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Quantum-based microwave power measurements:
Proof-of-concept experiment
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We present an initial proof-of-concept experiment to measure microwave power based on
quantum-mechanical principles. Ground-state cesium atoms exposed to microwaves at
9.192 631 770 GHz oscillate between two hyperfine states at a rate that is proportional to the rf
magnetic field strength. This provides a quantum-based method of measuring rf field strength that
depends only on the fundamental parameters in the proportionality constant. A small fountain
apparatus was used to prepare laser-cooled cesium atoms in a single hyperfine state, which were
then launched through a cylindrical cavity operating in thg[Bhode. After passing through the
cavity, the fraction of atoms in the two hyperfine states was measured. Rabi oscillations between the
two states were observed as a function of microwave field strength. The scaling with field strength
and with time in the cavity agreed with theory to within 0.4%. The field strength in the cavity was
used, together with measuredl parameters, to determine the microwave power incident at a
reference plane outside the fountain apparatus. The difference between the quantum-based
microwave power measurement and a traditional microwave power measurement was less than 5%
of the measured powefDOI: 10.1063/1.1771501

I. INTRODUCTION The lowerF=3 energy state has nuclear and electron spins
that are antiparallel so that the total angular momentum is
The most accurate methods for measuring microwavey; The higher energfF=4 state has parallel nuclear and
power are based on the principle of dc substituticFhe electron spins and a total angular momentum fof 4
primary national standards at the National Institute of Stan- Associated with the spin of a particle is a magnetic mo-

dards and Technolog@l lIST) for measuring rz_aldlo-frequency ent and a magnetic field. The magnetic field produced by
(rf) power are calorimeters and bolometric detectors tha . . .
he outer electron interacts with the magnetic moment of the

compare the heat produced by rf power with that produce _ o . .
by dc power. The standard uncertainties range from 0.12% ;ﬂucleus, _and vice versa. This interaction causes the_ pot.entlal
50 MHz to 1.3% at 50 GHz, and are dominated by differ-€N€rgy difference between tire=3 andF=4 states, which is
ences in the rf and dc heat dissipation processes. To obtafiflled the hyperfine splitting due to its small size. With no
lower uncertainties will probably require development of external magnetic field, the energy differencéfggs, where
techniques that do not rely on dc substitution. the hyperfine splitting frequencyfyes is equal to
Standards that are traceable directly to fundamentad.192 631 770 GHz. When an external dc magnetic field is
atomic processes have greatly increased the accuracy of megpplied, the states within thé=3 andF=4 groups are fur-
surements in areas such as time, frequency, and dc V0|tag_¢],er Sp||t in energy, depending ang, the projection of the
and have led to new applications. Similar capabilities in mi-atom's angular momentum along this dc field. For weak dc
crowave amplitude measurements could potentially revolusigq strength, the energy of they 0 states vary linearly

tionize microwave measurements and techniques. with applied field, while then-=0 states are to the first order
The measurements presented here are based on the re- .. - . .
. . .2 Insensitive to magnetic fields and vary quadratically with
sponse of a cesium atom to an applied rf magnetic field.

Figure 1a) shows the hyperfine levels of a cesium atom’sf"‘pp”ed field. In.these experiments, a weak dc magnetic fielql
62S,,, electronic ground state and it€R&, electronic ex- IS present that is strong enough to clearly separate the vari-
cited state. The hyperfine levels have small energy shift@Us Me states, but which is not strong enough to make a
relative to each other that depend on the total angular mosignificant change in thex:=0 energy. We examined transi-
mentum quantum numbéi. The atomic nucleus has a spin tions between the twa-=0 states.

angular momentum of 77/ 2, while the outermost electron Transitions between two quantum states can be induced
has a spin angular momentum #f2, wherefi=h/2m, with by applying radiation at a frequendyAW/h, whereAW is

h being Planck’s constant. For the ground state, there are tWie energy difference between the states. Radiation at fre-
possible values for the total angular momentum of the atomMguency fes will therefore cause cesium atoms to oscillate
between théF=3) and|F=4) states at a rate known as the
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F were presented previously. This article contains a more
complete description of the technique and a more detailed

=3 .
m, =0 explanation of our results.
An experiment similar to the one presented here was
H=0 m =3 previously reported by the National Research Council in
= F

FIG. 1. (a) Schematic diagram of the hyperfine levels of the ground state

weak magnetic field

Canadd. In that experiment, laser-cooled rubidium atoms
were exposed to a 6.8345 GHz microwave pulse emanating
from an open-ended waveguide outside of the vacuum cham-

and an electronic excited state of a cesium atom showing the cooling anBer. A series of measurements with different pulse lengths
repump transitiongb) Detailed view of the ground-state energy levels. The was made and the number of atoms that changed state after
large arrow indicates the transition used Fo measure the Rabi oscillations. 'éach pulse was recorded. The Rabi frequency for a given
both (a) and(b), the energy of the levels increases from bottom to top, but . "y .
the vertical axis is not to scale. power level was determined by fitting the data to a cosine
function. This was repeated for several different power lev-
els. As expected, the Rabi frequency was found to scale lin-
early with the square root of the microwave power.
(1) Our experiment’s main advantage is that the fields in our
cavity structure can be more accurately approximated than
the fields in front of an open-ended waveguide in a labora-
tory. As a result, we are able to make an absolute comparison
24 X : between a traditional microwave measurement and the Rabi
magneton(9.27X 107" J/T), M is the quantum-mechanical qqijjation measurement. Unfortunately, the uncertainties in
matrix element(F,me[JJF+1,me), J; is the component of s comparison are of the order of 30%. Another difference
the electron angular momentum parallel to the dc magnetigs that we pulse the field spatially instead of temporally. The
field, g; is equal to the electrog factor in this experiment, exposure time cannot be conveniently changed in our appa-
andHy is the amplitude of the rf magnetic field. The objec- ratys, so we observe Rabi oscillations corresponding to
tive of this experiment is to determirté; by measuring the  changes in field strength rather than changes in exposure
number of atoms in theF=3,m=0) and [F=4,m:=0)  {ime. The two experiments were also performed with differ-

states after exposure to resonant microwaves. _ ent atoms, and therefore at different frequencies.
The experiment is a proof-of-concept demonstrating that

microwave amplitudéi.e., powey measurements based on a || ApPARATUS

quantum standard are possible. No attempt has yet been )

made to address all of the issues required to implement thig- Fountain apparatus

scheme as a national standard for microwave power. The A diagram of the cesium-fountain apparatus is shown in
experiments were conducted using a small cesium-fountaifig. 2. A group of approximately £Ocesium atoms at a
apparatus that was designed for use as a frequency stahdarmperature of a few microkelvin was trapped and cooled
Consequently, the apparatus is not optimized for microwaveising a vapor-cell magneto-optical trédOT) and an opti-
power measurements, and this affects the measurement acaa molassesgfurther described beloywThe MOT consists of
racy that can be achieved. Abbreviated versions of our resultsix laser beams that intersect at the center of a dc magnetic

omedsMH ¢
R~ T:

where ug is the permeability of free spacgyg is the Bohr
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trap formed by a pair of anti-Helmholtz coils. The laser

beams are tuned to the cooling resonance illustrated in Fig. synthesizer

1(a). The frequency and polarization of the laser beams is set

such that the Zeeman shift creates a position-dependent force 4 attenuator

that collects atoms from the background vapor, cools them, 1

and pushes them toward the null in the magnetic field at the 20 dB coupler

trap center. After collecting the atoms in the MOT for about X

300 ms, the anti-Helmholtz magnetic field is turned off and . TLA H—h;avny H—ITLZ H
the atoms are further cooled in an optical moladseéth 3 5 Pps 6 4
this magnetic field off, the atoms are not spatially confined, Diode P—/}:

but their motion is inhibited by the laser forces. The term

“optical molasses” is used to describe this slowing processIG. 3. Microwave measurement arrangement. Numbers 1 to 6 indicate

since it is similar to the effect of a very viscous medium. Thereference planes used in the analysis. The cavity section includes the Ram-
. . . . sey cavity and the coupling to the cavity.

atoms are launched vertically in 1 ms by shifting the relative

frequency between the upward-and downward-traveling laser

beams. The atoms are subsequently cooled in the moving g_ 1 - co8OReittca) )

frame for 2 ms before the beams are turned off, and the 2 '

atoms exhibit a fountain motion under the influence of gravheret,,, is the time spent in the Ramsey cavity, and the
ity. The atoms are evenly spread among the nine magnetigifective Rabi frequency)g . is used to account for the
sublevelsmg=-4 to+4) of the [F=4) hyperfine level of the variation in rf magnetic field strength with position in the
6°S,,, ground-state, shown in Fig(t). cavity. For an ideal cavity without apertures, the ratio of
After launching, the atoms first encounter a rectangulag ¢/ Qg max is 2/, whereQg ma is the Rabi frequency at
state-selection cavity operating in the ;fEmode. The fre- the peak field location.
guency of the microwaves in the cavity is sefffgs. A small The amount of time spent in the cavity is set by the
dc magnetic field is present from this cavity to the top of thelaunch velocity or, alternatively, the toss height. The rf mag-
fountain. This field breaks the degeneracy between the magdpetic field strength in the cavity is controlled with a variable
netic sublevels in each state such that thE=4,m:=0) to  attenuator. Modifying the rf field strength is more easily
|[F=3,m:=0) transition is probed without the interference of achieved than changing the toss height, since the latter re-
the other magnetic sublevels. These transitions are indicatedtires changing the timing of the entire toss sequence. In
by the heavy arrow in Fig.(b). This is the same transition addition, the rf field strength can be changed over a wider
used by atomic clocks, which are based on the ability tgynamic range. _ _
make high-precision measurements &frs The state- After the aFoms pass through the Ramsey cavity on their
selection cavity is a preparatory stage in which the micro¥V&y Up. the microwave power to the cavity is turned off by
wave amplitude is adjusted to maximize the transition prob—means of an fe\ttenuator. Thug, the atoms are not exposed to
ability from the|F=4,m-=0) to the|F=3,m-=0) state. Al any further microwave radiation as they cqmplete the foun-
remaining atoms in thge=4) states are then removed using tain motion an_d return. They therefore_stay m_the same quan-
a pulse of light resonant with thiE=4,mg) 0 [F'=5,m) tum_state untll |:2e3; rea>c£ |tEe <1|5etec>t|(|)_nht[eg|or_1|.I T?ertedthey
" L Y ' gain encountefF=4,mg '=5,mg) light, as illustrate
:Laen::)or:,s.W':'1;1Ce§hFl’s=t2>esizgeistrznzgg)grézzt :;abslel\j/se?do;otrfgﬁ] Fig. 1(a). Scattered photons of this light are detected and

) i , yield a signal proportional to the number =4,mg) at-
6°P3, excited electronic state. oms. The light also removes tHE=4) atoms. The|F=3)

The state-selectef=3,me=0) atoms then pass through  atoms that remain then encounter a repump laser whose reso-
the Ramsey cavity. This is where the quantum-based megrance is illustrated in Fig.(&). The repump laser puts the
surements are performed. Microwaves in the Ramsey cavitytoms into thelF’=4) excited state, from which they fall
excite the same transition as the state-selection cavity. Thgack into the|F=4) state, and they are then detected in the
Ramsey cavity is cylindrical, with a height of 1.98 cm and asame manner. The fractidR of atoms in thdF=4) state is
radius of 3.5 cm, and operates in thesJEnode. The mode given byR=N4/(N3+N4), whereN3 andN4 are the number
is excited with one of two coupling loogs-3 mm diametexr  of atoms in each stat® is calculated for each run and stored
located 180° apart in the cavity midplane. The uncouled in a data file. Each data point presented is an average of 21
is about 18 000. Large-diametét.4 cn) apertures in the independent measurements.
center of the end caps are designed to allow as many of the
atoms as possible to pass through the cavity. This increas& Microwave measurement apparatus
the detection Signal Ievel, but at the expense of increased Microwave power is also measured by conventional
perturbation to the field structure. techniques using the apparatus illustrated in Fig. 3. A diode

The resonant microwave signal induces oscillations abower sensor monitoreﬂz, the power delivered to port 2 of
the Rabi frequency given by Eql). Ideally, the fraction of a 20 dB coupler, while the Ramsey cavity and its transmis-
atoms expected in thiE=4) state after passing through the sion line feeds were connected to port 3 of the coupler. The
cavity is given by diode sensor is a continuous-wave sensor of wide dynamic
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range. Its nonlinearity is less than 3% as used in this experi- 070 0.08

ment with its associated power meter. The proportionality 0.06

constant betwee®, and P, the incident power at port 3, - 0.65 = '

was determined by attaching a thin-film bolometric standard <f 0.60 g 004

to port 3 in place of the fountain apparati,. during the 0.55 0.02

Rabi oscillation experiment is then given by 53 206 ol 0 5706

Psub P, |]_ -T grs|2 Frequency {GHz] Frequency [GHz]
nem ™ CFs st|1 _Fgrr|2, FIG. 4. |S;4 and|S,4 of the Ramsey cavity + transmission lines. Both are

. . . L presented on a linear scale.
wherel'y is the equivalent generator reflection coefficient for

port 3 for the couplerT's is the reflection coefficient of the

standard,I', is the reflection coefficient of the combined

Ramsey cavity and transmission lin€g is the power mea-

sured by the diode when the standard was attachRgg,is

the substituted power measured with the standard,iCte

calibration factor of the standard, and the subscript on

Pincm indicates theP;; has been determined using conven-

tional microwave techniques. The first ratio in Eg) gives

the incident power during the calibration. The last ratio in_, i

Eq. (3) is a mismatch factor that accounts for the poweriO" €xperiments and the VNA measurements were

change due to changes in the constructive and destructiRErformed with an unheated cavity that had a resonant fre-

interference effects that occur when different devices ardUency of 9.1934 GHz. The asterisks in Fig. 4 show the

connected together. value of |S;4 and |S,4 at the measurement frequency of
The power delivered to the Ramsey cavity and diode i?-1926 GHz.

controlled with the attenuator between the source and port 1.

Pinc during the experiment varied from about 100 pW toIV. RABI OSCILLATION MEASUREMENTS

300 nW. The measurement needs such low power levels

par::y é)ecause (;ftrt]heh_sensnlvny Otf the_tm?rerl]surer;]]ent e:jngfs cm. This represents the approximate upper and lower lim-
partly bacause of the higfy-resonant cavity. The enhance its for the experiment. Since this means we have only two

sensitivity represents a significant advantage in a power mMe- ues oft,.,,in Eq. (2), we demonstrate the Rabi oscillations

surement since it would allow for the use of a wider varietyby varying the power, and therefot@p, o, Using the variable

of transfer standards. attenuator shown in Fig. 3. In Fig(&, we plot the ratioR
=N4/(N3+N4) [from Eq. (2)] versus(Pi,.m®® which is

I1l. VNA MEASUREMENTS proportional to the rf magnetic field strength. Rabi oscilla-

Th . . . tions were clearly observed for both toss heights, including

e experimental apparatus was not designed for micro:

wave power measurements, and access to the Ramse cavfiE)ur cycles for the data with 32 cm toss height.
P ' y Y'In order to compare the data for the 45 and 32 cm toss

is through semirigid cables with SMA connectors that have_ . A : .
an electrical length of about 50 cm. The “TL” sections inehe'ghts’ we replot the data in Fig(th with the abscissx

Fig. 3 denote these cables. SMA components were not dis-

test cables were not long enough to reach the ports. The
VNA measurements ofS;5 and|S,4 are shown in Fig. 4.
The transmission-line losses in TL1 of Fig. 3 limit the maxi-
mum reflection coefficient to about 0.7 f{;5. The 3 dB
bandwidth of |S,4 is about 780 kHz. When heated 5°C
above room temperature, the Ramsey cavity's resonant fre-
quency matches the cesium resonance at which the experi-
ments were performed. Unfortunately, both the Rabi oscilla-

Data were taken for nominal toss heights of 32 and

connected at any time, and adapters were used to establish § 1 ' ' ' ‘ @) '

reference planes with 3.5 mm connectors at ports 3 and 4. + §Do+++ KON ++

This was done so that the microwave measurements were E 05t o 1O e O ® +

performed at reference planes with metrology grade connec- 5 ot C o " OQJOO O@@ =

tors. Port 4 was terminated by a short circuit during the Rabi Z olOF <o T+

oscillation experiment. 0 61 02 03 04 05
Microwave devices are typically characterized in terms P [uw])*

of an NX N Sparameter matrix, wherll is the number of § 1 )

ports on the device. For a two-port device with pa@ndb, +

the diagonal term§,, andS,,, represent the reflection of the 2 05/ @C@% %

waves from each port, and the off-diagonal tei®gsandsS,, ¥ %‘59

represent transmission. Reciprocal devices like those used = 0 . . . .

here haveS,;,=S,,. The S parameters are complex functions 0 2 4 6 8

and contain information about both the amplitude and phase G (l’im,m)o'5 [ ms]

of the waves.

A commercial vector network analyzé¥VNA) was used FIG. 5. Fraction of atoms ifF=4) state after undergoing Rabi oscillations
due to microwave radiatiofO and dashed line 32 cm toss datai+ and
to measure thes parameters between ports 3 and 4. Thesolid line): 45 cm toss data(a) The x axis is proportional to the RF mag-

VNA test ports were ConneCtEd_tO ports_ 3 and 4 thrO_UQhwetic field. (b) The x axis is proportional to the time integral of the rf
nonstandard semirigid cables, since available conventionabagnetic field seen by the atoms.
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proportional to(Pj,.m°> tea This is proportional to the ar- TABLE L. Incident power at port 3 at the first peak in the Rabi oscillation as
gument of the cosihe in EqR) and both sets of data should measured by the Rabi oscillatiofiB;,.r) and by a traditional microwave

follow the same curve when plotted this way. There is gneasurementign.
decay in the signal with increasing power, so the data were Toss height Prck Prom
fit to functions that mimic Eq(2), but also included an ex- (cm) (nW) (nW)

ponential damping factor. The fits are shown as lines in Fig:

5(b) and are best fits tg=yy—a exp(—x/d) cogkx). In both jé 143;3556 f2'1:4
cases, the key parameter related to the Rabi oscill&tioas ' :
a standard uncertainty, < =0.0045k. This shows that the
scaling with power level is as expected. In addition, the val-
ues ofk from the two toss heightss, and k,s, agree very The first ratio and), are obtained by use of the follow-
well with (ksy—kss)/ <k>=0.0016, where<k> is the aver- ing S-parameter model:
age of the two values. This shows that the scaling with time 0 e
is also as expected. L { o ]
We have not identified a sole explantion for the decay of et 0
signal with power level. However, there are several factors
that can explain at least some of the decay. One factor is that | 0 €722
atoms that pass through the edge of the cavity’s aperture see Sri2 = g2 0o |

a weaker rf magnetic field than do atoms in the center. They

undergo a smaller Rabi oscillation and the overall signal jand

reduced because there is a mixing(f ¢ t.oy Phases. If the el 0

beam is uniformly distributed over the aperture, this effect Sben‘oﬁ:{ p } (5)
produces a ratio of the third peak to the first peak of about 0 &

08 In Comparison, the 32 cm toss data ha\/'e .a ratio of 0.5. &/heres_n_l and STLZ are matrices for the |Ossy transmission

similar, but smaller effect is caused by the finite temperaturgjpeg andS.q, ot IS the off-resonant matrix for the Ramsey

qf the cesium atoms. This produces a distribution of veloci-cavity plus coupling that is represented by the section be-
ties and thereforé.,, values. A temperature of ZK results  tyeen reference planes 5 and 6 in Fig. 3. The two key as-
in a value of 0.9 for the ratio of the third to first peaks. A symptions in the model are that the cavity reflects all power
third factor is that there is a finite probability for an atom to \yhen off-resonance, and that the transmission-line reflection
transition into arm,:iO state. These atoms will StOp oscil- coefficients are zero. Calculations show that the on-

lating and therefore reduce the signal level contrast. resonance power absorbed between planes 5 and 6 is not
dependent on the values 6f or 6, in the third matrix, so we
V. ABSOLUTE MEASUREMENT AND COMPARISON used #,=6,=0. The values ofy; and v, in Eq. (5) were

obtained with a best fit to the off-resonant values of the mea-
sured S35 and Sy, Using this model for the transmission

The absolute value of the effective rf magnetic fielgk  |jhes thes parameters of the cavity and coupling structure
can be obtained from the Rabi oscillation signal. At the firsty v een reference planes 5 and 6 are calculated as

maximum in the oscillation,Qg g teay=7, Which corre-
sponds toHg¢= i/ (uomelsteaM). For the 32 and 45 cm {355 356} | s syt

: S5 o6 _{543e71|1+72|2 S22 ] ©)

tosses, this yield$l.=1.57 and 2.7% 103 A/m, respec- Sten,on=
crowave measurements other than to help identify the peaksing standard techniquésve obtainedQ =11 430 from

A. Absolute field measurement

tively. Note that these values &f.; do not rely on the mi-

signal location. fits to S and S5 The first two matrices Eq5) and the
matrix in Eq.(6) define a complete system that can then be
B. Absolute comparison with traditional used to solve for the power absorbed by the cavity and cou-
microwave measurement pling structure between reference planes 5 and 6
o e oo Pt g5, S| 7__ISeF
- 3
y g Pinc,3 1+8y 11+S,4
Plpo= oo Cebe ey 2 @ x (a2 — g 2ed2)
Pabs Wcav Heff —2a4| | 2
~ 2 - s, 2, @

where W,,, is the energy stored in the cavit,, is the

power dissipated by the cavity and coupling structure, andvhere a;=R€(y,). The dominant terms on the right can be
the R subscript inP;.r indicates that the power measure- obtained with a simple model usirg; s=Piq, ~2a1l1 gand
ment is based on the Rabi oscillations. Calculation of the firsPpe=~ Pinc 5(1~|S55/2), or by assumings;3< Sz.

ratio will be described below. The second ratio is given by  Values forP;,. g obtained from Eq(4) at the first peak in
Pabd Weav= @/ Qp, whereQ, is the loadedQ of the cavity. the Rabi oscillation curvéFig. 5) are shown in Table | along
The third ratio has been estimated analytically by using thevith values obtained from the traditional microwave mea-
fields of a cavity without apertures. surements. The two sets of numbers agree within 5%.
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C. Uncertainty in the Rabi-traditional designing and building an apparatus specifically intended for
measurement comparison microwave power measurements.

The largest source of uncertainty is due to uncertainties
in the cavity temperature. The Rabi oscillation measurementack NOWLEDGMENTS
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