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Abstract
We report onwidefieldmicrowave vector field imagingwith sub-100 mm resolution using a
microfabricated alkali vapor cell. The setup can additionally image dcmagnetic fields, and can be
configured to imagemicrowave electric fields. Our camera-basedwidefield imaging system records
2D images with a 6× 6mm2

field of view at a rate of 10Hz. It provides up to 50 mm spatial resolution,
and allows imaging offields as close as150 mm above structures, through the use of thin external cell
walls. This is crucial in allowing us to take practical advantage of the high spatial resolution, as feature
sizes in near-fields are on the order of the distance from their source, and represent an order of
magnitude improvement in surface-feature resolution compared to previous vapor cell experiments.
We presentmicrowave and dcmagneticfield images above a selection of devices, demonstrating a
microwave sensitivity of1.4 T Hz 1 2m - per 50 50 140 m3m´ ´ voxel, at present limited by the speed
of our camera system. Sincewe image 120× 120 voxels in parallel, a single scanned sensorwould
require a sensitivity of at least12 nT Hz 1 2- to produce images with the same sensitivity. Our
technique could prove transformative in the design, characterization, and debugging ofmicrowave
devices, as there are currently no satisfactory establishedmicrowave imaging techniques.Moreover, it
could find applications inmedical imaging.

1. Introduction

Atomic vapor cells are one of themost versatile systems formeasuring electromagnetic fields [1–3], and are at
the heart of themost sensitive dc [4, 5] and rf [6, 7]magnetometers. Our group has recently developed a
technique for imagingmagnetic fields atmicrowave frequencies [8–10], and alkali atoms inRydberg states have
been used for imagingmicrowave electric fields [11–14]. These techniques promise to have a transformative
effect on the development, function and failure analysis ofmicrowave devices in science and industry, as there is
currently no established and satisfactory technique for imagingmicrowave fields. There is also significant
interest inmicrowave sensing and imaging formedical applications, such as breast cancer screening [15–17].
However, while providing highfield sensitivity, current vapor cell devices are limited to an exploitable spatial
resolution on themillimeter scale.

Here we report a new setup based on a140 mm ‘ultrathin’ vapor cell for high-resolution imaging, providing
50 50 140 m3m´ ´ spatial resolution in the cell bulk, and allowing us to imagefields as close as 150 mm above
surfaces, thanks to a thin external wall. This represents an order ofmagnitude improvement in exploitable
spatial resolution compared to previous vapor cell experiments, and allows us to enter the relevant regime for
imaging fields of industrialmicrowave devices. Our camera-based imaging technique allows us to record
widefield 2D images at a rate of 10Hz, which could be further improved to kHz rates using a faster camera
system [18]. This allows us to record livemovies of time-dependent processes, whichwould be rather difficult
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with a scanning probe system. Aparticularly promising feature of our system is that it can be configured to also
imagemicrowave electricfields [13].

Sub-millimeter spatial resolution has been reported in the vapor cell bulk for a number of sensing techniques
[9–13, 19–23], but typical outer dimensions of cells have limited usable spatial resolution to themillimeter-scale
or larger. Feature sizes in near-fields are on the order of the distance from the field source,meaning that, for
example,micrometer-order spatial resolution cannot be exploitedwhen performing sensingmillimeters away
froma field source. In order to resolve small structures on objects under investigation, it is crucial tomeasure
fields at similarly small distances above the structures. There aremany applications where sub-millimeter spatial
resolution is essential, such as integratedmicrowave circuit characterization [24], corrosionmonitoring [25–
27], and in lab-on-a-chip environments formicrofluidic analytical chemistry and bio-sensing [19, 28–30], and
molecular imaging [31–33].

We demonstrate our newhigh-resolution imaging system through the imaging ofmicrowavemagnetic
near-fields above a selection ofmicrowave circuits. As a demonstration of the flexibility of our setup, we also
present vector-resolved images of the dcmagnetic field above awire loop.

2. Imagingmicrowavemagneticfields in an ultrathin cell

Aphotograph of our setup and typicalmicrowavefield images above amicrowave integrated circuit are shown in
figure 1.We use amicrofabricated glass vapor cell with an inner thickness of 140 mm to position a two-
dimensional sheet of atomic rubidium vapor near themicrowave device under test (figure 1(a)). The cell features
a150 mm thin sidewall (figure 1(b)), which allows us to place the atoms at similarly small distance from the
structure. Themicrowave field of the chip drives Rabi oscillations of frequency rRabi ( )W


between hyperfine

states-of the atom,which depend on the projection of the localmicrowave field vector onto the direction of an
applied uniform staticmagnetic field. The Rabi oscillations are recorded on a camera through the hyperfine

Figure 1. (a)Photo of amicrofabricated vapor cell positioned near amicrowave test circuit. The cell chamber, highlighted in blue,
allows us to record images with a 6× 6 mm2

field of view. (b) Schematic of the vapor cells used in this work (not to scale). The cell
chamber is shown in blue, and the etched channel and through-hole are indicatedwith dotted lines. The key features are the extremely
thin external cell walls: 500 mm on the side, and only 150 mm at the bottom end of the cell. (c)Experimentally obtained images of
B ,mw∣ ∣ the absolutemicrowavemagnetic field amplitude, in several cross-sections 150 mm above a coplanar waveguide arranged in a
zigzag geometry (see section 5.2). The central signal line is shown in red, and the ground planes in orange. Black lines show the
positions of the imaging planes on the chip. Differences infield shape at each position are due to differences in the relative phase of the
microwave signal on the three loops of the signal line. The field at themiddle imaging position is examined inmore detail in figure 5.
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state-dependent absorption of a laser by the atomic vapor.Microwavefield images obtained from the observed
rRabi ( )W

are shown infigure 1(c) in several cross-sections of the chip.

A critical component in this workwas the design of the two vapor cells used. The cells, identical in all but
internal cell thickness, consist of two optically bonded 0.5 and 1.5 20 90 mm´ ´ pieces of Suprasil glass. As
shown schematically infigure 1(b), a cell chamberwith a thickness of either 140μmor 200μmis etched into one
end of the 1.5mm thick piece. An etched channel connects the cell chamber to a through-hole, aroundwhichwe
attach a glass-to-metal transitionwith epoxy (Epotek-377). The key advance of our cells is their thin external
walls (see figure 1(b)), as thin as 150 mm. In contrast to typicalmillimeter-scale vapor cell wall thicknesses, our
thinwalls allow us to imagemicrowave nearfields as close as 150 mm abovemicrowave devices, and for thefirst
time take practical advantage of our high spatial resolution.

Wefill the cells with a 3:1mixture of Kr andN2 buffer gasses, with a typicalfilling pressure of 100mbar
measured atT 22 Cfill =  . The heavy Kr acts to localize the Rb atoms, improving our spatial resolution and
limiting depolarizing Rb collisions with the cell walls [34]. TheN2 gas is included for quenching effects [35, 36].

A schematic of our cell is shown infigure 2(c). The cell andmicrowave device are placed inside an oven, with
operating temperatures of 130 °C to 140 °Cchosen to give an optical depth of OD 1» [37–39]. The Rb vapor
density is controlled by a cold fingerwrapped around the end of the glass-to-metal transition, and the 10 °C
temperature gradient between the coldfinger and the cell helps reduce the deposition rate of Rb and other
contaminants on the cell windows. The experiment is surrounded by a cage ofHelmholtz coils, which cancel the
Earth’smagnetic field, and provide a static field of 1–2G along theX-,Y-, orZ-axes. Thisfield serves as the
quantization axis, and the resulting∼MHzZeeman splitting of the 87Rb hyperfine ground state transitions
allows each transition to be individually addressed by tuning themicrowave frequency.

Figure 2(a) shows the hyperfine structure of theD2 line of
87Rb and the relevantmicrowave and optical

transitions involved.We produce images of each of the polarization components of themicrowavemagnetic
field, using Rabi oscillations driven on the F m F m1, 0 2, 0F F∣ ∣= = ñ  = = ñ ‘clock’ transition of the 87Rb

hyperfine ground state [8–10]. The Rabi frequency on this transition is given by r B r ,B
Rabi mw( ) ( )



m
W =

 
where

B r B r B Bmw mw( ) ( ( ) · ) ∣ ∣=
    

is the projection of the localmicrowavefield vector B rmw ( )
 

onto the direction of
an applied uniform staticmagnetic field B .


Imagingwith the static field pointing in theX-,Y-, andZ-directions

allows us to image each polarization component in turn. Using atoms as sensors, our technique avoids the

Figure 2. (a)The 87RbD2 line. Due toDoppler and collisional broadening on the optical transitions, the F¢ excited state levels are not
resolved. Transitions between the Zeeman-splitmF levels of the ground state hyperfine structure can be individually addressed by
tuning themicrowave frequency.Weuse Rabi oscillations driven on the ‘clock’ transition to detect themicrowavemagnetic field. (b)
The experiment sequence. (c)The experimental setup. AOM= acousto-opticalmodulator.
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significant calibration problem in othermicrowave sensors [40], relating the field to ameasured oscillation
frequency andwell-known fundamental physical constants. Data taking is fast, due to the parallel nature of the
measurement (imaging as opposed to scanning). By applying an external staticmagnetic field, we have imaged
microwavefields from2.3 to 26.4GHzwith a single device [41]. The technique is applicable tomicrowave
devices of all types, recently showing success in characterizing and debuggingmicrowave cavities in high-
performanceminiaturized atomic clocks [10, 42, 43].

We begin an experiment sequence, shown infigure 2(b), by preparing the atoms in the 87Rb F= 1 ground
state with a 1ms optical pumping pulse. Through frequent ( 10 s9 1~ - ) collisionswith the buffer gas, Rb atoms
sample the entire velocity space over the course of the optical pumping pulse (and also the subsequent probe
pulse).We typically see a 30% reduction inODdue to optical pumping. The optical pumping efficiency is below
100%due to several factors: radiation trapping, collisional broadening of the optical line, absorption due to
85Rb, and the detuning of the lasers from the collisionally shifted 87Rb and 85Rb optical lines [44].We drive Rabi
oscillations by injecting amicrowave pulse of length td mw into themicrowave device under test.We then image
the resulting repopulation of the F= 2 state with a td 0.3 sprobe m= probe pulse using absorption imaging,
which selectively detects the F= 2 state [10, 45]. The optical pumping and probing is performedwith two
separate 780 nmdiode lasers, frequency stabilized to the F F2 2, 3=  ¢ = crossover peak of the 87RbD2 line,
red-shifted by anAOM 80MHz from the stabilization point, andwith intensities of120 mW cm 2- and
30 mW cm ,2- respectively. The short probe pulse length ensures that optical pumping due to the probe pulse is
minimal.We take reference images to account for short and long termdrifts, and combine the images to give an
image ofODmw, the change in optical density (OD) induced by themicrowave pulse. An exampleODmw image is
shown infigure 3(a). The inhomogeneousmicrowave field drives Rabi oscillations at different rates across the
image, which formpatterns inODmw following the contour lines of themicrowave field. Atoms along the
outermost (mostly) red line offigure 3(a) are at the peak of their first Rabi oscillation, corresponding tomaximal
repopulation of the absorptive F= 2 state. The inner red line corresponds to a region of higherfield, where
atoms are at the peak of their second oscillation.We takemultipleODmw images, scanning td ,mw to produce
ODmwmovies. A sample of thesemovies are available online, with the frame ratematching the 10Hz image
acquisition rate of our experiment. The counter on top of themovies indicates themicrowave pulse duration. As
shown infigure 3(c), each pixel in thesemovies has an oscillating signal whichwe can fit to obtain the local
microwavefield strength.

Figure 3. (a)Example image, and (b) zoomed-in section, ofODmw, the change in optical density produced by amicrowave pulse, in
this case td 4.65 smw m= long, from amicrowave device located to the left of the image. The zoomed-in section is indicated by the
white box in (a). TheODmw images show contour lines of themicrowavemagneticfield. The smallest feature size, highlighted in the
zoomed-in image, is only 60–80 μ mpeak-to-trough. (c)ODmw at Z 0.48 mm,= Y 2.6 mm,= showingRabi oscillations as the
microwave pulse length is scanned.
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3. Spatial resolution

The longitudinal spatial resolution of our imaging setup is set by the 140 or 200 mm thickness of the cell. The
buffer gas pressures set a similar transverse spatial resolution, by determining the distance an atom can diffuse
over the course of ameasurement [34]. AtT= 135 °C,we estimate the r.m.s diffusion distance during a

t Td 8.8 smw 1 m= = measurement to be x D t2 d 50mw mD = = m.Here,T1 is the hyperfine population
relaxation time constant in the cell. The diffusion coefficient,D, is given by D D D1 1 1 ,Kr N2

= + where

D D P

P

T

TKr N 0,Kr N
3 2

2 2

0

Kr N2 0
( )( ) ( )

( )
= , P 10 = atm, PKr N2( ) is the Kr (N2) pressure, andwe have used

D 0.068 cm sKr0,
2 1= - [46] and D 0.159 cm sN0,

2 1
2
= - [47]. These are order-of-magnitude increases in spatial

resolution compared to previous imaging experiments [9, 13, 21, 48].
Peak-to-trough feature sizes as small as 70 10 mm can be seen in theODmw images, approaching the

estimated diffusion-limited spatial resolution. An example is shown infigure 3.

4.Microwavefield sensitivity

The 6 6 mm´ cell can be thought of as an array of N 120 120sens = ´ sensors, with each sensor corresponding
to a 50 m 50 m 140 mm m m´ ´ voxel. The sensor size is given by the diffusion-limited spatial resolution, with
a sensor volumeV 1.8 10 cm .7 3= ´ - To estimate our experimental sensitivity, we examinedCCDpixels
binned in 2× 2 blocks, corresponding to an area of 42 42 m ,2m´ slightly smaller than the sensor size. The
fitting error to ourmicrowave Rabi data was as low as 21 nTper 2× 2 pixels, giving an estimated sensitivity of
B 1.4 T Hzmw

exp 1 2d m= - per sensor, taking into account the 4440 smeasurement time (148 averaged runs).
Integrating over a larger volumewould give an increase in sensitivity, at the expense of spatial resolution.

We record data for all of the sensors in our array simultaneously. Compared to creating an image by
scanning a single sensor, this improves our data-taking speed by a factor of at least N ,sens or four orders of
magnitude. The effective sensitivity is therefore significantly improved by our parallel imaging, and a single,
scanned sensor would require a sensitivity of at least B N 12 nT Hzmw

exp
sens

1 2d = - to produce an imagewith
the same sensitivity. Parallel imaging is alsomore suitable than scanning for applications requiring high
temporal resolution over an image.

We can compare our experimental sensitivity with the photon shot noise limited sensitivity. Assuming
td ,Rabi mw pW  wehave [44]

B
t

N t

OD

OD
t

d 2

d
exp d . 1

B
photon

run

shots mw

min

mw
max mw 2( ) ( )

d
m

t=

Wefirst calculate Bphotond for conditionsmatching our experiment parameters: an experiment run of
N 150shots = shots taking a time td 30 s;run = td 22.5mw m= s; an atomic coherence lifetime 7.82t m= s; a
measured operating temperature ofT 140 Cres =  ; total buffer gas pressure of P 100 mbar;fill = optical
pumping resulting in 1/3 of the atomic population residing in each of the F= 1 ground states, such thatOD

OD 0.24,mw
max 1

3 87= = whereOD87 is theODof the 87Rb in the cell; and a photon shot noise limited

OD Q I A t2 e d 1.0 10 ,OD
Lmin probe probe

1 2 2[ ( )]w= = ´- - - where Lw is the laser frequency,Q= 0.27 is
the camera quantum efficiency, I 30 mW cmprobe

2= - is the probe intensity, td 0.3 sprobe m= is the probe
duration, and the 2× 2 pixel area is A 42 42 m .2m= ´ This gives us B 0.45 T Hz .photon

1 2d m= - The exact
operating temperature was unclear, however, withmeasurements of theOD indicating that the operating
temperaturemay have been closer toT 130 Cres =  , whichwould give B 0.28 T Hz .photon

1 2d m= - We therefore
conclude that ourmeasured B 1.4 T Hzmw

exp 1 2d m= - is 3−5 times the photon shot noise limit determined by our
experiment parameters. Analysis ofODmwnoise in the absence of amicrowavefield indicates that half of the
Bmw

expd in excess of Bphotond is caused by imaging noise, due to factors such as camera readout noise and
fluctuations in the intensities and frequencies of the lasers. Sources for the second half of the excess noise include
fitting errors and timing jitter in the experiment sequence.We also note that we perform the imagingwithout
magnetic shielding.

The optimal photon shot noise limited sensitivity, B 0.08 T Hz ,photon
opt 1 2d m= - is reached forT 130 Cres =  ,

P 60 mbar,fill = andwith the laser tuned to the buffer-gas-shifted 87Rb F F2 2=  ¢ = line. Assuming thatwe
can reach the photon shot noise limit, by reducing the excess noise from the above sources, we could expect a
factor of 17.5 improvement in sensitivity with onlyminormodifications to our setup.

An improvement in sensitivity of several orders ofmagnitude is possible withmore involvedmodifications.
We are operating 5× 105 above the atomic projection noise limit, the ultimate sensitivity limit of an atom-based
sensor [2]. Both Bmw

expd and Bphotond are limited by the camera readout speed and data-saving time, which give a
poor experiment duty cycle (10ODmw images per second) and result in the atoms sitting uninterrogated for the
vastmajority of the time. This could be dramatically sped upwith a different camera and camera operation
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mode, andwe note that 50× 50 pixel imaging of ultracold atoms has been reportedwith a continuous frame rate
of 2500 fps [18]. Approaching the atomic projection noise limit will ultimately requiremoving to a quasi-
continuousmeasurement scheme, likely based on Faraday rotation [18, 49], and perhaps replacing theCCD
camerawith an array of photodiodes.

5. Imagingmicrowavefields above test structures

In order to characterize and demonstrate our imaging system, we created three demonstration structures. The
structures, shown in figures 4 and 5, respectively, are: a coplanar waveguide (CPW); a waveguidemaking several
bends across its substrate, whichwe dubbed the ‘Zigzag’ chip; and a split-ring resonator (SRR). All of the
microwavefieldmeasurements weremade using the 140 mm cell.

For imaging, the chip is generally placed perpendicular to the end of the vapor cell, as shown infigure 2(b).
For chips built on a transparent or reflective substrate, operation in a secondmode is also possible, with the chip
placed in front of and parallel to the vapor cell, as shown infigure 6(a).

We use the program Sonnet to perform a simulation of themicrowave propagation on our structures using
themethod ofmoments. This technique is well suited for ourmostly planar structures, excited at a single
frequency. The programoutputs the current distribution on the chip, fromwhichwe compute themagnetic
near-fields using the Biot–Savart law. The only free parameters in comparisons withmeasurement were the
amplitude of the inputmicrowave signal and the exact position of the cell relative to the chip.

5.1. The coplanar waveguide
CPWs are a ubiquitous building block ofmicrowave circuits [24], and provide a simple structure which can be
readily and robustly comparedwith simulations. TheCPWused in this work, shown infigure 4(a), has a 500μm
wide central signal strip, with 105μmgaps to ground planes on either side. Figure 4(b) shows images of theZ-
andY-components of the CPWmicrowavemagnetic field (the veryweakX-component was not imaged).
Simulations of themicrowave field are shown as overlaid contour lines. The slight asymmetry is related to the
bends in thewires. The good agreementwith the simulated field demonstrates the reliability of the imaging
technique. Discrepanciesmay be due to imperfect coupling into thewaveguide, and the use of afinitemesh size

Figure 4. (a)Photo of theCPWchip, with the orientation of the chip in relation to the coordinate systemdefined by the imaging cell
shown on the right. The approximate position of the imaging plane is indicated by a blue line, and awhite arrow indicates the
microwave insertion port. (b)Experimentally obtained images of theY andZ components of themicrowavemagneticfield above the
CPW.Thewaveguide surface is at approximatelyZ= 0. The simulatedmicrowave field is shown in black contour lines, starting at 1
μT for the outermost line and increasing in 5μT steps inwards.
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formodeling themicrowave field through the bends. The images infigure 4(b) demonstrate the importance of
thin external vapor cell walls: a vapor cell with standardmillimeter-scale external walls would see none of the
interesting features.

5.2. TheZigzag chip
TheZigzag chip, shown infigure 5(b), has smaller andmore complex features than theCPW, allowing us to
highlight the spatial resolution of our setup. The Zigzagwaveguide has a 200μmthick central signal strip, with
50μmgaps to ground planes either side. Thewaveguide goes through two bends, resulting in a cross-section in

Figure 5. (a)Experimentally obtained images of theX-,Y-, andZ-components of themicrowavemagnetic field above the Zigzag chip.

Themagnitude of themicrowave field, B B B B ,X Y Zmw
2 2 2∣ ∣ = + + is also shown on the far right. Thewaveguide surface is at

approximatelyZ= 0. The simulatedmicrowave field is shown in black contour lines, starting at 2μT for the outermost line and
increasing in 3μT steps inwards. (b)Photo of the Zigzag chip. The approximate position of the imaging plane is indicated by a blue
line, and awhite arrow indicates themicrowave insertion port. (c)Cross-sections of the experimentally obtainedmicrowave field
(blue dots) approximately 250 mm above the Zigzag chip surface, and comparison to simulation (red lines).

Figure 6. (a)Photo of the SRR chip, demonstrating a second operationmode of the imaging setup, with the glass cell parallel to the
transparent chip surface. (b)Experimentally obtained images of theX-,Y-, andZ-components of themicrowavemagnetic field above
the split-ring resonator (SRR). Thewaveguide surface is parallel to, and a fewmillimeters in front of, the cell. Black outlines show the
positions of the signal line and ring.
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the imaging plane containing threewaveguide sections, each separated by 900μm. Figure 1 shows quasi-2D
slices of the absolutemicrowave amplitude, B ,mw∣ ∣ at three positions above the Zigzag chip. The variation infield
shape between the positions is due to the standingwave produced in thewaveguide. Figure 5(a) then examines
themiddle imaging plane offigure 1 (indicated by the blue line infigure 5(b)) inmore detail, showing images of
each of the polarization components of themicrowave field above the chip, which are comparedwith contour
lines from the simulation. Cross-sections of the field near the edge of the vapor cell are shown infigure 5(c). The
widefield of view infigures 1 and 5 ( 6 mm> )was obtained by stitching two sets of images together.

There is general agreement between themeasured and simulated fields in figure 5, but not for all features.
The amplitude of the simulatedX-component of thefield is well below the experimental sensitivity, and the
measuredX-component of thefield is likely to be some projection of theY- andZ-components, caused by
imperfect orthogonality between the chip, cell, and coil axes. Additionally, as seen in the cross-sections in
figure 5(c), themeasuredmicrowavefield ismuch broader than the simulation around Y 3 mm= to
Y 4.5 mm.= Given the spatial resolution shown at Y 5.6 mm,= it is reasonable to conclude that this
broadening is a real feature of themicrowave field. It is unlikely to be due to perturbations induced by the vapor
cell, for whichwewere unable tomeasure any effect with the Zigzag or CPWchips. Such discrepancies highlight
the difficulty of accuratelymanufacturing and simulating even relatively simple structures such as the Zigzag
chip, and the need for directmeasurements.

5.3. The split-ring resonator
The SRR chip, shown infigure 6(a), consists of a signal line coupling inductively into a split ring. The split-ring is
built on a transparent glass substrate, allowing us to operate in a secondmode, with the SRRplaced in front of
and parallel to the vapor cell. The resonator linewidthwas 160± 20MHz, corresponding to a quality factor of 40
± 5.

The presence of the vapor cell significantly changed the properties of the SRR, by filling the space around the
resonatorwith a glass dielectric.We used this to tune the resonance frequency tomatch the 6.835GHz splitting
of the 87Rb ground states, adjusting the gap between the cell and the SRRuntil the resonancewas in the desired
position. A shift of 1 mm corresponded to a shift in resonance of 5.7MHz.Note that wewere unable to detect
any influence of the cell on theCPWorZigzag chips.

The SRR field is shown infigure 6(b). Like in a solenoid, the SRRfield is strongest inside the split-ring,
parallel to the split-ring axis in theX-direction. Thefield then turns outward, seen in theY- andZ-component
images, before returningwith a less-dense flux in theX-direction outside the split-ring. Theminima in the
centers of theY- andZ-components are due to the field lines traveling out from thefield center, and so they
cancel out along the central axes. The lopsided nature of theY-component is due to the presence of the split in
the ring.

6. Vector imaging of aDCmagneticfield

Our imaging technique can be adapted tomeasure dcmagnetic fields.We use a Ramsey sequence [10], where the
singlemicrowave pulse of the above Rabi sequence is replaced by two 2p pulses separated by a time td .Ramsey

Driving oscillations on themagnetic field sensitive F m F m1, 1 2, 1, 2F F∣ ∣= = ñ  = = ñ transitions, the
oscillation frequency of the Ramsey fringes is equal to the detuning of themicrowave from resonance, allowing
us tomeasure the Zeeman shift induced by the applied dcmagnetic fields.We can then use the Breit–Rabi
formula to obtain the dcfield of interest.

To detect individual vector components of a field of interest B ,

we apply a second dcmagnetic field of

strength C B. In this way, we are primarily sensitive to the component of B

that is parallel to C.


For C


along

theX-axis, themeasuredfield, B ,meas is [2]

B C B B B C B . 2X Y Z Xmeas
2 2 2( ) ( )= + + + » +

Wecan obtainC in a separate referencemeasurement, and subtract this from Bmeas to obtainBX. The full vector
magnetic field can be obtained by imagingwith theC-field applied along each of theX-,Y-, andZ-axes.

Figure 7 shows images of the dcfield above a 2mmdiameter wire loop, taken using the 200 mmthick cell.
Again, we see a solenoid-like field, with a strong, uniformX-component, and thefield turning outwards in theY-
andZ-components. Following the discussion onmicrowave sensitivity in section 4,fitting uncertainties give a
sensitivity as small as B 1.6 T Hzdc

exp 1 2d m= - for a 40 40 200 mm´ ´ sensor. As discussed in section 4, the
dominant limiting factor is our poor experiment duty cycle, the improvement of which promises an increase in
sensitivity by several orders ofmagnitude.
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7. Conclusions and outlook

Wehave demonstrated a new setup for high-resolution imaging of electromagnetic near fields, through the
imaging ofmicrowavefields above a variety ofmicrowave devices, and the dcmagnetic field above awire loop.
Microwave imaging is performedwith a 120× 120 array of 50 50 140 m3m´ ´ sensors, with the sensor size
given by atomic diffusion during ameasurement and the 140 mm cell thickness. The sensitivity per sensor,
B 1.4 T Hz ,mw

exp 1 2d m= - is primarily limited by the experiment duty cycle, and improvements of several orders
ofmagnitude should be achievable.We obtained a similar sensitivity for dcmagnetic field imaging in a 200 mm
thick cell. The setup allows us to imagefields as close as 150 mm above surfaces, resulting in an order of
magnitude increase in the resolution of surface features compared to previous vapor cell sensors. To our
knowledge, this is the first vapor cell with such thinwalls, and it should serve as amodel for future vapor cells
used in near-field sensing.

We currently perform imagingwith themicrowave device exposed to temperatures around 140 °C,which
would be a barrier to the testing of temperature-sensitive devices. In future setups, wewillmove to locally
heating the vapor cell with a 1.5 mm laser [50], significantly reducing the heat exposure of the device under test.
If required, a further reduction in operating temperature could be achieved by using LIAD techniques to
modulate the Rb vapor density [51].

Ourmicrowave detection technique is not limited to 87Rb, and can be applied to any system comprised of
two states coupled by amicrowave transitionwith optical read-out of the states, including the other alkali atoms,
and solid state ‘atom-like’ systems, such asNV centers [52]. NV center–based imaging systems provide
nanoscale resolution and typically work in scanningmode. They are thus complementary to ourwidefield
imaging techniquewhich is well adapted to image features on themicrometer scale with temporal resolution.

The full characterization of amicrowave nearfield requiresmeasurements of both the electric (Emw) and
magnetic (Bmw) components, as there is no straightforward relationship between the components. Alkali atoms
inRydberg states have proven to be excellent sensors of Emw[11–13], but Rydberg states are quickly destroyed in
collisions with buffer gas atoms. The vapor cell requirements forBmw andEmw imagingwould therefore seem
somewhat incompatible: we require high buffer gas pressures to prevent wall relaxation and provide spatial
resolution forBmw imaging, but require that there is little to no buffer gas present forEmw imaging.However,
with the addition of a 480 nm laser to excite RbRydberg states, our control over the buffer gas inside our
ultrathin cells would allow us to perform anEmwmeasurement without buffer gas, thenfill the cell with buffer
gas and imageBmw.Our setupwould therefore be ideal formeasurements of both components, andwewould
avoid the errors that using two different cell would bring, such as in cell alignment.

Microwave sensing and imaging (MSI) is an emergingfield that has shownpromise in a range of
applications, particularly for breast cancer screening [15–17]. Currentmicrowave detection systems consist of
an array ofmicrowave antennas sensitive to E .mw Optimal image reconstruction requires a high sensor density;
however, the density is limited by cross-talk between antennas, and by their perturbations of themicrowave
field. Sensor calibration is also a significant concern [17]. Atomic sensors are not affected by any of these
problems. Following the success of vapor cellmagnetometers in diagnostic imaging of the heart [53, 54] and
brain [55–58], microwave imagingwith vapor cellsmay also prove to be an attractivemedical tool.

Our spatial resolution, sensitivity and distance of approach are now sufficient for characterizing a range of
scientific and industrialmicrowave devices operating at 6.8GHz.However, frequency tunability is essential for
wider applications, with industry particularly interested in imaging techniques for frequencies above 18GHz. It
is possible to use a large dcmagnetic field to Zeeman shift the hyperfine ground state transitions to any desired

Figure 7.Experimentally obtained images of theX-,Y-, andZ-components of a dcmagnetic fieldXmmabove awire loop. Positive
and negative field values represent opposite directions. The field of view corresponds to theX-component of the SRRmicrowave
magnetic field, whichwas used to drive the Ramsey oscillations used to image the dcfield. Outlines show the positions of the current
loop (blue) and SRR (black). The coordinate system is the same as shown infigure 6(a).
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frequency, fromdc to 100s ofGHz.Using a 0.8 T solenoid, we have demonstratedmicrowave detection up to
26.4GHz in a proof-of-principle setup, whichwill be presented in a subsequent paper [41].

Acknowledgments

Thisworkwas supported by the SwissNational Science Foundation.We acknowledge helpful discussions withC
Affolderbach, GMileti, P Appel,MGanzhorn, and PMaletinsky.

References

[1] BudkerD,GawlikW,Kimball D F, Rochester SM, YashchukVV andWeis A 2002Resonant nonlinearmagneto-optical effects in
atomsRev.Mod. Phys. 74 1153

[2] BudkerD andRomalisM2007OpticalmagnetometryNat. Phys. 3 227–34
[3] Kitching J, Knappe S andDonley EA 2011Atomic sensors— a review IEEE Sensors J. 11 1749–58
[4] Kominis I K, Kornack TW,Allred J C andRomalisMV2003A subfemtoteslamultichannel atomicmagnetometerNature 422 596–9
[5] DangHB,Maloof AC andRomalisMV2010Ultrahigh sensitivitymagneticfield andmagnetizationmeasurements with an atomic

magnetometerAppl. Phys. Lett. 97 151110
[6] Savukov I, Seltzer S, RomalisM and Sauer K 2005Tunable atomicmagnetometer for detection of radio-frequencymagneticfieldsPhys.

Rev. Lett. 95 063004
[7] Savukov I, Karaulanov T andBoshierMG2014Ultra-sensitive high-density Rb-87 radio-frequencymagnetometerAppl. Phys. Lett.

104 023504
[8] Böhi P, RiedelMF,Hänsch TWandTreutlein P 2010 Imaging ofmicrowave fields using ultracold atomsAppl. Phys. Lett. 97 051101
[9] Böhi P andTreutlein P 2012 Simplemicrowave field imaging technique using hot atomic vapor cellsAppl. Phys. Lett. 101 181107
[10] Horsley A,DuG-X, PellatonM,AffolderbachC,Mileti G andTreutlein P 2013 Imaging of relaxation times andmicrowave field

strength in amicrofabricated vapor cellPhys. Rev.A 88 063407
[11] Sedlacek J A, SchwettmannA,KüblerH, LöwR, Pfau T and Shaffer J P 2012Microwave electrometrywith Rydberg atoms in a vapor cell

using bright atomic resonancesNat. Phys. 8 819–24
[12] Sedlacek J, SchwettmannA, KüblerH and Shaffer J P 2013Atombased vectormicrowave electrometry using rubidiumRydberg atoms

in a vapor cellPhys. Rev. Lett. 111 063001
[13] FanHQ,Kumar S, Daschner R, KüblerH and Shaffer J P 2014 Subwavelengthmicrowave electric-field imaging usingRydberg atoms

inside atomic vapor cellsOpt. Lett. 39 3030–3
[14] FanH,Kumar S, Sedlacek J, KüblerH, Karimkashi S and Shaffer J P 2015Atombased RF electric field sensing J. Phys. B: At.Mol. Opt.

Phys. 48 202001
[15] Fear EC,Hagness S C,Meaney PM,OkoniewskiM and StuchlyMA2002 Enhancing breast tumor detectionwith near-field imaging

IEEEMicrowaveMag. 3 48–56
[16] NikolovaN 2011Microwave imaging for breast cancer IEEEMicrowaveMag. 12 78–94
[17] Chandra R, ZhouH, Balasingham I andNarayananRM2015On the opportunities and challenges inmicrowavemedical sensing and

imaging IEEE Trans. Biomed. Eng. 62 1667–82
[18] GajdaczM, Pedersen P L,MørchT,Hilliard A J, Arlt J and Sherson J F 2013Non-destructive faraday imaging of dynamically controlled

ultracold atomsRev. Sci. Instrum. 84 083105
[19] Xu S, CrawfordC, Rochester S, YashchukV, Budker D and Pines A 2008 Submillimeter-resolutionmagnetic resonance imaging at the

Earth’smagneticfieldwith an atomicmagnetometerPhys. Rev.A 78 013404
[20] ZhaoKF andWuZ2008 Evanescent wavemagnetometers with ultrathin (∼ 100μm) cellsAppl. Phys. Lett. 93 101101
[21] Fescenko I andWeis A 2014 Imagingmagnetic scalar potentials by laser-induced fluorescence frombright and dark atoms J. Phys. D:

Appl. Phys. 47 235001
[22] HakhumyanG, LeroyC, Pashayan-Leroy Y, SarkisyanD andAuzinshM2011High-spatial-resolutionmonitoring of strongmagnetic

field using Rb vapor nanometric-thin cellOpti. Commun. 284 4007–12
[23] SargsyanA, TonoyanA,MirzoyanR, SarkisyanD,Wojciechowski AM, StabrawaA andGawlikW2014 Saturated-absorption

spectroscopy revisited: Atomic transitions in strongmagneticfields (>20mT)with amicrometer-thin cellOpt. Lett. 39 2270
[24] Wolff I 2006CoplanarMicrowave Integrated Circuits (NewYork:Wiley)
[25] Juzeliunas E 2006Advances in detection ofmagnetic fields induced by electrochemical reactions: a review J. Solid State Electrochem. 11

791–8
[26] GalloGE, Popovics J S andChapmanPL 2011Corrosionmonitoring ofmetals Eur. J. Environ. Civil Eng. 15 633–47
[27] GalloGE and Popovics J S 2012Monitoring active corrosion ofmetals in natural environments withmagnetometryCorros. Sci. 63 1–4
[28] Xu S, Rochester SM, YashchukVV,DonaldsonMHandBudkerD 2006Construction and applications of an atomicmagnetic

gradiometer based onnonlinearmagneto-optical rotationRev. Sci. Instrum. 77 083106
[29] Xu S, YashchukVV,DonaldsonMH,Rochester SM, BudkerD and Pines A 2006Magnetic resonance imagingwith an optical atomic

magnetometerProc. Natl. Acad. Sci. USA 103 12668–71
[30] Harel E, Schröder L andXu S 2008Novel detection schemes of nuclearmagnetic resonance andmagnetic resonance imaging:

Applications from analytical chemistry tomolecular sensorsAnnu. Rev. Anal. Chem. 1 133–63
[31] Yao L, JamisonACandXu S 2010 Scanning imaging ofmagnetic nanoparticles for quantitativemolecular imagingAngew. Chem. Int.

Ed. 49 7493–6
[32] YuD, Ruangchaithaweesuk S, Yao L andXu S 2012Detectingmolecules and cells labeledwithmagnetic particles using an atomic

magnetometer J. Nanopart. Res. 14 1135
[33] Yao L,WangY andXu S 2013 Label-freemicroRNAdetection based on exchange-induced remnantmagnetizationChem. Commun. 49

5183–5
[34] Vanier J, AudoinC andHilger A 1989TheQuantumPhysics of Atomic Frequency Standards vol 1 (Bristol: AdamHilger)
[35] ChevrollierM2012Radiation trapping and Lévyflights in atomic vapors: An introductory reviewContemp. Phys. 53 227–39
[36] RosenberryM, Reyes J, TupaD andGayT 2007Radiation trapping in rubidiumoptical pumping at low buffer-gas pressures Phys. Rev.

A 75 023401

10

New J. Phys. 17 (2015) 112002

http://dx.doi.org/10.1103/RevModPhys.74.1153
http://dx.doi.org/10.1038/nphys566
http://dx.doi.org/10.1038/nphys566
http://dx.doi.org/10.1038/nphys566
http://dx.doi.org/10.1109/JSEN.2011.2157679
http://dx.doi.org/10.1109/JSEN.2011.2157679
http://dx.doi.org/10.1109/JSEN.2011.2157679
http://dx.doi.org/10.1038/nature01484
http://dx.doi.org/10.1038/nature01484
http://dx.doi.org/10.1038/nature01484
http://dx.doi.org/10.1063/1.3491215
http://dx.doi.org/10.1103/PhysRevLett.95.063004
http://dx.doi.org/10.1063/1.4861657
http://dx.doi.org/10.1063/1.3470591
http://dx.doi.org/10.1063/1.4760267
http://dx.doi.org/10.1103/PhysRevA.88.063407
http://dx.doi.org/10.1038/nphys2423
http://dx.doi.org/10.1038/nphys2423
http://dx.doi.org/10.1038/nphys2423
http://dx.doi.org/10.1103/PhysRevLett.111.063001
http://dx.doi.org/10.1364/OL.39.003030
http://dx.doi.org/10.1364/OL.39.003030
http://dx.doi.org/10.1364/OL.39.003030
http://dx.doi.org/10.1088/0953-4075/48/20/202001
http://dx.doi.org/10.1109/6668.990683
http://dx.doi.org/10.1109/6668.990683
http://dx.doi.org/10.1109/6668.990683
http://dx.doi.org/10.1109/MMM.2011.942702
http://dx.doi.org/10.1109/MMM.2011.942702
http://dx.doi.org/10.1109/MMM.2011.942702
http://dx.doi.org/10.1109/TBME.2015.2432137
http://dx.doi.org/10.1109/TBME.2015.2432137
http://dx.doi.org/10.1109/TBME.2015.2432137
http://dx.doi.org/10.1063/1.4818913
http://dx.doi.org/10.1103/PhysRevA.78.013404
http://dx.doi.org/10.1063/1.2966153
http://dx.doi.org/10.1088/0022-3727/47/23/235001
http://dx.doi.org/10.1016/j.optcom.2011.04.023
http://dx.doi.org/10.1016/j.optcom.2011.04.023
http://dx.doi.org/10.1016/j.optcom.2011.04.023
http://dx.doi.org/10.1364/OL.39.002270
http://dx.doi.org/10.1007/s10008-006-0199-7
http://dx.doi.org/10.1007/s10008-006-0199-7
http://dx.doi.org/10.1007/s10008-006-0199-7
http://dx.doi.org/10.1007/s10008-006-0199-7
http://dx.doi.org/10.1080/19648189.2011.9693352
http://dx.doi.org/10.1080/19648189.2011.9693352
http://dx.doi.org/10.1080/19648189.2011.9693352
http://dx.doi.org/10.1016/j.corsci.2012.06.023
http://dx.doi.org/10.1016/j.corsci.2012.06.023
http://dx.doi.org/10.1016/j.corsci.2012.06.023
http://dx.doi.org/10.1063/1.2336087
http://dx.doi.org/10.1073/pnas.0605396103
http://dx.doi.org/10.1073/pnas.0605396103
http://dx.doi.org/10.1073/pnas.0605396103
http://dx.doi.org/10.1146/annurev.anchem.1.031207.113018
http://dx.doi.org/10.1146/annurev.anchem.1.031207.113018
http://dx.doi.org/10.1146/annurev.anchem.1.031207.113018
http://dx.doi.org/10.1002/anie.201002830
http://dx.doi.org/10.1002/anie.201002830
http://dx.doi.org/10.1002/anie.201002830
http://dx.doi.org/10.1007/s11051-012-1135-7
http://dx.doi.org/10.1039/c3cc40830b
http://dx.doi.org/10.1039/c3cc40830b
http://dx.doi.org/10.1039/c3cc40830b
http://dx.doi.org/10.1039/c3cc40830b
http://dx.doi.org/10.1080/00107514.2012.684481
http://dx.doi.org/10.1080/00107514.2012.684481
http://dx.doi.org/10.1080/00107514.2012.684481
http://dx.doi.org/10.1103/PhysRevA.75.023401


[37] Siddons P, AdamsC S,GeC andHughes IG 2008Absolute absorption on rubidiumD lines: comparison between theory and
experiment J. Phys. B: At.Mol. Opt. Phys. 41 155004

[38] Weller L, Bettles R J, Siddons P, AdamsCS andHughes IG 2011Absolute absorption on the rubidiumD1 line including resonant
dipole-dipole interactions J. Phys. B: At.Mol. Opt. Phys. 44 195006

[39] ZentileMA, Andrews R,Weller L, Knappe S, AdamsC S andHughes I G 2014The hyperfine paschen-back faraday effect J. Phys. B: At.
Mol. Opt. Phys. 47 075005

[40] Zelder T, Geck B, Rolfes I and EulH2008Radio science contactless vector network analysis with varying transmission line geometries
Adv. Radio Sci. 6 19–25

[41] Horsley A andTreutlein P 2015 in preparation
[42] IvanovA, Bandi T,DuG-X,Horsley A, AffolderbachC, Treutlein P,Mileti G and Skrivervik AK2014 Experimental and numerical

studies of themicrowave field distribution in a compactmagnetron-typemicrowave cavity Proc. of the 28th European Frequency and
Time Forum (EFTF) (June 22–26 2014) (Switzerland: Neuchatel)

[43] AffolderbachC,DuG-X, Bandi T,Horsley A, Treutlein P andMileti G 2015 Imagingmicrowave andDCmagneticfields in a vapor-cell
Rb atomic clock IEEE Trans. Instrum.Meas. 99

[44] Horsley A 2015High resolutionfield imagingwith atomic vapor cells PhDThesisDepartment of Physics, University of Basel,
Switzerland

[45] Horsley A,DuG-X, PellatonM,AffolderbachC,Mileti G andTreutlein P 2013 Spatially resolvedmeasurement of relaxation times in a
microfabricated vapor cell Proc. of the 2013 Joint IEEE-UFFC, EFTF and PFMSymp. 575–8

[46] Chrapkiewicz R,WasilewskiWandRadzewicz C 2014How tomeasure diffusional decoherence inmultimode rubidium vapor
memories?Opt. Commun. 317 1–6

[47] IshikawaK andYabuzaki T 2000Diffusion coefficient and sublevel coherence of Rb atoms inN2 buffer gasPhys. Rev.A 62 065401
[48] Mikhailov E E,Novikova I,HaveyMDandNarducci FA 2009Magneticfield imagingwith atomic Rb vaporOpt. Lett. 34 3529–31
[49] Allred J, LymanR,Kornack T andRomalisM2002High-sensitivity atomicmagnetometer unaffected by spin-exchange relaxation

Phys. Rev. Lett. 89 130801
[50] Mhaskar R, Knappe S andKitching J 2012A low-power, high-sensitivitymicromachined opticalmagnetometerAppl. Phys. Lett. 101

5–8
[51] Marmugi L, Gozzini S, Lucchesini A, Bogi A, Burchianti A andMarinelli C 2012All-optical vapor density control for

electromagnetically induced transparency J. Opt. Soc. Am.B 29 2729
[52] Appel P, GanzhornM,Neu E andMaletinsky P 2015Nanoscalemicrowave imagingwith a single electron spin in diamondNew J. Phys.

17 112001
[53] BisonG,CastagnaN,Hofer A, Knowles P, Schenker J-L, KasprzakM, SaudanH andWeis A 2009A room temperature 19-channel

magneticfieldmapping device for cardiac signalsAppl. Phys. Lett. 95 173701
[54] AlemO, Sander TH,Mhaskar R, LeBlanc J, EswaranH, Steinhoff U,OkadaY, Kitching J, Trahms L andKnappe S 2015 Fetal

magnetocardiographymeasurements with an array ofmicrofabricated optically pumpedmagnetometers Phys.Med. Biol. 60 4797–811
[55] Savukov I andKaraulanovT 2013Magnetic-resonance imaging of the human brainwith an atomicmagnetometerAppl. Phys. Lett. 103

43703
[56] JohnsonCN, Schwindt PDDandWeisendM2013Multi-sensormagnetoencephalographywith atomicmagnetometers Phys.Med.

Biol. 58 6065–77
[57] Wyllie R, KauerM,Wakai RT andWalker TG 2012Opticalmagnetometer array for fetalmagnetocardiographyOpt. Lett. 37 2247–9
[58] ShahVK andWakai RT 2013A compact, high performance atomicmagnetometer for biomedical applications Phys.Med. Biol. 58

8153–61

11

New J. Phys. 17 (2015) 112002

http://dx.doi.org/10.1088/0953-4075/41/15/155004
http://dx.doi.org/10.1088/0953-4075/44/19/195006
http://dx.doi.org/10.1088/0953-4075/47/7/075005
http://dx.doi.org/10.5194/ars-6-19-2008
http://dx.doi.org/10.5194/ars-6-19-2008
http://dx.doi.org/10.5194/ars-6-19-2008
http://dx.doi.org/10.1109/TIM.2015.2444261
http://dx.doi.org/10.1109/EFTF-IFC.2013.6702085
http://dx.doi.org/10.1109/EFTF-IFC.2013.6702085
http://dx.doi.org/10.1109/EFTF-IFC.2013.6702085
http://dx.doi.org/10.1016/j.optcom.2013.12.020
http://dx.doi.org/10.1016/j.optcom.2013.12.020
http://dx.doi.org/10.1016/j.optcom.2013.12.020
http://dx.doi.org/10.1103/PhysRevA.62.065401
http://dx.doi.org/10.1364/OL.34.003529
http://dx.doi.org/10.1364/OL.34.003529
http://dx.doi.org/10.1364/OL.34.003529
http://dx.doi.org/10.1103/PhysRevLett.89.130801
http://dx.doi.org/10.1063/1.4770361
http://dx.doi.org/10.1063/1.4770361
http://dx.doi.org/10.1063/1.4770361
http://dx.doi.org/10.1063/1.4770361
http://dx.doi.org/10.1364/JOSAB.29.002729
http://dx.doi.org/10.1088/1367-2630/17/11/112001
http://dx.doi.org/10.1063/1.3255041
http://dx.doi.org/10.1088/0031-9155/60/12/4797
http://dx.doi.org/10.1088/0031-9155/60/12/4797
http://dx.doi.org/10.1088/0031-9155/60/12/4797
http://dx.doi.org/10.1063/1.4816433
http://dx.doi.org/10.1063/1.4816433
http://dx.doi.org/10.1088/0031-9155/58/17/6065
http://dx.doi.org/10.1088/0031-9155/58/17/6065
http://dx.doi.org/10.1088/0031-9155/58/17/6065
http://dx.doi.org/10.1364/OL.37.002247
http://dx.doi.org/10.1364/OL.37.002247
http://dx.doi.org/10.1364/OL.37.002247
http://dx.doi.org/10.1088/0031-9155/58/22/8153
http://dx.doi.org/10.1088/0031-9155/58/22/8153
http://dx.doi.org/10.1088/0031-9155/58/22/8153
http://dx.doi.org/10.1088/0031-9155/58/22/8153

	1. Introduction
	2. Imaging microwave magnetic fields in an ultrathin cell
	3. Spatial resolution
	4. Microwave field sensitivity
	5. Imaging microwave fields above test structures
	5.1. The coplanar waveguide
	5.2. The Zigzag chip
	5.3. The split-ring resonator

	6. Vector imaging of a DC magnetic field
	7. Conclusions and outlook
	Acknowledgments
	References



