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Characteristics analysis of
compact cesium atomic clock
with magnetic state selection

Jiang Chen®?*, Ji Wang'?, Lei Guo'?, Jun Yang'?, Pei Ma'?,
Liangyu Huang? and Zhidong Liu*

Science and Technology on Vacuum Technology and Physics Laboratory, Lanzhou, China, ?Lanzhou
Institute of Physics, Lanzhou, China

This paper introduces a compact magnetic state-selection cesium
atomic clock called LIP Cs-3000 and analyses its characteristics. The test
results reveal that the ranges of the line width, peak-to-valley ratio and
signal-to-noise ratio of Ramsey pattern are 340-410 Hz, 2-13 and
2,000-8,000 respectively. The corresponding distributions of these
parameters are derived by using statistical methods. According to these
results, some suggestions are put forward for the further development of the
clock. It is also pointed out that the most important factor affecting the
accuracy of LIP Cs-3000 atomic clock is the uncertainty of cavity phase shift.
In addition, the method to estimate the lifetime of a clock has been
proposed. In the end, the paper gives some environmental adaptability
designs of the clock, which enable the clock to be used in complex
environments.

KEYWORDS

cesium atomic clock, cesium beam tube, accuracy, stability, ramsey pattern, electron
multiplier

Introduction

The function of a compact cesium atomic clock with magnetic state selection is to
realize the definition of SI second in a continuous and reliable manner, providing the user
with frequency signals with high stability and accuracy. Thus this kind of clock has been
widely used in time keeping, navigation, positioning, communication, and other fields in
the world [1-7].

Presently, there are several brands of such atomic clock that can be available on the
market. The cesium clock 5071A has specifications with an accuracy of + 5 x 107> and a
stability of 2.7 x 107!* at 100,000 s [8]. OSA 3235B Cesium Clock has a specified accuracy
of £ 1 x 10712 and a stability of 8.5 x 1071 at 100,000 s [9]. Although these clocks show
excellent performance in many applications, the analysis of their characteristics is rarely
discussed in the literature. This situation is not conducive to the development of cesium
atomic clocks with magnetic state selection.

To solve this problem, the paper introduces a compact magnetic state-selection
cesium clock called LIP Cs-3000 which was developed at Lanzhou Institute of
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FIGURE 1

LIP Cs-3000 cesium atomic clock. The overall dimension of

the LIP Cs-3000 is 435 mm x 133 mm x 500 mm. It is the standard
dimension of the 3U case. Thus the LIP Cs-3000 could easily been
installed on the standard 19 inch cabinet.

Physics in China [10, 11]. The paper adopts statistical
methods to obtain the distributions of the line width,
signal-to-noise and peak-to-valley ratio of Ramsey
pattern. Based on the results, the range of stability of LIP
Cs-3000 is calculated and the further development of the
clock is suggested. The paper also analyzes various factors
affecting accuracy and points out that the most important
factor is the uncertainty of cavity phase shift. We expect that
this conclusion will help improve the accuracy of the atomic
clock in the future. In addition, the paper studies how to
estimate the lifetime of LIP Cs-3000 clock and derives that
the lifetime of the clock is larger than 5 years. The formula
for assessing lifetime can be also used in other brands of
cesium atomic clocks. In the end, the paper gives some
environmental tests of LIP Cs-3000, which show that the
clock can be applied to some complex environments. The
contents of this paper not only contribute to the further
development of LIP Cs-3000, but also can be applied to other brands

of compact cesium atomic clocks to improve performance.

Principle and scheme

LIP Cs-3000 (see Figure 1) uses an identical two-wire
magnetic field which realized by Stern-Gerlach magnet to
prepare and detect atomic states and Ramsey-separated field
excitation to achieve the state transitions [6, 7]. The transition
signal is sent to a servo system to tune a voltage controlled crystal
oscillator (VCXO).

Figure 2A shows a schematic diagram of the cesium atomic
clock of LIP Cs-3000. A beam of atoms emerges from the oven
at a temperature near 110°C and travels through the state-
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preparation region (the A magnet in Figure 2A), where the
beam is split into two beams of atoms with different atomic
states. These states are characterized by two quantum number
F and mp, where F = 3 or 4 and my can have integer values
between -F and +F (see Figure 2B). Therefore, there are
16 possible states of cesium, but only the transition
between the [4,0) and |3,0) states is used to define SI
second. One of the beams where the atoms are in F =4
with mp # — 4 states is absorbed by getter, but the other
where the atoms are in |F =3, mpy and |F =4, mp = —4)
states is deflected into the Ramsey cavity where the
technique of separated oscillating fields is realized. The
cavity is bent in a way shown in Figure 2A and the atomic
beam enters and leaves the two end sections of the cavity through
small holes near the end plates. The atoms in |F = 3, mp = 0)
state will change their |F =4, mp =0y with
probability [12]

M<c0s<AT + Q) - ésin(AT + Q) tan(qt))
e 2 q 2
1)

where A = (w — wy)/2, wy = 21vy, Vo = 9192631770 Hz, w is the
angular microwave excitation frequency, ¢ is the transit time

state to

P=

through a cavity end, T is the transit time in the drift region
between the cavity ends, 0 is the phase angle lead of the
microwaves in the second cavity end with respect to that in the
first, 2b is the Rabi frequency of the cesium in the microwave
magnetic field and g = (A + b%)"?
cavity, the atoms pass through the second two-wire magnetic
field (the B magnet in Figure 2A). The two-wire field directs
only the atoms in changed state |F = 4, mp = 0) to the hot-

. After leaving the Ramsey

wire jonizer where the atoms are changed into ions; the other
atoms are directed to getter and absorbed. The electron
multiplier amplifies the ion flow as an electric current
signal which contains the frequency offset of the RF signal
that comes from the VCXO. Signal amplifier makes the
current signal to the level that the servo system can
operate. The servo system calculates the frequency offset of
the VCXO and tunes the VCXO to lock to cesium resonance.
Then standard output frequencies, such as 5MHz, and
10 MHz, are derived from the output amplifier and used as
reference signals.

Performance and analysis

Important performance aspects of compact cesium atomic
clocks include the stability and accuracy. The stability is the
degree to which the atomic clock produces the same value of
frequency throughout a specified time interval. The accuracy
reflects the degree to which atomic clock output frequency agrees
with the value corresponding to the definition of the SI second.
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Principle of LIP Cs-3000 cesium atomic clock. (A) Schematic of LIP Cs-3000. (B) Cesium ground state sublevels in a magnetic field.

w
[=]

N
q

N
=

=

Signal Current (x10°A)
&

@q

_/C
2000

1000 0 1000 3000

v-v, (Hz)

-3000 -2000

FIGURE 3
The Ramsey pattern of the CBT of LIP Cs-3000 (vo =
9192631770 Hz).

Stability

The frequency stability depends on the averaging time and on
the Ramsey pattern of the cesium beam tube (CBT) of an atomic
clock. The typical curve of Ramsey pattern of LIP Cs-3000 is
shown in Figure 3. The curve can be described by three
parameters including line width, peak-to-valley ratio and
signal-to-noise ratio, which determine the Allan deviation oy
according to the formula as follows [13]

o = 0.55\ 2T AIC Ay 11 @)
F="N1+4/C v, SIN VT

where Av is line width, A is the amplitude of the signal, C is the
average valley value of the signal, (A + C)/C is peak-to-valley
ratio, S/N is signal-to-noise ratio and 7 is the averaging time in
seconds.

The line width Av is defined as the full width at half
maximum of the central fringe. It can be derived from Eq. 1
as follows [14, 15]
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where t; = L/{v) is the transit time through the cavity, L is the
drift
(vy = _[ vp(v)dv, p(v) is the velocity distribution of the

length between microwave interaction regions,
signal atoms in changed state [4,0). Figure 4 shows the
velocity distribution of LIP Cs-3000, which derived by
Monte Carlo method. Obviously, not every atom in state
[3,0) is selected to finish the transition within CBT. Only
the atoms with velocity located in the range from 100 to
200 m/s have a chance to interact with the microwave.
According to p(v) given in Figure 4, the line width of the
Ramsey pattern for LIP Cs-3000 is less than 400 Hz. Figure 5
shows the line width of over one hundred cesium beam tubes
produced in nearly 4 years. The line widths of these tubes meet
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The line widths of CBTs. (A) Statistical chart of the line widths of CBTs from 2018 to 2021, and there are about 30 or 40 tubes every year

considered. (B) Normal distribution fitting for line width of all tubes.
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The peak-to-valley ratios of CBTs. (A) Statistical chart of the peak-to-valley ratios of CBTs from 2018 to 2021. (B) Burr type XlI distribution fitting

for the peak-to-valley ratios of all tubes.

with the normal distribution with the mean value of 365 Hz
and standard deviation of 18 Hz.

The peak-to-valley ratios of these clocks lie in the range of
2-13 in Figure 6. It can be seen that the peak-to-valley ratios
approximately obey the Burr type XII distribution [16] with
shape parameters of 0.8 and 7.0 and a scale parameter of
5.0 respectively. The peak-to-valley ratio of a cesium beam
tube reveals the relative position of ionization detector (Hot-
wire ionizer in Figure 2A) to the state-selection magnet where
cesium atoms pass through. A higher peak-to-valley ratio
represents a more accurate position of ionization detector
where less cesium atoms without clock transition are
collected. This wide distribution implies that the position
of the
manufacturing process.

ionizer needs more accurate control in

The signal-to-noise ratio is the root mean square noise of the
signal with 1Hz bandwidth. Because square wave frequency
modulation is employed near the central peak of Ramsey pattern,
the signal of CBT is DC signal at each modulation frequency. The
signal-to-noise ratio of the DC signal with noise depends on the

bandwidth of measurement. The signal is filtered with the 1 Hz low
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pass filter centered at the frequency 0 Hz. In general, the signal-to-
noise ratio increases with the increase of cesium oven temperature.
For the convenience of comparison, we fixed the oven temperature
at 110°C in the signal-to-noise ratio test of cesium beam tubes. The
signal-to-noise ratio lies in 2,000-8,000 shown in Figure 7, which
resulting in upmost predicted Allan deviation of less than
5x 10712/1s. The signal-to-noise ratio in Figure 7 is also
approximately fitted with the Burr type XII distribution with
shape parameters of 1.2 and 6.7 and a scale parameter of
4039.5 respectively. It is worth noting that the high signal-to-
noise ratio of more than 7,000 can be obtained for the magnetic
state-selection CBT. Higher signal-to-noise ratio means better
collimation of the atomic beam in CBT. However the proportion
of cesium beam tubes with high signal-to-noise ratio is less than 5%.
This means that we need to improve the accuracy of beam optical
parameters in the manufacturing process of CBT. In particular,
considering that the magnetic field is the largest source of atomic
beam divergence, we should improve the assembly accuracy of A
and B magnets.

If we take Av =~ 340 ~ 400 Hz, (A + C)/C = 3.5 ~10 and
S/N = 2500 ~ 6000 into Eq. 2,

we immediately get
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The signal-to-noise ratios of the CBTs. (A) Statistical chart of the signal-to-noise ratios of CBTs from 2018 to 2021. (B) Burr type XlI distribution

fitting for the signal-to-noise ratio of all tubes.
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The Allan deviation data of LIP Cs-3000 atomic clocks.
Csnn—LIP Cs-3000 clocks. The dotted lines are corresponding to
1.1x 107/4/7 and 3.6 x 107%2//7.

o5~ 11x 107" ~ 3.6 x 107*2/~/7. Figure 8 shows the Allan
deviation data of 15 cesium atomic clocks during 15-days
continuous the National of
Metrology (NIM) of China. The frequency reference of
10 MHz signal is atomic time scale of NIM. The typical
frequency  stability of the cock is 5 x 107'%/Is,
3.5x 107'/10s, 8.5 x 10713/100, 2.7 x 107%/1000's,
8.5 x 10714/10000s and 2.7 x 10714/100000's. As a supplement,
we also give the 5-days stability of LIP Cs-3000 here, which
ranges from 9.0 x 107° to 2.0 x 1074,

measurement at Institute

Accuracy

The accuracy of the LIP Cs-3000 clock is within the range
of +3 x 10713, Figure 9 shows the fractional frequency in
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The fractional frequency of LIP Cs-3000 cesium atomic
clock.
hours of one of the clock with the accuracy of

-1.29 x 107!* compared with UTC (NIM). There are several
factors that influence the accuracy of LIP Cs-3000 clocks. The
most important factors include the uncertainty in the
derivation of the second-order Zeeman frequency shift, the
second-order Doppler effect and the uncertainty in the
measurement of the cavity and others.

The second-order Zeeman frequency shift is given by [17].

v = v, +427.45B2, 4)

where B is the C field and v, = 9192631770 Hz. If B has an
increment dB, then v has an increment dv = 854.9BdB. For LIP
Cs-3000 clocks, B = 0.06G and dB/B<1 x 107%. Thus we have
$<3.35x 107,

The second-order Doppler effect originates from the time
dilation phenomenon of relativity. For an atom of velocity v,
the fractional frequency shift is given by the equation (17)
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TABLE 1 Summary of frequency shifts and their uncertainties in LIP Cs-3000.

Origin of shift

Typical size (x107'*)

10.3389/fphy.2022.959343

Typical uncertainty achieved

(x107'%)
Magnetic field ~10,000 34
Second-order Doppler effect ~10 1.2
Black body radiation ~2 0.03
Cavity pulling ~0.5to 1 0.06
Bloch-Siegert effect ~0.1 <0.03
Majorana transitions ~0.2 <0.13
Rabi and Ramsey pulling <0.2 0.002
Microwave spectrum <4 0.4
Microwave leakage ~0.1 <0.1
Electronic system ~0.3 0.3
Cavity phase shift ~10 20-30
2
V= v
W 2 ® :
o
10
where ¢ is the speed of light. Considering the velocities of the "
atoms are spread according to the distribution p(v) (see . /l/.
4 ]
Figure 4), so the v in (5) should be displaced by average 10 m”
]
Vavg. For LIP Cs-3000, dvsyg/Vayy<0.1, therefore ‘3—: = /./
2 -14 n
_(vivg/c ) (dVayg/Vayg) < — 1.2 x 1074, < 10° .
The end-to-end cavity phase shift ¢ also introduces a = /./
frequency shift as follows [17] O .
]
[} 4 | e
v=—— 6 10 L
2nT (©) o
./
where T is the transit time in the drift region between the cavity
3
ends. The phase shift comes from the energy losses occurring in 10 r—— 1 1 1T T 71— T
-1000 -1250 -1500 -1750 -2000 -2250 -2500
the cavity wall and in the two terminations and unequal lengths Vol v
of the two cavity-arms. In general, the relative frequency shift oltage(V)
amounts to the level of 107! for compact cesium clocks [17, 18]. FIGURELO

But the relative frequency variation is difficult to determine from
the energy losses, which limit the accuracy to which the phase
asymmetry in the Ramsey cavity can be determined. To estimate
the relative frequency variation, we had to consider other effects
including black body radiation, Bloch-Siegert effect etc. These
effects, however, introduce smaller uncertainties than those
mentioned above. Table 1 lists the various frequency shifts
and the accuracy in the determination of these shifts for LIP
Cs-3000. We find that the combined uncertainty of the clock is
less than 5 x 107'* if we consider all origin shifts but the cavity
phase shift. Considering the accuracy of the clock is
+3x107"%, we can conclude that the uncertainty of the
cavity distributed phase shift exceeds + 2 x 10713, Therefore
it is easy to find that cavity phase shift is actually the greatest
cause of inaccuracy. If we want to improve the accuracy of LIP
Cs-3000 further, we must select a higher performance

microwave cavity.
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The curve of the gain value of the electron multiplier
changing with operating voltage.

Lifetime evaluation

At present, the lifetime of LIP Cs-3000 cesium atomic clock is
almost equal to that of electron multiplier. The multiplier is used
to amplify the signal current of about 1 pA to tens or even
hundreds of nA. However, this amplification ability will
gradually decrease over time [19]. When it reduces to a
certain extent, the life of multiplier, that is, the life of cesium
clock, will end [20].

The lifetime of electron multiplier depends on two
parameters called gain and decay rate of gain [21, 22]. The
higher gain and lower decay rate of gain mean the longer
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FIGURE11
The curve of the operating voltage of the electron multiplier
with time in the early stage.

lifetime of a electron multiplier. Gain is a multiple factor by
which the electron multiplier amplifies the current signal. One
of the characteristics of electron multiplier is that its gain
value changes exponentially with the increase of the working
voltage. Figure 10 shows the curve of the gain value of the
electron multiplier of the LIP Cs-3000 clock changing with
operating voltage. We can find from Figure 10 that under the
working voltage of ~2500 V, the gain value can reach 4 x 10°.
Decay rate refers to the average daily decrease of the gain of
the electron multiplier. The decay of gain makes signal current
of CBT lower and lower and therefore deteriorates the long-
term stability of the clock.

To solve the deterioration problem, the function of
automatically regulating the voltage of the electron multiplier
is added into the circuit of LIP Cs-3000. When the gain of the
multiplier varies, the circuit will changes its voltage accordingly
to keep the current stable. Therefore, we can expect that as the
gain continues to decrease, the voltage will continue to rise. It
should be pointed out that in the initial stage of electron
multiplier, one usually observes that the voltage does not increase
but decreases (Figure 11). This is because at this stage, the dynode
surface of the electron multiplier is covered with a layer of impurities,
which will be gradually removed under the bombardment of electrons,
so that the gain of the multiplier became higher and higher. This
process lasts about 1 month to half a year.

The added function that introduced to automatically regulate
the voltage of the electron multiplier improves the long-term
stability of the cesium atomic clock. In addition, it brings another
advantage that the lifetime of an electron multiplier can be
evaluated. When the cesium atomic clock enters the stable
working stage, it can be observed that the voltage increases in
a nearly linear form (see Figure 12). Consequently, as long as the
daily voltage increase of a multiplier is measured, the lifetime of
the multiplier can be calculated according to the following
formula approximately
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The curve of the operating voltage of the electron multiplier
with time after it enters the stable working stage

Tise = W (7)
where T}z, represents the lifetime of a multiplier, V ,;, is the
starting working voltage of a multiplier, V .4 is the maximum
voltage that the circuit can provide, and AV represents the daily
increase of the voltage.

If the initial stage life of the multiplier is considered, the
lifetime Eq. 4 will be modified as follows

Type = Ty + VmaxTVV"M (8)
where T, represents multiplier initial stage life which is in
1 month to half a year. At present, these parameters of the
clock are as follows Ty =~ 1 ~ 6 month, V i, ~— 1200 V,V .0 =
—-2600 V and AV < - 0.7 V/day. According to Eq. 5, the lifetime
of the clock can be estimated to be more than 5 years.

Environmental adaptability

In order to meet the requirements for the application of LIP
Cs-3000 cesium clock in different environments, we have carried
out a series of designs and tests on the environmental
adaptability. These works ensure the quality characteristics of
the clock in different environments during operation,
transportation and storage. Up to now, the designs and tests
are mainly related to mechanical vibration environment, thermal
environment and electromagnetic field environment.

For the mechanical vibration environment, the finite element
analysis method is adopted. The structure of the whole machine
is analyzed, the weak area is found and the reinforcement is
completed, highly reliable components of beam optics in CBT
were designed. On this basis, a random vibration test with road-
level was carried out with vibration frequency in the range of
10-500 Hz and the vibration order 1.04 g. As shown in Table 2,
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TABLE 2 Frequency stability before and after the random vibration
test.

Averaging time (s) Stability

Before test After test
1 3.8 x 10712 3.64 x 10712
10 1.6 x 10712 1.58 x 10712
100 4.85x 10713 490 x 107

there is no significant change in the stability before and after the
vibration test.

A variety of measures have been adopted in the thermal
design. Using the thermal imaging technology, it was found that
the module with the largest heat sources in a cesium atomic clock
is the power supply. Thus the power supply module is installed
on the side wall of the case to accelerate heat exchange. In
addition, different passages of heat dissipation are designed in
the clock. For example, the modules with high power such as
microwave source and 1PPS source are also installed on the case
wall, and the VCXO is positioned near CBT where temperature
variation is relatively smaller. Meanwhile, the clock adopts
constant-temperature VCXO with “SC-cut”, which has good
temperature characteristics and small temperature coefficient.
Therefore the clock can start up and operate normally after low
and high temperature storage tests carried out at —40°C and
+70°C. The temperature coefficient measured in range of —20
~+55°C is 1.4 x 1071*/°C compared with 5.4 x 107*/°C without
the design of heat dissipation. The frequency curves under the
different temperatures are shown in Figure 13.

In terms of electromagnetic field environment, shielding
technology is mainly used. By establishing the relation
between magnetic sensitivity and permeability of magnetic
shield in a cesium clock, a magnetic shield system with high
permeability more than 150,000 is designed in CBT. As a result,

10°
e

- ‘8. =0:--20°C

10 e - %= +55°C

s 8.

g \\‘g

E 1077 \\

< ’

10 T T T T
1 10 100 1000 10000 100000
(s)

FIGURE 13
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the total shielding efficiency is greater than 2 x 10° and the
remanence in C field zone is less than 1nT, which can resist the
influence of external magnetic field on the uniform of C field.
Therefore the magnetic sensitivity of the clock measured by
Helmholtz coil at room temperature is less than
2.25x 107#/G (-2G~+2G). In addition, each module is
shielded by metal
electromagnetic interference, which made the clocks be passed

screen independently to  avoid
by some electromagnetic compatibility test items including
CE102, CS101, CS114, CS115, Cs116, RE102 and RS103 [23].
Although the clock has passed the above tests, some other
tests, such as drop, functional shock and temperature shock, need
to be completed in the future. We expect that these new tests will
help improve the adaptability of the clocks further and make the
clocks be applied to the more complex environments such as

vehicles and ships and so on.

Summary

This paper has studied and analyzed the performance of LIP
Cs-3000 their
characteristics and test data. The statistical data show that the

cesium clocks according to technical
range of value of line width, peak-to-valley ratio and signal-to-
noise ratio of Ramsey pattern are 340-410 Hz, 2-13 and
2,000-8,000 respectively. These values assure that the Allan
deviations of the «clocks lies in the range of
1.1 x 107! ~ 3.6 x 10712/+/7, which are consistent with the
test results (see Figure 8). The statistical data also show that
the line widths subject to the normal distribution, while the peak-
to-valley ratio and signal-to-noise ratio approximately obey Burr
type XII distribution. Their ranges are relatively wide, indicating
that the consistency of the manufacture process needs to be
improved. In addition, the paper analyzed various factors
affecting accuracy and pointed out that LIP Cs-3000 clock has
a specified accuracy of 3 x 10713, At the same time, the most

important factor affecting accuracy is the uncertainty caused by
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the cavity phase shift. This means that if we want to improve the
accuracy of LIP Cs-3000 further, we must select a higher
performance microwave cavity. The paper also studied how to
estimate the lifetime of LIP Cs-3000 clock. Considering that
lifetime of the clock is almost equal to that of electron multiplier
and the multiplier lifetime is related to its voltage variation, we
proposed to use the trend of the voltage variation to estimate the
clock lifetime. According to this method we obtained that the
lifetime of the clock is larger than 5 years. To improve the lifetime
further, we need to prepare and adopt such a secondary electron
emission film in the multiplier, which is more insensitive to the
environment. In the end, the paper introduced some
environmental adaptability designs of the clock, which ensure
that the temperature coefficient and magnetic sensitivity reach
1.4 x 1071*/°C and 2.25 x 1071/G respectively. In order to get a
lower temperature coefficient, we need to carry out the
optimization of thermal design of the clock.
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