by using the n,,-order Bessel function J,,.

V(©) = Vo@ @ Cainoa)D 2B)cos((@noal + o) + m(D 1)) +26,)

@ indicates text missingor illegiblewhen filed

[0068] In (Expression 4), when the initial polarization
angle is 0,=45° or 0,=—45°, considering the measurement of
a fine magnetic field with f<<1, the higher-order terms of the
Bessel function regarding 3 are ignored.

[0069] When the magnetic field is zero and the amplitude of
the modulation is «,,,,;/~0, it indicates arrangement with
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which the outputs of the differential circuit 108 are canceled
out to be zero. In this case, the output V(1) is represented by
(Expression 5) below.

V(©) & =2Vo(® 21 2mod ) o 2B)SIN((2k — Domoat + (2k = 1)pmod) —
2Vo®@ T2k QUoa )1 2SN 2k oq + W) + 2kBpod + ) +
2Vo@ ot Qo)1 2SI 2k o = W) + 2 Ppmoa + ¢s)

@ indicates text missingor illegiblewhen filed

[0070] At this time, a response to the measured magnetic
field, which is represented by the second term and the third
term, is maximized.

[0071] At this time, the first term represents an oscillation
of the polarization plane caused by the sinusoidal wave
modulation. When the polarization plane of the light is shifted
from the balanced position by the modulation, the light inten-
sity noise is not differentiated but remains as a noise.

[0072] Therefore, even if the balanced detection by the
polarization splitter and the sinusoidal wave modulation are
simply combined, it is not possible to achieve both the reduc-
tion of the light intensity noise and the reduction of the 1/f
noise in a simultaneous manner. As a result, it is found that
[,i @s the lower limit of { in this case is represented by the
following expression.

Bonin =

) T2k Qo) (Vo (2K = Doyt = w0) = V(2 = Do) +
Vegs(@nmoa + @I
S22V o(0)

@ indicates text missingor illegiblewhen filed

[0073] A qualitative description on the configuration of this
embodiment is described below with reference to the draw-
ings.

[0074] FIG. 3 is a schematic diagram illustrating a polar-

ization state of the linearly polarized probe light.

[0075] The horizontal axis and the vertical axis represent
the amplitude in a transmission direction and the amplitude in
a reflection direction of the polarization splitter 105 among
electric field vectors.

[0076] A symbol “@” represents two polarization states
that are periodically switched when the modulation of the
polarization angle of the rectangular wave is applied between
0=n/4 and 6=—m/4 in the case where the measured magnetic
field is zero.

[0077] The output from the photodetector 106 that is
arranged at a transmission port of the polarization splitter 105
becomes V,, cos?0 with respect to the polarization angle 0,
and the output from the photodetector 107 that is arranged at
a reflection port becomes V, sin®0 with respect to the polar-
ization angle 0. A solid line in FIG. 4 represents a difference
between these two outputs.

[0078] On the other hand, a dotted line in FIG. 4 represents
a variation of the difference between the outputs from the
photodetectors 106 and 107 with a change of the light inten-

sity.
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[0079] The dotted line in FIG. 4 represents a condition in
which the output with respect to the polarization angle 0 is
(Vo+dV)cos 20 and (V,-3V)cos 26.

[0080] Two pointsindicated by “@” are constant regardless
of the variation of the light intensity noise. When measuring
a fine magnetic field by using the rectangular wave modula-
tion, the measurement is performed while switching these
points in an alternate manner. Therefore, the influence of the
light intensity noise is reduced.

[0081] Referring to FIGS. 5 and 6, a case is considered
where a modulation is applied with an amplitude o, and
0,=m/4. This is a case of Comparative Example 1 as opposed
to the embodiment of the present invention.

[0082] Theresults of FIGS. 5 and 6 respectively correspond
to those of FIGS. 3 and 4. Two points indicated by “@”” shown
in FIG. 5 are switched by the modulation.

[0083] An amplitude required for this modulation is much
larger than the rotation angle of the polarization plane by the
fine magnetic field.

[0084] Therefore, even when differential measurement is
performed, the measurement is performed in an area other
than a point indicated by “0”, where the influence of the light
intensity noise is received, for most measurement time. For
this reason, the influence of the light intensity noise cannot be
avoided.

[0085] Further, because the light intensity noise is reduced
by the difference detection in the modulation using the rect-
angular wave, amodulation frequency can be selected regard-
less of the spectrum of the light intensity noise. Therefore, by
selecting a frequency area where a system noise is small, it is
possible to achieve a further reduction of a sensor noise.
[0086] Next, a case where the amplitude of the rectangular
wave modulation is slightly deviated from 45° is considered.
In this case, when the amplitude is deviated by a small amount
da, (Expression 2) becomes (Expression 6) below.

Fie
V(&) = Vocos(2Bsin((D) 1+ ¢;) + 200 +2 - (Z + 00)S g(SIN Wi + Boa))) ~
—sin(26@)V(@ + (26a)(Viino + @)

@ indicates text missingor illegiblewhen filed

[0087] In(Expression6),V,, .15 represented by (Expres-
sion 7) below.

Vomod— Vo OS2 sin(w 44 )+260,))sin(2d0)

[0088] V,,oandV,_,, , arerepresented by the above-men-
tioned (Expression 3). The response to the measured mag-
netic field is represented by V. (Expression 6) indicates
that the response to the measured magnetic field is reduced by
cos(20a) when the amplitude is deviated from 90° by dc.
This is because a part of the response to the magnetic field
remains in the original band without being modulated. This is
represented by V, .-
[0089] Itis preferred that the magnitude of the deviation da
of the amplitude from 45° be equal to or smaller than 13
degrees with which cos 28c:=0.9, because a degradation of the
response to the measured magnetic field is suppressed up to
10%.

[0090] If the amplitude is deviated by 13 degrees on one
side, the angle of the modulation is preferred to be within 64°
to 116° with respect to each other.
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[0091] In addition, in this embodiment, it is possible to
realize a magnetic force measurement method in which a
magnetic field intensity is measured by the following method.
[0092] That is, a cell containing a group of alkali metal
atoms is prepared, and probe light having a linearly polarized
light component enters the cell.

[0093] Theangle of the polarization plane of the probe light
is modulated to detect a change of the angle of the polariza-
tion plane of the probe light transmitted through the cell.
[0094] At this time, a magnetic force measurement method
can be realized in which rectangular wave modulation is
applied with respect to the angle of the polarization plane of
the probe light and a difference of the light intensity between
components separated by using a polarization splitter is mea-
sured.

Example

[0095] An example to which the present invention is
applied is described below.

[0096] As the example, a configuration example of an opti-
cally pumped magnetometer to which the present invention is
applied is described with reference to FIG. 2.

[0097] The optically pumped magnetometer according to
this example includes a cell 201 containing potassium (K), a
pump light source 202, a probe light source 203, linear polar-
izers 204 and 205, and an electro-optical phase modulation
element 206.

[0098] The optically pumped magnetometer further
includes quarter wavelength plates 207 and 208, a half wave-
length plate 209, a polarization splitter 210, photodetectors
211 and 212, adifferential circuit 213, alock-in amplifier 214,
and a random wave generator 215.

[0099] In addition, the optically pumped magnetometer
further includes an isothermal insulating oven 221, a three-
axis Helmholtz coil 222, optical windows 223, 224, and 225,
and an optical terminator 226.

[0100] A specific configuration of the cell according to this
example is described. The cell 201 in this example includes a
material transparent to probe light and pump light, such as
glass.

[0101] The cell 201 holds potassium (K) as an alkali metal
atom in its inside, and is gas tight.

[0102] In addition, helium (He) and nitrogen (N,) are also
held as a buffer gas and a quencher gas.

[0103] Because the buffer gas suppresses a diffusion of the
polarized alkali metal atom, it is effective to suppress a spin
relaxation due to a collision with a cell wall to enhance the
polarization rate.

[0104] Further, N, gas is a quencher gas that derives energy
of K in an excited state and suppresses fluorescence, which is
effective to increase the efficiency of the optical pumping.
[0105] TheK atom has the smallest scattering cross-section
in a spin polarization disruption due to a collision between the
K atoms and between a K atom and a He atom among the
alkali metal atoms.

[0106] Therefore, the potassium is preferred as an alkali
metal to fabricate a magnetic sensor having a long relaxation
time and a strong signal intensity.

[0107] A specific configuration of the isothermal insulating
oven according to this example is described.

[0108] The isothermal insulating oven 221 is installed
around the cell 201.
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[0109] Atthe time of measurement, the cell 201 is heated to
the maximum temperature of about 200 degrees Celsius in
order to increase a density of the alkali metal gas in the cell
201.

[0110] A heating method involves heating the cell 201 by
flowing a heated inert gas into the isothermal insulating oven
221 from outside. The isothermal insulating oven 221 takes a
role of preventing this heat from escaping to the outside.
[0111] In the isothermal insulating oven 221, the optical
windows 223 and 224 are installed on an optical path of probe
light 216, and the optical window 225 is installed on an
optical path of pump light 217, thus securing the optical paths
of the pump light 217 and the probe light 216.

[0112] Further, the optical terminator 226 is installed on the
optical path of the pump light 217 which has transmitted
through the cell 201, to perform a termination process.
[0113] A specific configuration of the three-axis Helmholtz
coil according to this example is described.

[0114] Around the isothermal insulating oven 221, the
three-axis Helmholtz coil 222 is installed in a magnetic shield
(not shown).

[0115] This magnetic shield reduces a magnetic field pen-
etrating from an external environment. The three-axis Helm-
holtz coil 222 is used to control a magnetic field environment
around the cell 201.

[0116] A bias magnetic field of the same direction as a
direction of the pump light (z direction in FIG. 2) is applied to
the magnetic field environment of around the cell 201 such
that a measurement frequency and a Larmor frequency match
each other to resonate.

[0117] Further, this magnetic shield is used to make an
environment in which residual magnetic fields in the other
directions (x and y directions in FIG. 2) are canceled out so
that no magnetic field is applied.

[0118] In addition, a seam coil may be further installed to
compensate an uneven magnetic field.

[0119] A specific configuration of the pump light source
according to this example is described.

[0120] A wavelength of the pump light 217 emitted from
the pump light source 202 is set to the D1 transition wave-
length of the K atom.

[0121] The polarization of the pump light 217 is shaped to
a linear polarization by the linear polarizer 204, and then
converted into a circular polarization by the quarter wave-
length plate 207. At this time, the polarization may be con-
verted in either a right circular polarization or a left circular
polarization.

[0122] A specific configuration of the probe light source
according to this example is described.

[0123] A wavelength of the probe light 216 emitted from
the probe light source 203 is detuned from the D1 transition
wavelength of the potassium atom by a few GHz such that a
signal response is maximized.

[0124] A wvalue of the detuning to maximize the signal
response depends on pressure and temperature of the buffer
gas of the cell 201.

[0125] The probe light 216 is linearly polarized by the
linear polarizer 205.

[0126] A specific configuration of the polarization modu-
lation system according to this example is described.

[0127] When a voltage is applied to the electro-optical
phase modulation element 206 by the random wave generator
215, a birefringence of the crystal is changed in proportion to
the voltage.
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[0128] The change of the birefringence causes a change of
a phase difference with respect to the light transmitting
through the crystal, to thereby change the polarization state of
the light.

[0129] The phase difference of the probe light 216 that
entered in a linearly polarized state is changed in response to
the voltage applied to the electro-optical phase modulation
element 206, and thus the polarization state becomes an ellip-
tically polarized state.

[0130] The change of'the phase difference is converted into
arotation of a linear polarization plane by rotating the angles
of the electro-optical phase modulation element 206 and the
subsequent quarter wavelength plate 208 around their crystal
axis direction in an appropriate manner, respectively.

[0131] As a result, when a rectangular wave voltage is
applied to the electro-optical phase modulation element 206,
the polarization plane of the probe light 216 is oscillated in a
rectangular wave shape.

[0132] Because the amplitude of the oscillation is propor-
tional to the voltage applied to the electro-optical phase
modulation element 206, an appropriate voltage is applied to
the electro-optical phase modulation element 206 such that a
total amplitude becomes 90°.

[0133] It is preferred that a repetition frequency of the
rectangular wave be 1 kHz or higher. In addition to this, a
method of modulating the polarization plane by a magnetic
field using a Faraday effect can be considered. In this case, in
order to reduce an influence on the magnetometer side due to
a varying magnetic field used for the modulation of the polar-
ization plane, it is preferred that measures be taken to place
away or shield a modulator.

[0134] A specific configuration of the polarization mea-
surement system according to this example is described.
[0135] The polarization measurement system includes the
half wavelength plate 209, the polarization splitter 210, the
photodetectors 211 and 212, the differential circuit 213, and
the lock-in amplifier 214.

[0136] The polarization splitter 210 divides the light into
two light beams having an intensity ratio of cos®0:sin®0 in
accordance with the polarization angle 6 of the incident light.
[0137] In this case, the polarization state with which the
incident light is all transmitted is taken as a reference of 6=0°.
[0138] The optical intensities of the two divided light
beams are measured by the photodetectors 211 and 212,
respectively, and a difference between outputs of the photo-
detectors 211 and 212 is read by the differential circuit 213.
[0139] When the light enters the polarization splitter 210 at
the polarization angle of 6=45° or 6=-45°, the light is divided
with the same intensity, and an output of the differential
circuit 213 becomes zero.

[0140] When there is no measured magnetic field, the
polarization plane of the probe light 216 is oscillated in a
rectangular wave shape with a total amplitude of 90°.

[0141] The half wavelength plate 209 is rotated around its
crystal axis direction as a rotation axis, and the polarization
plane of the probe light 216 is rotated to take 6=45° or 6=—45°
in an alternate manner. Accordingly, the probe light 216 is
constantly divided with the equal light intensity by the polar-
ization splitter 210, and hence the output of the differential
circuit 213 becomes zero.

[0142] Next, a case where there is a measured magnetic
field is considered.

[0143] The probe light 216 which has transmitted through
the cell 201 and read the measured magnetic field as the
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rotation of the polarization plane is divided by the polariza-
tion splitter 210, and the optical intensities of the divided light
beams are measured by the photodetectors 211 and 212,
respectively.

[0144] A difference between the outputs of the photodetec-
tors 211 and 212 is read by the differential circuit 213, and
lock-in detection is performed by the lock-in amplifier 214.
The modulation signal applied to the electro-optical phase
modulation element 206 by the random wave generator 215 is
used for demodulation.

[0145] While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
[0146] This application claims the benefit of Japanese
Patent Application No. 2012-075619, filed Mar. 29, 2012,
which is hereby incorporated by reference herein in its
entirety.

1. An optically pumped magnetometer using one of an
electron spin and a nuclear spin of an atom, the optically
pumped magnetometer comprising:

a cell containing a group of alkali metal atoms therein;

a probe light optical system for making probe light having

a linearly polarized light component enter the cell;

a modulation unit for applying modulation to an angle of a

polarization plane of the probe light; and

a detector for detecting a change of the angle of the polar-

ization plane of the probe light transmitted through the
cell,

wherein the modulation unit allows rectangular wave

modulation to the angle of the polarization plane of the
probe light, and

wherein the detector includes:

a polarization splitter; and

a differential circuit for obtaining a difference in light

intensity between components separated by the polar-
ization splitter.

2. The optically pumped magnetometer according to claim
1, wherein the rectangular wave modulation includes a modu-
lation which is alternately switched to angles of two polar-
ization planes having angles of 64° to 116° with respect to
each other.

3. The optically pumped magnetometer according to claim
1, wherein the rectangular wave modulation includes a modu-
lation which is alternately switched to angles of two polar-
ization planes having an angle of 90° with respect to each
other.

4. A magnetic force measurement method of measuring a
magnetic field intensity, comprising the steps of:

preparing a cell containing a group of alkali metal atoms

therein;

making probe light having a linearly polarized light com-

ponent enter the cell;

applying modulation to an angle of a polarization plane of

the probe light; and

detecting a change in the angle of the polarization plane of

the probe light transmitted through the cell,

wherein the modulation applying step comprises applying

rectangular wave modulation to the angle of the polar-
ization plane of the probe light, and
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wherein the detecting step comprises measuring a differ-
ence in light intensity between components separated by
use of a polarization splitter.

5. The magnetic force measurement method according to
claim 4, wherein the rectangular wave modulation comprises
a modulation which is alternately switched to angles of two
polarization planes having angles of 64° to 116° with respect
to each other.

6. The magnetic force measurement method according to
claim 4, wherein the rectangular wave modulation comprises
a modulation which is alternately switched to angles of two
polarization planes having an angle of 90° with respect to
each other.
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