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Additive manufacturing (AM) of passive microwave components is of high interest for the cost-

effective and rapid prototyping or manufacture of devices with complex geometries. Here, we pre-

sent an experimental study on the properties of recently demonstrated microwave resonator cavities

manufactured by AM, in view of their applications to high-performance compact atomic clocks.

The microwave cavities employ a loop-gap geometry using six electrodes. The critical electrode

structures were manufactured monolithically using two different approaches: Stereolithography

(SLA) of a polymer followed by metal coating and Selective Laser Melting (SLM) of aluminum.

The tested microwave cavities show the desired TE011-like resonant mode at the Rb clock frequency

of �6.835 GHz, with a microwave magnetic field highly parallel to the quantization axis across the

vapor cell. When operated in an atomic clock setup, the measured atomic Rabi oscillations are com-

parable to those observed for conventionally manufactured cavities and indicate a good uniformity

of the field amplitude across the vapor cell. Employing a time-domain Ramsey scheme on one of

the SLA cavities, high-contrast (34%) Ramsey fringes are observed for the Rb clock transition,

along with a narrow (166 Hz linewidth) central fringe. The measured clock stability of 2.2� 10�13

s�1/2 up to the integration time of 30 s is comparable to the current state-of-the-art stabilities of com-

pact vapor-cell clocks based on conventional microwave cavities and thus demonstrates the feasibil-

ity of the approach. VC 2018 Author(s). All article content, except where otherwise noted, is licensed
under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/
4.0/). https://doi.org/10.1063/1.5019444

Compact microwave atomic clocks1 based on alkali vapor

cells2,3 are widely employed as stable frequency references in

numerous applications, ranging from telecommunication net-

works4 to onboard clocks in satellite navigation systems.5,6 In

such atomic clocks, the frequency of a quartz local oscillator is

stabilized to an inherently stable microwave transition in an

alkali atom vapor held in a vapor cell. This greatly suppresses

the quartz’s fractional frequency instabilities to the 10�12 to

<10�14 range (timing accuracies of 0.1 ls to <1 ns, respec-

tively) over timescales up to one day. During the last decade,

thanks to the employment of laser optical pumping, important

advances were made in vapor-cell Rb atomic clocks based on

the double-resonance (DR) scheme, using both the continuous-

wave (CW)7 and the pulsed optical pumping (POP) interroga-

tion (Ramsey scheme),8,9 where the pulsed Ramsey scheme is

of particular interest for highly compact and high-performance

Rb cell clocks. In all types of DR atomic clocks, the micro-

wave resonator cavity is a critical component for applying the

microwave field to the atoms in a well-controlled geometry. In

view of practical applications, this microwave cavity should

be small and light-weight and feature simple and fast assem-

bly. In DR atomic clocks, such cavities are generally manufac-

tured by conventional subtractive precision machining of

metals, often followed by time-consuming assembly steps

requiring precise positioning or alignment of the cavity

components.

During the past few years, tremendous progress has been

made in the field of additive manufacturing (AM), with sev-

eral AM techniques nowadays available for manufacturing

of microwave components.10 Two AM techniques are espe-

cially suitable for the fabrication of microwave cavities:

Stereolithography (SLA) and Selective Laser Melting (SLM).

Recently, complex waveguide-based microwave components

made by SLA of polymers followed by metal coating were

reported,11 and first simple microwave resonator structures

made by SLM of aluminum were demonstrated.12 It is of

interest to exploit AM of microwave cavities for atomic

clocks that exhibit more complex geometries,13 to simplify

manufacture and assembly, and—in the case of SLA of poly-

mers—reduce the cavity mass. Recently, we reported on the

proof-of-principle realization of a compact microwave cavity

for CW-DR atomic clocks using SLA of a polymer.14 Here,

we report on the detailed characterization of such AM cavi-

ties, manufactured by either SLA of a polymer or SLM of alu-

minum, and their implementation to high-performance Rb

atomic clocks in the Ramsey scheme.8

In a Rb vapor-cell atomic clock,2,3 the reference “clock”

transition is given by the 5S1/2 jF ¼ 1; mF ¼ 0i $ jF ¼ 2;
mF ¼ 0i magnetic dipole transition at �6.835 GHz. Shifting
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only in second order with an external static magnetic field,

the clock transition is conveniently isolated from the other

mF Zeeman transitions by applying such a field (field vector

Bdc) that defines the quantization axis. Driving the clock

transition requires the microwave magnetic field vector H to

be parallel to the quantization axis, which in Rb atomic

clocks generally is collinear with the laser propagation vec-

tor k (see Fig. 1). In practical realizations, the vapor cell and

microwave cavity often have cylindrical geometry.13,15 Two

main requirements apply to the cavity field mode: first, in

order to obtain a strong clock transition signal, H should be

perfectly parallel to the quantization axis (Bdc) throughout

the vapor cell; second, in particular for the POP clock

mode,8,9 the microwave field amplitude should be as homo-

geneous as possible throughout the cell such that for a given

microwave pulse duration, as many atoms as possible

undergo an ideal p/2-pulse on the clock transition.

Our cavity is based on the so-called loop-gap struc-

ture13,16 which, for the used TE011-like mode, has a magnetic

field distribution favorable for clock operation [Fig. 1(a)]. In

a simplified way, it can be modelled via its equivalent

lumped elements where the equivalent capacitance (reac-

tance) can be considered as mainly dependent on the gap

geometry, such as the gap width and thickness, as well as

electrode height [Fig. 1(b)], while the equivalent inductance

is mainly attributed to the cavity radius [see Eq. (1) in Ref.

13] The two parameters being geometrically decoupled

allows us to significantly reduce the cavity radius, for a given

frequency, by compensating the change in the reactance with

the gap size. The result is a compact device with approxi-

mately three times lower volume compared to a simple

cylindrical geometry.15 The field homogeneity of such cavi-

ties was previously studied experimentally17 and theoreti-

cally,18 where the loop-gap approach was found to perform

on a par with the standard cylindrical geometry. The quality

of field orientation can be evaluated by the Field Orientation

Factor (FOF),13 obtained by numerical simulations as

FOF� 0.9, over the whole cell volume. Obviously, a high

FOF can be achieved if the regions where the field lines turn

are located outside the active volume of the Rb cell [see Fig.

1(a)]. Simulated Q-factors for the cavity are typically

Q� 150, dominated by losses in the dielectric cell walls.

Manufactured AM cavity cylinders are shown in Fig. 2.

Both prototype cylinders are monolithic, combining the cylin-

drical shield and the electrode structure, thereby eliminating

the need for time-consuming assembly and adjustments. Both

cavity realizations are compatible with the same Rb cell and

cavity endcaps equipped with the excitation loop. The alumi-

num cylinder (AlSi10Mg alloy, left-hand side of Fig. 2) is

made using SLM and passivated with Alodine 1200s. No

actions were taken to reduce the surface roughness of the cyl-

inder (�4–5 times larger for SLM compared to SLA) because

RF losses are dominated by the dielectric cell walls and not by

the roughness or bulk conductivity of the material. The poly-

mer cylinder14 (right-hand side of Fig. 2) is made using SLA.

In order to become RF-functional, the cylinder body was

metal-coated with copper using a proprietary electroless plat-

ing process of SWISSto12. This copper layer is homogeneous

and sufficiently thick (>7 skin-depths) on all surfaces of the

polymer body. A thin silver layer added on top of the copper

layer ensures passivation. The masses of the aluminum and

polymer cylinders are 86 g and 60 g, respectively. The poly-

mer cylinder also benefits from a slightly better manufacturing

precision of SLA (�40 lm). One possible drawback of the

SLA cylinder could be its lower thermal conductivity, with

impact on cell temperature control. Inserts (SLA) and threads

(SLM) serve for attaching the cavity bottom and could become

obsolete in a future fully monolithic AM cavity.

The S11 parameter (return loss) was measured using a

Vector Network Analyzer for the fully assembled SLA and

SLM prototypes, see Fig. 3. The measured S11 parameters

show that both realizations meet the required 6.835 GHz fre-

quency, confirming well the simulations. Potential small fre-

quency shifts, due to fabrication tolerances in the AM process

or of the vapor cell, can be compensated by frequency tuning,

mainly achieved using a set of prototypes with gap sizes var-

ied in 50 lm steps. The use of this main design parameter is

limited, however, by the presence of a nearby unwanted mode

which can couple closer to the TE011-like mode. Fine tuning

of each cavity’s resonance frequency is achieved by varying

the dielectric loading of the cavity via adjusting the cell

FIG. 1. (a) Cavity design view shown with the numerically simulated mag-

netic field distribution (colored arrows) and the field geometry required for

clock interrogation. (b) Electrode configuration: cut view perpendicular to

the z axis.

FIG. 2. Photograph of microwave cavity cylinders manufactured using SLM

(aluminum, left) and using SLA (metal-coated polymer, right), next to a

one-Euro coin.
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position. A sufficiently large tuning range is found, allowing

us to meet the resonance condition for both cavity types (see

Fig. 3). The measured Q-factors are �70 for the SLM and

�60 for the SLA cavity, which are sufficient for our applica-

tion. The difference to the simulated Q� 150 is mainly attrib-

uted to manufacturing tolerances of the vapor cell (causing

higher losses) as well as production uncertainties on the feed-

ing loop, which can lead to increased coupling of the

unwanted mode. The temperature-dependent shift of the cav-

ity resonance frequency is measured as�– 250 kHz/K, reason-

ably small for limiting clock instability contributions arising

from cavity temperature fluctuations via cavity pulling.1

For testing in an experimental Rb clock,9 the SLA cavity

is heated to �57 �C and a dc coil placed around the cavity

generates a field Bdc collinear with the symmetry axis of the

cavity (z in Fig. 1). The openings at both ends of the cavity

allow the laser light, provided by a compact laser head emit-

ting at 780 nm (Rb D2 line),19 to travel through the cell, with

k also parallel to the symmetry axis z. For all measurements

presented here, the laser frequency was stabilized to the

Fg¼ 2 $ Fe¼ 3 Doppler-free resonance obtained from an

auxiliary evacuated Rb vapor cell integrated in the laser

head. The whole cavity assembly is placed inside a mu-

metal enclosure. The quality of the microwave magnetic

field orientation (H parallel to Bdc) is evaluated in terms of

the FOF (see Refs. 13 and 20 for the definition). Figure 4

shows a measurement of all seven Zeeman transitions in the

ground state. The barely distinguishable sigma transitions

induced by components of H perpendicular to Bdc
21 testify a

highly uniform magnetic field, with an experimentally mea-

sured FOF¼ 0.98. The nearby presence of the unwanted

mode (Fig. 3) thus does not degrade the field uniformity.

The homogeneity of the longitudinal component Hz of H
throughout the cell can be experimentally assessed via the

damping of the atomic population’s Rabi oscillations.9

Figure 5 shows a comparison of Rabi oscillations measured

for the SLA cavity and for a classically machined aluminum

cavity, in terms of the normalized change in absorption R.9

The slower damping observed for the SLA cavity demon-

strates a better microwave field homogeneity across the cell.

In both cases, data were taken using a Ramsey-type pulse

sequence with a Ramsey time of TR¼ 3.0 ms, and the micro-

wave pulse area indicated refers to the total pulse area of the

two nominal p/2 microwave pulses together.

For further evaluation, we operate the Rb atomic clock

prototype in the POP scheme.8,9 The duration of each pulse

is set as follows: both optical pumping time and microwave

pulse time: 0.4 ms, Ramsey time: 3 ms, and optical detection

time: 0.9 ms. The total cycle period is 5.22 ms (including

dead times). The quartz oscillator is frequency stabilized to

the central fringe of the detected high-contrast Ramsey pat-

tern shown in Fig. 6.

From the measured detection noise during the detection

phase (see the inset in Fig. 7), we estimate a signal-to-noise

limit for the clock stability of 1.1� 10�13 s�1/2.22 The shot-

noise instability limit is estimated to be 2.7� 10�14 s�1/2.

An additional instability contribution of 7� 10�14 s�1/2

(Ref. 8) arises from the microwave synthesizer used7 due to

the Dick effect23 for our modulation frequency of� 200 Hz.

Taking into account both the signal-to-noise limit and the

Dick effect, an overall clock stability of 1.3� 10�13 s�1/2 is

expected. The measured clock frequency stability is 2.2

� 10�13 s�1/2 up to an integration time of 30 s, in good

agreement with the expected stability (Fig. 7). This result is

FIG. 3. Top: Measured (solid lines) and simulated (dashed lines) S11 curves

for the SLM (black) and SLA (red) cavities. Due to calibration differences

in the AM processes, the nominal gap sizes of prototypes SLA1 and SLM2

differ by 50 lm. Bottom: Measured frequency tuning ranges. Frequency tun-

ing between the four SLM cavities (black bars) is achieved by gap sizes dif-

fering by 50 lm each. Frequency fine tuning of each single cavity, over the

frequency range indicated by the widths of the horizontal bars, is achieved

by varying the dielectric loading of the cavity via adjusting the cell position.

FIG. 4. DR spectrum of all possible Zeeman transitions, measured for the

SLA cavity. The low-amplitude sigma-transitions are marked by arrows.

FIG. 5. Rabi oscillations observed with the SLA cavity (red filled circles),

compared to the same data obtained with a cavity manufactured by classical

techniques (black open squares).9,13 The total microwave pulse area refers to

the combined area of the two nominal p/2 microwave pulses in the Ramsey

scheme employed here and is measured by the product of the total micro-

wave pulse duration and the square root of microwave power. The pulse

area is normalized such that the first maximum of the oscillation occurs at p.

113502-3 Affolderbach et al. Appl. Phys. Lett. 112, 113502 (2018)



more than four times better than the one previously demon-

strated using continuous-wave interrogation14 and is compa-

rable to the state-of-the-art clock stabilities reported for Rb

DR atomic clocks operating in the pulsed8 or CW9 scheme.

In conclusion, we presented a detailed study of a com-

pact loop-gap microwave resonator cavity realized by AM

techniques, in view of its applications to high-performance

vapor-cell atomic clocks. In spite of the somewhat limited

spatial resolution of the AM processes, a good reproducibil-

ity of the critical cavity structures is obtained. The high FOF

and clear Rabi oscillations measured demonstrate the good

performances of the AM cavity in view of both the desired

high degrees of uniformity and the homogeneity of the

microwave magnetic field. The clock stability of 2.2� 10�13

s�1/2 measured in the pulsed Ramsey mode shows that AM

microwave cavities can fulfill the stringent requirements for

high-performance Rb vapor-cell clocks based on Ramsey

operation, including for space applications.
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