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Abstract

Weha vede velopeda hi ghs ensitivity ( <picoTesla/VHz),n on-cryogenic
magnetometer tha t ut ilizes a nove | opt ical ( interferometric) de tection te chnique.
Further m iniaturization a nd 1 ow-power ope ration a re k ey a dvantages of t his
magnetometer, when comparedt o s ystems us ing S QUIDs w hich r equire | iquid
Helium temperatures and associated overhead to achieve similar sensitivity levels.
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Figure 12. The left plot shows the magnetic sensitivity of the interferometric technique using a
MEMS mirror and a grating (black) compared to the Faraday detection technique (red). The right
plot shows the voltage noise output from the lock-in amplifier under different conditions. The
optical noise is taken when the pump beam is blocked eliminating any sensitivity to magnetic
fields. The fact that the magnetometer noise (black) is equivalent to the optical noise (red) shows
that the noise in the system is due to sensing technique. The electronic noise (blue) is measured
when no light is on the photodetector. The green line shows the photon shot noise.................... 16
Figure 13. (a) A comparison of the sensitivity of the three optical setups. (b) The normalized
frequency response of the interferometric technique. (c) Data from the interferometric technique
showing the noise of the magnetometer, the optical noise, the electronic noise, and the shot noise
(straight blue line). (d) Data from the Faraday technique with the same optical setup showing the
noise of the magnetometer, the optical noise, the electronic noise, and the shot noise (straight
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1. INTRODUCTION

By use of the techniques of microelectromechanical systems (MEMS) and small efficient
semiconductor diode lasers, alkali atom vapor cell based devices have recently been drastically
miniaturized with corresponding reductions in power consumption. Devices such as atomic
clocks, atom-optical magnetometers, and nuclear magnetic resonance gyroscopes have all been
miniaturized to a remarkable degree while their performance has been minimally degraded. The
miniaturization of the atomic magnetometers has lead to interesting applications such as
compact, low-field magnetic resonance imaging. Fully integrated miniaturized atomic
magnetometers operate in the Earth’s field regime (1-100 4T), and their sensitivities have been
limited to > 2 pT Hz . As recently demonstrated, the sensitivity of atomic magnetometers can
be drastically reduced by operating in the low-field, spin-exchange relaxation-free (SERF)
regime, and when implemented in a miniaturized vapor cell, a sensitivity of 70 {T Hz'? was
demonstrated. This magnetometer was implemented with a single laser beam both to optically
pump the atoms and to probe their response to a magnetic field. In general, the sensitivity of an
atomic magnetometer can be improved by separating the pump and probe beams so the
parameters of the beams can be optimized independently. In this work, we demonstrate an
interferometric technique for implementing a probe beam that is readily integrated into a
miniaturized device and lends itself to lock-in detection for improved noise rejection.

SERF magnetometers are traditionally implemented by directing a pump laser and a probe
laser such that they propagate perpendicular to each other and intersect in the center of an alkali
vapor cell. The pump laser is circularly polarized and optically pumps the spins of the alkali
atoms along the propagation direction of the beam. Because the magnetometer is operated near
zero field, the Larmor spin precession frequency is much smaller than the spin decoherence rate,
and a large atomic polarization, P., is generated. In addition, the Larmor frequency is much
smaller than the spin exchange rate, and spin exchange is no longer a source of decoherence.
Eliminating spin exchange reduces the decoherence rate by two to three orders of magnitude,
thereby improving the sensitivity of the SERF magnetometer by a similar amount. The SERF
magnetometer is to first order sensitive to fields along the y-direction, B,. When a small magnetic
field is applied, the spins precess about the field and a small component of the atomic
polarization is generated in the x-direction. The amount of atom polarization, P,, is proportional
to magnetic field B,. The x-component of the atomic polarization is traditionally measured with
an off-resonant, linearly polarized probe beam, and due to the Faraday Effect, the linear
polarization is rotated by an amount proportional to the atomic polarization. Polarization rotation
arises because the left circularly polarized light accumulates a phase shift different from right
circularly polarized light as it propagates through the atomic medium.

The technique that is used in this project measures P, with a variant of a Michelson
interferometer. The interferometer measures the phase shift of a circularly polarized, oft-
resonant probe beam as it passes though the vapor cell. The index of refraction of the atomic
medium and thereby the accumulated phase depend on the atomic polarization as
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where / is the length of the cell, @ is the frequency of the light, ¢ is the speed of light, » is the
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number density of the alkali atoms, 7, is the classical electron radius, fis the oscillator strength.
The + refers to right or left circular polarization. The dispersive lineshape function is given by
where, ay is the resonant frequency of the optical transition and yis the width of the optical
transition. Forming the interferometer is a diffraction grating on one side of the cell and a MEMS
fabricated tunable mirror on the other. The grating is made by lithographically pattering gold
lines on glass. The grating both transmits light to vapor cell and reflects light into the zero, first,
and higher order modes. The transmitted light travels through the vapor cell, reflects off the
tunable mirror, and travels back to the grating. Interference occurs between the light reflected
from the grating and the transmitted light such that when constructive interference is observed in
the zero order reflected beam, destructive interference is observed in the first order modes. The
tunable mirror allows the optical path length to be adjusted with picometer resolution and the
interferometer to be tuned to achieve maximum response to changes in index of refraction.

The interferometric app roach to implementing the probe be am of fers s everal advantages
when miniaturizing a SERF ma gnetometer. The ma in technique f or impl ementing lo ck-in
detection w hen m easuring Faraday r otation i s to m odulate t he pol arization a ngle. T his1i s
typically implemented with either a F araday modulator where a 1 arge oscillating magnetic field
is applied to a material with a large Verdet constant or a photoelastic modulator where a material
is periodically squeezed to modulate its birefringence. Both techniques are difficult to integrate
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Figure 1. Basic elements of an atomic magnetometer. A glass cell contains an alkali
vapor. A circularly polarized pump laser beam aligns the electron spins. The
collective spin precesses around an external magnetic field. A pump beam detects
the precession of the atomic polarization.



into a de vice millime ters in size. On the ot her ha nd, the M EMS tun able mir ror is r eadily
modulated at several kHz allowing lock-in detection. The largest dimension of the mirror is 4
mm and could easily be made smaller. In fact, fully integrated accelerometers and microphones
using the same interferometric detection scheme have already been implemented.

1.1. Experimental setup

The experimental setup for the device is shown in Fig. 2. A vapor cell contains the
Cs vapor and buffer gases. The interior dimensions of the cell are 4 x 4 x 10 mm’ plus a tip off
tube. The estimated buffer gas pressure is 450 Torr of Ne and 30 Torr of N,. The bu ffer gas
homogeneously br oadens t he opt ical a bsorption 1 inest 0 5 G Hz s uch that the e xcited state
hyperfine structure is not resolved but the ground state structure is. The cell is heated to 100 °C
by passing 100 kH z alternating current through a low temperature co-fired ceramic heater. The
heaters are of the same dimensions as the face of the cell, and a heater is placed on faces of the
cell where the pump laser passes through. The electrical traces in the ceramic heater are laid out
to minimize the field produced by the currents passing through the conductors. Two distributed
feedback (DFB) lasers are used to optically pump and probe the Cs vapor cell. The lasers are
tuned near the D1 line of Cs at 895 nm. The pump laser is circularly polarized and tuned to be
resonant with the transition from the 281 » F =4 ground state to the 2P1 1, excited state. The probe
laser propagates perpendicular to the pump beam and is detuned to the red of the F' = 4 transition
by several gigahertz. D epending on w hether we are using the traditional F araday detection or
detecting the index of refraction of the Cs vapor, the polarization of the probe laser is linear or
circular, respectively. The cell is contained within a two-layer cylindrical magnetic shield where
the inner shield is 15.2 cm in diameter and 30.5 ¢ m 1 ong, and c oils w ithin t he s hield a llow
control of the magnetic field along all three directions. A 1.5 cm x 14.2 cm slot is cut in one of
the end caps to allow varying angles of the diffracted probe beam to exit the shield.



Figure 2. (a) Measurement setup and beam paths for pump/probe and displacement
detection of the mirror and cavity size. (b) Model of boron nitride holder with other
components inserted. (c) Cs vapor cell. (d) Magnetic shields with holder and field coils
installed.
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2. FABRICATION

2.1 Microfabricated components

Several di fferent m icro-scale c omponents w ere f abricated and i ntegrated in t he
magnetometer s etup. T hree di fferent r eflector structures w ere de signed and fabricated us ing
surface m icromachining and D RIE t o provide the r equired optical a ccess t hrough t he s ilicon
substrate. AutoCAD mask views and images of the various designs are shown below.

Figure 4. Reflector devices mounted on ceramic holder with heaters and thermistor.
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Figure 5. SOI based reflector design and fabricated device (RS772).
2.2 Meso-scale fabricated components

Other meso-scale machined components were used to assemble these components
together. A boron nitride holder was designed and fabricated to provide minimal mechanical
expansion due to temperature changes (Figure 6).

Figure 6. Solidworks model and the fabricated boron nitride holder on teflon base with
mirror mounts.

Magnetic shields are necessary to provide the near-zero magnetic field for the operation
of the magnetometer. In addition field coils were also fabricated and inserted inside the shield to
null-out the remaining magnetic fields and apply known test signals (Figure 7).
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Figure 7. (a) Double layer magnetic shields and field coils. (b) Endcaps installed with
openings for optical access of pump/probe beams. (c) Boron nitride holder inserted into
position with the teflon base.
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Low-temperature co-fired ceramic (LTCC) holders were designed to accommodate individual
components such as the reflector and also to provide the required heating for increasing the alkali
atom vapor density inside the vapor cell. The holders had mechanical alignment features that
matched to the tilt adjustment components of the boron nitride holder.

== il reflector electrical
alignment features connections

Figure 8. LTCC holders with alignment features, heaters, thermistor and electrical
connection pads for the reflector device.

Diffraction gratings with a 5 micron pitch and various duty cycles were fabricated using
aluminum on quartz and gold on quartz. These components are placed in the probe beam-path,
in front of the vapor cell containing the alkali atoms, forming the first interface of the tuned
cavity.

Figure 9. Gold on quartz diffractions gratings with various pitch and duty cycle
variations.
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3. MEASUREMENTS

3.1 Baseline Faraday Rotation Magnetometer

Our first m easurement effort was focused
on c haracterizing the performance of a standard M
Faraday rotation SERF magnetometer. The goal
of these measurement is to understand the limits
of the magnetometer and to indentify the major
noises ourcesi nt hes ystem. Forthi s
magnetometer the probe beam light was linearly
polarized and simply passed straight through the
vapor cell to a balanced polarimeter. The balance
polarimeter h asa po larizingbe ams plitter
oriented at 45° t o the p robe be am pol arization. Y200 50 e S0 o s we 150 208
The two beams are sent to a phot odetector that Magnetic Field [nT]
subtracts t he i ntensity oft het wo be ams. A Figure 10. Output of the balanced
nonzero output of the photodetector represents a polarimeter as the vertical magnetic
rotation of the polarization of the probe beam. field is swept. The width of the

The m agnetometer s ignali ss howni n  magnetic resonance is 47 nT
Figure 11 as the magnetic pe rpendicular to the  corresponding to 165 Hz.
plane formed by the pump and the probe beam is
swept. To measure the noise of the magnetometer, the magnetic field is set to the zero where the
slope of the atomic response to the magnetic field is the steepest and approximately linear. The
voltage noise from the balance polarimeter is sent to a spectrum analyzer where the voltage noise

47 nT
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Figure 11. (a) The normalized frequency response of the SERF magnetometer using the
conventional Faraday rotation detection. (b) The sensitivity of the SERF magnetometer as
a function of frequency. Noise of the magnetometer measured directly from the
photodiode signal (black line). Magnetometer noise scaled by the frequency response
representing the sensitivity of the magnetometer (red line). The photon shot noise limit
scaled by the frequency response (blue line).

15



density i s r ecorded. T his noi se i s di vided byt he s lope of the signaltoconverttounitsof
magnetic noise density (Figure 11(b)). The magnetometer has a finite frequency response, which
can be measured by sending a chirped frequency sine wave to modulate the magnetic field. The
recorded response is shown in Figure 11(a) demonstrating a bandwith of 90 H z. The sensitivity
of the magnetometer is given by dividing the magnetometer noise by the frequency response.
The best sensitivity of 30 fT /Hz'” is seen in the range of 30-100 Hz. At higher frequencies the
sensitivity is limited the frequency response of the magnetometer and approaches the photon shot
noise limit. At low er frequencies 1/f noise b egins to dom inate. T his i s often attributed to air
currents caus ing be am pointing ins tabilities a Ithough this w as not e xplicitly ve rified for this
experiment. For these m easurements, the intensities of the pump and probes be ams were 4.2
mW/cm? and 1.8 mW/cm? respectively. The pump beam was tuned to be resonant with the F = 4
ground state to the excited state transition and the probe beam was detuned by 8.9 GHz to the red
of this transition. The temperature of the cell was 100° C.

3.2 First MEMS Tunable Mirror

The first interferometric measurements made with a MEMS tunable mirror where performed
with prototype reflector structures originally designed as a microphone. Because this device was
not de signed f or m agnetometery, t he Si m irror ¢ ould not be gold c oated. T his r educed t he
reflectivity to ~ 30%. The grating that was used was aluminum on fused silica with a 5 gm pitch
and a 30% duty cycle. The reduced duty cycle allows greater transmission through the grating.
This balances the fact that there is more loss in the transmitted beam than the reflected beam,
thereby increasing the fringe visibility of the interferometer.

The tunable mirror and the grating have to be perfectly parallel to achieve high visibility
interference fringes, and several factors made this difficult to achieve. The mount for the tunable
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Figure 12. The left plot shows the magnetic sensitivity of the interferometric technique
using aM EMS m irrorand ag rating ( black) com pared tot he Faraday det ection
technique (red). The right plot shows the voltage noise output from the lock-in
amplifier under different conditions. The optical noise is taken when the pump beam is
blocked eliminating any sensitivity to magnetic fields. The fact that the magnetometer
noise (black) is equivalent to the optical noise (red) shows that the noise in the system
is due to sensing technique. The electronic noise (blue) is measured when no light is
on the photodetector. The green line shows the photon shot noise.
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mirror was not very robust, and the alignment had to be performed outside the shield. When the
interferometer/cell structure was moved into the shield the alignment could change. In addition,
heating and cooling the cell would cause the alignment to shift. Due to small thickness of the Si
mirror (2.5 gm), it was not flat and its shape would change with temperature. Also, the windows
of the cell appear to be curved and wedged which has the effect of varying the optical path length
across t he di ameter of the be am. The vi sibility observed w as 12% o n one t he first or der
diffracted beams.

To measure the magnetic sensitivity with the interferometric technique, the mirror position
is modulated at 10 kH z. The modulation also provides a reference to a lock-in amplifier. The
amplitude of the modulation to the mirror is 2 Vpp with the DC offset that varies from 10-30 V.
The first order beam is sent to the photodetector whose signal is demodulated with the lock-in
amplifier. The le ngth of the int erferometeri s tune d so thata tz ero magnetic f ield the
interferometer signal is modulated about the peak of a fringe. At this point, the photodetector
signal contains no signal at the modulation frequency, only at twice the modulation frequency,
thereby setting the lock-in output to zero. When a change in optical path length occurs, from a
magnetic field for example, the output from the lock-in linearly deviates from zero.

The measured magnetic field sensitivity with this setup is shown in Figure 12. The noise
from this technique is s ubstantially hi gher than the pol arization r otation technique. T here are
several f actors tha t ¢ ontribute to degraded sensitivity: Length fluctuations a re e quivalent to
changes in magnetic field so the device is more sensitive to vibration. Given our voltage noise
level of 275 ,uV/Hzl/ ? at 20 Hz , the equivalent length change would be 23 pm/Hzl/ 2. If our noise
were attributablet o c hangesi ni ndex of r efraction, t he e quivalent c hange w ould be
1.4x10°/Hz"2. T his ¢ ould a rise due t o ¢ onvection ¢ urrents a round t he hot ¢ ell. A Iso, 1 aser
frequency noise is could be a significant noise source where the equivalent change would be 17
MHz/Hz". The laser noise had been previously estimated to be 11 M Hz. In addition to these
possible contributors to the noise, factors that contribute to reduced signal size mainly reduce the
visibility of the interference fringes. These include the curved tunable mirror and cell walls and
poor collimation of the probe laser.

3.3 Piezo Actuated Gold on Glass Mirror

In an effort to understand the noise and signal size issues associated with the interferometric
technique, we removed the MEMS tunable mirror and replaced it with a gold coated microscope
coverslip m ounted on a m iniature P ZT 2x 2x2 mm® from P hysik Instrumente, part num ber
PL022.30. The gold c oated glass w as m uch f'latter t han the M EMS m irror and had a much
greater reflectivity, presumably close to the ideal reflectivity of gold of > 95% but this was not
measured. To further increase the signal size, the grating was replaced with one made with gold
on a titanium adhesion layer on glass fabricated with a gold lift-off process. The duty cycle was
25%. The gold grating should perform better than the Al grating due to its greater reflectivity at
895 nm. In addition, the probe beam was passed through a single mode polarization maintaining
fiber, i mproving t he s patial m ode of t he be am. With these i mprovements w e w ere abl e t o
increase the visibility to > 60% ont he zero order beam and > 30% on the first or der be am.
However, this was when the interferometer/cell setup was outside the shield. When first installed
in the shield, the visibility would be maintained for a short period of time and then degrade over
several days as the alignment drifted. We also detected both the zero and first order beams on the
balanced photodetector. Since interferometric signal for the zero and first order beams are 180°

17



out of phase, subtracting the signals increases signals while removing common mode noise, e.g.
amplitude noise. The result of the increased signal size was to improve the sensitivity by roughly
a factor of two.

In addition to improving the signal size, work also focused on r educing the noise from the
interferometer. Laser frequency noise was identified as a significant noise source in the previous
measurements s 0 we s witched to an external cavity di ode 1 aser t hati s s pecified to have a
linewidth < 100 kHz. This laser was resonant with the D2 line of Cs at 852 nm. This improved
the s ensitivity b y a nother factor of t wo. We al so attempted to reduce noi se as sociated with
instabilities in the le ngth of the int erferometer. W e dr ove the P ZT with a low -noise ba ttery
source but this had little effect. We also attempted to stabilize the length of the interferometer by
sending off-resonant light at 770 nm through the interferometer. The signal was fed back to the
PZT through proportional and integral loop filter amplifier to provide active length stabilization.
It was presumed this would significantly reduce the 1/f noise in the magnetometer signals, but it
was unchanged when the feedback was applied.
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Figure 13. (a) A comparison of the sensitivity of the three optical setups. (b) The
normalized frequency response of the interferometric technique. (c) Data from the
interferometric technique showing the noise of the magnetometer, the optical noise,
the electronic noise, and the shot noise (straight blue line). (d) Data from the Faraday
technique with the same optical setup showing the noise of the magnetometer, the
optical noise, the electronic noise, and the shot noise (straight blue line).
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To make a fair comparison between the interfeterometric approach and the Faraday rotation
approach, m easurements of F araday appr oach were taken using the s ame optical path as the
interferometer but with the grating removed. A comparison of the techniques is shown in Figure
13.

3.3 Second MEMS Tunable Mirror

Next we installed the another MEMS tunable mirror. Even though this mirror was designed
for a m icrophone a pplication i s ¢ ould be gold c oated giving m uch hi gher r eflectivity. The
curvature of the mirror reduced the visibility to a maximum of 15% on the zero order and 7% on
the first order, and the visibility degraded over time. Even with the improved reflectivity of the
mirror, the visibility was reduced by nearly a factor of two compared to our first MEMS tunable
mirror which had a visibility of 12% on the first order beam. In the current case we did detect
both zero and first order beams. The end result was that the sensitivity of the two MEMS mirror
setups where equivalent at 1 pT/Hzl/ 2, Interestingly, other noise sources dominated over the laser
frequency noise, and the noise level was independent of the laser used.
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4. CONCLUSIONS

We have designed and assembled a high sensitivity (<picoTesla/VHz) miniaturized
atomic magnetometer which does not require cryogenic cooling. Further miniaturization of this
device and measurement technique is also possible. We have considered integration of
polarization detectors, fiber based beam delivery for lower volume and evacuation of the
measurement chamber for achieving further improvement of sensitivity levels and reduction of
noise in the system.

While the ultimate sensitivity level achieved by macro-scale atomic magnetometers
(<femtoTesla/NHz) was not observed in this miniaturized device, we have demonstrated the
initial feasibility of this approach and have pathways available for approaching the theoretical
limits of sensitivity that is possible. For many of the applications that require a fieldable system,
the demonstrated sensitivity level is more than adequate (approximately an order of magnitude
lower than other approaches).

Further integration with other sensor platforms and low logistical overhead (compared to
cryogenic support systems) are expected to lead to novel applications in areas such as
geophysical sensing, navigation, underground/underwater structure mapping and medical
diagnostics (ultra-low field MRI/MEG, neural current mapping).
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