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In the 199Hg+ ion microwave clock, the Zeeman decoherence effect caused by the overlapping of Zeeman sidebands
and the radial secular motion sidebands will decrease the contrast of the Ramsey fringe, thus reducing the signal-to-noise
ratio of the spectra. In this paper, the Zeeman decoherence effect is analyzed theoretically and investigated experimentally.
A simplified model is built to describe the Ramsey spectral probability, in which the transverse relaxation time T2 is
introduced to characterize the influence of the Zeeman decoherence effect phenomenologically. The experiments were
carried out on a linear quadrupole trap 199Hg+ ion clock. The results show that the probability model matches well with
the experimental data, and the magnetic field value should be more than 150 mGs (1 Gs = 10−4 T) to avoid the Zeeman
decoherence effect.
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1. Introduction
Atomic clocks are the most accurate time–frequency stan-

dard known in the world. Atomic clocks are widely used
in scientific research and engineering technology fields such
as timekeeping,[1,2] satellite navigation,[3] and deep space
exploration.[4] The 199Hg+ ion microwave clock is based
on using ion trap technology, 202Hg ultraviolet (UV) dis-
charge lamp pumping, and buffer gas cooling, making it
lightweight, small volume, simple structure, and good relia-
bility. The 199Hg+ ion microwave clock exhibits low second-
order Doppler shift,[5,6] suitable for miniaturization,[7] and
low environmental sensitivity,[8] making it an ideal choice for
the next generation of space clock and timekeeping clock.[9,10]

Due to the inevitable coupling between the atomic system
and the surrounding environment, such as spontaneous emis-
sion, magnetic field noise,[11] spin-exchange collisions,[12]

and collision,[13] etc., it will cause the decoherence of the
quantum system. The decoherence will lead to a rapid de-
phasing of the system’s wave function and consequently af-
fect the transition frequency in research areas such as ultra-
cold atomic ensembles,[14] superconducting devices,[15] and
nitrogen–vacancy centers in diamond.[16,17] The advantage of
the 199Hg+ ion microwave clock is that there are no wall col-
lisions to repopulate a state-prepared two-level ion (T1 relax-
ation) or to destroy atomic coherence (T2 relaxation),[18] so
very high resolution can be achieved. The short-term stabil-
ity performance of the 199Hg+ ion microwave clock is de-

termined by Allan variance σ = 1
π(SNR)Q

√
Tc/t, where t is

the averaging time, Tc is the cycle time, SNR is the signal-
to-noise ratio, the quality factor Q = υ0/∆υ , where ∆υ is
the central Ramsey fringe width and υ0 = 40.5 GHz. The
SNR = (S/2)/

√
S/2+B, where S is the signal size measured

at the maximum point, B is the amount of background col-
lected light not contributing to the signal. However, the Zee-
man decoherence effect caused by the overlapping of the Zee-
man sidebands and radial secular motion sidebands of 199Hg+

ions could decrease the contrast of Ramsey fringes.[19] The
SNR is proportional to the contrast of the Ramsey fringe which
is defined as the ratio of the difference between the maximum
and minimum values of the fringes to their sum, meaning that
the Zeeman decoherence effect negatively impacts the perfor-
mance of the 199Hg+ ion microwave clock. Previously, to in-
crease the SNR, the free evolution time is appropriately re-
duced, and then the trapping ions experience a shorter deco-
herence process during the two π/2 microwave pulses.[20] The
center line width is broader, though the SNR will increase.

In this paper, we conduct a theoretical analysis and ex-
perimental exploration of the impact of the Zeeman decoher-
ence effects on Ramsey spectra measurements within a lin-
ear quadrupole 199Hg+ ion microwave clock. Our numerical
analysis focuses on the relationship between magnetic field
sidebands, secular motion sidebands, and transverse relaxation
time T2. Furthermore, we give a simple description of a Ram-
sey fringe subject to T2, and obtain the minimum value of
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the magnetic field setting from the experiment to increase the
SNR. Finally, we discuss how to avoid the Zeeman decoher-
ence effect.

2. Experiment principle and setups

The 199Hg+ ion microwave clock operates as a passive
frequency standard, using the ground state hyperfine transi-
tion frequency of 199Hg+ as its reference. The energy level
diagram of 199Hg+ ions and the experimental setup are shown
in Fig. 1. The 199Hg+ ions are confined in a linear quadrupole
trap by applying radio-frequency (RF) voltage to the poles.
The 194.2-nm light emitted by the 202Hg discharge lamp ex-
cites the trapped 199Hg+ ions in the ground state 2S1/2 (F =

1) to the 2P1/2 state. Ions in the 2P1/2 state are unstable
and will spontaneously radiate back to the 2S1/2 (F = 0)

and 2S1/2 (F = 1) states, simultaneously emitting fluores-
cence. After a period of pumping, almost all ions are in
the 2S1/2 (F = 0) state, and the fluorescence disappears, in-
dicating that the optically pumped state selection process is
realized. Then the 40.5-GHz microwave is radiated to the
ions, and the ions take place resonance transition from the
2S1/2 (F = 0) state to the 2S1/2 (F = 1) state. At this time,
if the ions are illuminated with the 202Hg lamp, the fluores-
cence will be observed again. The fluorescence is collected by
a photomultiplier tube (PMT). The actual count is equal to the
ion numbers (signal size) multiplied by the transition probabil-
ity and then added to the background count. A Helmholtz coil
centered on the trapping region is used to apply the C-field
(constant field) quantization axis. To prevent ambient field
disturbances from influencing the ion hyperfine frequency, the
trap region is surrounded by a triple layer magnetic shield.

Computer

Microwave
source

C field coils

Magnetic 

shield
40.5 GHz

PMT

202Hg lamp

(b)

194.2 nm 194.2 nm

40.5 GHz

2S1/2 (F=1)

2S1/2 (F=0)

2P1/2

202Hg+ 199Hg+

(a)

Fig. 1. (a) Hg+ energy level diagram. (b) Schematic experimental setup.

3. Zeeman decoherence effect
For 199Hg+, the nuclear spin I = 1/2, F = 1 states gener-

ate Zeeman splitting as shown in Fig. 2. The ground state hy-
perfine transition spectrum will exhibit three peaks which cor-
respond to the transitions from 2S1/2 (F = 0, mF = 0) state to
2S1/2 (F = 1, mF = 1) state, 2S1/2 (F = 0, mF = 0) state to
2S1/2 (F = 1, mF = 0) state, and 2S1/2 (F = 0, mF = 0) state
to 2S1/2 (F = 1, mF =−1) state. This phenomenon is the
first-order Zeeman effect, with the corresponding frequency
given by

ν
′ = ν0 +


e

4πme
B,

0,

− e
4πme

B,

(1)

where υ0 is the clock transition frequency without distur-
bance, e/(4πme) = 1.4 MHz/Gs (1 Gs = 10−4 T). There is
a second-order Zeeman effect for the clock transition from
2S1/2 (F = 0, mF = 0) state to 2S1/2 (F = 1, mF = 0) state:[19]

ν = ν0 +97.2B2 [Hz/Gs2]. (2)

Assume M is the magnetic shielding factor, BA is the magni-
tude of the ambient magnetic field, Bc is the magnetic field
generated by the C-field coils. Then the total magnetic field is
B = (BA/M)+Bc. According to formula (2), the second-order
Zeeman frequency shift is δν = 2×97.2×B×δB, where δB
is mainly determined by the variation of the C-field coil cur-
rent source. Because of the large magnetic shielding factor M
and the fine C-field power supply, the size of the Bc greatly
affects the magnetic field frequency shift. The second-order
Zeeman frequency shift, the second-order Doppler frequency
shift, and the buffer gas collision frequency shift are the three
primary factors affecting the frequency stability of the 199Hg+

ion microwave clock.[21]

To realize the clock transition (∆mF = 0) from the
2S1/2 (F = 0, mF = 0) state to the 2S1/2 (F = 1, mF = 0)
state in the 199Hg+ ion microwave clock, the direction of the
microwave magnetic field component and the C-field should
be set parallel. The microwave radiation direction is perpen-
dicular to the axis of the trap, ensuring that the ion motion in
this direction is less than the microwave’s wavelength, satis-
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fying the “Lamb–Dick” requirement.[22] However, in practice,
the direction of microwave radiation may not be perfectly per-
pendicular to the axis of the trap. In addition, the length of
the ion trap is long, which means that the microwave propaga-
tion direction will diverge during transmission. Hence, there
will be a magnetic field component of the microwave radiation
which is parallel with the radial direction of the ion trap, and
the allowed transitions obey ∆mF =±1.

F/

F/

40.5 GHz

(a)

F/

F/

mF=1

mF=0

mF=-1

mF=1

mF=0

mF=-1

40.5 GHz

mF=0

0 0.2 0.4 0.6 0.8 1.0
Magnetic induction (T)

(b)

Fig. 2. (a) The ground state hyperfine level structure of 199Hg+ and
(b) magnetic effects.

The ions are trapped in a linear quadrupole trap, where
their radial motion can be approximated as simple harmonic

motion. Because of the Doppler effect, the trapped ions will
have two radial secular motion sidebands, which are about tens
of kHz away from the center frequency. When microwave res-
onance is performed, the microwave angular frequency seen
by the ions in the radial direction is ω0±ωD (ω0 is the clock
transition center frequency, ωD is the radial secular motion
frequency). If the Zeeman sidebands overlap with the radial
secular motion sidebands, then the ions will undergo not only
the ∆mF = 0 transition, but also the transitions with ∆mF = 1
and ∆mF =−1, which leads to the decoherence of the Ramsey
process and causes spectrum deformation.

The Zeeman decoherence effect can be illustrated with
the concept of transverse relaxation time T2. Considering a
two-level system interacts with an optical field, when the in-
terrogation field is switched off, different relaxation processes
can affect the phase relationship between different oscillating
atomic dipoles.[23] The density matrix is

ρ =

(
ρ11 ρ12
ρ21 ρ22

)
. (3)

The diagonal elements ρ11 and ρ22 represent the time-
dependent population densities and the off-diagonal elements
ρ12 and ρ21 represent coherences. T2 relaxation is the addi-
tional relaxation to the coherent terms or non-diagonal terms
of the density matrix. T1 is the longitudinal relaxation time,
which represents the process of changing the number of par-
ticles. T2 relaxation generally proceeds more rapidly than T1

recovery. When the Zeeman sidebands overlap with the secu-
lar motional sidebands, the coherence of ions is destroyed (T2

relaxation).

Free evolution

time T

2
pulse

π

φ

Pe

X

Y

Z

Ω

2
pulse

π

Fig. 3. The Bloch sphere and Ramsey time sequence. Initially, the ion is in the lower energy level, with its magnetic moment directed along
the negative direction of the z axis. A π/2 pulse is then applied, which causes the magnetic moment to rotate 90◦ around the x axis to the XY
plane. During the free evolution time T , the magnetic moment rotates around the z axis on the XY plane. A second π/2 pulse is applied, and
the magnetic moment rotates another 90◦ around the x axis. Ultimately, the projection of the magnetic moment onto the z axis corresponds to
the probability of the ion transitioning from the lower to the upper energy level.

The microwave resonance time sequence for measuring
the Ramsey spectra is illustrated in Fig. 3: two π/2 pulses,
each with a duration of τ , are applied to the ions with an in-
terval of T . Assuming that the atom is initially in the lower
energy level |1〉 state, the probability of measuring an atom
in the upper energy level |2〉 state can be approximated as
follows:[24]

P(2τ +T )≈ 1
2
[1+ cos(ω−ω0)T ]sin2

Ωτ. (4)

Among them, Ω =

√
(ω−ω0)

2 +(Ω ′)2 is the Rabi oscilla-
tion frequency, where ω−ω0 is the detuning, and Ω ′=H0µ/h̄
is proportional to the product of the magnetic field amplitude
H0 of the microwave pulse and the transition magnetic dipole
moment µ of the atom. The central Ramsey fringe width
∆ν ≈ 1/(2T ), and ν = ω/(2π). The formula (4) can be de-
composed into the Rabi part sin2

Ωτ and the Ramsey interfer-
ence part 1

2 [1+ cos(ω−ω0)T ] which could be considered as
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the modulation of the transition probability amplitude caused
by the interference of two separated microwave fields. After
the first π/2 pulse, the spin is out of phase due to the local
microscopic field inhomogeneity, resulting in signal loss. The
decay of magnetization within the XY plane takes an expo-
nential process (e−T/T2). Use the Bloch sphere to calculate
the Ramsey probability under relaxation

P2 (φ ,T ) = 〈2|e i π
4 𝑒φ ·𝜎ρ̂ (T ) e−i π

4 𝑒φ ·𝜎|2〉, (5)

where 𝜎 is the Pauli operator, φ is phase evolution.

e−i π
4 𝑒φ ·𝜎|2〉 =

[
cos

π

4
1̂− i (cosφσ̂x + sinφσ̂y)sin

π

4

]
|2〉

=
1√
2
(1̂− i e−iφ

σ̂+− i e iφ
σ̂−)|2〉

=
1√
2
(|2〉− i e iφ |1〉), (6)

P2 (φ ,T ) =
1
2
[
ρ22 (T )+ρ11 (T )− i e iφ

ρ21 (T )

− i e−iφ
ρ12 (T )

]
. (7)

Here ρ22 (T )+ρ11 (T ) = 1

P2 (φ ,T ) =
1
2
[1−2Im(ρ21 (T ))cosφ

+2Re(ρ12 (T ))sinφ ]. (8)

Setting T = 0, φ = 0

|ψ〉= e−i π
4 σ̂x |1〉= 1√

2
(|1〉− i|2〉) , (9)

ρ21 (0) =−
i
2
, ρ12 (0) =

i
2
. (10)

Then when T ≥ 0, introducing the relaxation term e−T/T2

ρ21 (T ) = ρ21 (0) e−T/T2 =− i
2

e−T/T2 . (11)

Get

P2 (φ ,T ) =
1
2
(
1+ e−T/T2 cosφ

)
. (12)

As shown in Fig. 4(a), the contrast of Ramsey fringes de-
creases as the T2 decreases, where the T2 values corresponding
to the black, red, and blue lines decrease in turn. The Ram-
sey spectra are obtained by scanning microwave pulses with
detuning ∆ and Φ = ∆ × T , where ∆ = ω −ω0, ω0 is the
atomic transition center frequency, and ω is the microwave
angular frequency. Then for the 199Hg+ ion microwave clock,
the probability of ions transition from 2S1/2 (F = 0, mF = 0)
to 2S1/2 (F = 1, mF = 0) is formula (12) multiplied by Rabi
term as shown in Fig. 4(b)

P(F = 1, mF = 0)

=
1
2

[
1+ e−T/T2 cos(ω−ω0)T

]
sin2

Ωτ. (13)

↩  


.

.

.

.

.

P
↼F

/

↪ 
m

F
/


↽

φ



.

.

.

.

.

P


T2>T

T2<T

T2~T

v↩v (Hz)

(b)

(a)

Fig. 4. (a) Ramsey fringe contrast for different T2. (b) The probability
of ions transition from 2S1/2 (F = 0, mF = 0) to 2S1/2 (F = 1, mF = 0)
for different T2.

Then we made relevant experiments on a quadrupole trap
system by applying varying magnetic field magnitudes. First
of all, the sideband spectra of 199Hg+ ions were scanned with
the microwave–optical double resonance method. The four
pictures [(a)–(d)] on the left of Fig. 5 show five peaks, which
are respectively the central frequency peak, two radial secular
motion sidebands, and two Zeeman sidebands. Next, the Ram-
sey spectra were scanned as shown by the black dots in four
pictures [(e)–(h)] on the right side of Fig. 5, with the free evo-
lution time of T = 2.2 s. Each time we change the magnetic
field magnitude Bc, the center frequency would move slightly
according to formula (2).

The analysis of the four sets of experimental data re-
veals that when the RF voltage applied to the ion trap poles
is fixed, the radial secular motion sideband frequency remains
unchanged at ±45 kHz. The Zeeman sidebands are first-order
Doppler broadened with a width of tens of kHz. Initially, when
the magnetic field is small, the Zeeman sidebands and the sec-
ular motion sidebands overlap completely, and the scanned
Ramsey fringe contrast is 0. With the increase of the mag-
netic field, the Zeeman sideband and the secular motion side-
band gradually separate, leading to an increase in the Ramsey
fringe contrast. The Ramsey fringe contrast of picture (h) is
close to 1.

Transverse relaxation decay is used to phenomenally de-
scribe the decrease in Ramsey fringe contrast caused by the
Zeeman decoherence effect. However, formula (13) does not
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match our experimental results. The clock transition of the
199Hg+ ion microwave clock is 2S1/2 (F = 0, mF = 0) to
2S1/2 (F = 1, mF = 0). However, when the microwave clock
uses a 202Hg lamp for light pumping and fluorescence detec-
tion, the spectral range of the 202Hg lamp is relatively wide,
and the three sub-energy levels of 2S1/2 (F = 1, mF = 0, ±1)
cannot be distinguished. Therefore, the 2S1/2 (F = 1, mF =

±1) state ions are also excited to the 2P1/2 state, then sponta-
neously radiate to the 2S1/2 (F = 0) state, participating in the
next optical pumping–microwave resonance–fluorescence de-
tection cycle. The measured fluorescence counts are the sum
of the population numbers on the three sub-energy levels. A
comparison of pictures [(f)–(h)] reveals that while the Zeeman
decoherence effect changes the population probability at the
three hyperfine energy levels, it does not change the number
of ions transitioning between the upper and lower hyperfine
levels in the ground state, thereby maintaining a constant Rabi
envelope. At the detuning is 0, the transition probability is 1.
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Fig. 5. The left depicts the sideband spectra of 199Hg+ ions, with each pic-
ture showing 5 peaks: the central peak, two secular motion sidebands, and
two Zeeman sidebands. The right presents the corresponding Ramsey spec-
tra, wherein the black points are experimental data and the red lines are fitting
lines. As the magnetic field increases, the Ramsey fringe contrast gradually
increases.

We can regard the three sub-levels of 2S1/2 (F = 1) as a
whole, thereby considering 2S1/2 (F = 0) state and 2S1/2 (F =

1) state as two-level systems. Consequently, we introduce
addition terms with unknown coefficient to the formula (13)
to get the probability that ions transition to the upper energy
level 2S1/2 (F = 1), where the relaxation factor is denoted as
e−T/T2 . Furthermore, experimental images suggest that the
decay of the amplitude modulation in Ramsey interference re-
sults in the probability function adopting the following form:

P(F = 1)≈ 1
2
[
A+Be−T/T2 +C e−T/T2 cosφ

]
sin2

Ωτ. (14)

By fitting the formula (14) with the experimental data, the
results show that coefficients A, B, and C are 2, −1, and 1, re-
spectively. Moreover, the microwave resonance time τ , free
evolution time T , signal size, and background counts obtained
by each group of fitting are consistent. So, the fitting is very
successful and then obtain

P(F = 1)

≈ 1
2

[
1+
(

1− e−T/T2
)
+ e−T/T2 cosφ

]
sin2

Ωτ. (15)

The experimental data is fitted using the formula (15). As
shown in Figs. 5(f)–5(h), the black dots are the experimental
data, and the red lines are the fitting lines. Obviously, they
match well. Based on the fitting results, the values of T2 cor-
responding to pictures [(f)–(h)] are 2.38 s, 9.7 s, and 34.8 s
respectively.

4. Discussion
The formula (15) provides an approximate expression that

allows us to understand the impact of the length of ion coher-
ence time on the transition spectrum. The fitting results re-
veal that when the magnetic field is small and the Zeeman side-
bands completely overlap with the secular motion sidebands
as shown in Fig. 5(a), the transverse relaxation time T2 is very
short, leading to the disappearance of Ramsey fringe. This in-
dicates a loss of coherence, resulting in a Rabi line shape for
the spectrum, as shown in Fig. 5(e). And the maximum proba-
bility is less than the other three pictures, indicating that T1

is shorter. When the magnetic field increases, the Zeeman
sidebands gradually move away from the secular motion side-
bands, causing T2 to increase and the fringe contrast to rise.
As the magnetic field reaches 150 mGs as shown in Fig. 5(d),
the T2 is long and the fringe contrast approaches 1, indicat-
ing that the Zeeman decoherence effect has been nearly elimi-
nated. According to the experimental results and analysis, we
can see that the contrast of the Ramsey spectrum is positively
related to transverse relaxation time T2. When the secular mo-
tion sideband frequency is unchanged, a larger magnetic field
results in a longer T2 time. Given that the SNR is proportional
to the contrast of the Ramsey spectrum, suppressing the Zee-
man decoherence effect is crucial for achieving high perfor-
mance in the 199Hg+ ion microwave clock. This requires set-
ting the magnetic field to more than 150 mGs. What is more,
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T2 = 34.8 s is significantly greater than the free evolution time
T = 2.2 s, suggesting that it is feasible to appropriately in-
crease T in future experiments to further narrow the Ramsey
center line width.

The analysis of the location of Zeeman sidebands and sec-
ular motion sidebands can inform the selection of optimal ex-
perimental parameters. There are mainly two ways to avoid
the Zeeman decoherence effect: one is increasing the mag-
netic field, and the other is decreasing the secular motion side-
band frequency. However, an excessively high magnetic field
can lead to a significant second-order Zeeman frequency shift.
Therefore, we need to find the balanced value of the magnetic
field through experiments to ensure that the second-order Zee-
man frequency shift is small and the Zeeman decoherence can
be avoided. If one wants to change the secular motion side-
band frequency, it will be important to control the ion trap RF
voltage, ion cloud temperature, and background gas pressure.
We can analyze the line widths and location of the Zeeman
sideband and motion sideband, from which we can get infor-
mation about the number of ions and the temperature.[22,25]

Armed with that information, we can get a better performance
of the 199Hg+ ion microwave clock probably.

5. Conclusion

In this paper, we conduct a theoretical analysis and exper-
imental investigation of the Ramsey spectral probability model
for the 199Hg+ ions microwave clocks subject to the Zeeman
decoherence effect. The results show that the experimental
data match well with the derived formula. We use the trans-
verse relaxation time T2 to characterize the influence of the
Zeeman decoherence effect phenomenologically. And we find
that in the case of overlapping with Zeeman sidebands and the
secular motion sidebands, a larger magnetic field results in a
larger T2, thereby increasing the contrast of Ramsey fringes.
To avoid the Zeeman decoherence effect, the magnetic field
should be more than 150 mGs. But if the magnetic field is too
large, it might cause a large second-order Zeeman shift. We
have shown that eliminating the Zeeman decoherence effect
can definitely obtain better SNR and significantly improve the
performance of the 199Hg+ ion microwave clock.
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