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Design and test of the microwave cavity in an optically-pumped
Rubidium beam frequency standard*
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We are developing a compact rubidium atomic beam frequency standard with optical pumping and detection. The
cavity for microwave interrogation is an important part of the clock. The cavity in our design is a Ramsey-type, E-bend
one, which is the same as the conventional method in most cesium beam clocks. Requirements for the design are proposed
based on the frequency shift associated with the cavity. The basic structure of the cavity is given by theoretical analysis and
detailed dimensions are determined by means of electromagnetic field simulation with the help of commercial software.
The cavity is manufactured and fabricated successfully. The preliminary test result of the cavity is given, which is in good
agreement with the simulation. The resonant frequency is 6.835 GHz, equal to the clock transition frequency of 87Rb, and
the loaded quality factor is 500. These values are adjustable with posts outside the cavity. Estimations on the Ramsey line

width and several frequency shifts are made.
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1. Introduction
1.1. Optically-pumped rubidium beam clock

Cesium beam frequency standards employing magnetic
selection have good performance in time keeping and other
applications.l!'l The performance of these devices is usually
limited by the shot noise of the beam. An optical pumping
method, which increases the utilization efficiency of atoms,
helps to improve the short-term stability.”>* The ground-
state hyperfine transition of rubidium isotope 3’Rb also acts
as a frequency standard. Rubidium vapor cell frequency stan-
dards are widely studied and applied.!>! Certainly, rubidium
is suitable for the atomic source of beam tubes.!%”! As ru-
bidium is lighter than cesium, more and faster atoms are
emitted from the oven at the same oven temperature. We
are developing a compact, free-running optically-pumped
rubidium beam clock, which is illustrated in Fig. 1. To

avoid the mislocking problem of lasers, we prepare rubidium
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Fig. 1. Physics package and servo circuits of the optically-pumped rubid-
ium beam frequency standard. fy is the modulation depth of the frequency
modulation.
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lamps as an alternative light source. 18] However, as the narrow
line width of the laser helps to reduce detection noise, the laser
is the first choice in this experiment.

1.2. Microwave cavity

The microwave cavity in atomic beam frequency stan-
dards provides a standing wave for interaction between atoms
and electromagnetic field, minimizing first-order Doppler
shift. Generally in a frequency standard, a long interaction
time means a narrow line width. The interaction time in a
beam device depends on both the atom velocity and the cavity
length. The most probable velocity & is dependent on the oven
temperature 7 and atomic mass m, as

o=y 22l ()
m

where ky, is the Boltzmann constant. As can be calculated,
the most probable velocity of 8’Rb atoms is 270 m/s assum-
ing an oven temperature of 373 K. Lowering the oven tem-
perature is not an effective method to narrow the line width,
for it decreases the atomic beam intensity and affects the sig-
nal to noise (S/N) ratio. An alternative way is to increase the
cavity length. However, uniformity of the magnetic field is
hard to guarantee within a long cavity. To solve this problem,
a Ramsey-type U-shape cavity, first presented by Ramsey in
1955,[°V is usually deployed in a beam device, providing two
short interaction regions and a long drift distance without an
oscillating field. The line width of the Ramsey fringe is recip-
rocal to the drift distance, which can be made very long, some-
times more than one meter in laboratory frequency standard.
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Works on the microwave cavity for magnetically selected ce-
sium beam clocks were reported.[!%-12I Cavity design for ru-
bidium fountain frequency standard was reported,''*! where
the cavity is a cylinder one and atoms pass the cavity twice.
As far as we know, there is no report on the microwave cav-
ity in an optically-pumped rubidium beam frequency standard.
We design and manufacture a low-quality-factor, compact and
dismountable microwave cavity for our rubidium beam fre-
quency standard. A previous design of our rubidium beam
cavity was reported. !4l We have changed the cross section of
the waveguide from the previous design to reduce the wave re-
flection, which means modifications on many dimensions. We
describe in detail the tunning device of the cavity. The exper-
imental samples of the cavity are successfully manufactured
and mounted. The parameters of the cavity are measured to
verify the design feasibility.

2. Theoretical analysis
2.1. Related frequency shift

Several frequency shifts are associated with the cavity, in-
cluding the end-to-end phase difference shift (EPDS) and cav-
ity pulling shift (CPS). EPDS exists when the phases of the
magnetic field are different at the regions where atoms traverse
the U-shape cavity. Denoting the end-to-end phase difference
by ¢, one obtains the frequency shift Avy by

Ay
Avy :_FTi‘p’ ()

where T; is a characteristic value of the time of flight between
the two interaction regions and Ay is a constant depending on
the operation condition.!'> A possible cause of this phase dif-
ference is the difference in lengths of the cavity arms. There-
fore, the tolerance of the arms’ lengths is most critical during
manufacturing.

CPS is a shift caused by the frequency-dependent mi-
crowave power response of the cavity. To lock the oscilla-
tor to the peak of the Ramsey line, modulation on microwave
frequency is necessary. Square wave frequency modulation
is adopted in our servo system, which means that microwave
frequency alternates between at f + fy during interrogation,
where f is the central frequency synthesized from a local oscil-
lator, and fq is the modulation depth. A spurious error signal,
which causes CPS, exists when microwave power in the cavity
is different at the two frequency values, because the transition
probability is microwave power dependent. Let Avy, be the
cavity mistuning, the difference between the cavity resonant
frequency and the atomic Ramsey central frequency, the CPS

AV, is
2

T;
Ave = TZACAva (3)
where T; is proportional to Qr, the loaded quality factor of
the cavity. Note that the quality factors mentioned in this pa-

per are all loaded quality factors, which is the effective quality

factor in practice. Ac is a constant depending on the operat-
ing condition.['>] As can be seen, there are basically two ap-
proaches to control this shift, by decreasing either the cavity
mistuning or the quality factor. One can tune the cavity res-
onant frequency as close as possible to 6.835 GHz, which is
the clock transition frequency of 8’Rb. However, the cavity
resonant frequency may be varied with temperature fluctua-
tion or mechanical oscillation. Frequent tuning of the cavity
is impractical for a continuously-working device. A relatively
small quality factor of the cavity is needed in order to reduce
the CPS factor. A loaded quality factor below 500 is expected
in our device.

2.2. Theoretical model

The microwave cavity is ideally a vacuum space sur-
rounded by a surface of infinite conductivity. One can acquire
the electromagnetic field patterns inside by solving Maxwell
equations with proper boundary conditions. Theoretical solu-
tions have been given under typical conditions, e.g. a rectan-

[16] The U-shape cavity is composed of two bent

gular cavity.
arms with apertures and a T-junction in the middle. It is not
easy to get theoretical solutions for a complex boundary like
this. As a result, we first consider a straight rectangular cavity
and then make approximate treatments on the bends, apertures
and T-junction.

The C-band WR137 waveguide, 34.85 mm x 15.80 mm,
is finally chosen as the cross section because of its adaptive
frequency range. It is worth noting that the choice of standard
waveguide is not necessary. The size of cross section is some-
how arbitrary as long as it follows the basic rules of microwave
engineering. One can roughly figure out the total length of the
cavity, assuming a straight rectangular cavity operated under
TE ¢, mode, with

2
Ae = —F——=, “

IN2 /nN2

@) ()
where A. is the resonant wavelength, a is the length of the
longer side of the cross section and c is the total length of the
straight cavity, n is usually an even number, leading to a zero
phase difference between the interaction regions. With A, and
a determined as mentioned above, c is proportional to n. The
value of ¢ when n = 2 is called the waveguide wavelength, de-
noted by 4. Considering the volume and weight of the tube,
we use the n = 10 mode. The total length of the straight cavity
is thus 282.2 mm.

An equivalent circuit is a good approximation in mi-
crowave transmission.!!”! For example, a one-port structure,
such as a cavity, can be treated as a single circuit element
with a certain impedance. Then the cavity acts as an RLC
oscillating circuit when a microwave is transmitted. This also
explains the existence of the resonant frequency and quality
factor. It is obvious that a change in the impedance will cause
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changes in the resonant frequency and the quality factor. Ac-
tually, changes in cavity arm length, the introduction of bends
and apertures all cause changes in the total impedance. That is
why the cavity length is so important to obtain the appropriate
resonant frequency.

The bend in the cavity arm causes change in the char-
acteristic impedance and waveguide wavelength, leading to a
wave reflection.!!”] According to microwave transmission the-
ory, if the electrical length of the bend is a multiple of A,, the
reflection can be avoided. We set the bend’s length as A,, and
the radius of the bend is 35.9 mm correspondingly. Besides,
an extra capacitance is introduced in the circuit, which can be
compensated for by a small adjustment of the total length of
the cavity arms.

Apertures on the walls of the cavity, which are necessary
for the traverse of atoms, cause a slight change in characteris-
tic impedance, which does not have much effect on the wave
propagation. However, the size of the apertures is of much
concern, for it determines the flux of atomic beam. Expanding
the aperture size helps to enhance the signal to achieve better
short-term stability, but, meanwhile increase some frequency
shift such as distributed phase difference shift.!'3! In our de-
sign, the apertures are located right next to the shorted planes,
where the distributed phase difference is smallest compared
with other appropriate locations. Another method of ring-type
cavity may provides smaller distributed phase difference,!!?!
which has not been adopted in our design yet. Cutoff waveg-
uide with the same cross section is mounted outside the aper-
tures to avoid microwave leakage, which is also an origin of
frequency shift.

99.9 mm

circular ceramic window

An open E-plane T-junction of a waveguide with the same
cross section at the mid-distance between the ends of the cav-
ity couples the U-shaped cavity to the outside. The equiv-
alent circuit for the T-junction is given.!!” Tt is proved that
the resonant frequency V. and loaded quality factor Qr are
tunable with tuning devices outside the T-junction.!'”! As a
result, a tuner of reactance and resistance serves as the tun-
ing device of resonance frequency and loaded quality factor,
which meets the requirements due to cavity pulling as previ-
ously mentioned. The tuner is realized by several posts with
variable depths on walls of the coaxial-to-waveguide converter
in our design, which will be described later.

2.3. Software simulation

Accurate value of resonant frequency and quality value
should be determined by tuning the dimensions of the cavity
and measuring the resonant frequency simultaneously, which
is not so easy for a manufactured cavity. We use software
simulation as an alternative method, with the help of a high
frequency structure simulator (HFSS), a commercial finite el-
ement method solver for electromagnetic structures from An-
sys. It is able to compute the resonant frequency and power
response of a cavity, based on Maxwell equations. The dimen-
sions are thus determined with the simulation results.

3. Results
3.1. Configurations of the cavity

The cavity is composed of three parts, a U-shape cavity,
a ceramic window, and a coaxial-to-waveguide converter, as
shown in Fig. 2.

probe coupling ferrite post

cavity /' R35.9 mm)

‘ electric length |——

2V

I\
‘ \ =

cutoff waveguide seal ring

(a) (b)

rectangular waveguide rectangular waveguide

(c)

Fig. 2. The configuration of the cavity. (a) U-shape cavity (half); (b) ceramic window; (c) coaxial-to-waveguide converter.

The total electric length of the U-shape cavity is
282.8 mm, basically in accordance with what we calculated
theoretically. The microwave-free drift distance between the
interaction regions is 199.8 mm accordingly. The aperture’s
size is 3 mm X 7 mm. A 1.5-mm-thick circular window of
alumina ceramics isolates the cavity from the outside. A sec-

tion of waveguide is added to keep the total resonant frequency

of the U-shaped cavity together with the window unchanged.
The microwave signal is transmitted by a coaxial line from
the microwave source, and a coaxial-to-waveguide converter
transfers the signal into the cavity, as in Fig. 2(c). Probe cou-
pling is used here. To increase the coupling degree, the probe
should locate at the antinode of the electric field in the waveg-

uide, i.e. multiples of A,/2 from the shorted plane. It is right
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next to the shorted plane of the converter in our design. A di-
electric post of variable depth on the waveguide’s narrow wall
serves as the frequency tuning device. Its equivalent circuit
is additional shunt and series inductance.!!”! The simulated S
parameter, the voltage reflection coefficient of the input port,
is plotted in Fig. 3. The valleys of the lines correspond to the
resonant frequencies and the line widths indicate the quality
factors. Simulation shows a tunable range of about 80 MHz is
possible with a post 6 mm in diameter and 30 mm in length.
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0.90 :
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Fig. 3. (color online) Simulated result of the S-parameter of the cavity
versus the input frequency, where the inner length of the dielectric post
varies from 5 mm to 25 mm.

It is clearly seen that the resonant frequency varies with
the inner length of the dielectric post. This range is enough
for mistuning resulting from manufacturing deviation or envi-
ronmental change. A ferrite post with a diameter of 5 mm and
variable depth is for tuning the loaded quality factor. Cavity
perturbation theory proves that both Qp and vc of the cav-
ity are shifted when a small ferrite sample is placed in the
cavity.?”! According to simulations, in our cavity, the shift
in resonant frequency due to the ferrite post is negligible com-
pared with the tuning by the dielectric post. Because the di-
electric post acts on the electric field and the ferrite one acts on
the magnetic field, they are located at the electric and magnetic
antinode respectively to get the largest tuning range. Besides,
they should be on the plane of the symmetry of the U-shape
cavity to prevent additional end-to-end phase difference. Note
that the ferrite post is slightly moved from the optimum posi-
tion to avoid the input probe.

3.2. Performance test

The U-shaped cavity, made of oxygen-free copper, is
manufactured in two halves, and screwed together, as shown
in Fig. 4.

Care should be taken of the fabrication to minimize dis-
tortion and asymmetry. The power response is tested with
a Hewlett-Packard 8720D network analyzer, from which one
can deduce the resonant frequency and the quality factor. The

measured resonant frequency and quality factor are 6.835 GHz
and about 500, respectively, when the posts are at default
depths. The tunable range of resonant frequency, adjusting
the dielectric post, is from 6.82 to 6.88 GHz. The loaded qual-
ity value is tunable from 300 to 1000, depending on the inner
length of the ferrite post. The resonant frequency and qual-
ity factor vary smoothly and almost linearly with the posts’
depths. Hence a fine tunning is not difficult monitoring the
power response with a network analyzer. The posts should be
fastened afterward to avoid mechanical vibration. The tuning
range can be enhanced by increasing the total lengths of the
posts. The results are quite in accordance with previous theo-
retical calculations and simulations.

Fig. 4. (color online) The fabricated U-shape cavity.

4. Discussion
4.1. Line width of the Ramsey pattern

The drift distance, denoted by L, is 199.75 mm in our de-
sign. Assuming the microwave power is at the optimum value,
the line width of the central Ramsey pattern is calculated by

_ A

27l &)

where A, is a coefficient related to the velocity selection
induced by optical pumping and detection.!'”! In the laser
scheme, where we assume that the light intensity is strong
and cycling transition is adopted in detection, Ay is 3.02. The
Ramsey line width is estimated to be 649 Hz, at an oven tem-
perature of 373 K. If lamps are used instead of lasers, where
the light spectral intensity is weak, no saturation effect appears
during the pumping process. Consequently, slow atoms, which
undergo a longer interaction time, are pumped more to the de-
sired state. The line width is narrower under the lamp scheme
due to the velocity selective effect.

4.2. Estimation of frequency shifts

The main cause of end-to-end phase difference is asym-
metry in the lengths of cavity arms. If a length difference
of 0.01 mm exists, which is the tolerance in our manufac-
turing progress, the relative frequency shift is estimated to be
—3.1 x 1074, according to Eq. (2). This is quite acceptable
for a compact atomic beam clock. However, the actual error

010602-4



Chin. Phys. B Vol. 24, No. 1 (2015) 010602

introduced in manufacturing and assembling is difficult to esti-
mate. The EPDS can be estimated in further experiments with
some methods, e.g., beam reversal.[>!]

A cavity quality factor of about 500 is achieved in our
design. From Eq. (3), the relative CPS is approximately
1.4 x 10713 for 1-MHz mistuning, assuming the oven tem-
perature is 373 K and Ac is 1. Moreover, to minimize this
shift, the cavity resonant frequency is supposed to be tuned to

6.835 GHz before operation by adjusting the dielectric post.

5. Conclusion

A method for designing the microwave cavity in our ru-
bidium beam clock is presented, which is also valid for other
compact atomic beam frequency standards. The most con-
cerned effects related to the cavity are the end-to-end phase
difference and the cavity pulling effect. Hence, requirements
on resonant frequency, quality factor and symmetry of the cav-
ity are proposed. The electromagnetic field inside the cavity is
simulated by finite element analysis software and dimensions
of the cavity are hence determined. The test result coincides
with the expected value. Further improvements, which have
shown some advantages in previous experiments, such as the
ring-type cavity, may be taken into account.

References
[1] Cutler L S 2005 Metrologia 42 S90

[2]

[3]
[4]
[5]
[6]

[7]
[8]

[9]
[10]

[11]
[12]

[13]
[14]
[15]

[16]
[17]

[18]
[19]
[20]

[21]

010602-5

Lecomte S, Haldimann M, Ruffieux R, Berthoud P and Thomann P
2007 Frequency Control Symposium, May 29-June 1, 2007, Geneva,
p. 1127

Hagimoto K, Koga Y and Ikegami T 2008 /EEE Trans. Instrum. Meas.
572212

Sallot C, Baldy M, Gin D and Petit R 2003 Frequency Control Sym-
posium and PDA Exhibition Jointly with the 17th European Frequency
and Time Forum, May 5-8, 2003, Tampa, p. 100

Zhao F, Gu S H and Liu G B 2009 Chin. Phys. B 18 3839

Besedina A, Gevorkyan A and Zholnerov V 2006 Frequency and Time
Forum (EFTF), 2006 20th European, Braunschweig, p. 261

Arditi M and Cerez P 1972 IEEE Trans. Instrum. Meas. 21 391

Wang Y H, Huang J Q, Gu Y, Liu S Q, Dong T Q and Lu Z H 2011
Journal of the European Optical Society—Rapid Publication 6 11005
Ramsey N F 1956 Molecular Beams (1st edn.) (Oxford: Clarendon
Press)

Guerandel S, De Clercq E, Barillet R and Audoin C 2007 International
Frequency Control Symposium, May 29-June 1, 2007, Geneva, p. 1050
Mungall A G and Daams H 1970 Metrologia 6 60

De Marchi A, Shirley J, Glaze D J and Drullinger R 1988 IEEE Trans.
Instrum. Meas. 37 185

Bian F G, Wei R, Lu D S and Wang Y Z 2006 Chin. J. Lasers 33 1186
Liu C and Wang Y H 2013 European Frequency and Time Forum and
International Frequency Control Symposium (EFTF/IFCS), Prague,
p. 761

Audoin C, Dimarcq N, Giordano V and Viennet J 1992 IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 39 412

Pozar D M 2006 Microwave Engineering (3rd edn.) (Wiley)
Marcuvitz N 1951 Waveguide Handbook (1st edn.) (New York:
McGraw-Hill)

Bauch A, Heindorff T and Schroeder R 1985 IEEE Trans. Instrum.
Meas. 34 136

Vanier J and Audoin C 1989 The Quantum Physics of Atomic Fre-
quency Standards (Bristol; Philadelphia: A. Hilger)

Lax B 1962 Microwave Ferrites and Ferrimagnetics (New York:
McGraw-Hill)

Chassagne L, Hamouda F, Theobald G and Cerez P 2001 IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 48 1513


http://dx.doi.org/10.1088/0026-1394/42/3/S10
http://dx.doi.org/10.1109/TIM.2008.922086
http://dx.doi.org/10.1109/TIM.2008.922086
http://dx.doi.org/10.1088/1674-1056/18/9/037
http://dx.doi.org/10.1109/TIM.1972.4314052
http://dx.doi.org/10.2971/jeos.2011.11005
http://dx.doi.org/10.2971/jeos.2011.11005
http://dx.doi.org/10.1088/0026-1394/6/2/007
http://dx.doi.org/10.1109/19.6049
http://dx.doi.org/10.1109/19.6049
http://dx.doi.org/10.1109/TUFFC.2012.2201
http://dx.doi.org/10.1109/TUFFC.2012.2201
http://dx.doi.org/10.1109/TUFFC.2012.2201
http://dx.doi.org/10.1109/58.143175
http://dx.doi.org/10.1109/58.143175
http://dx.doi.org/10.1109/58.827433
http://dx.doi.org/10.1109/58.827433
http://dx.doi.org/10.1109/58.971701
http://dx.doi.org/10.1109/58.971701

	1. Introduction
	1.1. Optically-pumped rubidium beam clock
	1.2. Microwave cavity

	2. Theoretical analysis
	2.1. Related frequency shift
	2.2. Theoretical model
	2.3. Software simulation

	3. Results
	3.1. Configurations of the cavity
	3.2. Performance test

	4. Discussion
	4.1. Line width of the Ramsey pattern
	4.2. Estimation of frequency shifts

	5. Conclusion
	References

