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(57) ABSTRACT 

A magnetometer and method of use is presently disclosed. 
The magnetometer has at least one sensor void of extraneous 
metallic components, electrical contacts and electrically con 
ducting pathways. The sensor contains an active material 
vapor, such as an alkali vapor, that alters at least one measur 
able parameter of light passing therethrough, when in a mag 
netic ?eld. The sensor may have an absorptive material con 
?gured to absorb laser light and thereby activate or heat the 
active material vapor. 

20 Claims, 6 Drawing Sheets 

1 
directing a ?rst beam of laser light to a magnetic sensor 

i 
2 

heating an alkali material contained within the magnetic sensor, to a 
desired temperature, with the first beam of laser light 

i 

vaporizing at least a portion of the alkali material within the magnetic 
sensor 

i 
4 

containing the alkali material vapor within the magnetic sensor 

i 
5 

passing a second beam of laser light through the alkali material vapor 

i 
6 

receiving the second beam, with a detector, atter the second beam of 
laser light has passed through the alkali material vapor 

i 

detecting, with the detector, at least one measurable parameter of the 
second beam that is altered upon the second beam passing through the 
alkali material vapor when the magnetic sensor is in the presence of a 

magnetic ?eld 
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1 
directing a ?rst beam of laser light to a magnetic sensor 

i 
2 

heating an alkali material contained within the magnetic sensor, to a 
desired temperature, with the first beam of laser light 

i 
3 

vaporizing at least a portion of the alkali material Within the magnetic 
sensor 

4 
containing the alkali material vapor Within the magnetic sensor 

5 
passing a second beam of laser light through the alkali material vapor 

i 
6 

receiving the second beam, With a detector, after the second beam of 
laser light has passed through the alkali material vapor 

i 
7 

detecting, with the detector, at least one measurable parameter of the 
second beam that is altered upon the second beam passing through the 
alkali material vapor When the magnetic sensor is in the presence of a 

magnetic ?eld 

FIG. 9 
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ATOMIC MAGNETOMETER AND METHOD 
OF SENSING MAGNETIC FIELDS 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

This Work is funded by the National Institute of Standards 
and Technology under the US. Department of Commerce. 

FIELD OF THE INVENTION 

This invention relates to magnetometers, and more particu 
larly to a laser-pumped magnetometer and method of use. 

BACKGROUND 

It is often desirable to sense or detect magnetic ?elds such 
as magnetic ?elds generated from underground objects or 
Within a living organism. The detection of magnetic ?elds 
may aid in geophysical mapping, underground deposit detec 
tion, navigation, and physiological mapping. For example, 
the detection of biomagnetic signals, in the form of Weak 
magnetic signals, Within the human body may enable the 
temporally and spatially resolved mapping of current dipoles 
Within the human body. The tWo main biological sources of 
magnetic ?elds that have been sensed or detected are the 
human heart and brain. One advantage of detecting magnetic 
signals rather than electrical signals outside the body is that 
no electrodes have to be in contact With the patient’s body 
directly. The magnetic signal may also have a richer content 
of information than the electrical counterpart. 

Functional brain studies using magnetoencephalography 
(MEG) have been a groWing medical research ?eld over the 
past years. The spatial and temporal magnetic ?eld distribu 
tion at different locations around the head may be detected 
after visual or auditory stimulation of the patient, for 
example. This method may alloW for detection With improved 
signal to noise, since the signal may be averaged over many 
stimulation cycles. 

Recently, the MEG has become a valuable tool for the 
clinical diagnostics in areas such as epilepsy and brain moni 
toring. Even though the magnetic signal may be detected in 
many places around the patients head, determining the posi 
tion of origin of the magnetic ?eld has remained a challenge. 
The placement of the electrodes or sensors and the use of 
mathematical algorithms have provided some estimations of 
the origin of the magnetic ?elds, but the quality of such 
estimations remains in question. 
Many of the brain studies in the prior art have been per 

formed With superconducting quantum interface devices 
(SQUlDs). SQUlDs measure the magnetic ?ux through a 
pickup coil that has to be kept at cryogenic temperatures. 
Maintaining these cryogenic temperatures may be complex, 
expensive and may require a substance (cryogen) that occurs 
in limited quantities on earth. 

Large scale atomic magnetometers have a sensitivity com 
parable to the sensitivity of SQUlDs, reaching sensitivities 
below 1 fT\/HZ. For example, large scale atomic magnetom 
eters have shoWn the ability to measure magnetic ?elds of the 
human brain after auditory stimulation. This ability has been 
shoWn by placing a single large vapor cell proximate to a 
patient’s head and selecting different “channels” by different 
laser beams probing different volumes Within the cell. An 
advantage of the atomic magnetometers over SQUlDs are 
that no cryogenics are needed. 

Large-scale atomic magnetometers, in addition to being 
large, expensive and di?icult to operate, may have electrical 
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2 
conducting elements in the immediate vicinity of the sensor 
head in order to transmit signals and poWer to the sensor. 
Electrically conducting elements are knoWn to cause ?uctu 
ating magnetic ?elds, Which can disturb the magnetic envi 
ronment around the sample being monitored. Additionally, 
electrical connections betWeen the sensor head and the instru 
mentation box can cause dif?culty When the sensor is oper 
ated in a high-voltage environment. Further, conventional 
atomic magnetometers are typically operated by driving the 
atoms at the sample location With an oscillating magnetic 
?eld. This oscillating ?eld may extend into the region around 
the sensor head and may create interference With other sen 
sors in the immediate vicinity or With the sample being moni 
tored. 
What is needed is an atomic magnetometer having mag 

netic sensors and methods for detecting magnetic ?elds that 
improve upon the de?ciencies of the prior art. 

SUMMARY 

In one aspect of the present invention, a magnetometer 
comprising at least one sensor void of extraneous metallic 
components, electrical contacts and electrically conducting 
pathWays is provided. The at least one sensor comprises an 
alkali material contained Within an alkali vapor cell. The 
alkali vapor cell is con?gured to contain the alkali material 
and vapor of the alkali material and comprises at least one 
translucent or transparent Wall con?gured to alloW laser light 
to pass therethrough. The alkali vapor cell also comprises at 
least one Wall con?gured to re?ect, refract or transmit at least 
a portion of laser light passing through the at least one trans 
lucent or transparent Wall to a detector. The alkali vapor cell 
comprises a material con?gured to interact With laser light 
and thereby evolve a su?icient amount of alkali vapor, Within 
the alkali vapor cell, upon activation With laser light. The 
interaction of the laser light With the material may take the 
form of heating, in Which laser light is absorbed by the mate 
rial thereby heating the material and hence the alkali metal. It 
may also take the form of light-induced desorption of alkali 
atoms from the interior surface of the material. The suf?cient 
amount of alkali vapor is suitable for altering at least one 
measurable parameter of laser light, being re?ected, refracted 
or transmitted With the at least one re?ective, refractive or 
transmissive Wall, in response to a magnetic ?eld. The mag 
netometer also comprises at least one laser con?gured to 
direct laser light into the alkali vapor cell through the at least 
one translucent or transparent Wall. A detector is con?gured 
to receive laser light emitted from the at least one laser, after 
passing the laser light through the alkali vapor and re?ecting, 
refracting or transmitting the laser light With the at least one 
re?ective, refractive or transmissive Wall. 

In another aspect of the present invention, a method for 
detecting a magnetic ?eld is provided. The method comprises 
the steps of: a) directing a ?rst beam of laser light to a mag 
netic sensor; b) heating an alkali material, contained Within 
the magnetic sensor, to a desired temperature With the ?rst 
beam of laser light; c) vaporizing at least a portion of the alkali 
material Within the magnetic sensor; d) containing the alkali 
material vapor Within the magnetic sensor; e) passing a sec 
ond beam of laser light through the alkali material vapor; f) 
receiving the second beam, With a detector, after the second 
beam of laser light has passed through the alkali material 
vapor; and g) detecting, With the detector, at least one mea 
surable parameter of the second beam of laser light that is 
altered upon the second beam of laser light passing through 
the alkali material vapor When the magnetic sensor is in the 
presence of a magnetic ?eld. 
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In yet another aspect of the present invention, a magnetom 
eter comprising at least one sensor head void of extraneous 
metallic components, electrical contacts and electrically con 
ducting pathways, is provided. The at least one sensor head 
comprises an alkali material, an alkali vapor cell containing 
the alkali material and vapor of the alkali material. The alkali 
vapor cell comprises a material con?gured to heat the alkali 
material contained therein a su?icient amount to vaporize a 
portion of the alkali material upon the application of laser 
light onto or through an outer surface thereof. An enclosure 
con?gured to substantially enclose and insulate the alkali 
vapor cell is provided. The enclosure comprises an alkali 
vapor cell support, comprising a loW thermal conductive 
material, supporting the alkali vapor cell Within the enclosure 
Wherein a void space is betWeen the outer surface of the alkali 
vapor cell and the enclosure. The magnetometer further com 
prises a ?rst optic ?ber having a ?rst end in light communi 
cation With the alkali vapor cell and a laser in light commu 
nication With a second end of the ?rst optic ?ber. A second 
optic ?ber is provided having a ?rst end in light communica 
tion With the alkali vapor cell and a second end in light 
communication With an optical detector. The optical detector 
is con?gured detect at least one measurable parameter of laser 
light that is altered upon passing through the vapor cell in the 
presence of a magnetic ?eld. 

BRIEF DESCRIPTIONS OF THE DRAWINGS 

The folloWing ?gures, Which are idealiZed, are not to scale 
and are intended to be merely illustrative and non-limiting; 

FIG. 1 is an illustration of an atomic magnetometer sensor 
having a re?ective surface con?gured to operate in free space; 

FIG. 2 is an illustration of an atomic magnetometer sensor 
having opposite transparent or translucent surfaces con?g 
ured to operate in free space; 

FIG. 3 is an illustration of an atomic magnetometer sensor 
head con?gured to be optically tethered to at least one laser 
and a detector; 

FIG. 4 is top cut-aWay vieW of an atomic magnetometer 
sensor head shoWing a laser heater; 

FIG. 5 is top cut-aWay vieW of an atomic magnetometer 
sensor head shoWing an insulating system; 

FIG. 6 is an illustration of an atomic magnetometer supply 
and detector unit having an array of sensor heads optically 
tethered to a laser and a detector; 

FIG. 7 is an illustration of a sensor having tWo laser beams, 
one pump beam and one probe beam; 

FIG. 8 is an illustration of an application of an array of 
atomic magnetometer sensors operating in free space; and 

FIG. 9 is a How diagram shoWing a method of detecting a 
magnetic ?eld With an atomic magnetometer. 

DETAILED DESCRIPTION 

In at least one embodiment of the present invention there is 
disclosed a ?ber-coupled microelectromechanical systems 
(MEMS) magnetometer array based on a spin-exchange 
relaxation-free (SERF) technique operation in a single-beam 
con?guration. In this technique, the spins of alkali vapor 
atoms, such as 87Rb atoms, inside a MEMS vapor cell are 
aligned through optical pumping With circularly polariZed 
light at about 795 nm, for example, in the Z direction. In the 
absence of an ambient magnetic ?eld in the transverse direc 
tion (xy plane), the highly polariZed atomic vapor may be 
nearly transparent to the resonant light. If a transverse mag 
netic ?eld is present, the atoms start to precess around this 
?eld and absorb more light. The amount of light absorbed 
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4 
depends on the strength of the magnetic ?eld. The transverse 
?eld may be measured in this Way With a high sensitivity. 
The magnetometer may be sensitive to transverse magnetic 

?elds only. The magnetometer is a vector sensor and the tWo 
transverse components of the ambient ?eld may be measured 
separately. In order to distinguish betWeen the x and y trans 
verse components, tWo or more oscillating ?elds may be 
applied in orthogonal directions at different frequencies. 
These oscillations may be picked up on the transmitted light 
and are proportional to the magnitudes of the transverse ?elds 
(i.e., x and y directions). The magnetometer may not detect 
magnetic ?elds in the Z direction. If the total magnetic ?eld 
exceeds a certain value, hoWever, the sensitivity of the mag 
netometer may decrease. This decrease in sensitivity may be 
due to spin-exchange collisions that may cause the resonance 
line to broaden, if the Larmor frequency is of order of the 
atomic collision rate. Larmor precession is the precession of 
the magnetic moments of electrons, atomic nuclei, and atoms 
about an external magnetic ?eld. The angular momentum 
vector precesses about the external ?eld axis With an angular 
frequency is knoWn as the Larmor frequency. Therefore, the 
ambient ?eld may need to be shielded or compensated for, in 
order not to exceed this value. 
The sensitivity of the magnetometer may be determined by 

the resonance line Width, the resonance signal amplitude, and 
the noise. In many atomic magnetometers, the resonance line 
Width may be limited by the lifetime of the spin coherence 
induced in the atoms. Collisions of the atoms With other 
atoms and cell Walls may play a major role in this limitation. 
Buffer gases, such as inert gases or molecules (e.g. neon) that 
have a loW spin-destruction cross-section may be added into 
the cell volume to reduce Wall collision effects. Buffer gas 
pressure and composition may be selected for increased per 
formance in the speci?c application. A major contribution to 
the line Width may be caused by collisions betWeen the alkali 
atoms themselves. The broadening mechanism from such 
spin-exchange collisions may be suppressed though, if the 
Larmor frequency is smaller than the collision rate. Operating 
the magnetometer in the so-called SERF regime, e. g., at high 
alkali densities and loW magnetic ?elds, may narroW the line 
Width substantially and improve the magnetometer sensitiv 
ity. The signal amplitude depends mainly on the pumping 
light intensity and the cell temperature. These tWo parameters 
may be optimiZed and actively stabiliZed to ensure operation 
under optimal conditions for a given cell siZe. Major noise 
sources may include the photon shot noise and laser noise. 
Active laser stabiliZations may be included to minimiZe these 
effects. 

In one aspect of the present disclosure, a chip-scale atomic 
magnetometer (CSAM) is provided. The CSAM has a con 
?guration of all-optical microfabricated magnetometer that 
alloWs the sensing and measurement of magnetic ?elds, for 
example, emanating from the brain and other parts of the 
body. An all-optical remote sensor head is disclosed using a 
micro-fabricated vapor cell containing an alkali species, such 
as 87Rb, enclosed in an etched silicon structure and suspended 
With loW thermal conductivity supports for thermal isolation. 
Heating of the cell may be achieved by optical absorption of 
light of a laser diode delivered to the vapor cell via an optical 
?ber or through free space. A single-mode laser (such as a 
vertical-cavity surface-emitting laser or VCSEL or DFB 
laser) may be used to probe the magnetically sensitive tran 
sition of the rubidium vapor. In at least one embodiment 
disclosed herein, one or more laser beams may be provided 
for pumping and probing. By transmitting both the heating 
and excitation light to and from the cell using optical ?bers or 
through free space, the magnetometer sensor is free of any 
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metal parts or electrical currents that could produce magnetic 
noise. The performance of the magnetometer having sensors 
void of extraneous metallic components, electrical contacts 
and electrically conducting pathWays may provide a mode of 
operation to reach a sensitivity better that 1 pT\/HZ, Which 
corresponds to the sensitivity required to detect biomagnetic 
signals. This mode of operation may only be limited by the 
photon shot noise of the detector. With an improved detector, 
a desired sensitivity may be achieved With embodiments of 
the magnetometer described herein. This may provide a 
means for magnetoencephalography and remote magnetic 
resonance imaging. 

Advantages of embodiments of the sensor head disclosed 
herein may include having all signals to and from the sensor 
head optical and no metallic components on the sensor head. 
Additional advantages may include having no electrical con 
tacts on the sensor head or electrically conducting paths 
betWeen the sensor head and an instrumentation box. Further 
advantages may include having no magnetic ?elds applied at 
sensor location and providing sensor heads easily adapted to 
sensor array applications. Other advantages may include pro 
viding sensor heads With Sub-pT sensitivities, all-optical 
heating of the vapor cell, all-optical temperature stabilization 
of the vapor cell, and all-optical interrogation of the atomic 
resonances. Additionally, self-alignment of components may 
be provided by the use of etched silicon or other material for 
Which the etched structures are precisely de?ned by litho 
graphic patterning. 
A CSAM is described in at least one embodiment of the 

present invention. Aspects of the CSAM may be ?ber 
coupled CSAMs Which may provide a means for sensing and 
measurement of magnetic ?elds emanating from the brain 
and other parts of the body. Other aspects of the present 
disclosure provide CSAMs that may be used in free space, 
providing a means to detect magnetic ?elds Without tethering 
to a laser or detector. 

Disclosed herein, is an atomic magnetometer With a ?ex 
ible array of small MEMS atomic sensors With desired mag 
netic ?eld sensitivities. For example, the sensitivity may be 
about 50 fT per root HZ, 1 fT per root HZ, or even loWer, and 
bandWidths of 100 HZ, or more. The sensor heads may have a 
volume of less than 1 cm3 and may be placed into an arbitrary 
geometry With independent orientations and positions for 
each sensor head. The magnetic sensors may be connected to 
a supply box by optical ?bers only and may not contain any 
magnetic parts or electrical connections. The CSAMs may be 
vector sensors that are sensitive to magnetic ?elds in tWo 
orthogonal directions. They may also be scalar sensors that 
are sensitive to the magnitude of the local magnetic ?eld, 
independent of orientation. For optimum performance, the 
total magnetic ?eld at the position of the sensor head may not 
exceed a value determined by the alkali collision rate, typi 
cally about 100 nT for cell temperatures in the range of about 
150° C. 
The sensors heads may be in the form of a cube and may 

contain the actual magnetometer sensor With an active vol 
ume of about 1 m3. The remaining volume of the sensor 
head may be ?lled With thermal insulation, mechanical sus 
pension, and optical components. The optical ?bers connect 
ing the cubes or sensor heads to the supply unit may have a 
length of about 5 meters and supply the light for pumping of 
the atomic vapor, collecting the output signal after probing 
the atoms, and supplying the light for heating the atomic 
vapor. No electrical or magnetic components may be present 
inside the cubes. 

For example, small MEMS atomic magnetometers may 
have total volumes of the physics package less than 10 mm. 
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6 
The physics package may include a vapor cell, thermal insu 
lation, and optics. These sensors may have active volumes 
around 1 mm3 . Embodiments of the sensor heads con?gured 
to operate in free space may also have a total volume of about 
1 m3. Small MEMS atomic magnetometers may be total 
?eld sensors that may operate in a Wide variety of ambient 
?elds. Even though the sensitivity of small MEMS atomic 
magnetometers may be limited by collisions of alkali atoms 
inside the vapor cell, this limitation may be overcome by a 
technique called SERF magnetometry. HoWever, this tech 
nique may require heating and maintaining an elevated tem 
perature of the vapor cell. Yet, aspects of the instant disclosure 
provide a means for heating the vapor cell and the monitoring 
the temperature of the vapor cell Without electrically conduc 
tive components and the ?oW of electricity Within or proxi 
mate the sensor, Which may create a magnetic ?eld and thus 
introduce noise to the sensor. 

Wafer-level fabrication of magnetometer sensor heads dis 
closed herein may provide for inexpensive, light, loW-poWer 
arrays of such sensors. These sensors may be easier to main 
tain and operate than sensors of the prior art. MEMS atomic 
magnetometer sensor heads disclosed herein may provide 
magnetic sensitivities beloW 100 fT/\/HZ, Which may provide 
a means forusing MEMS alkali magnetometers With volumes 
of a feW cubic millimeters for measuring biomagnetic signals. 
Embodiments of the all-optical magnetometer may be 
extended for use in other microfabricated atomic sensors. 

FIG. 1 shoWs an embodiment of an atomic magnetometer 
sensor that may operate in free space. Atomic magnetometer 
sensor 10 has transparent or translucent top Wall 12 and side 
Walls 14 extending from peripheral edges thereof. One or 
more of side Walls 14 may also be transparent or translucent. 
In one embodiment, top Wall 12 and side Walls 14 are com 
prised of the same material. The bottom Wall 16 comprises an 
upper re?ective surface. In the embodiment shoWn here, bot 
tom Wall 16 comprises a plurality of comer re?ectors con?g 
ured to re?ect incoming laser light along path 20, back toWard 
the source, along laser path 22. HoWever, it is to be under 
stood that bottom Wall 16 may have a ?at, curved, or other 
surface con?gured to re?ect incoming laser light along path 
20 in any desired directional path 22. Typically, light path 22 
leads to a laser light detector, not shoWn. 

Top Wall 12, side Walls 14, and bottom Wall 16 are sealed 
together at their edges to form an enclosure having an 
enclosed volume 28. Within enclosed volume 28 is an alkali 
material 18, shoWn here in solid form. A buffer gas 24 may 
also be contained Within enclosed volume 28. The top Wall 12, 
side Walls 14 and bottom Wall 16 may also be coated With a 
thin layer of material to reduce the effects of Wall interactions 
on the alkali orientation. Alkali material 18 may be heated 
With a separate laser along light path 23 or may be heated With 
the laser light directed along light path 20. Upon heating 
alkali material 18, a signi?cant portion or most all of alkali 
material 18 may vaporiZe to form alkali vapor 26 Within 
enclosed volume 28. 

After the formation of alkali vapor 26 Within enclosed 
volume 28, atomic magnetometer sensor 10 is ready to detect 
magnetic ?elds. HoWever, it is to be understood that alkali 
vapor 26 may have a su?icient partial pressure Within 
enclosed volume 28 Without heating. Thus, no heating of the 
alkali material 18 may be needed. Laser light is directed into 
atomic magnetometer sensor 10 along laser light path 20 
Wherein the light passes through alkali vapor 26. The pres 
ence of a magnetic ?eld may cause the alkali vapor 26 to alter 
at least one measurable parameter (e. g. intensity) of the light 
pas sing therethrough. The re?ected light along light path 22 is 
then captured by a detector con?gured to receive light from 
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light path 22 and detect a magnetic ?eld by analyzing the at 
least one measurable parameter. 

Buffer gas 24 is optional, hoWever, it may improve the 
sensitivity of magnetometer 10 and may be comprised of 
nitrogen, argon, neon, or methane, for example, and may be 
present at a desired pressure Within enclosed volume 28. In 
order to alloW for optimal operation of the magnetometer in 
the SERF regime, buffer gas pressures of several atmospheres 
may be desired. In an embodiment Where a plurality of atomic 
magnetometers sensors 10 are used, in an array, advanta 
geously they are ?lled simultaneously to provide uniformity 
of the cell parameters. Advantageously, a vacuum system 
con?gured for ?lling of the cell arrays With high pressures in 
a controlled Way is used to ?ll each enclosed volume 28 in 
each magnetometer sensor 10. 

The siZe and shape of magnetometer sensor 10 may be 
selected to optimiZe its sensitivity. Therefore, magnetometer 
sensor 10 may be cubic, spherical, or even egg shaped, for 
example. Magnetometer sensor 10 may be as small as 1 mm, 
or even smaller, and may be 10 mm, or even larger. In at least 
one embodiment, bottom Wall 16 has a greater mass than top 
Wall 12. In this embodiment, random placement of a plurality 
of atomic magnetometer sensors 10, forming an array of 
magnetometer sensors 10, on a surface provides an increase 
in the percentage of atomic magnetometers having top Wall 
12 facing upWardly. 

FIG. 2 shoWs another embodiment of an atomic magne 
tometer sensor that may operate in free space. Atomic mag 
netometer sensor 50 has transparent or translucent ?rst Wall 
52 and transparent or translucent second Wall 54 joined by 
side Walls 56 to form enclosed volume 28. Side Walls 56 may 
have re?ective inner surfaces. Enclosed volume 28 has alkali 
vapor 26 contained therein. Optionally, one or more buffer 
gases 24 are also contained Within enclosed volume 28. Laser 
light 62 is directed through free space, ?rst Wall 52, enclosed 
volume 28, and out of second Wall 54. Laser light 62 may be 
used to heat atomic magnetometer sensor 50 or otherWise 
enhance the alkali vapor density inside the cell, by desorption 
for example, and to provide light 62 exiting second Wall 54 for 
collection by a laser light detector, not shoWn. For example, 
laser light 62 may be emitted at varying or different frequen 
cies Wherein a portion of the energy is absorbed by ?rst Wall 
52 and/ or second Wall 54, heating atomic magnetometer sen 
sor 50 to a desired temperature. First Wall 52 and/or second 
Wall 54 may be comprised of colored glass con?gured to 
absorb light 62 Within a selected Wavelength range and to 
alloW light to pass therethrough at another Wavelength range. 
Alternatively or additionally, second laser light 23 may be 
directed toWard a side Wall 56 for heating atomic vapor sensor 
50. Laser light 62 is directed through free space into atomic 
magnetometer sensor 50 along laser light path 62 Wherein the 
light passes through alkali vapor 26. The presence of a mag 
netic ?eld may cause the alkali vapor 26 to alter at least one 
measurable parameter of laser light 62 passing therethrough. 
The laser light 62 emitted from second Wall 54 is directed 
through free space to be captured by a detector con?gured to 
receive light and detect a magnetic ?eld interacting With 
alkali vapor 26 by analyZing the at least one measurable 
parameter of laser light 62. 

Atomic magnetometer sensor 50 may provide highly pre 
cise, remote sensing of electromagnetic ?elds and possibly 
other environmental parameters of interest. First Wall 52, 
second Wall 54, and side Walls 56 form an enclosure and may 
be comprised of loW thermal conductivity materials. Advan 
tageously, ?rst Wall 52, side Walls 56, and second Wall 54 are 
comprised of non metallic materials such as silica and glass. 
The sensor signal is monitored by illuminating the cell With 

5 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
light beam 62, Which is transmitted through ?rst Wall 52, 
vapor 26, and second Wall 54, to a measurer, through free 
space. 

In one aspect of the present invention, ?rst Wall 52 and/or 
second Wall 54 are comprised of glass or other transparent or 
translucent material con?gured to absorb heat When con 
tacted With laser light at a ?rst Wavelength and to alloW light 
at a second Wavelength to pass therethrough. For example, 
?rst Wall 52 and/or second Wall 54 may contain or be coated 
With a material con?gured to have a high heat absorbing 
e?iciency for light having a Wavelength of about 980 nm and 
a high transmittance for light having a Wavelength of about 
795 nm, for example. 

FIG. 3 shoWs sensor head 100 having alkali vapor cell 51 
contained therein. The optical system includes the interface 
betWeen optical ?ber systems and the sensor head 100. The 
light 107 transmitted though the cell 51 may contain the 
information about a magnetic ?eld at the position of cell 100. 
Fiber 108 guides the light back to a remote location, not 
shoWn, for detection. Sensor head 100 is a part of a complete 
optical interrogation system for measuring magnetic ?elds. 
A vapor cell 51 is integrated With the optical components of 

sensor head 100. Sensor head 100 is an embodiment of a ?ber 
coupled chip scale atomic magnetometer or MEMS sensor 
head and contains an alkali atomic vapor cell 51. A ?rst laser 
or heating laser, not shoWn, may transmit laser light into optic 
?ber 122 for heating atomic vapor cell 51. Advantageously, 
the ?rst laser may transmit light betWeen about 800 nm and 
about 1200 nm, or more advantageously about 985 nm. The 
laser light transmitted through optic ?ber 122 passes through 
void space 132 and contacts side Wall 58, of atomic vapor cell 
51. Void space 132 may be under vacuum, increasing thermal 
insulation of atomic vapor cell 51. Side Wall 58 may be 
comprised of a silica containing material or other material 
Which may contain the alkali vapor and any buffer gas Within 
atomic vapor cell 51, be inert to alkali vapor, and have little or 
no magnetic properties. The outer surface of side Wall 58 
heats in response to the contact of laser light from optic ?ber 
122. Advantageously, the outer surface of sideWall 58 is dark 
in color or has a coating for increasing the amount of heat 
transferred into atomic vapor cell 51 in response to the contact 
of laser light through optic ?ber 122. The heat generated on 
the surface of side Wall 58 is conducted into atomic vapor cell 
51, heating alkali material 18. Alkali material 18 may be 
rubidium (e.g. 87Rb), cesium, potassium, or sodium, for 
example. Alkali-like materials such as metastable helium 
(4He) may also be used in place of the alkali material. Advan 
tageously, alkali material 18 is heated to betWeen about 100° 
C. and 200° C., or more advantageously about 1500 C. Upon 
heating, alkali material 18 evolves an alkali vapor Within 
atomic vapor cell 51, Where it is contained therein. 
A second laser or interrogation laser, not shoWn, may trans 

mit light betWeen about 600 nm and about 1000 nm, or more 
advantageously about 795 nm, into sensor head 100 through 
optic ?ber 110. Optic ?ber 110 may be a polarization-main 
taining single-mode optical ?ber. The transmitted light may 
then be expanded and collimated With ?rst micro-lens 104. 
First micro-lens 104 may be a gradient index (GRIN) lens. 
First re?ecting surface 106, Which may be in the form of a 
mirror, may then re?ect the expanded and collimated light to 
a Waveplate 124. Waveplate 124 may be in the form of a 
quarter Waveplate Which circularly polariZes the light. The 
polariZed light then passes through the ?rst translucent or 
transparent Wall 54 of alkali atomic vapor cell 51. The polar 
iZed light then passes through the alkali vapor contained 
Within cell 51 Wherein at least one measurable parameter of 
the light may be altered in response to a magnetic ?eld. The 
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light then leaves atomic vapor cell 51 through the second 
translucent or transparent Wall 52 of alkali atomic vapor cell 
51. Second re?ecting surface 109 re?ects the light leaving 
atomic vapor cell 51 to second micro-lens 105. Second micro 
lens 105 may be a GRIN lens and con?gured to collect the 
light leaving atomic vapor cell 51 and transmit the light to 
optic ?ber 108. Optic ?ber 108 may be a multi-mode ?ber and 
con?gured to transmit the light to a detector, not shoWn. 

Vapor cell 51 may be suspended in an enclosure. The 
enclosure may be comprised of Walls 114 surrounding a 
perimeter of vapor cell 51, a ?rst Wall 102 having re?ective 
surface 109, and a second Wall 116 having re?ective surface 
106. Walls 114, ?rst Wall 102 and second Wall 116 arejoined 
at their edges to form the enclosure providing a void space 
132 about vapor cell 51. An inner surface of Walls 114, 102 
and 116 may be coated With a re?ective material. Tethers, 
Web, or sheets of loW thermally conductive material 112 (eg 
polyamide) may extend betWeen Walls 114 to support vapor 
cell 51 Within void space 132. 

FIG. 4 shoWs a heating and insulating system for MEMS 
sensor head 100. The heating system presently disclosed may 
provide for remote optical heating of vapor cell 51 With loW 
poWer and loW induced magnetic ?elds. Laser light, advan 
tageously having a Wavelength of about 980 nm, is coupled 
through optical ?ber 122 to sensor head 100.Advantageously, 
Wall 58 of vapor cell 51 has a high absorption for this Wave 
length of laser light. Wall 58 may be comprised of silicon and 
may be doped or otherWise have the outer surface of Wall 58 
coated With a heat absorbing material. Walls 114 form an 
enclosure about vapor cell 51 having enclosed volume 132. 
Advantageously, enclosed volume 132 is maintained under a 
vacuum, providing passive thermal insulation of vapor cell 
51. Laser light 126 exits optic ?ber 122, passes through the 
vacuum in enclosed volume 132, and contacts the outer sur 
face of Wall 58. An inner surface of Walls 114 may be re?ec 
tive or coated With a re?ective material providing a surface to 
re?ect radiant heat from vapor cell 51 to re?ect back into 
vapor cell 51. 

Vapor cell 51 may be heated to approximately 150° C., for 
example, With the optical absorption of laser light 126. The 
temperature of the atomic vapor Within vapor cell 51 may be 
stabiliZed to Within 0.1 o C. In one embodiment, the tempera 
ture of vapor cell 51 may be detected by detecting a change in 
a parameter of laser light passing through vapor cell 51 and 
received by optic ?ber 108, shoWn in FIG. 3. An active tem 
perature stabiliZation system may include controlling laser 
light 126 in response to the laser detected temperature of 
vapor cell 51. For example, a servo may be used to control the 
poWer to a laser emitting laser light 126 to maintain a sub 
stantially constant alkali vapor density inside vapor cell 51. 

FIG. 4 also shoWs an embodiment of the passive thermal 
insulation of vapor cell 51. Advantageously, vapor cell 51 (or 
the active sensor volumes in an array of vapor cells) are heated 
to a temperature around 1500 C. With laser light 126 in order 
to raise the rubidium vapor density to the desired value. This 
may be done optically With light at about 980 nm. The body or 
Walls 114 forming an enclosure about of the MEMS vapor 
cell 51 may be comprised of silicon. The WindoWs 52 and 54, 
shoWn in FIG. 3, may be comprised of borosilicate glass. To 
increase the absorption of the heating light by these surfaces, 
a “black” coating may be applied to the cell sides or Walls 58 
and translucent or transparent Walls 52 and 54 may have a 
“black” material con?gured to absorb heat from laser light 
passing therethrough. 

The Walls of the housing or inner surfaces of Walls 114 may 
be coated With a highly re?ecting material such as gold, for 
example, to minimiZe heat absorption by the enclosure or 
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10 
Walls 114, 116, and 102. The temperature ofthe vapor may be 
sensed through the absorption of the atomic vapor, instead of 
having the electrical connections associated With electrical 
heating arrangements in the vicinity of the sensor. 
The outer surface of side Wall 58 heats in response to the 

contact of laser light from optic ?ber 122. Advantageously, 
the outer surface of sideWall 58 is dark in color or has a 
coating for increasing the amount of heat transferred into 
atomic vapor cell 51 in response to the contact of laser light 
through optic ?ber 122. The heat generated on the surface of 
side Wall 58 is conducted into atomic vapor cell 51, heating 
alkali material 18. 

FIG. 5 shoWs a means to minimiZe the poWer consumption 
and to stabiliZe the temperature of the atomic vapor cell 51. 
Atomic vapor cell 51 is thermally isolated from the environ 
ment by suspending vapor cell 51 With a Web of loW thermal 
conductivity material 112, such as polyimide tethers as 
shoWn. This thermal suspension system may minimiZe the 
conduction of heat betWeen Walls 114 and vapor cell 51. A 
highly re?ective material on all or portions of the inner sur 
face of the outer enclosure or Walls 114, 102, and 116 may 
also serve to decrease radiant heat transfer, and at the same 
time may serve as a loW absorptive coating for the light of the 
heating laser. Advantageously, enclosed volume 132 is evacu 
ated to below 1 Torr, minimiZing convective heat transfer 
betWeen vapor cell 51 and Walls 114. Vacuum getters may 
maintain a reasonably loW pressure inside enclosed volume 
132 over long time periods. 

FIG. 6 shoWs an overall design of a ?ber-coupled CSAM 
array 200. CSAM array 200 comprises a ?exible array of 
small MEMS atomic sensors 100. Each MEMS atomic sensor 
advantageously has a desired magnetic ?eld sensitivity. A 
single heating laser in laser supply and control unit 138 may 
supply laser light to heat each MEMS atomic sensor 100. The 
poWer to the heating laser may be regulated through an array 
of variable attenuators. Each MEMS atomic sensor 100 may 
have a volume of less than 1 cm3 and may be placed into an 
arbitrary geometry With independent orientations and posi 
tions. The MEMS atomic sensors 100 may be connected to 
supply and control unit 138 With a set of optical ?bers 134. 
Advantageously, each MEMS atomic sensor 100 does not 
contain any magnetic parts or electrical connections. The 
MEMS atomic sensors 100 or CSAMs are advantageously 
vector sensors that are sensitive to magnetic ?elds in tWo 
orthogonal directions With high sensitivity. To maximiZe per 
formance, the total magnetic ?eld at the position of each 
MEMS atomic sensor 100 may not exceed 100 nT. When 
operated at high magnetic ?eld, the MEMS atomic sensors 
can also be advantageously scalar sensors, Whose reading is 
independent of sensor orientation With respect to the mag 
netic ?eld. Each MEMS atomic sensor 100 advantageously 
has an active volume around 1 m3. The remaining volume of 
each MEMS atomic sensor 100 may be ?lled With thermal 
insulation, mechanical suspension, and optical components. 
The optical ?ber sets 134, connecting each MEMS atomic 
sensor 100 to the laser supply and control unit 138, advanta 
geously have a length of roughly 2 to 5 meters, for example, 
and supply the light for pumping of the atomic vapor, the 
output signal after probing the atoms, and heating the atomic 
vapor. An optic ?ber set 134, connected to each MEMS sensor 
100, may be comprised of a plurality of optic ?bers. In this 
embodiment, no electrical or magnetic components are 
present inside each MEMS atomic sensor 100. 

Each MEMS sensor 100 may contain a 87Rb vapor cell. 
The light from an interrogation laser 141, located in laser 
supply and control unit 138, advantageously provides laser 
light With a Wavelength of about 795 nm. Advantageously, 
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interrogation laser 141 is coupled to each MEMS sensor 100 
through a polarization-maintaining single-mode optical ?ber 
135, a component of ?ber set 134. The light emitted from 
interrogation laser 141 may be split to each ?ber 135 With 
?ber coupler 143. Each MEMS sensor 100 may comprise a 
MEMS receiving port for a ?ber set 134. The light transmitted 
through MEMS sensor 100 may be transmitted to laser supply 
and control unit 138 With a multi-mode ?ber 137, a compo 
nent of ?ber set 134. The light transmitted through multi 
mode ?ber 137 is received by laser supply and control unit 
138 for detection by a multi-element photo detector array 145 
contained therein. Control unit 138 may have a processor 139 
con?gured to control laser 141, store and/or transmit data 
gathered from multi-element photo detector array 145, and/ or 
provide other control functionality to array 200. 
One aspect of ?ber-coupled CSAM array 200 comprises a 

portable apparatus con?gured to hold MEMS sensors 100 in 
a desired orientation and locations With respect to one 
another. For example, the portable apparatus may be con?g 
ured to detect magnetic ?elds in remote areas or the portable 
apparatus may be a helmet that may be Worn by a patient. 
Fiber-coupled CSAM array 200 does not need to have a 
steady supply of liquid nitrogen as the temperature of each 
MEMS sensor 100 may be controlled optically. 

Having MEMS sensors 100 placed in a rigid con?guration 
during measurements, so that their relative position to each 
other is constant, may provide a means for compensating for 
drifts in a compensating ?eld and/or a means for compensat 
ing for ?uctuating background magnetic ?elds. For example, 
having one MEMS sensor 100 Within magnetic ?eld being 
detected and having another MEMS sensor 100 outside of the 
magnetic ?eld being detected, detecting only background 
magnetic ?eld, enables the subtraction of the background 
magnetic ?eld from the magnetic ?eld being detected. In 
order to compensate the ambient ?eld to values less than 10 
nT, an earth ?eld magnetometer, such as an Mx or Bell Bloom 
atomic magnetometer may be used. The compensation may 
be implemented either as a difference betWeen sensor read 
ings or by using the reading from one sensor to affect and 
stabiliZe the magnetic ?eld through actuation using, for 
example, a compensation coil system placed around the sen 
sors. 

Having MEMS sensors 100 placed in a rigid con?guration, 
With respect to one another, may alloW for ?eld maps of the 
object under test, Where all MEMS sensors 100 detect the 
magnetic ?eld at their location simultaneously. Not only may 
this embodiment enable temporal and spatial mapping, but 
also may provide suppression of common ambient magnetic 
?eld noise by running sensors in ?rst or higher order gradi 
ometer modes. For applications Where a constant relative 
position of the sensors is necessary, the ?exible array of 
sensor may be imbedded in a stationary receptacle matrix. 

In one aspect of the instant disclosure, the supply and 
control unit 138 may contain a narroW-band single-mode 
diode laser 141 emitting light at about 795 nm, an interroga 
tion laser, for pumping and probing of the rubidium atomic 
magnetiZation in each MEMS sensor 100. Each MEMS sen 
sor 100 may be heated to a temperature, eg about 150° C., in 
order to raise the rubidium density to a desired pressure or 
partial pressure Within a buffer gas. This may be done opti 
cally With light advantageously having a Wavelength of about 
980 nm. The light may be transported through a separate 
optical ?ber in each ?ber set 134 to each MEMS sensor 100. 

FIG. 7 shoWs sensor head 300 having alkali vapor cell 51 
contained therein. A ?rst laser or interrogation laser, not 
shoWn, may transmit light into alkali vapor cell 51 through 
optic ?ber 110 along light path 107. First re?ecting surface 
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1 06, Which may be in the form of a mirror, may then re?ect the 
light to a Waveplate 124. The polariZed light then passes 
through the ?rst translucent or transparent Wall 54 of alkali 
atomic vapor cell 51. The polariZed light then passes through 
the alkali vapor contained Within cell 51 Wherein at least one 
measurable parameter of the light may be altered in response 
to a magnetic ?eld. The light then leaves atomic vapor cell 51 
through the second translucent or transparent Wall 52 of alkali 
atomic vapor cell 51. Second re?ecting surface 109 re?ects 
the light leaving atomic vapor cell 51 to optic ?ber 108, as 
shoWn by light path 107. Fiber 108 guides the light back to a 
detector unit, not shoWn, for detection. 

In the embodiment shoWn in FIG. 7, sensor head 300 has 
vapor cell 51 angled With respect to the light passing there 
through, as shoWn by light path 107, enabling a laser pump to 
direct light into vapor cell 51 through optic ?ber 111. The 
light from the laser pump, not shoWn, may be directed to 
vapor cell 51 simultaneously With the transmission of light 
through optic ?ber 110. The light transmitted through optic 
?ber 111 may have characteristics to cause the atomic spin of 
the atomic vapor Within vapor cell 51 to horizontally align or 
orient, Which may improve the performance of sensor head 
300. Alternatively or additionally, a heating laser, not shoWn, 
may transmit laser light into optic ?ber 111 for heating atomic 
vapor cell 51, prior to or in conjunction With the transmission 
of light into optic ?ber 110. In this con?guration, the light 
directed into vapor cell 51 through optic ?ber 111 is not 
directly re?ected to optic ?ber 108. The light transmitted 
through optic ?ber 110 passes through the cell 51, is re?ected 
by a second mirror 107 and is collected by optic ?ber 108 for 
transmission back to the detection region (not shoWn). 

FIG. 8 shows the remote detection of a magnetic ?eld. An 
array of atomic sensors 10 are randomly placed on the ground 
for remote detection of an underground source of a magnetic 
?eld. Free space heating and probing of the all-optical mag 
netometers or sensors 10 is performed With an aircraft 152 
passing over atomic sensors 10. A heating laser may heat 
sensors 10 With laser light 23. HoWever, sensors 10 may be 
con?gured to operate at ambient temperature, eliminating the 
need to emit laser light 23. A probing laser onboard aircraft 
152 or other installation With vieW of sensor 10 directs laser 
light 20 to the array of sensors 10. The laser light 20 propa 
gates in free-space and passes through an upper transparent or 
translucent Wall of sensors 1 0 Wherein at least one measurable 
parameter of laser light is altered by the alkali vapor Within 
sensor 10 in response to a magnetic ?eld. Laser light 20 is 
re?ected back to aircraft 152 along laser light path 22, With a 
loWer re?ective surface, e.g. micro comer cube re?ector, in 
sensor 10. The laser light returning to aircraft 152 along laser 
light path 22 is received by a detector. The detector may 
receive a signal from a plurality of atomic sensors 10 in the 
array of sensors 10. The detected measurable parameter from 
each sensor 10 probed may be compared to subtract out any 
background magnetic ?eld or other noise. This embodiment 
of the present invention alloWs for sensor head 10 to require 
no poWer and for the passive deployment of an array of 
sensors 10. The directed beam of laser light along light path 
20 passes through free space and may be for only a short time 
period, during Which the magnetic ?eld at the sensor 10 
location may be measured. Many sensors 10 may be deployed 
on the ground to form an array of sensors 10, and may remain 
deployed inactively over long periods of time until optically 
activated by illumination. 

FIG. 9 shoWs a method for detecting a magnetic ?eld. In 
step 1, a ?rst beam of laser light is directed to a magnetic 
sensor. Advantageously, the ?rst beam of laser light has a 
Wavelength betWeen about 900 nm and l 100 nm. In step 2, an 
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alkali material contained Within the magnetic sensor is heated 
to a desired temperature, advantageously betWeen about 100° 
C. and 2000 C., With the ?rst beam of laser light. In step 3, a 
portion of the alkali material is vaporized Within the magnetic 
sensor. In step 4, the alkali material vapor is contained Within 
the magnetic sensor at a desired pressure or desired partial 
pressure When a buffer gas is present Within the magnetic 
sensor. In step 5, a second beam of laser light is passed 
through the alkali material vapor contained Within the mag 
netic sensor. Advantageously, the second beam of laser light 
has a Wavelength betWeen about 700 nm and 900 nm. In one 
aspect of the present invention, the ?rst and second beams of 
laser light are the same. The second beam of laser may be 
passed directly through the sensor or be re?ected by the 
sensor. In step 6, the second beam of laser light is received by 
a detector con?gured to detect at least measurable parameter 
of the light received from the sensor. In step 7, at least one 
measurable parameter of the received light (e.g. Wavelength 
or intensity) that is altered by the atomic material vapor 
contained Within the sensor When in a magnetic ?eld, is 
detected. 

In one aspect of the present invention, steps 2-5 are each 
carried out in an environment With loW magnetic ?eld and 
step 3 produces a high alkali material vapor density Within the 
magnetic sensor, thereby suppressing spin-exchange colli 
sions of the alkali material vapor. 

In another aspect of the present invention, the frequency of 
amplitude of light ?eld incident on the atomic sample is 
modulated. 

In yet another aspect of the present invention, a method for 
controlling the temperature of the alkali material vapor is 
provided. The second beam of laser light, or a third beam 
having desired characteristics, is passed through the alkali 
material vapor and is directed to a control unit having a 
detector con?gured to detect the temperature of the alkali 
material vapor. The detected temperature is compared to a 
desired temperature and the ?rst laser is activated and deac 
tivated, With a servo, for example, to maintain the temperature 
of the alkali material vapor proximate the desired tempera 
ture. 

Embodiments of the present invention provide miniature, 
?ber-coupled or free space all optical sensor heads that may 
enable highly precise, remote sensing of electromagnetic 
?elds and maybe other environmental parameters of interest. 
The sensor head may be based on a small alkali vapor cell, 
suspended in an enclosure by a loW thermal conductivity 
material. The cell may be activated or heated to its operating 
temperature With a laser beam, delivered to the cell either 
through one or more optical ?bers or through free space. The 
sensor signal may be monitored by illuminating the cell With 
a second light beam, Which is transmitted through the vapor 
and may be re?ected toWards a detector, either through 
another optical ?ber or through free space. 

The invention claimed is: 
1. A magnetometer comprising: 
at least one sensor comprising: 

an alkali material; 
an alkali vapor cell that is void of electrical contacts and 

void of electrically conducting pathWays and con?g 
ured to contain said alkali material and vapor of said 
alkali material and con?gured to heat said alkali mate 
rial to a desired temperature With laser light, said 
alkali vapor cell comprising: 
at least one translucent or transparent Wall con?gured 

to alloW laser light to pass therethrough; 
at least one re?ective, refractive or transmissive Wall 

con?gured to re?ect, refract or transmit at least a 
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portion of laser light passing through said at least 
one translucent or transparent Wall to a detector; 

a material con?gured to interact With laser light and 
thereby heat said alkali material to a desired tem 
perature and evolve a su?icient amount of alkali 
vapor from said alkali material, Within said alkali 
vapor cell; and 

said su?icient amount of alkali vaporbeing suitable to 
alter at least one measurable parameter of laser 
light in response to a magnetic ?eld; 

said magnetometer further comprising: 
at least one laser con?gured to direct laser light into said 

alkali vapor cell through said at least one translucent 
or transparent Wall; and 

a detector con?gured to receive laser light after passing 
through said alkali vapor. 

2. The magnetometer of claim 1 comprising a ?rst laser and 
a second laser; 

said ?rst laser being con?gured to heat said material con 
?gured to interact With laser light by directing laser light 
onto said material, thereby absorbing laser light and 
thereby heating said alkali material; and 

said second laser being con?gured to direct laser light into 
said alkali vapor cell through said at least one translucent 
or transparent Wall. 

3. The magnetometer of claim 1 comprising 
a single laser con?gured to heat said material con?gured to 

interact With laser light by directing laser light onto said 
material, thereby absorbing laser light and heating said 
alkali material, and 

the single laser being con?gured to direct laser light into 
said alkali vapor cell through said at least one translucent 
or transparent Wall. 

4. The magnetometer of claim 1 comprising 
a ?rst laser con?gured to desorb alkali atoms from a mate 

rial surface and 
a second laser being con?gured to direct laser light into 

said alkali vapor cell through said at least one translucent 
or transparent Wall. 

5. The magnetometer of claim 1 further comprising the 
limitations of a) or b): 

a) Wherein said at least one re?ective, refractive or trans 
missive Wall is con?gured to direct light emitted from 
said at least one laser toWard a different location than a 
location of said at least one laser; and 
Wherein said at least one laser and said detector are 

positioned in different locations; 
b) Wherein said at least one re?ective, refractive or trans 

missive Wall is con?gured to direct light received from 
said at least one laser at a direction proximately opposite 
a direction of light emitted from said at least one laser; 
and 
Wherein said at least one laser and said detector are 

positioned in proximate locations. 
6. The magnetometer of claim 1 Wherein said at least one 

re?ective, refractive or transmissive Wall comprises at least 
one comer cube re?ector. 

7. The magnetometer of claim 1 Wherein said alkali vapor 
cell further comprises: 

at least one Wall comprising said material con?gured to 
interact With laser light and con?gured to heat said alkali 
material to a desired temperature. 

8. The magnetometer of claim 7 Wherein said at least one 
Wall comprising said material con?gured to interact With 
laser light comprises a coating of absorptive material. 

9. The magnetometer of claim 1 Wherein said at least one 
laser con?gured to direct laser light into said alkali vapor cell 



US 8,334,690 B2 
15 

through said at least one translucent or transparent Wall com 
prises a single laser con?gured to orient the atoms of said 
alkali vapor and provide said laser light emitted to said detec 
tor in order to measure the effects of the magnetic ?eld on the 
atom orientation. 

10. The magnetometer of claim 1 Wherein said at least one 
laser con?gured to direct laser light into said alkali vapor cell 
through said at least one translucent or transparent Wall com 
prises a ?rst and a second laser; 

said ?rst laser being con?gured to orient or align the atoms 
of said alkali vapor; 

said second laser being con?gured to provide said laser 
light toWard said detector in order to measure the effects 
of the magnetic ?eld on the atom orientation or the atom 
alignment. 

11. The magnetometer of claim 1 comprising an array of 
said sensors Wherein each sensor in said array of sensors is 

positioned at a different location, each sensor in said array of 
sensors is con?gured to substantially simultaneously mea 
sure said magnetic ?eld, While providing data for at least one 
of a), b), and c): 

a) identifying the location of a source of said magnetic 

b) removing the effects of a spatially uniform but time 
varying magnetic ?eld; and 

c) removing the effects of higher order spatial nonunifor 
mities of the magnetic ?eld Which vary in time. 

12. The magnetometer of claim 1 Wherein said at least one 
translucent or transparent Wall is a Wavelength-dependent 
optical ?lter comprising said material con?gured to interact 
With laser light and con?gured to heat said alkali material to 
a desired temperature. 

13. The magnetometer of claim 1 Wherein said sensor is 
fabricated using micromachining processes. 

14. A method for detecting a magnetic ?eld comprising the 
steps of: 

directing a ?rst beam of laser light to a magnetic sensor; 
heating an alkali material, contained Within said magnetic 

sensor, to a desired temperature With said ?rst beam of 
laser light; 

vaporiZing at least a portion of said alkali material Within 
said magnetic sensor at the desired temperature; 

containing said alkali material vapor Within said magnetic 
sensor; 

passing a second beam of laser light through said alkali 
material vapor; 

receiving said second beam, With a detector, after said 
second beam of laser light has passed through said alkali 
material vapor; and 

detecting, With said detector, at least one measurable 
parameter of said second beam that is altered upon said 
second beam passing through said alkali material vapor 
When said magnetic sensor is in the presence of a mag 
netic ?eld. 

15. The method for detecting a magnetic ?eld of claim 14 
Wherein said steps of heating an alkali material; vaporiZing at 
least a portion of said alkali material Within said magnetic 
sensor; containing said alkali material vapor Within said mag 
netic sensor; and passing a second beam of laser light through 
said alkali material vapor are each carried out in an environ 
ment With a magnetic ?eld being present and said step of 
vaporiZing at least a portion of said alkali material Within said 
magnetic sensor produces an alkali material vapor density 
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Within said magnetic sensor Which suppresses spin-exchange 
collisions of the alkali material vapor. 

16. The method for detecting a magnetic ?eld of claim 14 
Wherein measuring a precession of the alkali atoms about a 

5 static magnetic ?eld is accomplished through a modulation of 
the frequency of amplitude of the laser light incident on an 
atomic sample during said step of passing a second beam of 
laser light through said alkali material vapor. 

17. A magnetometer comprising: 
at least one sensor head that is void of any electrical con 

tacts, void of any electrically conducting pathWays, and 
extraneous metallic components, said at least one sensor 
head comprising: 
an alkali material; 
an alkali vapor cell containing said alkali material and 

vapor of said alkali material: 
said alkali vapor cell comprising a material con?g 

ured to heat said alkali material contained therein to 
a desired temperature With laser light in order to 
vaporiZe a portion of said alkali material upon the 
application of laser light onto or through an outer 
surface thereof; and 

an enclosure con?gured to substantially enclose and 
insulate said alkali vapor cell; and 

an alkali vapor cell support, comprising a loW thermal 
conductive material, con?gured to support said alkali 
vapor cell Within said enclosure Wherein a void space 
is betWeen said outer surface of said alkali vapor cell 
and said enclosure; 

said magnetometer further comprising: 
a ?rst optic ?ber comprising a ?rst end in light commu 

nication With said alkali vapor cell; 
a laser in light communication With a second end of said 

?rst optic ?ber; 
a second optic ?ber having a ?rst end in light commu 

nication With said alkali vapor cell; and 
an optical detector in light communication With a second 

end of said second optic ?ber, said optical detector 
being con?gured to detect at least one measurable 
parameter of laser light that is altered upon passing 
through said sensor head When in the presence of a 
magnetic ?eld. 

18. The magnetometer of claim 17 further comprising 
one or more lenses con?gured to collimate or refocus light 

emitted from said alkali vapor cell and 
transmit said collimated or refocused light into said ?rst 

end of said second optic ?ber. 
19. The magnetometer of claim 17 further comprising the 

limitation of a) or b); 
a) Wherein said ?rst optic ?ber is a polarization-maintain 

ing ?ber; 
b) Wherein said ?rst or second optic ?ber is a multi-mode 

?ber. 
20. The magnetometer of claim 17 Wherein said ?rst optic 

?ber is con?gured to direct light of different Wavelengths 
toWard said alkali vapor cell, said alkali vapor cell further 
comprising: 

a Wavelength-dependent optical ?lter con?gured to receive 
light transmitted thereto through said ?rst optic ?ber, 
and said Wavelength-dependent optical ?lter further 
comprises: 

said material con?gured to heat said alkali material con 
tained therein. 
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