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We use an atomic vapor cell as a frequency tunable microwave field detector operating at
frequencies from GHz to tens of GHz. We detect microwave magnetic fields from 2.3 GHz to
26.4 GHz, and measure the amplitude of the o, component of an 18 GHz microwave field. Our
proof-of-principle demonstration represents a four orders of magnitude extension of the
frequency tunable range of atomic magnetometers from their previous dc to several MHz range.
When integrated with a high-resolution microwave imaging system [Horsley et al., New J. Phys.
17, 112002 (2015)], this will allow for the complete reconstruction of the vector components of a
microwave magnetic field and the relative phase between them. Potential applications include
near-field characterisation of microwave circuitry and devices, and medical microwave sensing
and imaging. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4950805]

Atomic vapor cell magnetometers are among the most
sensitive detectors for magnetic fields*™* and show promise
in applications including gyroscopes,’ explosives detection,’
materials characterization,” in MRI for both medical'® and
microfluidics applications,'' and for magnetic imaging of
the human heart'>"? and brain.'*"'” Tunable atomic magne-
tometers have previously operated from dc to rf of a few
MHez. In this letter, we demonstrate the principle of a contin-
uously frequency tunable microwave magnetometer, capable
of detecting magnetic fields from GHz to tens of GHz fre-
quencies. This represents a four orders of magnitude exten-
sion of the atomic magnetometer frequency tunable range.
Potential applications include near-field characterisation of
microwave circuitry,"'*?° and medical microwave sensing
and imaging,”'™>* where high resolution and intrinsically
calibrated atomic sensors could replace bulky and field-
perturbing antennas.

At the fixed microwave frequency of 6.8 GHz, we have
previously used atoms to produce polarisation-resolved
images of microwave magnetic near-field distributions.'2*~*’
We have achieved 50 x 50 x 140 um? spatial resolution and
1 uT/Hz~'/? sensitivity, observing good agreement between
the measured fields and simulations for simple test struc-
tures." (Atom-like) nitrogen vacancy (NV) centres have
recently been used for nanoscale near-field detection® and
imaging,” and microwave electric field imaging has also
been demonstrated at discrete frequencies using Rydberg
atoms.>0~33 To-date, however, there has been no atomic sen-
sor available for the detection of fields at arbitrary micro-
wave frequencies, as required for most applications.

Our frequency-tunable sensing scheme is able to oper-
ate in either of two modes: to detect microwaves of
unknown frequency (i.e., as a microwave spectrum analy-
ser); or to accurately measure the amplitudes of microwave
magnetic fields (B,,) of known frequency. In this letter,
we focus on the latter, measuring B, through coherent
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Rabi oscillations driven by the microwave on atomic hyper-
fine transitions.”**> The atomic transitions are sensitive to a
narrow microwave frequency band, and we use a dc mag-
netic field (Bgy.) to tune the transition frequency to the
desired value. This is conceptually similar to rf magnetome-
try, where a dc magnetic field is used to tune the Zeeman
splitting of adjacent my states.” However, much larger dc
fields are required for microwave frequencies, bringing us
into the hyperfine Paschen—Back regime. Moreover, since
our technique is based on measurements of frequency rather
than amplitude, it is intrinsically calibrated and less sensi-
tive to environmental noise. In this letter, we work with the
87Rb hyperfine ground states; however, our technique is ap-
plicable to any microwave magnetic dipole transition with
optical read-out of one of the states, such as other alkali
atoms and NV centres.

Figure 1 shows the splitting of the ®'Rb 35S, /2 ground
state in an applied dc magnetic field, calculated using the
Breit—Rabi formula.’* We label the 8 hyperfine states
A — Ag, in order of increasing energy. At B4. =0, the states
are grouped according to the |F,my) basis defined by the
atomic Hamiltonian, and split by 6.8GHz. As By, is
increased, the hyperfine states move towards the |1, m;,J, my)
basis defined by the dc field. This is accompanied by a corre-
sponding shift in transition frequencies and coupling strengths
between the hyperfine states. An applied microwave field will
drive Rabi oscillations on a given transition that has been
tuned to resonance. The amplitude of the microwave vector
component B, is given by the measured Rabi oscillation fre-
quency, Qg, the transition matrix element, and well-known
fundamental constants. For a microwave resonant with transi-
tion T, we have

B, = |y 0%, m
Hp
where y = —, 7, + is the polarisation of the transition, and
1
oy = m 2)
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FIG. 1. Energy splitting of the *’Rb hyperfine ground state levels as a func-
tion of applied dc magnetic field. Arrows indicate the hyperfine transitions
used in this work.

The coupling factor o is a function of the applied dc magnetic
field. As By, increases, o — 1 for the ¢ polarised transitions,
and o — O for the o_ and 7 transitions. For 8'Rb, we can find
o_ (m) transitions where || > 0.15 for microwave frequencies
within the range 2.2 — 9.1 GHz (5.9 — 22.8 GHz).*® Strong
0, transitions are available for all frequencies. Previous B,
reconstruction schemes have relied on the presence of strong 7
transitions.! However, it is possible to completely reconstruct
the vector components of the microwave magnetic field ampli-
tude, and the relative phases between them, using only o
transitions.>> The reconstruction then requires measurements
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of B with the dc magnetic field both parallel and anti-parallel
to each of the lab-frame x, y, and z axes. In this letter, we
address two microwave transitions: the ¢ polarised T,y tran-
sition and the o_ polarised T3, transition.

We use a 2mm thick, microfabricated vapor cell (Fig.
2(a)), filled with natural Rb and 63 mbar of N, buffer
gas.?®% Doppler and collisional broadening result in an opti-
cal linewidth of 1.5GHz. We use a 780nm laser, linearly
polarised along By, for both optical pumping and probing. A
water-cooled solenoid®” provides dc magnetic fields up to
0.8 T (Fig. 2(b)). We heat the vapor cell using a 2 W laser at
1500 nm*>-** and obtain the cell temperature by fitting opti-
cal absorption spectra (taken at By.=0) with the model
described in Ref. 39.

We can detect microwaves over a broad range of frequen-
cies. Figure 3(a) shows experimentally obtained double-
resonance (DR) peaks for microwaves spanning frequencies
from 2.3 GHz to 26.4 GHz. The laser beam is applied continu-
ously, and its frequency is tuned to resonance with one of the
hyperfine states. This partially depopulates the state through
optical pumping. Through the transmission of the laser onto a
photodiode, we monitor the change in optical density (ODy,y)
as we sweep the frequency of an applied microwave field.
Whenever the microwave frequency crosses a hyperfine tran-
sition coupling to the optically pumped state, we see a peak in
OD,,,,,, corresponding to repopulation of the state. Each peak
in Fig. 3 represents a separate measurement, with By, changed
between measurements. Peaks in the range 7 —26.4 GHz
(red) were measured on the g, Ty transition, while peaks in
the range 2.3 — 6 GHz (blue) were measured on the o_ Ts4
transition. The laser beam probed the approximate spatial
centre of the dc magnetic field (see Fig. 4(b)), with inhomoge-
neities in the dc field resulting in a 1 MHz (FWHM) DR line-
width. The peak area is proportional to Qg; however, it is also

RG-9 windows

CCD or
photodiode

0.8 T Solenoid

FIG. 2. (a) Vapor cell; (b) the experi-
ment setup, showing the vapor cell
sandwiched between two RG-9 glass
pieces and mounted on the PEEK
frame inside the solenoid. The gold
microwave output coupler can be seen
above the cell; (c¢) schematic of the

. experiment setup; (d) the Rabi
Cell M'g;c\)/‘?ézve Microwave sequence used to obtain microwave
generator amplitudes.
(d) pump probe
laser _I_
mw 1 ms dtimw 1.2 us
< >| <€ > [
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Centre = 18 GHz

FIG. 3. Detection of microwave sig-
nals at arbitrary frequencies. (a) DR
detection of frequencies ranging from
2.3 GHz to 26.4 GHz. Each peak corre-
sponds to a single experimental run
taken using a different By.. The data
were taken on both the T34 (blue) and
Tig (red) transitions, and show the
change in optical density induced by
the microwave. Labels in black indi-
cate relevant By, strengths. (b) DR
peaks for frequencies near 18 GHz,
showing fine-tuning of the detection
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sensitive to fluctuations in the laser intensity and cell tempera-
ture, and calibration with a known field is required to extract
Qg. For fixed conditions (not shown), we observe the
expected linear scaling of the peak area with the square-root
of the microwave power. The lower limit on microwave fre-
quency in Fig. 3(a) was imposed by the asymptotic behaviour
of the T4 transition frequency at high Bye.> Other transitions
(e.g., T45) are available with frequencies down to dc, in which
case the lower detection limit will be given by the optical dis-
tinguishability of the neighbouring hyperfine states, in general
on the order of the 0.5 GHz Doppler broadening in a cell with-
out buffer gas. The upper frequency limit is given only by
technical limitations, e.g., the available By, strength, or in our
case, the microwave frequency generator.

I I frequency by adjusting Bg..
10 20 q! Yy by ad) g Dyc

Microwave detuning (MHz)

The dc magnetic field provides fine control over the
microwave detection frequency, as shown in Fig. 3(b). Each
DR peak represents a single measurement on the T,g transi-
tion, with the zero of the horizontal axis corresponding to a
microwave frequency of 18 GHz. By scanning By, such DR
measurements could be used in a spectrum analyser mode, to
search for microwave fields of unknown frequency.

For an accurate measure of the B,,,, amplitude, we need
to measure the Rabi frequency directly. We demonstrate this
by measuring the o amplitude of an 18 GHz microwave. The
observed oscillations are a function of both microwave ampli-
tude (ox Q) and detuning from resonance (A), with a fre-

quency Q = 1/(2,% + A% In general, it is simple to directly

Frequency-domain

dtmw = 11 us

FIG. 4. Measuring an 18.003 GHz micro-
wave field amplitude. Experimentally
obtained images of (a) OD,,,, for a
microwave pulse resonant with the T g
transition in the By, field centre; (b)
map of the local By field extracted

from measurements as in (a). The cir-

-1 0 cular field of view is given by the cell
AF (MI—Iz) walls, and the white boxes indicate the
. . region appropriate for microwave sens-
Time-domain ing; (c) and (d) scans in the frequency

and time domains, for the pixel at
(z=0mm, y=0mm). Fits are shown
assuming a constant microwave detun-
ing along the x-axis (purple, time do-
main only, Qg A,), and allowing for an
inhomogeneous detuning (red, simulta-
neous fit to time and frequency domain
data, QR,A(;))~

Qpa, = 27 52kHz
QpA@) = 2m45kHz
Buw = 1.6 &+ 0.2 4T

20 40
Aty (p8)
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measure the detuning, e.g., from the peak of a DR scan. We
use a relatively thick cell in our proof-of-principle setup, how-
ever, and must account for a non-negligible B,. inhomogene-
ity along the x-axis, which the laser integrates over as it
passes through the cell. Our experiment “Rabi” sequence,
shown schematically in Fig. 2(d), begins with an optical
pumping pulse to depopulate the A, state. A microwave pulse
of duration dft,,,, then drives Rabi oscillations between the A;
and Ag states, and we detect the repopulation of the A, state
(i.e., ODy,) with a 1.2 us probe laser pulse. We repeat this
sequence, scanning either the frequency (Fig. 4(c)) or duration
(Fig. 4(d)) of the microwave pulse. The frequency domain
scan primarily constrains By, (Fig. 4(b)), and we extract the
Bumw amplitude by simultaneously fitting the two scans.>” In
future setups, the frequency domain scan will be unnecessary.

We used the T,y transition for sensing, with the fre-
quency of the laser tuned to address the A; level. A solenoid
field of By.~0.44 T tuned the T,y transition of atoms in the
By, field centre to resonance with the applied 18 GHz micro-
wave. At this dc field, the A; level is optically well-
resolved,*® and almost all of the measured optical density of
OD = 2.1 was due to atoms in the A; state. The frequency
domain scan was performed around 18.003 GHz with a fixed
microwave pulse duration of dfp,, = 11 us, corresponding
roughly to a « pulse in the centre of the By, field, while the
time domain scan was performed with a fixed frequency of
18.003 GHz.

We are working towards frequency tunable microwave
imaging, and therefore use a CCD camera and the technique
of absorption imaging for detection.'***' The laser illumi-
nates the entire cell, and we obtain images of OD,,,, (Fig.
4(a)). Due to inhomogeneities in the By, field, we only pres-
ent microwave detection for a single pixel near the By,
centre. If only single-channel sensing is required, real-time
monitoring of the Rabi oscillations should also be possible
using a photodiode and an off-resonant probe laser. The
atomic response traced a contour line of the By, field in the
cell, as shown in Fig. 4(a), which shows an image of OD,,,
for an 11 us long 18.003 GHz microwave pulse. Scanning
the microwave frequency (Fig. 4(c)), we could quickly esti-
mate the local Tig transition frequency from the peak in
OD,,. Using the Breit-Rabi formula, this transition fre-
quency yielded an image of the applied Bg4., shown in Fig.
4(b). We see that the solenoid field is saddle-shaped, homo-
geneous to better than 107>, but nonetheless varying by sev-
eral Gauss over the cell. The plane of the image is slightly
offset from the .x = 0 centre of the solenoid field.

The simultaneous fit of the Figs. 4(c) and 4(d) frequency
and time domain data, described in detail in the supplemen-
tary material, yielded a Rabi frequency of Q) = 2145
kHz, corresponding to By, = 1.6 uT. The shape of the fre-
quency scan data in Fig. 4(c) is primarily determined by the
variation in By, along the x-axis, and is well-matched by the
fit. The peak corresponds to atoms around the By. centre,
where the field is relatively flat, while the long tail is due to
the drop-off of By, away from the centre. The time domain fit
in Fig. 4(d) underestimates the oscillation frequency, due to
constraints imposed by the simultaneous fitting of time and
frequency domain data with our relatively simple model. In
fact, we find much better agreement with the time domain
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data if we simply assume a constant Ag = —4kHz, given by
the frequency domain peak position, and fit to the time do-
main data only. This is shown by the purple line in Fig. 4(d),
and we obtain Qra, =2n52 kHz, corresponding to
Bnw = 1.8 uT. By neglecting the range of larger detunings
along the x-axis, this value serves as an upper bound on B,
We can therefore estimate a By, accuracy of 10% in our cur-
rent proof-of-principle setup. We emphasise that in a high re-
solution setup using a thinner vapor cell,' the image analysis
will be much simpler, with B,,,, directly extracted from time
domain data and accuracy on the 1073 level.

In conclusion, we have presented a proof-of-principle
demonstration of microwave magnetic field detection for
microwaves of any frequency, obtaining the amplitude of the
o+ component of an 18 GHz microwave field, and detecting
magnetic fields at frequencies from 2.3 GHz to 26.4 GHz.
Magnetic field detection of frequencies up to 50 GHz should
be achievable with room-temperature iron-bore solenoids
(which can operate to ~1.6T), and given sufficient dc field
homogeneity, it may be possible to detect fields up to 1 THz
using the strongest available superconducting solenoids
(>35T). It would be interesting to explore the frequency tun-
ability presented here with other detection techniques, such
as Faraday rotation or EIT, and with other systems, such as
NV centres.*’

Our frequency tunable detection provides an essential
step towards an atom-based characterisation tool for micro-
wave devices operating at any frequency. To realise this in
practical form, the frequency tunability demonstrated in this
letter should now be integrated with a high resolution imag-
ing setup.l We note, however, that for some devices, such as
circulators, the large applied B4, fields may significantly per-
turb the device operation. High spatial resolution, provided
by a thin vapor cell, will have the added benefit of signifi-
cantly reducing our sensitivity to B4, inhomogeneities. For a
200 pum thick cell operating in the By, field shown in Fig.
4(b), By variation along the x-axis should be negligible, on
the order of 27 x 1 kHz. The transverse variation over a 50 X
50 um? pixel at the By, centre would be 27 x 0.2 kHz, increas-
ing to 2 x 80kHz at a distance 1 mm either side of the centre.
This is entirely acceptable compared to the tens to hundreds of
kHz Rabi frequencies observed in Ref. 1. Moreover, the By
inhomogeneity could also be reduced by using shimming coils.
We expect the sensitivity to be slightly better than for the
fixed-frequency imaging reported in Ref. 1, due to the suppres-
sion of Rb spin-exchange relaxation in large By fields.*> The
integrated setup could be miniaturised by replacing the bulky
solenoid with permanent rare-earth magnets, with By, adjusted
through the magnet separation.*>**
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Foundation (SNFS). We thank G. Mileti, C. Affolderbach,
and Y. Pétremand for providing the vapor cell, and the group
of P. Maletinsky for the loan of microwave circuitry. We
also thank M. Belloni for interesting discussions, and C.
Affolderbach for careful reading of the manuscript.
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