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(57) Abstract: One example embodiment includes an atomic sensor system. The system includes a magnetic field generator con-
figured to generate a magnetic field in a volume. The system also includes a vapor cell arranged within the volume and comprising a
polarized alkali metal vapor. The system further includes at least one magnetic field trimming system configured to generate a mag-
netic field gradient within the vapor cell separate from the magnetic field to provide a substantially uniform collective magnetic tield
within the vapor cell.
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MAGNETIC FIELD TRIMMING IN AN ATOMIC SENSOR SYSTEM

RELATED APPLICATIONS
[0001]  This application claims priority from U.S. Patent Application Serial No. 14/269547,

filed 5 May 2014, which is incorporated herein in its entirety.

TECHNICAL FIELD
[0002] The present invention relates generally to sensor systems, and specifically to

magnetic field trimming in an atomic sensor system.

BACKGROUND
[0003] Atomic sensors, such as nuclear magnetic resonance (NMR) gyroscopes and
atomic magnetometers, employ optical beams to operate, such as to detect rotation about a
sensitive axis or to detect the presence and magnitude of an external magnetic field. As an
example, an NMR sensor system can employ a first optical beam as a pump beam and a second
optical beam as a probe beam. For example, the pump beam can be a circularly-polarized optical
beam that is configured to spin-polarize a vapor, such as cesium (Cs) or rubidium (Rb), within a
sealed vapor cell of the sensor. The magnetic field can be generated by a magnetic solenoid to
induce precession of alkali metal isotopes. The interaction between the polarized alkali metal
vapor and the nuclear spin isotopes in the vapor cell gives rise to an effective magnetic field
experienced by the nuclear spin isotopes based on the alkali number density and alkali fractional
polarization. The greater the product of alkali number density and alkali fractional polarization,

the greater the alkali magnetic field experienced by the nuclear spin isotopes.

SUMMARY
[0004] One example embodiment includes an atomic sensor system. The system
includes a magnetic field generator configured to generate a magnetic field in a volume. The

system also includes a vapor cell arranged within the volume and comprising a polarized alkali
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metal vapor. The system further includes at least one magnetic field trimming system configured
to generate a magnetic field gradient within the vapor cell separate from the magnetic field to
provide a substantially uniform collective magnetic field within the vapor cell.

[0005] Another embodiment includes a method for generating a substantially uniform
collective magnetic field in a vapor cell of an atomic sensor. The method includes generating a
circularly-polarized optical pump beam via a pump laser. The method also includes generating a
magnetic field in a volume that subsumes a vapor cell comprising an alkali metal vapor that is
spin-polarized in response to the optical pump beam, and generating a local magnetic field
within the vapor cell. The method further includes generating at least one magnetic field
gradient within the vapor cell separate from the magnetic field. The magnetic field gradient can
have an intensity that is substantially equal and opposite the local magnetic field to provide the
substantially uniform collective magnetic field in the vapor cell.

[0006] Another embodiment includes an atomic sensor system. The system includes a
pump laser configured to generate an optical pump beam. The system also includes a magnetic
field generator configured to generate a magnetic field in a volume. The system also includes a
vapor cell arranged within the volume and comprising an alkali metal vapor that is spin-polarized
in response to the optical pump beam. The system also includes a first magnetic field trimming
system configured to generate a first magnetic field gradient independent of the magnetic field
having a greatest intensity proximal to at least one internal side-edge of the vapor cell and
decreasing away from the at least one internal side-edge. The system also includes a second
magnetic field trimming system configured to generate a second magnetic field gradient
independent of the magnetic field having a greatest intensity at an internal edge of a first end of
the vapor cell that is orthogonal to the optical pump beam and decreasing away from the internal
edge of the first end of the vapor cell. The system further includes a third magnetic field
trimming system configured to generate a third magnetic field gradient independent of the
magnetic field having a greatest intensity at an internal edge of a second end of the vapor cell
opposite the first end and decreasing away from the internal edge of the second end of the vapor

cell.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 illustrates an example of an atomic sensor system.

[0008] FIG. 2 illustrates another example of an atomic sensor system.

[0009] FIG. 3 illustrates an example of a magnetic field trimming system.

[0010] FIG. 4 illustrates an example diagram of a magnetic field gradient.

[0011] FIG. 5 illustrates another example of a magnetic field trimming system.

[0012] FIG. 6 illustrates an example diagram of cross-sectional views of magnetic field
gradients.

[0013] FIG. 7 illustrates yet another example of an atomic sensor system.

[0014] FIG. 8§ illustrates another example diagram of cross-sectional views of magnetic
field gradients.

[0015] FIG. 9 illustrates an example of a method for generating a substantially uniform

collective magnetic field in a vapor cell of an atomic sensor.

DETAILED DESCRIPTION
[0016] The present invention relates generally to sensor systems, and specifically to
magnetic field trimming in an atomic sensor system. An atomic sensor system, such as a nuclear
magnetic resonance (NMR) gyroscope or atomic magnetometer, can include a vapor cell that
includes an alkali metal vapor and at least one nuclear isotope (e.g., xenon (Xe)). The system
can also include a magnetic field generator that is configured to generate a magnetic field within
a volume that subsumes the vapor cell along a sensitive axis, and a pump laser (e.g., a vertical-
cavity surface-emitting laser (VCSEL)) configured to generate a circularly-polarized optical
pump beam along the sensitive axis. The optical pump beam can be configured to spin-polarize
the atoms in the alkali metal vapor. As a result of an interaction between the polarized alkali
metal vapor and the at least one nuclear isotope, a local magnetic field within the vapor cell can
be induced on the at least one nuclear isotope based on characteristics of the alkali metal vapor

(e.g., alkali number density and/or alkali fractional polarization).
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[0017] In the vapor cell, the alkali polarization lifetime can typically be substantially less
than a diffusion time across the vapor cell, and can primarily be limited by spin-exchange with
the nuclear isotopes. For example, the spin of the atoms of the alkali metal vapor can become
depolarized at a high rate as a result of polarizing the nuclear isotopes through spin-exchange
processes. The rate of polarization of the atoms of the alkali metal vapor in any given portion of
the vapor cell can therefore be a strong function of the local intensity of the optical pump beam.
For example, a greater local light intensity can lead to a greater rate of polarization of the local
atoms of the alkali metal vapor. The alkali metal atoms can become polarized through
absorption of circularly polarized photons from the optical pump beam, such that the atoms
absorb the angular momentum of these photons as they absorb the photons themselves. The
energy of a photon is either emitted as another photon (e.g., with a random angular momentum
state) or transferred via excited state quenching with a buffer gas (e.g., nitrogen) in the vapor
cell. Such a process can lead to absorption of the pump light and a resulting decrease in local
intensity as the optical pump beam propagates through the vapor cell. As a result, away from the
vapor cell walls, the local alkali fractional polarization can drop off with increasing distance
from the source of the optical pump beam. Additional polarization gradients can also result from
any non-uniform distribution of optical pump beam in the vapor cell, such that a Gaussian light
intensity profile (e.g., such as can be typical from a VCSEL), can result in a corresponding non-
linear near-Gaussian alkali polarization gradient across the field of the optical pump beam.
[0018] Additional depolarization effects on the atoms of the alkali metal vapor can occur
at the walls of the vapor cell. For example, alkali metal atoms which collide with the cell walls
can become effectively depolarized through strong spin-exchange interaction with the walls. As
a result, the local alkali fractional polarization can be reduced to effectively zero. Based on
diffusion and optical pumping effects, this depolarization of the alkali metal atoms at the vapor
cell walls can result in an alkali metal polarization gradient. Furthermore, the depolarization of
the alkali metal atoms at the vapor cell walls can provide for the fractional absorption of the
photons of the optical pump beam near the vapor cell walls to be greater than toward the center

of the vapor cell.
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[0019] A primary contributor to fundamental noise processes and sensitivity to
unintended measurement error sources in an associated atomic sensor system can be a transverse
spin relaxation time of the one or more nuclear isotopes. The transverse spin relaxation time can
be affected by multiple influencing factors, such as magnetic field gradients in the vapor cell.
An ideal magnetic field that is provided by the magnetic field generator will be perfectly
uniform, and thus will not induce any decoherence of an ensemble of spins of the nuclear
isotopes as they precess about the applied magnetic field within the vapor cell. As described
previously, the local magnetic field at any point in space within the vapor cell can be
proportional to characteristics of the alkali metal vapor, such as the product of alkali vapor
number density and alkali fractional polarization. Therefore, a gradient in the alkali fractional
polarization described previously can give rise to gradients in the local magnetic field, such as
can reduce the transverse spin relaxation times of the nuclear isotopes through gradient-induced
decoherence of the spin ensemble. As a result, performance of the atomic sensor system in
calculating a measurable parameter (e.g., rotation about a sensitive axis or a magnitude of an
external magnetic field) can be compromised as a result of the nuclear isotope spin decoherence
resulting from non-uniformity of the local magnetic in the vapor cell.

[0020] To provide for a substantially uniform local magnetic field in the vapor cell, the
atomic sensor system also includes at least one magnetic field trimming system configured to
generate a magnetic field gradient in the vapor cell. As an example, the magnetic field gradient
that is generated by the at least one magnetic field trimming system can be approximately equal
and opposite to the local magnetic field gradient, such that the collective magnetic field in the
vapor cell is substantially uniform. For example, the atomic sensor system can include a first
magnetic field trimming system configured to generate a first magnetic field gradient having a
greatest intensity proximal to at least one internal side-edge of the vapor cell and decreasing
away from the at least one internal side-edge, a second magnetic field trimming system
configured to generate a second magnetic field gradient independent of the magnetic field having
a greatest intensity at an internal edge of a first end of the vapor cell that is orthogonal to the

optical pump beam and decreasing away from the internal edge of the first end of the vapor cell,
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and a third magnetic field trimming system configured to generate a third magnetic field gradient
independent of the magnetic field having a greatest intensity at an internal edge of a second end
of the vapor cell opposite the first end and decreasing away from the internal edge of the second
end of the vapor cell. Each of the magnetic field trimming systems can include a first coil and a
second coil that are coaxial and arranged in series to conduct a current in opposite directions with
respect to each other to generate respective magnetic field gradients. Accordingly, the magnetic
field trimming systems can collectively generate a magnetic field gradient that is approximately
equal and opposite the local magnetic field gradient, and can therefore provide for a substantially
uniform magnetic field in the vapor cell.

[0021] FIG. 1 illustrates an example of an atomic sensor system 10. The atomic sensor
system 10 can correspond to any of a variety of NMR sensors, such as an NMR gyroscope that is
configured to measure rotation about a sensitive axis or an atomic magnetometer that is
configured to measure an intensity of an externally provided magnetic field. The atomic sensor
system 10 can thus be provided in any of a variety of applications, such as navigation and/or
defense applications.

[0022] The atomic sensor system 10 includes a pump laser 12 configured to generate an
optical pump beam OPTpyp. The optical pump beam OPTpyvp can be, for example, circularly-
polarized, and is provided through a vapor cell 14 that includes an alkali metal vapor, such as
rubidium (Rb) or cesium (Cs), as well as one or more nuclear spin isotopes, such as an isotope of
a noble gas (e.g., xenon (Xe)). For example, the optical pump beam OPTpyp can be provided
approximately parallel (e.g., collinearly) with a sensitive axis of the atomic sensor system 10.
For example, an optical probe beam (not shown) can likewise be provided through the vapor

cell 14, such as orthogonally with respect to the optical pump beam OPTpyp, to calculate a
magnitude of an external magnetic field in the example of the atomic sensor system 10 being
configured as an atomic magnetometer, or to calculate rotation about a sensitive axis in the
example of the atomic sensor system 10 being configured as an NMR gyroscope. The optical
pump beam OPTpyp can be configured to spin-polarize the alkali metal atoms in the vapor

cell 14.
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[0023] The atomic sensor system 10 also includes a magnetic field generator 16 that is
configured to generate a magnetic field By along the axis with the optical pump beam OPTpyp.
As an example, the magnetic field generator 16 can be configured as a magnetic solenoid that
generates the magnetic field Bz in a volume that subsumes the vapor cell 14. The magnetic field
Bz can be configured as an AC magnetic field (e.g., including a DC offset). Therefore, the
magnetic field Bz can stimulate precession of the vapor particles in the vapor cell 14 in a
resonant condition to substantially amplify the modulation of the polarization vector of the vapor
particles in the vapor cell 14 in response to magnetic fields applied orthogonally with respect to
the optical pump beam OPTpyp (€.2., external orthogonal magnetic field components). The
precession of the vapor particles in the vapor cell 14 can thus provide an indication of the
measurable parameter associated with the atomic sensor system 10, such as based on a Faraday
rotation of the associated optical probe beam provided through the vapor cell 14.

[0024] As described previously, interactions between the spin-polarized alkali metal
vapor atoms and the nuclear isotopes can result in an induced local magnetic field within the
vapor cell 14 based on characteristics of the alkali metal vapor, such as alkali number density
and/or alkali fractional polarization. For example, a larger magnitude product of the alkali
number density and the alkali fractional polarization of the alkali metal vapor in the vapor cell 14
can result in a larger magnitude of the local magnetic field experienced by the nuclear isotopes in
the vapor cell 14. However, as also described previously, such local magnetic field can be
exhibited as a local magnetic field gradient based on depolarization of the alkali metal atoms in
response to intensity variation of the optical pump beam OPTpyp across a cross-section of the
vapor cell 14 and in response to interaction of the alkali metal atoms near the inside edges of the
walls of the vapor cell 14. Therefore, such local magnetic field gradients, such as having a
greatest intensity near the center of a cross-section of the vapor cell 14 orthogonal to the optical
pump beam OPTpyp and/or having a lowest intensity near the corners or edges of the walls of the
vapor cell 14 can result in decoherence of the spin polarization of the nuclear isotopes therein,
which can provide errors in the calculation of the measurable parameter of the atomic sensor

system 10.
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[0025] In the example of FIG. 1, the atomic sensor system 10 includes at least one
magnetic field trimming system 18 that is configured to collectively generate a magnetic field
gradient in the vapor cell 14 independently of the magnetic field B, generated by the magnetic
field generator 16. For example, the collective magnetic field gradient that is generated by the
magnetic field trimming system(s) can correspond to one or more respective magnetic field
gradients that are provided to substantially counteract local magnetic field gradient(s) in the
vapor cell 14, such as resulting from diffusion and/or spin-depolarization of the atoms of the
alkali metal vapor in the vapor cell 14 and/or intensity variations of the optical pump beam
OPTypyp with respect to the volume of the vapor cell 14. Therefore, the magnetic field trimming
system(s) 18 can include separate sets of coils that can conduct respective currents to generate
individual magnetic field gradients in the vapor cell 14. As an example, each of the magnetic
field trimming system(s) 18 can include a first coil and a second coil that are coaxial and
arranged in series to conduct a current in opposite directions with respect to each other to
generate the respective magnetic field gradients. Accordingly, the generated collective magnetic
field gradient can offset the local magnetic field gradients in the vapor cell 14 that can result
from each of the potential sources of the respective local magnetic field gradients to be
substantially equal and opposite the local magnetic field gradient(s).

[0026] FIG. 2 illustrates another example of an atomic sensor system 50. The atomic
sensor system 50 includes a vapor cell 52 and a magnetic field trimming system 54. As an
example, the vapor cell 52 can correspond to the vapor cell 14 and the magnetic field trimming
system 54 can correspond to one of the at least one magnetic field trimming system 18 in the
example of FIG. 1. Therefore, reference is to be made to the example of FIG. 1 in the following
description of the example of FIG. 2.

[0027] The vapor cell 52 is demonstrated as having a rectangular cuboid (e.g.,
approximately cubic) shape. In the example of FIG. 2, the vapor cell 52 has a width dimension
D; along the Y-axis, as demonstrated by the Cartesian coordinate system 56. As an example, the
width dimension D, can also be the width of the vapor cell 52 along the X-axis, such that the

vapor cell 52 has a square cross-sectional shape. Similar to as described previously, the vapor
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cell 52 includes an alkali metal vapor that can be spin-polarized via the optical pump beam
OPTpyp, and can thus be caused to precess via the magnetic field B;. As an example, the optical
pump beam OPTpyp can be provided along a sensitive axis of the atomic sensor system 50,
demonstrated in the example of FIG. 2 as the central axis 58 along the Z-axis.

[0028] The magnetic field trimming system 54 includes a first coil 60 and a second

coil 62. The first and second coils 60 and 62 are arranged in a coplanar arrangement that, in the
example of FIG. 2, is likewise coplanar with a first end 64 of the vapor cell 52. As described
herein, the term "coil" with respect to a magnetic field trimming system refers to a single or
multiple loops of a conductor configured to conduct a current, and thus generate a respective
magnetic field. In the example of FIG. 2, the first coil 60 has a width dimension D, and the
second coil 62 has a width dimension D3, with each of the width dimensions D, and Dj being
greater than the width dimension D; of the vapor cell 52. The first coil 60 and the second coil 62
can be arranged in series with respect to each other, such that they each conduct the same current
that can propagate in opposite directions with respect to each other around the central axis 58.
As a result, the number of loops of the first and second coils 60 and 62, as well as the width
dimensions D, and D3, can be selected to generate respective magnetic fields in separate
directions and having separate magnetic moments and magnetic flux densities with respect to the
vapor cell 52. Accordingly, the first and second coils 60 and 62 can collectively generate a
magnetic field gradient in the vapor cell 52, such as to substantially counteract at least one
source of local magnetic field gradient within the vapor cell 52 based on interaction of the alkali
metal atoms in the vapor cell 52 with the walls of the vapor cell 52 and/or with the optical pump
beam OPTpyp.

[0029] FIG. 3 illustrates an example of a magnetic field trimming system 100. The
magnetic field trimming system 100 can correspond, for example, to the magnetic field trimming
system 54 in the example of FIG. 2. The magnetic field trimming system 100 includes a first
coil 102 and a second coil 104 that can each include one or more conductive loops that are
arranged in a rectangular (e.g., square) geometric shape, which can thus be equivalent to a

geometric shape of a cross-section of the vapor cell 52. The first and second coils 102 and 104
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are arranged in a coplanar arrangement that can likewise be coplanar with the first end 64 of the
vapor cell 52, as described previously. In the example of FIG. 3, the first coil 102 has the width
dimension D, and the second coil 104 has the width dimension D3, with each of the width
dimensions D, and D3 being greater than the width dimension D; of the vapor cell 52. The
magnetic field trimming system 100 includes a current source 106 (e.g., a voltage source and a
resistor) that is configured to generate a current Irc that is provided through each of the first and
second coils 102 and 104. As demonstrated in the example, the first and second coils 102

and 104 are arranged in series with respect to each other, such that they each conduct the current
Iyc. Additionally, the first coil 102 propagates the current Ir¢ in a clockwise direction while the
second coil 104 propagates the current Irc in a counter-clockwise direction, such that the current
Itc propagates in opposite directions with respect to the first and second coils 102 and 104, then
to a low-voltage rail (e.g., ground). As described previously, the number of loops of the first and
second coils 102 and 104, as well as the width dimensions D, and D3, can be selected to generate
respective magnetic fields in separate directions and having separate magnetic moments and
magnetic flux densities with respect to the vapor cell 52.

[0030] As an example, the optical pump beam OPTpyp can be generated to have an
intensity that is substantially uniform across the cross-section of the vapor cell 54 (e.g., across
the width dimension D). FIG. 4 illustrates an example diagram 150 of a magnetic field

gradient 152. The magnetic field gradient 152 can be generated, for example, from the magnetic
field system 100. In the example of FIG. 4, the magnetic field gradient 152 is demonstrated
three-dimensionally in an X-Y-Z Cartesian coordinate axis 154, such as at the first end 64 of the
vapor cell 52. The magnetic field gradient 152 is demonstrated as having a greatest intensity at
the corners of the first end 64 of the vapor cell 52, with an intensity that decreases away from the
corners. Because the optical pump beam OPTpyp can be generated to have a substantially
uniform intensity across the cross-section of the vapor cell 54, the intensity of the magnetic field
gradient can decrease to an approximately uniform intensity toward the center of the cross-
section of the vapor cell 52. As an example, the magnetic field gradient 152 can be

approximately equal and opposite a local magnetic field gradient that is generated based on
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depolarization of the alkali metal atoms based on interaction of the alkali metal atoms with the
walls and corners of the vapor cell 52.

[0031] As another example, the optical pump beam OPTpyp can be generated to have an
intensity that is substantially Gaussian across the cross-section of the vapor cell 54 (e.g., across
the width dimension D). FIG. 5 illustrates an example of a magnetic field trimming system 200.
The magnetic field trimming system 200 can correspond, for example, to the magnetic field
trimming system 54 in the example of FIG. 2. Similar to as described previously regarding the
example of FIG. 3, the magnetic field trimming system 200 includes a first coil 202 and a second
coil 204 that can each include one or more conductive loops that are arranged in a coplanar
arrangement (e.g., likewise coplanar with the first end 64 of the vapor cell 52). However, in the
example of FIG. 5, the first coil 202 is demonstrated as having a rectangular (e.g., square)
geometric shape while the second coil 204 is demonstrated as having a round geometric shape.
Thus, in the example of FIG. 5, the first coil 202 has a width dimension D, and the second

coil 104 has a diameter dimension Ds. As an example, each of the width dimensions D, and D3
can be greater than the width dimension D, of the vapor cell 52.

[0032] Similar to as described previously regarding the example of FIG. 3, the magnetic
field trimming system 200 includes a current source 206 (e.g., a voltage source and a resistor)
that is configured to generate a current I that is provided through each of the first and second
coils 202 and 204. As demonstrated in the example, the first and second coils 102 and 104 are
arranged in series with respect to each other, such that they each conduct the current Iyc.
Additionally, the first coil 202 propagates the current Itc in a clockwise direction while the
second coil 204 propagates the current Irc in a counter-clockwise direction, such that the current
Itc propagates in opposite directions with respect to the first and second coils 202 and 204, then
to a low-voltage rail (e.g., ground). As described previously, the number of loops of the first and
second coils 102 and 104, as well as the dimensions D, and Ds, can be selected to generate
respective magnetic fields in separate directions and having separate magnetic moments and
magnetic flux densities with respect to the vapor cell 52. Additionally, because the second

coil 204 has a round geometric shape, the magnetic field trimming system 200 can be configured
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to generate the magnetic field gradient in a reverse-Gaussian manner to substantially counteract
the local magnetic field gradient in the vapor cell 52 resulting from the Gaussian distribution of
the optical pump beam OPTpyp.

[0033] FIG. 6 illustrates an example diagram 250 of cross-sectional views of magnetic
field gradients. The diagram 250 includes a first magnetic field gradient 252 and a second
magnetic field gradient 254 that are distributed across a cross-section of the vapor cell 52
orthogonal to the central axis 64 (i.e., the X-Y plane). The first magnetic field gradient 252 can
correspond to the local magnetic field gradient that results, at least in part, from the Gaussian
distribution of the optical pump beam OPTpyp (€.2., in addition to interaction with the walls of
the vapor cell 52). The second magnetic field gradient 254 can correspond, for example, to the
magnetic field gradient generated by the magnetic field trimming system 200 in the example of
FIG. 5. In the example of FIG. 6, the diagram 250 demonstrates greater magnetic field
intensities at darker shaded portions of the magnetic field gradients 252 and 254 and lesser
magnetic field intensities at lighter shaded portions of the magnetic field gradients 252 and 254.
[0034] The first magnetic field gradient 252 thus demonstrates the local magnetic field
having a greatest intensity at the approximate center of the cross-section of the vapor cell 52 and
having decreasing intensity away from the approximate center, with a least intensity at the
corners of the cross-section of the vapor cell 52. Similarly, second magnetic field gradient 254
demonstrates the magnetic field generated by the magnetic field trimming system 200 having a
least intensity at the approximate center of the cross-section of the vapor cell 52 and having
increasing intensity away from the approximate center, with a greatest intensity at the corners of
the cross-section of the vapor cell 52. Accordingly, the second magnetic field gradient 254 can
be generated approximately equal and opposite the first magnetic field gradient 252 that results
from depolarization of the alkali metal atoms in response to the Gaussian distribution of the
optical pump beam OPTpyp to provide a substantially uniform magnetic field in the vapor

cell 52.

[0035] It is to be understood that the magnetic field trimming system 200 can be

implemented on vapor cells having geometric shapes that are different from the vapor cell 52.
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For example, the vapor cell 52 could have a cylindrical shape, and thus a round cross-sectional
shape. Thus, the magnetic field trimming system 200 can be configured to generate the magnetic
field gradient 254 having a substantially uniform and greatest intensity magnetic field at the
inside of the wall of the vapor cell 52 and decreasing to a least intensity at the approximate
center of the cross-section to substantially counteract the local magnetic field in the vapor

cell 52. Additionally, the magnetic field trimming system 200 can be configured differently for a
round cross-section vapor cell, such as based on the first and second coils 202 and 204 both
having a round geometric shape. Therefore, the magnetic field trimming system 200 can be
configured to have at least one coil that has a geometric shape that is approximately the same as
a geometric shape of the cross-section of the associated vapor cell.

[0036] FIG. 7 illustrates yet another example of an atomic sensor system 300. The
atomic sensor system 300 includes a vapor cell 302, a first magnetic field trimming system 304
and a second magnetic field trimming system 306. As an example, the vapor cell 302 can
correspond to the vapor cell 14 and the magnetic field trimming systems 304 and 306 can
correspond to two of the at least one magnetic field trimming system 18 in the example of

FIG. 1. Therefore, reference is to be made to the example of FIG. 1 in the following description
of the example of FIG. 7.

[0037] The vapor cell 302 is demonstrated as having a rectangular cuboid (e.g.,
approximately cubic) shape, but could instead have one of a variety of other shapes (e.g.,
cylindrical). In the example of FIG. 7, the vapor cell 302 has a width dimension D, along the Y-
axis, as demonstrated by the Cartesian coordinate system 308. As an example, the width
dimension D; can also be the width of the vapor cell 302 along the X-axis, such that the vapor
cell 302 has a square cross-sectional shape. Similar to as described previously, the vapor

cell 302 includes an alkali metal vapor that can be spin-polarized via the optical pump beam
OPTpyp, and can thus be caused to precess via the magnetic field B;. As an example, the optical
pump beam OPTpyp can be provided along a sensitive axis of the atomic sensor system 300,

demonstrated in the example of FIG. 7 as the central axis 310 along the Z-axis.
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[0038] Each of the first and second magnetic field trimming systems 304 and 306 include
a first coil 312 and a second coil 314 that are each coaxial with respect to the central axis 310. In
the example of FIG. 7, the first coil 312 has a width dimension D, and the second coil 314 has a
width dimension D3, with each of the width dimensions D, and D5 being greater than the width
dimension D; of the vapor cell 302. As an example, the width dimensions D, and D5 can be
greater than the width dimensions D5 and D3, respectively, of the magnetic field trimming
system 52 in the example of FIG. 2, such as significantly greater than the width dimension D;
(e.g., approximately four times or more the width dimension D;). Additionally, the width
dimensions D, and Ds in each of the magnetic field trimming systems 302 and 304 may be
different for the first magnetic field trimming system 302 relative to the second magnetic field
trimming system 304. In the example of FIG. 7, the first and second coils 312 and 314 in the
first magnetic field trimming system 304 are arranged near a first end 316 of the vapor cell 302
and are offset by a distance D4. Similarly, the first and second coils 312 and 314 in the second
magnetic field trimming system 306 are arranged near a second end 318 of the vapor cell 302
and are offset by a distance DS. The location of the first and second coils 312 and 314 relative to
the first and second ends 316 and 318 can be, for example, between the respective distances D4
and D35, or can be outside of the span of the distances D4 and DS.

[0039] Similar to as described previously, the first coil 312 and the second coil 314 can
be arranged in series with respect to each other, such that they each conduct the same current that
can propagate in opposite directions with respect to each other around the central axis 310,
similar to as demonstrated in the example of FIG. 3. As a result, the number of loops of the first
and second coils 312 and 314, as well as the width dimensions D, and D3 and the respective
distance D4 or the respective distance D35, can be selected to generate respective magnetic fields
in separate directions and having separate magnetic moments and magnetic flux densities with
respect to the vapor cell 302. For example, the first coil 312 of each of the first and second
magnetic field trimming systems 304 and 306 can be configured to provide a magnetic field
having a greater magnetic moment, and the second coil 314 of each of the first and second

magnetic field trimming systems 304 and 306 can be configured to provide a magnetic field
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having a greater magnetic flux density. Accordingly, the first and second magnetic field
trimming systems 304 and 306 can each generate separate magnetic field gradients in the vapor
cell 302, such as to substantially counteract a local magnetic field gradient within the vapor

cell 302 based on interaction of the alkali metal atoms in the vapor cell 302 with the walls of the
vapor cell 302 through which the optical pump beam OPTpyp passes and/or diffusion of the
alkali metal atoms in the vapor cell 302. In addition, it is to be understood that the first and
second magnetic field trimming systems 304 and 306 can be configured differently with respect
to dimensions and attributes of the respective first and second coils 312 and 314 to generate
magnetic field gradients having respective different characteristics.

[0040] FIG. 8§ illustrates an example diagram 350 of cross-sectional views of magnetic
field gradients. The diagram 350 includes a first magnetic field gradient 352 and a second
magnetic field gradient 354 that are distributed across a cross-section "B" of the vapor cell 302
along the central axis 310 (i.e., the X-Y plane). The first magnetic field gradient 352 can
correspond to a local magnetic field gradient that results, at least in part, from depolarization of
the alkali metal atoms in the vapor cell 302 resulting from interaction with the wall at the first
end 316 of the vapor cell 302 through which the optical pump beam OPTpyp passes and/or
diffusion of the alkali metal atoms in the vapor cell 302. The second magnetic field gradient 354
can correspond, for example, to the magnetic field gradient generated by the magnetic field
trimming system 304 in the example of FIG. 7. In the example of FIG. 8, the diagram 350
demonstrates greater magnetic field intensities at darker shaded portions of the magnetic field
gradients 352 and 354 and lesser magnetic field intensities at lighter shaded portions of the
magnetic field gradients 352 and 354.

[0041] The first magnetic field gradient 352 thus demonstrates the local magnetic field
having a greatest intensity at the first end 316 of the vapor cell 302 and having decreasing
intensity away from the first end 316, with a least intensity at the second end 318. Similarly,
second magnetic field gradient 354 demonstrates the magnetic field generated by the magnetic
field trimming system 304 having a least intensity at the first end 316 of the vapor cell 302 and

having increasing intensity away from the first end 316, with a greatest intensity at the second
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end 318. Accordingly, the second magnetic field gradient 354 can be generated approximately
equal and opposite the first magnetic field gradient 352 that results from depolarization of the
alkali metal atoms resulting from interaction with the wall at the first end 316 of the vapor

cell 302 through which the optical pump beam OPTpyp passes and/or diffusion of the alkali
metal atoms in the vapor cell 302. It is to be understood that the magnetic field gradient 354 is
generated by the first magnetic field trimming system 304 to counteract the local magnetic field
gradient with respect to the first end 316 of the vapor cell 302. Thus, a magnetic field gradient
that is generated by the second magnetic field trimming system 306 can be generated that is an
approximate mirror image of the magnetic field gradient 354 about a plane centered on the vapor
cell 302 and parallel to the X-Y plane. Thus, the magnetic field gradient generated by the second
magnetic field trimming system 306 can substantially counteract a local magnetic field gradient
with respect to the second end 318 of the vapor cell 302, such as an approximate mirror image of
the magnetic field gradient 352 about a plane centered on the vapor cell 302 and parallel to the
X-Y plane.

[0042] In view of the foregoing structural and functional features described above, a
methodology in accordance with various aspects of the present invention will be better
appreciated with reference to FIG. 9. While, for purposes of simplicity of explanation, the
methodology of FIG. 9 is shown and described as executing serially, it is to be understood and
appreciated that the present invention is not limited by the illustrated order, as some aspects
could, in accordance with the present invention, occur in different orders and/or concurrently
with other aspects from that shown and described herein. Moreover, not all illustrated features
may be required to implement a methodology in accordance with an aspect of the present
invention.

[0043] FIG. 9 illustrates an example of a method 400 for generating a substantially
uniform collective magnetic field in a vapor cell (e.g., the vapor cell 14) of an atomic sensor
system (e.g., the atomic sensor system 10). At 402, a circularly-polarized optical pump beam
(e.g., the optical pump beam OPTpyp) is generated via a pump laser (e.g., the pump laser 12).

At 404, a magnetic field (e.g., the magnetic field By) is generated in a volume that subsumes the
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vapor cell comprising an alkali metal vapor that is spin-polarized in response to the optical pump
beam. At 406, a local magnetic field is (e.g., the magnetic field gradient 252) generated within
the vapor cell. At 408, at least one magnetic field gradient (e.g., the magnetic field gradient 152)
within the vapor cell separate from the magnetic field. The magnetic field gradient can have an
intensity that is substantially equal and opposite the local magnetic field to provide the
substantially uniform collective magnetic field in the vapor cell.

[0044] What have been described above are examples of the invention. It is, of course,
not possible to describe every conceivable combination of components or methodologies for
purposes of describing the invention, but one of ordinary skill in the art will recognize that many
further combinations and permutations of the invention are possible. Accordingly, the invention
is intended to embrace all such alterations, modifications, and variations that fall within the

scope of this application, including the appended claims.
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CLAIMS

What is claimed is:

1. An atomic sensor system comprising:

a magnetic field generator configured to generate a magnetic field in a volume;

a vapor cell arranged within the volume and comprising a polarized alkali metal vapor;
and

at least one magnetic field trimming system configured to generate a magnetic field
gradient within the vapor cell separate from the magnetic field to provide a substantially uniform

collective magnetic field within the vapor cell.

2. The system of claim 1, further comprising a pump laser configured to generate an optical
pump beam, wherein the alkali metal vapor is spin-polarized in response to the optical pump
beam to generate a local magnetic field within the vapor cell, wherein the magnetic field gradient

is substantially equal and opposite the local magnetic field.

3. The system of claim 2, wherein the at least one magnetic field trimming system
comprises:

a first magnetic field trimming system configured to generate a first magnetic field
gradient having a greatest intensity proximal to at least one internal side-edge of the vapor cell
and decreasing away from the at least one internal side-edge;

a second magnetic field trimming system configured to generate a second magnetic field
gradient having a greatest intensity at an internal edge of a first end of the vapor cell that is
orthogonal to the optical pump beam and decreasing away from the internal edge of the first end
of the vapor cell; and

a third magnetic field trimming system configured to generate a third magnetic field
gradient having a greatest intensity at an internal edge of a second end of the vapor cell opposite

the first end and decreasing away from the internal edge of the second end of the vapor cell.
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4. The system of claim 1, further comprising a pump laser configured to generate an optical
pump beam, wherein the at least one magnetic field trimming system comprises a first coil and a
second coil arranged coaxial and in series with respect to each other and configured to conduct a

current to generate the magnetic field gradient.

5. The system of claim 4, wherein the first and second coils are arranged planar with respect
to each other are configured to conduct the current in opposite directions with respect to each
other, and wherein at least one of the first coil and the second coil has a geometric shape that
substantially matches a cross-sectional geometric shape of the vapor cell to generate the
magnetic field gradient as having a greatest intensity at internal edges of the vapor cell and

decreasing away from the internal edges.

6. The system of claim 4, wherein the vapor cell has an approximately square-shaped cross-
section orthogonal to propagation of the optical pump beam, wherein the first coil and the second
coil are arranged planar with respect to a first end of the vapor cell through which the optical
pump beam is incident, wherein the first and second coils cooperate to generate the magnetic
field gradient having a greatest intensity at each corner of the first end of the vapor cell and

decreasing away from each corner of the first end within the vapor cell.

7. The system of claim 4, wherein the first coil and the second coil are further configured to
cooperate to generate the magnetic field gradient as having a least intensity at a cross-sectional
center of the vapor cell and increasing toward the internal edges in response to a substantially

Gaussian cross-sectional intensity of the optical pump beam.

8. The system of claim 4, wherein the first coil and the second coil of each of the at least
one magnetic field trimming system are arranged in parallel planes that are offset by a

predetermined distance and are respectively located proximal to at least one of a first end of the
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vapor cell and a second end of the vapor cell, wherein the first and second coils are configured to
generate a first magnetic field and a second magnetic field, respectively, that cooperate to
generate the magnetic field gradient based on the first magnetic field having a greater magnetic
flux density than the second magnetic field and the second magnetic field having a greater

magnetic moment than the first magnetic field.

9. The system of claim §, wherein the first coil and the second coil of each of the at least
one magnetic field trimming system are arranged to generate the magnetic field gradient as
having a greatest intensity at the respective one of the first and second ends of the vapor cell and

decreasing away from the respective one of the first and second ends of the vapor cell.

10. At least one of an NMR gyroscope system, an atomic magnetometer system, and an

accelerometer system comprising the atomic sensor system of claim 1.

11. A method for generating a substantially uniform collective magnetic field in a vapor cell
of an atomic sensor system, the method comprising:

generating a circularly-polarized optical pump beam via a pump laser;

generating a magnetic field in a volume that subsumes the vapor cell comprising an alkali
metal vapor that is spin-polarized in response to the optical pump beam;

generating a local magnetic field within the vapor cell; and

generating at least one magnetic field gradient within the vapor cell separate from the
magnetic field, the magnetic field gradient having an intensity that is substantially equal and
opposite the local magnetic field to provide the substantially uniform collective magnetic field in

the vapor cell.

12. The method of claim 11, wherein generating the magnetic field gradient comprises
generating the magnetic field gradient having a greatest intensity proximal to at least one internal

side-edge of the vapor cell and decreasing away from the at least one internal side-edge.
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13. The method of claim 12, wherein the first coil and the second coil are further configured
to cooperate to generate the magnetic field gradient as having a least intensity at a cross-sectional
center of the vapor cell and increasing toward the internal edges in response to a substantially

Gaussian cross-sectional intensity of the optical pump beam.

14. The method of claim 11, wherein generating the magnetic field gradient comprises
generating the magnetic field gradient having a greatest intensity at an internal edge of a first end
of the vapor cell that is orthogonal to the optical pump beam and decreasing away from the

internal edge of the first end of the vapor cell.

15. The method of claim 14, wherein the magnetic field gradient is a first magnetic field
gradient, wherein generating the magnetic field gradient further comprises generating a second
magnetic field gradient having a greatest intensity at an internal edge of a second end of the
vapor cell opposite the first end and decreasing away from the internal edge of the second end of

the vapor cell.

16. The method of claim 11, wherein generating the magnetic field gradient comprises
providing a current through a first coil and a second coil arranged coaxial and in series with

respect to each other and in opposite directions with respect to each other.

17. An atomic sensor system comprising:
a pump laser configured to generate an optical pump beam;
a magnetic field generator configured to generate a magnetic field in a volume;
a vapor cell arranged within the volume and comprising an alkali metal vapor that is spin-

polarized in response to the optical pump beam;
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a first magnetic field trimming system configured to generate a first magnetic field
gradient independent of the magnetic field having a greatest intensity proximal to at least one
internal side-edge of the vapor cell and decreasing away from the at least one internal side-edge;

a second magnetic field trimming system configured to generate a second magnetic field
gradient independent of the magnetic field having a greatest intensity at an internal edge of a first
end of the vapor cell that is orthogonal to the optical pump beam and decreasing away from the
internal edge of the first end of the vapor cell; and

a third magnetic field trimming system configured to generate a third magnetic field
gradient independent of the magnetic field having a greatest intensity at an internal edge of a
second end of the vapor cell opposite the first end and decreasing away from the internal edge of

the second end of the vapor cell.

18. The system of claim 17, wherein the spin-polarization of the alkali metal vapor generates
a local magnetic field within the vapor cell, wherein the first, second, and third magnetic field
gradients are generated to have a collective intensity that is substantially equal and opposite the

local magnetic field.

19. The system of claim 17, wherein the first magnetic field trimming system comprises a
first coil and a second coil arranged coaxial, coplanar, and in series with respect to each other
and configured to conduct a current in opposite directions through the first and second coils to

generate the first magnetic field gradient.

20. The system of claim 17, wherein each of the second and third magnetic field trimming
system comprises a first coil and a second coil that are arranged in series and in parallel planes
with respect to each other that are each orthogonal to the optical pump beam and are offset by a
predetermined distance, the first and second coils being configured to conduct a current in
opposite directions through the first and second coils to generate the respective second and third

magnetic field gradients, wherein the second magnetic field trimming system is located at a first
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end of the vapor cell and wherein the third magnetic field trimming system is located at a second
end of the vapor cell, wherein the first and second coils in each of the second and third magnetic
field trimming systems are configured to generate a first magnetic field and a second magnetic
field, respectively, that cooperate to generate the respective second and third magnetic field
gradients based on the first magnetic field having a greater magnetic flux density than the second
magnetic field and the second magnetic field having a greater magnetic moment than the first

magnetic field.
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