

View

Online


Export
Citation

RESEARCH ARTICLE |  SEPTEMBER 24 2020

A linewidth locking method to control the microwave power
in optically pumped cesium-beam clocks 
Weibin Xie   ; Qing Wang  ; Xuan He; Zezheng Xiong; Nan Chen; Shengwei Fang; Xianghui Qi;
Xuzong Chen 

Rev. Sci. Instrum. 91, 094708 (2020)
https://doi.org/10.1063/1.5144478

Articles You May Be Interested In

Frequency instability of a miniature optically pumped cesium-beam atomic frequency standard

Rev. Sci. Instrum. (July 2020)

Space qualified microwave source for cold atom clock operating in orbit

Rev. Sci. Instrum. (November 2018)

 
2
2
 
A
p
r
i
l
 
2
0
2
6
 
0
1
:
3
1
:
2
6

https://pubs.aip.org/aip/rsi/article/91/9/094708/909337/A-linewidth-locking-method-to-control-the
https://pubs.aip.org/aip/rsi/article/91/9/094708/909337/A-linewidth-locking-method-to-control-the?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0001-9355-1060
javascript:;
https://orcid.org/0000-0003-3247-7025
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-1213-6648
https://crossmark.crossref.org/dialog/?doi=10.1063/1.5144478&domain=pdf&date_stamp=2020-09-24
https://doi.org/10.1063/1.5144478
https://pubs.aip.org/aip/rsi/article/91/7/074705/967366/Frequency-instability-of-a-miniature-optically
https://pubs.aip.org/aip/rsi/article/89/11/113115/363872/Space-qualified-microwave-source-for-cold-atom
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3615294&setID=1044496&channelID=0&CID=1697353&banID=524364940&PID=0&textadID=0&tc=1&rnd=5187550533&scheduleID=3830846&placementScheduleId=3830846&adItemScheduleId=0&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&metadata=%5B%5D&mt=1776821486369236&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Frsi%2Farticle-pdf%2Fdoi%2F10.1063%2F1.5144478%2F14801060%2F094708_1_online.pdf&request_uuid=9be08d0b-7268-4ffc-9a1e-cffcfee6c3c1&hc=caf8d6f06462c1f56d1bb0e0a445db482ba83790&location=


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

A linewidth locking method to control
the microwave power in optically pumped
cesium-beam clocks

Cite as: Rev. Sci. Instrum. 91, 094708 (2020); doi: 10.1063/1.5144478
Submitted: 28 December 2019 • Accepted: 8 September 2020 •
Published Online: 24 September 2020

Weibin Xie,a) Qing Wang,b) Xuan He, Zezheng Xiong, Nan Chen, Shengwei Fang, Xianghui Qi,
and Xuzong Chenc)

AFFILIATIONS
Institute of Quantum Electronics, School of Electronics Engineering and Computer Science, Peking University,
Beijing 100871, China

a)Author to whom correspondence should be addressed: weibinxie@pku.edu.cn
b)Electronic mail: qw1988@pku.edu.cn
c)Electronic mail: xuzongchen@pku.edu.cn

ABSTRACT
In this paper, we present a linewidth locking method to control the microwave power in optically pumped cesium-beam frequency standards.
The responses of optically pumped cesium-beam tubes and classical cesium-beam tubes are analyzed and compared against the power of the
microwave field. Due to the wide probability distribution of atomic velocity resulting from the optical state preparation and detection, the
linewidth of the Ramsey pattern is sensitive to the microwave power. The results can be used to control the microwave power instead of using
the traditional extremum method. The advantages of the new method are discussed, and we named this new method the linewidth locking
method. When the microwave power is well controlled at a low level by the linewidth locking method, the frequency stability of cesium-beam
clocks will be improved to a certain degree for the reduction of the Ramsey pattern linewidth. In experiment, using the linewidth locking
method, the Allan deviation of our optically pumped cesium-beam frequency standard is 2.64 × 10−12/

√
τ and continues until the averaging

time exceeds 1 × 105 s, which is 17% better than that using the traditional extremum method.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5144478., s

I. INTRODUCTION
To date, the cesium-beam frequency standard is still unique

and irreplaceable in the field of time-keeping systems owing to the
excellent performance of the long-term frequency stability.1,2 Stud-
ies pointed out that the drift of the microwave power had an impor-
tant influence on the long-term stability of the cesium-beam fre-
quency standard.3–6 For the servo control system of the microwave
power, the servo signal must be directly derived from the quan-
tum system in the cesium beam, to prevent influences from the
outside environment. The extremum method6 provides a solution
to the problem, making the classical cesium-beam clock, in which
state selection is accomplished through a deflection magnet, and
the method was successful in the early 1990s. For further improve-
ments after that, optical pumping has been widely used as a replace-
ment of magnetic state-selection by many research groups.7–10 In
this paper, a linewidth locking method is proposed for the first time

to control the microwave power in optically pumped cesium-beam
(OPCB) frequency standards instead of the traditional extremum
method, which will simplify the design of servo control systems
and contribute to the frequency stability of cesium-beam frequency
standards.

II. EXPERIMENTAL SETUP
Figure 1 shows a schematic of the miniature optically pumped

cesium-beam frequency standard, which is the subject of this study,
including a cesium oven, optical pumping and detection regions,
microwave excitation regions, a C-field coil (the box around the
microwave cavity), an optical system, and an electronic system.
Apart from the optical system and the electronic system, all compo-
nents are sealed in a vacuum tube covered by three layers of magnetic
shielding material. This is often called a cesium-beam tube.
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FIG. 1. Schematic of the miniature optically pumped cesium-beam frequency
standard. Reprinted with permission from Q. Wang, “Research on miniature opti-
cally pumped cesium beam frequency standard,” Ph.D. thesis, Peking University,
2014.11

The F = 4 → F′ = 4 transition of the Cs D2 line is used for
optical pumping, and the F = 4→ F′ = 5 transition is used for detec-
tion (Fig. 2). The radio-frequency interrogation is classically per-
formed in a Ramsey microwave cavity, but first, the atoms have to be

FIG. 2. Energy levels of the Cs D2 line.

prepared in a single hyperfine atomic state F = 3. This preparation
is performed by optical pumping instead of magnetic state selection.
In this case, there is no spatial separation, and all the atoms pass
through the laser toward the microwave cavity. Finally, detection
of cesium atoms is performed using the standard optical technique
in the detection region, and the fluorescence emitted by the atoms
upon decay to the ground state is used as a measure of the popula-
tion in state F = 4 and is a measure of the number of atoms that have
made a transition in the Ramsey interaction region. The fluorescence
photons of these atoms are detected by a photodiode.

III. VELOCITY DISTRIBUTION THEORY
For an E-plane-type Ramsey cavity with an interaction region

length l and a drift region length L, the Ramsey transition probability
can be represented by the following expression:12

P(b,Δ,T) = 4b2

Ω2 sin2 Ωt
2
( cos

Ωt
2

cos
ΔT
2
− Δ
Ω

sin
Ωt
2

sin
ΔT
2
)

2
.

(1)

Here, the quantity b represents the amplitude of the microwave
interrogation field, Δ = ω − ω0 is the detuning between the
microwave frequency ω and the atomic resonance frequency ω0, and
T = L/v and t = l/v are the transit times for an atom of velocity v
propagating through the drift and interaction regions, respectively.
Ω =
√
b2 + Δ2 represents the generalized Rabi frequency.

In fact, the final Ramsey lineshape is a weighted average of the
atomic velocity distribution,

P(b,Δ) = ∫
∞

0
P(b,Δ,T)ρ(T)dT, (2)

where ρ(T) is the distribution of the transit time T, which can be
deduced from the atomic velocity distribution directly.

In OPCB tubes, ρ(T) can be expressed as follows:13

ρn(T) =
Cn

T0
(T0

T
)
n+2

exp(−T2
0/T2). (3)

Here, T0 = L/α, and α =
√

2kb(Temoven + 273)/M is the most proba-
ble velocity in the cesium oven, where kb is the Boltzmann constant,
M is the cesium atom mass, Temoven is the temperature of the cesium
oven, and Cn is the normalization constant. The case n = 3 with C3
= 2 describes the transit time distribution of the beam at the exit of
the cesium oven, and it is the simplest case in which a single laser
is used for the atomic state preparation and detection of the transi-
tion by optical pumping (Fig. 3). The optical transition involved is
saturated for most of the interaction times for the light beam power
densities actually achievable. One may thus assume that the popula-
tion difference does not depend on the velocity.13 If more than one
laser line is available, the value of n may be 1 or 2, with C1 = 2 and
C2 = 4/

√
π, depending on the effects of velocity selection created by

the nature of the optical pumping and detection.13–15

For the case of n = 2, when a light source with a different
wavelength is available for detection (Fig. 1), a cycling two-level
transition, the F = 4 → F′ = 5 transition (Fig. 2), may be chosen,
which yields a number of fluorescence photons proportional to the
interaction time, thus, introducing a weighting factor of T.

For the case of n = 1, on the basis of n = 2, a two-wavelength
light beam is used for optical pumping (Fig. 4) to transfer the
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FIG. 3. Optically pumped cesium-beam frequency standard in which a single laser
is used.

population of the 16 hyperfine sublevels as efficiently as possible to
a single mF = 0 level.16 However, the saturation of this two-photon
process requires a larger energy density or a longer interaction time,
which may not be achieved in practice.13 As a first approximation,
the population difference is proportional to the interaction time with
the light beam, which introduces a weighting factor of T.

In the OPCB tube, the state preparation is performed by optical
pumping instead of magnetic state selection. In this case, there is no
spatial separation, and all the atoms pass through the laser toward
the microwave cavity and detection region, so the distribution of

FIG. 4. Optically pumped cesium-beam frequency standard in which a two-
wavelength light beam is used for optical pumping and a cycling two-level transition
is used for optical detection.

FIG. 5. Transit time distribution functions: three solid lines refer to optical pumping
and detection in the case of n = 1, 2, and 3, respectively; the black dashed line
refers to magnetic state selection in the case of the truncated Maxwell distribution,
where TL and TH are the low and high cut-offs of the transit time, respectively.
Here, T0 = L/α, and α is the most probable velocity of atoms.

velocity is complete. In contrast to the OPCB tube, in the classical
magnetic state selection cesium beam (MSCB) tube, the deflection
of the trajectories depends on the atom velocity, atoms which are
too slow or too fast do not strike the hot-wire detector, and conse-
quently, ρ(T) can be written as a truncated Maxwell distribution,13

with TL and TH representing the low and high cut-offs of the transit
time, respectively,

ρ(T) = C0

T0
(T0

T
)

5
exp(−T2

0/T2) (TL ≤ T ≤ TH). (4)

Figure 5 shows these transit time distribution functions. All cal-
culations and figures in the paper are based on parameters of the
OPCB frequency standard developed in our laboratory, such as l
= 1.0 cm, L = 16.7 cm, and Temoven = 100 ○C.

IV. SERVO CONTROL OF THE MICROWAVE POWER
The servo system cyclically locks the microwave frequency,

microwave power, and C field. The time for each of these three loops
to complete one lock is 1 s. The time sequences of the three loops are
as follows: the frequency servo works continuously for 100 s, then
the power servo works for 1 s, then the frequency servo works for
100 s, then the C field servo works for 1 s, and these four processes
are repeated.

Because the microwave power is proportional to the value of b2,
we define the relative microwave power Wr as

Wr = 10 log10(W/Wopt) = 20 log10(b/bopt). (5)

Here, W is the microwave power, and bopt is the optimum
value of the microwave interrogation field, which yields the largest
maximum value P(bopt,Δ = 0) of the Ramsey transition probability.13

Figure 6 shows the cesium-beam tube responses P(b, Δ) vs the
microwave power at Δ = 0 for different transit time distribution
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FIG. 6. Variation in the Ramsey probability P(b, Δ) vs the relative microwave power
W r for different values of n. The dashed line refers to the case of magnetic state
selection. When b is adjusted at its optimum value bopt, W r equals zero, and the
response curve of the beam tube reaches its maximum. With the decrease in n,
the response curve tends to be flat, and the transit time distribution tends to be
wide. It is assumed that Δ = 0.

functions, and it is clear that every curve presents a peak struc-
ture. For the convenience of comparison, the peak of each curve is
aligned at the origin of the horizontal axis, where b is equal to bopt.
The traditional extremum method achieves locking the microwave
power to the optimum value by applying a square wave modula-
tion to the microwave amplitude around the peak of the response
curve.6,14

However, combining Figs. 5 and 6, we can see that the response
curve in the OPCB tube is flatter at the top than that in the MSCB
tube because of the wider transit time distribution.13 It means that
the Q value of the reference curve is low, which limits the servo
accuracy of the microwave power in the OPCB clock.

Here, we propose another approach to accomplish the servo
control system of the microwave power in OPCB atomic clocks.
In fact, owing to the wide distribution of transit time, the Ramsey
linewidth, usually called the full width at half maximum (FWHM),
depends heavily on the microwave power in OPCB tubes. Such
dependence is not obvious in the cesium-beam clock with magnetic
state selection. Figure 7 shows the dependence on the tubes of OPCB
(three solid lines) and of MSCB (dashed line), obtained by numer-
ical calculation. So the servo control of microwave power can be
achieved by maintaining a constant Ramsey FWHM: First, set an
appropriate initial value of the Ramsey FWHM, and then period-
ically collect the current Ramsey FWHM and compare it with the
initial value to obtain error signals, then feed the error signals back
to the control system of the microwave power.

There are many frequency shifts coupling microwave power
instability to the clock’s frequency variations, such as Rabi pulling,
cavity pulling, and second-order Doppler effect.17,18 It is reported
that the sensitivity of the clock’s frequency stability to microwave

FIG. 7. Variation in the Ramsey pattern linewidth against the relative microwave
power W r for given transit time distribution functions. The dashed line corresponds
to the truncated Maxwell distribution with TL = T0 and TH = 2T0 assumed. The
linewidths of the Ramsey pattern are generally more sensitive to the microwave
power in OPCB tubes than that in MSCB tubes, for given transit time distribution
functions. (a) FWHM is full width at half maximum and (b) FSPV is frequency
separation between the peak and the valley of the Ramsey pattern.

power is about 10−13 to 10−15 dB−1.4 For the OPCB frequency
standard with n = 2 in our laboratory, when b is around bopt, the
microwave power sensitivity is measured to be about 5 × 10−13 dB−1,
while the sensitivity of the Ramsey FWHM to the microwave power
is measured to be ∼28 Hz/dB, which is close to the theoretical result
shown in Fig. 7(a). Therefore, according to a simple calculation, the
effect of microwave power drift on the long-term stability of the
atomic clock can be reduced to a low level of 5 × 10−15, as long as
the FWHM of the Ramsey pattern is stabilized with less than about
0.28 Hz residual fluctuation.

However, it is time consuming to obtain the FWHM of the
Ramsey pattern precisely by circuits and programs. Fortunately, as
is shown in Figs. 8 and 7(b), the frequency separation between the
peak and the valley (FSPV) of the Ramsey pattern shares similar
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FIG. 8. Frequency separation between the peak and the valley (FSPV) of the Ram-
sey pattern. The frequency corresponding to the peak, which served as the servo
reference for the clock frequency, is very stable, and the FSPV is only determined
by the position of the valley. It is assumed that b = bopt, with n = 2.

properties with the FWHM. Hence, we can take FSPV as an appro-
priate alternative, for simplicity of realization. The peak of the Ram-
sey pattern is corresponding to the reference line of the clock fre-
quency, which is very stable. It means that the servo control of
the microwave power is converted into the problem of accurately
locking the valley position f v of the Ramsey pattern (Fig. 8), which
can be simply realized by applying a modulation to the microwave
frequency around the valley.

In summary, the traditional extremum method achieves lock-
ing the microwave power to the optimum value by locking the
microwave amplitude around the peak of the response curve;
because of the sharper response curve with a higher Q value in the
MSCB tube than that in the OPCB tube, the traditional method is
better used for the MSCB tube. Because of the higher sensitivity of
the Ramsey FSPV to the microwave power in the OPCB tube than
that in MSCB tube, the linewidth locking method is better used for
the OPCB tube.

V. DISCUSSION
A. Effects of the cesium oven temperature

No matter which method is used to control the microwave
power in OPCB frequency standards, the temperature Temoven of the
cesium oven should be considered, which is the only factor affecting
the servo accuracy.

As to the traditional extremum method, the only servo ref-
erence is Wopt corresponding to bopt, which varies with Temoven
slightly. In order to show the sensitivity of the servo reference to
Temoven, we have calculated the variation in Wopt(Temoven) relative
to the case of Temoven = 100 ○C, as is shown in Fig. 9(a),

Sbopt = 10 log10 (
Wopt(Temoven)
Wopt(100 ○C) )

= 20 log10 (
bopt(Temoven)
bopt(100 ○C) ). (6)

FIG. 9. Variations in the servo reference for controlling the microwave power in
the OPCB tube vs the cesium oven temperature for given transit time distribution
functions. It is assumed that the microwave power is stabilized to W opt by (a) using
the traditional extremum method and (b) using the linewidth locking method.

When using the linewidth locking method to stabilize the
microwave power to Wopt, the servo reference is the FSPV, which
also changes with Temoven slightly (Fig. 10). In order to show the
sensitivity of the servo reference to Temoven, we have calculated the
variation in FSPV(Temoven) relative to the case of Temoven = 100 ○C,

Fr(Temoven) = FSPV(Temoven) − FSPV(100 ○C). (7)

For comparison, Fr should be converted into the form of the
microwave power,

SFSPV(Temoven) = Fr(Temoven)/k. (8)

Here, k = δFSPV/δWr is the slope of the curve, as shown in Fig. 7(b),
at Wr = 0 with Temoven = 100 ○C. Within the scope of this article,
Temoven varies from 90 ○C to 120 ○C. According to Fig. 9(a), the cor-
responding maximum variation in microwave power is from −0.12
dB to 0.24 dB. In addition, according to Fig. 7(b), the slopes of the
curves hardly change in this range, so Eq. (8) is valid when Temoven
varies from 90 ○C to 120 ○C. Results were obtained by numerical
calculation, as shown in Fig. 9(b), where it can be noticed that the
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FIG. 10. Relationship between FSPV and the oven temperature, obtained by
numerical calculation.

servo references are more insensitive to the cesium oven tempera-
ture by using the linewidth locking method than using the extremum
method, for given values of n = 1 and 2. In the case of n = 3, the two
methods bring about the same sensitivity to the oven temperature.

For the sensitivity of our OPCB frequency standard’s frequency
to the oven temperature, it is too small to be measured under the
conditions we have, so we just make an estimate. For the OPCB fre-
quency standard with n = 2 in our laboratory, when b is around bopt,
the microwave power sensitivity is measured to be about 5 × 10−13

dB−1, and according to the sensitivity of bopt to Temoven (Fig. 9),
we estimate that the sensitivity of the clock’s frequency to the oven
temperature will not exceed 6 × 10−15 ○C−1. If the linewidth locking
method is applied, the sensitivity of the clock’s frequency to the oven
temperature will be about 3.3 × 10−15 ○C−1.

B. Simplification of circuits designs
Compared with the amplitude modulation (AM) of the classical

extremum method, the linewidth locking method is based on fre-
quency modulation (FM) instead. By using direct digital frequency
synthesis (DDS), it is convenient to implement the modulation
depth and modulation frequency precisely and flexibly.

Most of all, in the circuit design, we can combine the two servo
control systems of the microwave power and the C field. As another
important source contributing to the fractional uncertainty of the
clock frequency,4 the C field is commonly stabilized by locking the
Zeeman shift (Fig. 11),19 which is the frequency separation between
the center of the (F = 4, mF = 0)↔ (F = 3, mF = 0) transition line (0-
0 line) and that of any adjacent Ramsey pattern [the (4, 1)↔ (3, 1)
transition line or the (4, −1)↔ (3, −1) transition line]. More specif-
ically, using the linewidth locking method makes the servo control
systems of microwave power and the C field share the same technical
means and conduces to simplify the circuit design.

C. Improvement in the frequency stability
performance

In contrast to a single value of Wopt as the servo reference pro-
vided by the extremum method, we can arbitrarily set the target

FIG. 11. Fractional microwave spectrum of a cesium-beam frequency standard:
f z is the center of the 1-1 line. The FSPV is used for the servo control of the
microwave power, and the Zeeman shift is used for servo control of the C field.

value of microwave power within a certain range with the help of
the linewidth locking method. In the following sections, we will
demonstrate that the frequency stability of the atomic clock will
be improved to a certain degree, if the value of the microwave
interrogation field is less than bopt.20

For the OPCB frequency standard with n = 2 in our laboratory,
the FSPV of the Ramsey pattern is used to control the microwave
power in experiment. In order to improve the frequency stabil-
ity while maintaining the sensitivity of FSPV to microwave power,
the value of microwave power is 3 dB lower than the optimum
value. Figure 12 shows the Allan deviations of our OPCB frequency
standard with different methods for controlling microwave power.

FIG. 12. Allan deviations of the optically pumped cesium-beam frequency stan-
dard with n = 2 in our laboratory against the reference hydrogen maser. Red-solid
circles are the Allan deviation by using the linewidth locking method to control
the microwave power 3 dB below the optimal value. Red-hollow squares are the
results by using the traditional extremum method to control the microwave power
at the optimal value.19
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The Allan deviations are measured against the reference hydrogen
maser (VCH-1008, VREMYA-CH). A picosecond resolution instru-
ment (PicoTime-1U, Orolia) was used to perform the frequency
comparison. Using the traditional extremum method to lock the
microwave power at the optimal value, the Allan deviation is 3.12 ×
10−12/

√
τ,19 which is almost the same as that with the linewidth

locking method at the same microwave power. When using the
linewidth locking method to lock the microwave power 3 dB lower
than the optimum value, the Allan deviation is 2.64 × 10−12/

√
τ,

which shows a 17% improvement and continues until the averaging
time exceeds 1 × 105 s.

VI. CONCLUSION
In conclusion, we have described a novel linewidth locking

method for optically pumping cesium-beam clocks to stabilize the
microwave power. This method has been shown to be able to pro-
vide arbitrary servo reference within a certain range around or below
the optimum value of the microwave interrogation field due to the
wide distribution of atomic velocity. In addition, the servo refer-
ence is insensitive to the drift of the cesium oven temperature. In
addition, the mode of frequency modulation enables us to unify the
servo systems of the C field and microwave power while simplifying
the relevant design of circuits. Finally, by using the new method, it
is convenient to accurately stabilize the microwave power at a rel-
atively low level, where the frequency stability of the atomic clock
is prospective to be improved by certain degrees owing to a rela-
tively narrow Ramsey linewidth. In the experiment, the frequency
stability of the OPCB frequency standard has been improved by 17%
to 2.64 × 10−12/

√
τ and continues until the averaging time exceeds

1 × 105 s, which proves the advantage of the linewidth locking
method.
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