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The caesium atomic fountain clock is a primary frequency standard. During its operation, a Majorana transition fre-
quency shift will occur once a magnetic field at some special locations along the atomic trajectory is singular. In this study,
by developing a physical model, we analyzed the magnetic field requirements for atomic adiabatic transition and calculated
the influence of the Majorana atomic transition on the atomic state via a quantum method. Based on the simulation results
for the magnetic field in the fountain clock, we applied the Monte Carlo method to simulate the relationship between the
Majorana transition frequency shift and the magnetic field at the entrance of the magnetic shielding, as well as the initial
atomic population. Measurement of the Majorana transition frequency shift was realized by state-selecting asymmetrically
populated atoms. The relationship between the Majorana transition frequency shift and the axial magnetic field at the en-
trance of the magnetic shielding was obtained. The measured results were essentially consistent with the calculated results.
Thus, the magnetic field at the entrance of the magnetic shielding was configured, and the Majorana transition frequency
shift of the fountain clock was calculated to be 4.57×10−18.
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population
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1. Introduction

During the movement of atoms in a magnetic field, when
the change rate of the magnetic field experienced by an atom is
higher than the Larmor procession frequency the atomic mag-
netic moment fails to follow the magnetic field at such a rapid
rate. Thus, atomic non-adiabatic transitions occur between the
Zeeman sublevels; these are called Majorana transitions.[1] In
a thermal beam clock, the Majorana transition frequency shift
is significant owing to the existence of strong magnetic fields
and atoms moving at high speed.[2–4] By contrast, the Majo-
rana transition frequency shift is relatively small in a caesium
atomic fountain clock because of the weak magnetic field and
slow atomic velocity.[5–8] However, once the magnetic field
design is no longer perfect, with a large gradient and near-zero
magnetic field at the entrance of the magnetic shielding, Ma-
jorana transitions, and the problems associated with this phe-
nomenon in experiments, will occur.[9,10] In this study, the Ma-
jorana transition frequency shift of a caesium atomic fountain
clock was investigated, and its mechanism was theoretically
analyzed. The frequency shifts of different initial atomic states
in different axial magnetic fields were numerically simulated
using the Monte Carlo method. Moreover, a dual-frequency
state selection experiment was designed to prepare the asym-

metrically populated atoms. Subsequently, the Majorana tran-
sition frequency shift of two groups of initial antisymmetri-
cally populated atoms was measured, and the relationship be-
tween the Majorana transition frequency shift and axial mag-
netic field was derived. Based on the measurement results, the
magnetic field was optimized to avoid the occurrence of Ma-
jorana transition and reduce the frequency shift.

2. Mechanism of the Majorana transition fre-
quency shift in caesium atomic fountain
clocks

A schematic of a caesium atomic fountain clock is shown
in Fig. 1. First, magneto-optical trap technology was applied
to capture and cool the atoms, then the gradient magnetic field
produced by anti-Helmholtz coils was switched off to form a
cold atomic cloud. After releasing the cold atomic cloud for
30 ms–50 ms, the upward and downward cooling beams were
detuned to launch the cold atomic cloud upward. Next, the
temperature of the cold atomic cloud was further reduced to
7.5 µK after polarization gradient cooling.[11] The prepared
cold atoms were uniformly distributed on the nine Zeeman
sublevels of F = 4. After entering the state selection cav-
ity, the transitions |4,0〉 → |3,0〉 occurred in the microwave
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magnetic field, and the residual atoms in state |4〉 were elim-
inated by pushing laser light. The cold atomic cloud passed
through Ramsey cavity twice during its upward and down-
ward movements, and Ramsey transition occurred. Both the
Ramsey cavity and the atomic free flight region were placed
inside four-layer magnetic shielding. A weak 160 nT mag-
netic field was generated by the C-field coil inside the mag-
netic shielding, which was used to provide a quantized axis
for atomic transitions and remove degeneracy.[12] A magnetic
field compensation coil was placed at the lower opening end
of magnetic shielding to adjust the intensity and gradient of
the magnetic field. Thus, the Majorana transition could be in-
hibited or eliminated.[13,14] The fall of the cold atomic cloud
was monitored by a dual-energy-level fluorescence detection
system for normalized detection. According to the normalized
Ramsey transition signal, a microwave signal consistent with
the clock transition |3,0〉→ |4,0〉was constantly output by the
servo-controlled frequency synthesizer.

BB

Detection zone

BBBeam combiner

3D-MOT

C-field coil

Ramsey cavity

State selection cavity

Magnetic shielding

Compensation coil

ν0

ν+Dν

Fig. 1. Schematic of a caesium atomic fountain clock.

When a cold atomic cloud passed through the entrance of
the magnetic shielding, the magnetic field decreased rapidly
from 104 nT to nearly 0 nT within a range of 10 cm, and
the atomic velocity was approximately 3.3 m·s−1. If the rate
of change of the magnetic field is higher than the Larmor
precession frequency, the atomic magnetic moment cannot
follow the changing magnetic field. Thus, this may cause
the upward-flying caesium atoms to transit from the state
|3,0〉 non-adiabatically to the coherent superposition states of
|3,m′F〉 (m′F = −3, −2, −1, . . ., 3), and the Majorana tran-
sition occurs, as shown in Majorana region I in Fig. 2. The
atoms keep flying up and down, passing through Ramsey cav-
ity twice and interacting with the magnetic field. Because the
cold atomic cloud has a certain volume and temperature, and
the microwave magnetic field in a Ramsey cavity has a radial
component,[15] ∆F = 1, ∆mF =±1 Ramsey transitions would
occur besides the clock transition.[16,17] As demonstrated in
Ramsey regions I and II in Fig. 2, the black lines represent

the transitions |3,0〉 → |4,±1〉 and the red lines represent the
transitions |3,±1〉 → |4,0〉. Because the atomic population in
states |3,m′F〉(m′F = ±2,±3) is small and these energy levels
are far away from |3,0〉, only the atoms in state |3,0〉 and its
adjacent states |3,±1〉 are considered here. After Ramsey tran-
sition, the cold atomic cloud in the superposition states |4,0〉
and |4,±1〉 keep falling down, passing through the entrance
of the magnetic shielding and experiencing Majorana transi-
tion again. Finally, the caesium atoms would eventually transit
non-adiabatically to the superposition states of all the Zeeman
sublevels. In summary, Majorana transition frequency shift
occurs when the atomic states coupled with adjacent energy
levels through Majorana transition are affected by Ramsey fre-
quency pulling,[18] thus inducing a clock transition frequency
shift.
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Fig. 2. Hyperfine energy levels of caesium atom in the ground state.

According to Ref. [19], atomic adiabatic transition re-
quires that the magnetic field intensity B and gradient ∂𝐵/∂ z
meet the following condition:

1
B

∣∣∣∣∂𝐵∂ z

∣∣∣∣vsinΘ � µBB(gJ−gI)

(2I +1)h̄
, (1)

where gJ and gI are the electronic and nuclear g factors, re-
spectively. µB is Bohr’s magneton, h̄ is the reduced Planck
constant, v = 3.3 m·s−1 is the atomic velocity, I is the nu-
clear spin angular momentum quantum number and Θ is the
angle between the vectors 𝐵 and ∂𝐵/∂ z. Based on calcula-
tion, we concluded that the Majorana atomic transition could
be avoided if the magnetic field intensity B in the range of
1 cm is greater than 30 nT and the gradient ∂𝐵/∂ z is less than
50 nT·cm−1.

When a caesium atom in state |F,mF〉 passes through a
weak and static magnetic field with a large gradient, the proba-
bility of transition to the state |F,m′F〉 at moment t is expressed
by the Majorana transition equation as follows:[1]
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PmF ,m′F
= (F +mF)!(F−mF)!(F +m′F)!(F−m′F)!× cos4F β

2

[
∑r

(−1)r(tan β

2 )
m′F−mF+2r

r!(F +mF − r)!(m′F −mF + r)!(F−m′F − r)!

]2

, (2)

where ∑ denotes the sum of all integers r that ensures the fac-
torial terms are non-negative.

The Majorana transition probability for two-energy-level
atoms with the same gyromagnetic ratio in the same magnetic
field is expressed as follows:

sin2 β

2
= P1

2 ,−
1
2
= e−(γ

2B2/ω ′)π/2, (3)

where ω ′ represents the rate of change of the radial magnetic
field against time, γ is the gyromagnetic ratio and B is the axial
magnetic field intensity, which determines the atomic transi-
tion frequency between the Zeeman levels. A weak axial mag-
netic field and a radial magnetic field that changes rapidly in-
crease the Majorana transition probability. However, a strong
axial magnetic field and a slowly varying radial magnetic field
can inhibit the Majorana atomic transition.

Moreover, the Majorana transition probability is symmet-
rical, as expressed in the following equation:

PmF ,m′F
= Pm′F ,mF

= P−mF ,−m′F
. (4)

According to the Breit–Rabi equation,[20] for caesium
atoms in a magnetic field 𝐵, the frequency difference be-
tween the two adjacent Zeeman sublevels of the energy level
F , mF = m1 for the low energy state and mF = m2 for the high
energy state, is expressed as follows:

∆νm2−m1 = ∆ ± (2m1±1)δ , (5)

where ‘−’ applies when F = 3, ∆ = 3.5098B× 109 Hz·T−1

and δ = 1.3358 × 109B2 Hz·T−2 and ‘+’ applies when
F = 4, ∆ = 3.4986B × 109 Hz·T−1 and δ = −1.3358 ×
109B2 Hz·T−2, as shown in Fig. 2. In a low-frequency mag-
netic field, the atoms only perform coherent transitions be-
tween Zeeman sublevels F = 3 or 4.

A weak magnetic field with a large gradient acting on
a moving atom can be considered as a low-frequency mag-
netic field acting on a stationary atom.[21] The low-frequency
magnetic field is on the x-axis perpendicular to the C-field,
expressed as BL(t) = BL0 cos(2πνt + ϕ), where BL0, 2πν ,
and ϕ represent the amplitude, angular frequency and ini-
tial phase, respectively. Considering the combined influence
of the low-frequency magnetic field and the axial C-field 𝐵,
the Hamiltonian operator of an atom is expressed as 𝐻L =

µB(BL𝑖+B𝑘)(gII+gJJ). The atomic state wave function |Ψ〉
satisfies the Schrödinger equation as follows:

𝐻L |Ψ〉= ih̄
∂

∂ t
|Ψ〉 . (6)

In a seven-level atomic system |3,mF〉(mF = 3, 2, 1, . . .,
−3), the time-dependent Hamiltonian 𝐻L is transformed uni-
tarily into 𝐻 ′

L with no apparent time t.[19] In this representa-
tion, the matrix elements of the unitary transformation opera-
tor U are expressed as follows:

〈F,m2 |U |F,m1〉= δm1m2 e−i(E0/h̄−2πm1ν)t , (7)

where δm1m2 is the Kronecker function. Assuming that each
component of the atomic state wave function |Ψ〉 is expressed
as Cn(t), then the wave function after unitary transformation
is |Ψ ′〉, whose component is denoted by An(t) and satisfies the
following relation:

An (t) =U∗nnCn (t) . (8)

Consequently, the matrix expression of the Schrödinger
equation (as expressed in Eq. (6)) is given as follows:

i
∂

∂ t



A1(t)
A2(t)
A3(t)
A4(t)
A5(t)
A6(t)
A7(t)



=



2π(3ν−3∆ +9δ ) b3 e iϕ/2 0 0 0 0 0
b3 e− iϕ/2 2π(2ν−2∆ +4δ ) b2 e iϕ/2 0 0 0 0

0 b2 e− iϕ/2 2π(ν−∆ +δ ) b1 e iϕ/2 0 0 0
0 0 b1 e− iϕ/2 0 b1 e iϕ/2 0 0
0 0 0 b1 e− iϕ/2 −2π(ν−∆ −δ ) b2 e iϕ/2 0
0 0 0 0 b2 e− iϕ/2 −2π(2ν−2∆ −4δ ) b2 e− iϕ/2
0 0 0 0 0 b3 e− iϕ/2 −2π(3ν−3∆ −9δ )





A1(t)
A2(t)
A3(t)
A4(t)
A5(t)
A6(t)
A7(t)


,

(9)

where the rotating wave approximation is performed during Hamiltonian unitary transformation and the higher-frequency oscil-

lation terms containing 2ν in the low-frequency transition matrix elements are eliminated; b j ( j = 1, 2, 3) denotes the amplitude

040602-3



Chin. Phys. B 32, 040602 (2023)

of the low-frequency transition matrix elements. The atomic
state at any time instant can be determined by solving the
Schrödinger equation.

According to the normalization of wave function, we
solved the secular equation of the Hamiltonian operator 𝐻 ′

L

and obtained the j-th eigenvalue λ j and the corresponding
eigenvectors (D( j)1, D( j)2, D( j)3, D( j)4, D( j)5, D( j)6, D( j)7),
where j is in the range of 1 to 7. According to the matrix char-
acteristics of 𝐻 ′

L, each component of the eigenvectors can be
expressed as follows:

D( j)n = D0
( j)n e−inϕ , (10)

where D0
( j)n is the n-th component amplitude of the eigenvec-

tor or is multiplied by an exponential term.
Therefore, the solution to Eq. (9) can be expressed using

the eigenvectors of 𝐻 ′
L as follows:

An(t) =
7

∑
j=1

l jD0
( j)n e−inϕ−iλ j(t−t0)/h̄, (11)

where the coefficient l j is determined using the initial condi-
tion Cn(t0) of the atom at moment t0, and the eigenvector’s
orthonormality, which is expressed as follows:

l j =
7

∑
n=1

D0
( j)n
∗Cn(t0)e inϕ+i[E0/h̄−2πν(4−n)]t0 . (12)

Therefore, the Schrödinger equation (Eq. (6)) can be solved by
combining Eqs. (8) and (11) as follows:

Cn(t) = e−i[E0/h̄−2πν(4−n)]t

×
7

∑
s=1

Cs(t0)e i(s−n)ϕ+i[E0/h̄−2πν(4−s)]t0

×
7

∑
j=1

D0
( j)s
∗D0

( j)n e−iλ j(t−t0)/h̄ (13)

assuming

7

∑
j=1

D∗( j)sD( j)n e−iλ j(t−t0)/h̄ ≡ Asn e iϕsn . (14)

The atomic state vector component Cn(t) at moment t can be
expressed as follows:

Cn(t) =Unn(t)
7

∑
s=1

U∗ss(t0)Cs(t0)Asn e iϕsn , (15)

where Asn and ϕsn denote the contribution of the amplitude and
phase from the s-th to the n-th atomic state vector component
during the Majorana transition. Thus, an analytical expression
of the atomic state after the Majorana transition including both
the amplitude and phase information is obtained.

Because the cold atom cloud has a certain temperature
and volume, it undergoes free expansion during the rising and

falling stages. Therefore, the radial microwave magnetic field
of the TE011 mode in the Ramsey cavity also participates in the
Ramsey transition. Furthermore, some atoms at the edge are
intercepted by the cut-off waveguide (with a radius of 6 mm)
of the Ramsey cavity and therefore cannot arrive at the de-
tection region. As in the calculation of the Majorana atomic
transition, the atomic state after the Majorana transition is con-
sidered as the initial state. By solving the Schrödinger equa-
tion of the atom under the joint effect of the C-field and high-
frequency microwave magnetic field, the atomic state after the
Majorana transition and Ramsey frequency pulling can be ob-
tained, and the final clock transition signal P can then be de-
rived. The frequency shift of the clock transition caused by
the Majorana transition is expressed as δ ′, and the clock tran-
sition signal P near the resonant frequency ν0 is expressed as
follows:

P = sin2 2bT cos2[πτ(∆ ′−δ
′)], (16)

where the Rabi frequency b is the amplitude of the clock tran-
sition matrix element, T denotes atomic free evolution time
between the two Ramsey interactions, τ is the single action
time of the microwave on the atom and ∆ ′ describes the fre-
quency detuning of the microwave relative to clock transition.
Because the linewidth of the Ramsey transition spectrum is
1 Hz, δ ′ is expressed as follows:

δ
′ = (P1/2−P−1/2)/[2πT (P0−P1)], (17)

where P1/2, P−1/2, P0, and P1 represent the atomic transition
probabilities when the frequency detuning values of the mi-
crowave with respect to clock transition are 0.5 Hz, −0.5 Hz,
0 Hz, and 1 Hz, respectively.

Equation (16) is used to calculate the single Majorana
transition frequency shift δ ′ in a static state. If there is no Ma-
jorana transition frequency shift P1/2 = P−1/2. However, if this
frequency shift occurs P1/2 6= P−1/2, and the magnitude of this
frequency shift is calculated using Eq. (17) directly without
frequency feedback. Once the feedback of the clock transition
frequency comes into play, the frequency shift δ ′ is reduced to
the microwave frequency, and therefore P1/2 is equal to P−1/2

dynamically and δ ′ = 0.
After leaving Ramsey cavity, the atomic cloud passes

through the entrance of the magnetic shielding for the second
time, and the Majorana transition recurs. However, because
the laser detection system cannot distinguish the magneton en-
ergy levels in state |4,mF〉, the Majorana transitions between
Zeeman sublevels in state |4,mF〉 do not affect the clock tran-
sition frequency.
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3. Numerical simulation of the Majorana transi-
tion frequency shift
According to theoretical analysis presented in Section 2,

the exact distribution of the magnetic field at the entrance of
the magnetic shielding is essential for calculating the Majo-
rana transition frequency shift. By setting the central vertex
of the Ramsey cavity as the reference point, and assuming the
upward direction to be the positive direction of the z-axis, we
used finite element analysis to simulate the axial and radial
magnetic fields along the z-axis.[22] The C-field coil was spi-
rally wound with 97 double-wire turns of diameter 260 mm,
height 730 mm and current 1007 µA. Then it was placed in
the magnetic shielding comprising four permalloy tubes. The
compensation coil had a total of 25 turns, a diameter of 50 mm
and a height of 110 mm and was located at the opening of
the lower end of the magnetic shielding. The simulation re-
sults for the magnetic field are indicated by the three curves in
Fig. 3, with Figs. 3(a) and 3(b) representing the axial and ra-
dial magnetic field distribution along the z-axis, respectively.
The black, blue and red lines correspond to the three typical
compensation currents as I1 = 0 µA, 70 µA, and 220 µA, re-
spectively. The change in magnetic field distribution is a result
of the combined effect of the compensation current and mag-
netic shielding. Three end-caps were present, spaced 3 cm
apart at the entrance to the magnetic shielding. The thickness
of each end-cap was 2 mm, and the magnetic permeability of
the magnetic shielding was significantly high. Thus, the sim-
ulated magnetic field varied greatly near each end-cap. No
zero-crossing point was observed in the axial magnetic field.
Around a height of −20.5 cm the axial magnetic field was
weak, whereas the radial magnetic field gradient was large.
As the compensation current was gradually reduced, the ra-
dial magnetic field remained unchanged, whereas the axial
magnetic field weakened accordingly and its gradient became
larger. When the compensation current was 0, the axial mag-
netic field near a height of−20.5 cm was reduced to 30 nT and
the magnetic field gradient was 60.4 nT·cm−1. Thus, atoms
were more prone to Majorana transitions when they passed
through this region at a high velocity.
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Fig. 3. Distribution of the magnetic field along the z-axis at the entrance
to the magnetic shielding of the caesium atomic fountain clock: (a) axial;
(b) radial.

According to the simulated results for the magnetic field,
we developed interpolation functions to replace the axial static

magnetic field B and the radial low-frequency field BL in the
Schrödinger equation (as expressed in Eq. (9)). The atomic
state information after the Majorana transition was obtained
by solving this equation. By setting this atomic state as the
initial state for Ramsey transition, and using the Monte Carlo
method to simulate the temperature and position of the cold
atomic cloud that satisfied the Maxwell and Gaussian distri-
bution, respectively,[23] we solved the Schrödinger equation
in the regime of the high-frequency magnetic field. Subse-
quently, the final atomic state and the corresponding clock
transition signal P were determined. Based on the Majorana
transition frequency shift equation (as expressed in Eq. (17)),
the actual frequency shift was determined.

The initial atomic population and the magnetic field at the
entrance to the magnetic shielding (compensation coil current)
are two important factors that determine the Majorana transi-
tion frequency shift. With the same initial atomic population,
the lower the compensation current is the higher the Majorana
atomic transition probability. When three sets of compensa-
tion currents I1 = 42.7 µA, 58.8 µA, and 67.2 µA were con-
figured and the initial state atoms were only populated in states
|3,0〉 and |3,−1〉, the relationship between the Majorana tran-
sition frequency shift and N−1 the population of atoms in the
state |3,−1〉 was calculated, and was found to be a quadratic
function, as shown in Fig. 4(a).
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Fig. 4. Relationship between Majorana transition frequency shift and the
initial atomic state: (a) atomic population in state |3,−1〉; (b) atomic pop-
ulation difference in states |3,±1〉.

The same compensation currents were configured with
I1 = 42.7 µA, 58.8 µA, and 67.2 µA, and the atoms of the
initial state were populated in three states, |3,0〉 and |3,±1〉,
with the atomic population in state |3,0〉 being a constant
N0 = 62%. The relationship between the Majorana transition
frequency shift and N1−N−1 (the difference in the atomic pop-
ulation of atoms in the two states |3,±1〉) was calculated and
was found to be linear and symmetrical with respect to the
origin, as shown in Fig. 4(b).

According to the above simulation results, the following
two requirements must be met to realize the measurement of
the Majorana transition frequency shift: (i) the frequency shift
must be large enough to be measured, and therefore asymmet-
ric populated atoms are required; (ii) the symmetry of atomic
population cannot be too low, because the loss of symmetry
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will reduce the stability of the atomic fountain clock, result-
ing in a longer measurement period of this frequency shift.
Simultaneously, the frequency drift caused by the frequency
reference (hydrogen maser) will bring a measurement error to
this frequency shift.

We set the initial atomic population in states |3,0〉 and
|3,−1〉 as follows: N0 = 62% and N−1 = 38%, which satis-
fied these two requirements simultaneously. This frequency
shift was amplified to the order of 10−14 and its measurement
uncertainty was kept less than 2×10−15. The relationship be-
tween the Majorana transition frequency shift and compensa-
tion current was calculated, as shown in Fig. 5. With an in-
crease in current, the frequency shift exhibited a tendency to
transform from random to regular oscillations. When the cur-
rent was below 70 µA, the Majorana transition was the most
apparent, and the maximum frequency shift was 3× 10−14.
When the current exceeded 200 µA, the frequency shift oscil-
lated periodically with a period of 78 µA. When the compen-
sation current increased, the axial magnetic field proportion-
ally increased. Therefore, with an increase in the compensa-
tion current, the Majorana atomic transition probability grad-
ually decreased with the coherent phase between the atomic
states proportionally increased. The periodic oscillation meant
that the Majorana transition frequency shift was largely, but
not completely, inhibited, and the changes in current mainly
affected the phase of the atomic state.[18,24] Only if the current
increases to a certain value can the magnetic field satisfy the
atomic adiabatic transition condition and the frequency shift
vanish. However, the current should not be too high as this
would change the magnitude of the second-order Zeeman fre-
quency shift.

During normal operation of the caesium atomic fountain
clock, the frequency shift was reduced by two orders of mag-
nitude and the period remained unchanged. So the compensa-
tion current value for normal operation can be set to the zero-
frequency-shift point near 200 µA in Fig. 5.
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Fig. 5. Relationship between the Majorana transition frequency shift and
the compensation current.

4. Experimental analysis of Majorana transition
frequency shift
The numerical simulations introduced in Section 3 in-

dicate that the Majorana transition frequency shift is deter-
mined by the population of the initial atomic state as well
as the magnetic field along the atomic trajectory. When the
fountain clock is operating normally, the atoms in the initial
state demonstrate a high level of symmetry after state selec-
tion, with almost all of them in state |3,0〉. In this experiment,
the atomic population at each Zeeman sublevel of F = 3 after
the Majorana transition was measured under different com-
pensation currents. When the atoms moved upward through
the Ramsey cavity, a single pulse microwave was fed to excite
the atoms to perform a Rabi transition (∆F = 1, ∆mF = 0).
By varying the microwave frequency, time-of-flight signals
were collected and the population of atoms after the Majorana
transition in each Zeeman sublevel was obtained. According
to Eqs. (1) and (2), we obtained the measured and fitted re-
sults shown in Fig. 6. The horizontal axis represents the com-
pensation current and the vertical axis represents the atomic
population. Figure 6(a) shows the measured value and fitted
curve of the atomic population in state |3,0〉. With a reduc-
tion in the current, the atomic population in this state rapidly
decreased, and the atoms transited to other Zeeman sublevels.
Figure 6(b) shows the atomic population in states |3,±1〉 and
|3,±2〉. With a reduction in the current, the atomic popula-
tion in states |3,±1〉 rapidly increased because they are close
to state |3,0〉. When the current was reduced to 20 µA, the
atomic population in states |3,±1〉 increased to its maximum,
and began to transit to states |3,±2〉 in large quantities. At
this moment, the number of atoms in state |3,0〉 was similar
to that in states |3,±1〉, and remained unchanged. Because of
the large energy interval between states |3,±3〉 and |3,0〉, the
Majorana transition probability was low. In the experiment,
the atoms in the states |3,±3〉 were not observed.
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Fig. 6. Relationship between the current and atomic population after
Majorana transition during normal operation of a caesium atomic foun-
tain clock.

The simulation results indicated that when the initial
atoms were symmetrically populated the Majorana transition
frequency shifts would cancel each other. When the cae-
sium atomic fountain clock was in normal operation, almost
all atoms after state selection were in the single state |3,0〉.
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Even though these atoms performed Majorana transitions, the
atomic population was still highly symmetrical. During its
normal operation, the Majorana transition frequency shift is
significantly small, hence it cannot be measured in an exper-
iment. Therefore, the initial asymmetric populated atoms are
required to amplify this frequency shift.[25]

The experimental device used in this study is indicated
by a dotted box in Fig. 1. Two microwave signal sources
of model SMB100A produced by R&S (Rohde & Schwarz,
Germany) were used for the dual-frequency state selection,
and both signal sources were referenced to the same hydro-
gen maser (VCH-1003M). The microwave signals of differ-
ent frequencies generated by the two sources passed through
the beam combiner and were fed simultaneously into the state
selection cavity. After state selection, the atoms were asym-
metrically populated at the two sublevels of F = 3, indicating
that the initial asymmetric populated atoms were prepared. In
the first group of experiments, the frequency and power of the
two state-selective microwave signals were 9192631813 Hz,
−51.6 dBm and 9192409000 Hz, −30.6 dBm, respectively,
which corresponded to the ground state transitions |4,0〉 →
|3,0〉 and |4,−1〉 → |3,−1〉 of caesium atoms. The current
of the compensation coil was set to 220 µA, whereas other
parameters of the fountain clock remained unchanged. The
atomic population in each sublevel was measured; these were
N0 = 62% for the atoms in state |3,0〉 and N−1 = 38% for the
atoms in state |3,−1〉. When the current of the compensation
coil was gradually reduced, the atomic population in each Zee-
man sublevel was then measured, as shown in Fig. 7.
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Fig. 7. Relationship between the current and atomic population after Ma-
jorana transition with the initial atoms populated asymmetrically.

Figure 7(a) displays the measured atomic population in
states |3,0〉 and |3,−1〉 and figure 7(b) displays those of states
|3,1〉 and |3,−2〉. When the current was reduced, the atomic
population in states |3,0〉 and |3,−1〉 decreased whereas that
in states |3,1〉 and |3,−2〉 increased. Initially, there are 20%
more atoms in state |3,0〉 than in state |3,−1〉. Thus, a higher
atomic transition was observed from state |3,0〉 to state |3,−1〉
compared with the atomic transition from state |3,−1〉 to state
|3,0〉, indicating that the reduction in speed for the atoms
in state |3,0〉 was more significant compared with those in
|3,−1〉. Furthermore, an increase in speed for atoms in state

|3,1〉, being close the state |3,0〉, was more significant than
that of atoms in state |3,−2〉. The measured results illustrated
in Figs. 6 and 7 prove that the atomic population in each state
varies significantly, and the Majorana atomic transition is no-
ticeable when the current is below 90 µA. For the fluctuations
in laser power, atomic population and magnetic field, and be-
cause the Majorana atomic transition probability is more sen-
sitive to weak magnetic fields, the deviation between the fitted
and measured results is quite large.

Taking a hydrogen maser (with a frequency drift rate of
7× 10−17 day−1) as the frequency reference, with the com-
pensation current gradually increasing to 220 µA in steps of
20 µA, the clock frequency under each compensation current
was continuously measured for 2 days. At the end of the mea-
surement, the clock was switched back to its normal opera-
tional mode and the corresponding clock frequency was mea-
sured. The difference between these two frequencies was con-
sidered to be the Majorana transition frequency shift, and the
results are shown in Fig. 8(a). The frequency shift oscillated
as the current increased. When the current was below 90 µA,
the effect of Majorana transition was found to be most sig-
nificant, and the maximum frequency shift reached 2×10−14.
The main reasons for the noticeable difference between theo-
retical calculations and the experimental results at low current
are: (i) the magnetic field values substituted in the calcula-
tion were obtained via simulation and deviated from the actual
magnetic field values to a certain extent; (ii) when the cur-
rent was low, the magnetic field intensity was near zero with
a large gradient. Atoms were more prone to a Majorana tran-
sition, and the frequency shift was more sensitive to current
change. When the current was above 90 µA, the Majorana
atomic transition was inhibited and the atomic phase linearly
increased with the current, resulting in this frequency shift pe-
riodically changing between ±1× 10−14 and the period was
approximately 80 µA. The magnitude, period and tendency of
the frequency shift were essentially consistent with the results
obtained via calculation in Section 3, which validated the the-
oretical model.
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Fig. 8. Relationship between Majorana transition frequency shift and the
current of two groups of initial atoms with reverse asymmetric popula-
tions.

In the second group of experiments, the same method was
used to prepare the atoms, with N0 = 62% for the atoms in the
state |3,0〉 and N1 = 38% for the atoms in state |3,1〉. As the

040602-7



Chin. Phys. B 32, 040602 (2023)

compensation current was gradually increased, Majorana tran-
sition frequency shifts were measured under different current
values, as shown in Fig. 8(b). The opposite trend was observed
in the results in the second group of experiments compared
with the first group of experiments. In addition, the results
from this group of experiments conformed the simulation re-
sults. When the compensation current was 220 µA, the Majo-
rana transition frequency shift was near the zero point. There-
fore, this current value was regarded as the optimal value for
the fountain clock during its normal operation.

During the aforementioned experiments, the maximum
current applied to the compensation coil was 220 µA. This
is because an excessive compensating magnetic field may lead
to changes in the second-order Zeeman frequency shift,[26] re-
sulting in deviations in the measured Majorana transition fre-
quency shift. In the experiment, we discovered that a com-
pensation current of 220 µA led to a frequency shift of 0.6 Hz
in the magnetically sensitive transition of the caesium atoms,
and the resulting second-order Zeeman frequency shift was
measured to be 0.87× 10−16.[12] During normal operation of
the caesium atomic fountain clock, the Rabi transition sig-
nal was excited and measured and the atomic populations in
states |3,1〉 and |3,−1〉 were found to be N1 = 0.93% and
N−1 = 1.01%, respectively. Therefore, the Majorana transi-
tion frequency shift of the caesium atomic fountain clock was
4.57×10−18.

5. Conclusion
Majorana transition is defined as the non-adiabatic tran-

sition between the Zeeman sublevels when the atoms pass
through the near-zero magnetic field with a large gradient,
resulting in a frequency shift due to the Ramsey frequency
pulling effect. By understanding Majorana transition we can
help improve the signal-to-noise ratio of atomic fountain
clocks and magnetic systems by optimizing the structure of
the magnetic shielding and reducing frequency uncertainties.
In this study, a physical model was constructed to examine the
mechanism of the Majorana transition frequency shift. The
relationships among the frequency shift, magnetic field and
initial atomic population were investigated via numerical sim-
ulations. Finally, the frequency shift was measured with the
atoms in asymmetric initial states, which were prepared using
dual-frequency state selection technology. The results from
the experiments were consistent with the theoretical results
from simulations. The compensation current of the fountain
clock during normal operation was configured to be 220 µA,
and the Majorana transition frequency shift was evaluated to

be 4.57×10−18.
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