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Abstract—In order to improve the currently limited Signal-to-
Noise Ratio (SNR) of the compact optically pumped cesium beam
tubes, we proposed a hexapole magnetic focusing method for the
cesium beams. The total number of the detected cesium atoms
with a hexapole magnetic system were calculated and found to be
9.5 times higher than that without the hexapole magnetic system.
This result gives a prediction of 3.1 fold increase in the SNR
when only the shot noise is considered, compared with the
conventional tubes. In order to be closely integrated with
experimental verification, the hexapole magnetic system was
engineered and the simulation results of this structure shown
that it not only met the magnetic induction requirements of the
simulation under multiple channels, but also had effective
magnetic shielding.
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I.  INTRODUCTION

In virtue of the high frequency accuracy, the cesium beam
standards that provide the precise time and frequency
information, have been widely used in navigation,
communications, calibration laboratories, and a variety of
scientific endeavors.[""? Since the 1950s, the magnetic state-
selecting primary cesium clocks were developed rapidly, such
as NBS-6 of NIST in the United States and CS2 of PTB in
Germany.PH6! The commercialized cesium atomic clock
5071A, has a short-term frequency stability better than
8.5%107!3 at the sampling time of 100 seconds by using a high
performance tube, and has been one of the most important
frequency standards at time and frequency laboratories around
the world.[”"®1 The magnetic state-selecting cesium clocks,
however, are facing a great challenge to improve their atom
utilization since nearly half of the atoms are spatially deflected
by the magnetic field from the state selector magnet A3

Meanwhile, an application of optical pumping state
preparation, in conjunction with fluorescence detection, enable
a larger number of cesium atoms can be utilized.!'"*-! For
example, NIST-7, an optical pumped, a replacement of NBS-6,
served as the primary time and frequency standard in the
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United States from 1993 to 1999. Its frequency stability
characterized by oy(t)=8x10713t"2, is an order of magnitude
higher than the magnetic state-selecting primary frequency
standard.l'7H!91 As a merchandised product, TA1000, with
performance comparable to 5071A, has been used in recent
years.?)l Benefiting from the state-of-the-art high-stability
852nm laser, the frequency stability of a compact optically
pumped cesium atomic clock has reached 2x10-12¢-1/2 [21]

For the compact optically pumped cesium clocks used in
the engineering fields, their performance indicators, such as
the frequency stability, seem to have reached a plateau due to
their limited volume. It is well known that the performance of
these clocks can be improved directly and effectively by
increasing the utilization efficiency of cesium atoms. To do so,
we propose a focusing method for the cesium atoms with large
emission angles by adding a hexapole magnetic system
between the pumping region and the microwave cavity. The
total number of the cesium atoms per second detected at the
detecting region, were calculated and simulated for the single
and multiple beam channel configurations, respectively, to
verify the effectiveness of the proposed method.

In Sec. II, we describe the method of using a hexapole
magnetic system to focus atoms with large emission angles.
Section III is the description of the calculation and simulation
methods, their results of the detected atomic beam flux and
atomic trajectories were also shown in this section. In Sec. IV,
the solid model of the hexapole magnetic system was
engineered, and the simulation results verified the validity and
rationality of the designed structure.

II. METHODS

Fig. 1(a) illustrates the physical scheme of the optically
pumped cesium beam frequency standards using a hexapole
magnetic system, which consists of a cesium oven, pumping
laser, hexapole magnetic system, microwave cavity and
detecting laser. The cesium atoms, generated by the cesium
oven, has the ground states of F=3 and F=4. For the
preparation of the F=4 state, the atoms with the F=3 state are
pumped to the excited states, ending up with the F=4 state,
with the pumping laser tuned to the optical transition



F=3—>F'=3 or F=3—F'=4. These atoms of the F=4
state are then focused in the hexapole magnetic system. As
shown in Fig. 1(b), the six poles are paired in polarity and
distributed uniformly to form a circular cross section. The
expression of the magnetic induction B in the hexapole
magnet is given by:[]

B =B,(~) (1)

o

where By represents the magnetic induction at the pole cone
end, 7 is the radial position of cesium atoms with respect to the
bore center of the hexapole magnetic system, and ro is the bore
radius of the hexapole magnetic system. The deflection force
exerted on the atoms with different hyperfine states in the
hexapole magnetic field is expressed as:

r
F= iz/ueffBO r_2 (2)

0

where . is effective magnetic moment.??! The states of (3,
mr) and (4, -4) carry the positive sign, while all the high
energy (4, mr) states except (4, -4) carry the negative sign,
which will be focused in a magnetic field. In fact, it has been
confirmed in the study of hydrogen atomic clocks that atoms
with high energy levels can be focused by the hexapole
magnet.!?3}?4 Then the focused beams enter into the U-shaped
microwave cavity, the cesium atoms of F=4, mr=0 state,

excited by the RF signal, undergo a clock transition to the F=3,

mr=0 state. Finally, the atoms of the F=3, mr=0 state were
detected by the detecting laser, which is locked to the optical
cycling transition F =3 — F'=2, as seen from Fig. 1(c). It is
worth noting that the locked frequency of the pumping and
detecting lasers with 852nm wavelength used here are
different from the conventional optically pumped cesium
beam frequency standards.[>32°]

Y
oo

oW oA w

Pump
or
Detection

F=4

‘\ ! y 852 nm
N

(b) (c)

Fig. 1. (a) Physical scheme of optically pumped cesium beam frequency
standard using a hexapole magnetic system. (b) Cross section view of the
hexapole magnetic system. (c) Relevant energy levels transition of a cesium
atom.

III. THE
TRAJECTORIES

CALCULATIONS  OF Iqrom AND  ATOMIC

The atomic beam flux /(#) at one unit solid angle is related
to the emitting angle 6 between the moving direction of an
atom and the axis direction of the oven nozzle aperture, and
can be expressed as:"]

2 1 2 3
imjr 7{cos’1§70£(17—)2 —[1 (179—) 213,0<0<6,
V4
10)= 0 3)
L2 20 cos i ,0,<0<r/2
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where 7n is the number of atoms per unit volume in the gas
chamber, U is the average atomic velocity, 6 is the divergence
angle of the atomic beam with tanfo=2r./I, r. and / are the
radius and length of an oven nozzle aperture that is treated as a
point source, respectively.

The dimensional parameters used in this study are shown in
Fig. 2. The length /> and bore radius ro of the hexapole magnet
are optimized to maximize the detected atomic beam flux 4rowm,
i.e. the total number of detected atoms per second. Taken the
spatial distribution and velocity distribution of cesium atoms
into consideration, Z4roy can be expressed as:

L yron = jj” [Z10),,, f)Av) sinododp  4)

where p(@) is the velocity distribution of the detected atoms,

which is related to 6, f(v)xcv’e™”
distribution, a is the most probable velocity.

is the atomic velocity

The calculations of I4ron and atomic trajectories involve
two configurations of oven nozzle apertures: the single
channel and multiple channels. For the single channel, with its
central x-axis coinciding with that of the hexapole magnet,
theoretical equations are employed to attain the atomic
trajectories within the hexapole magnetic field. On the other
hand, the atomic trajectories within the hexapole magnetic
field for the multiple channels were simulated.
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Fig. 2. Schematic diagram of a compact optically pumped cesium beam tube
with a hexapole magnetic system, showing dimensional parameters, with the y-
axis perpendicular to the plane of the figure.

After leaving the hexapole magnetic field, some atoms
would pass through the microwave cavity and enter into the
detecting region when their trajectories meet the following
boundary conditions that can be applied to both above
calculations:



max(r(x))< 7, ,(r(x) = y(x} +z(x}
=y < W) <y,,—z, <z2(L) <z, )
=y, <W(L) <y, —z, <z(l,) <z,

where r(x) is the radial position of the atoms moving within the
magnet, y» and z, are half height and width of the microwave
cavity entrance, respectively, /3 is the distance from the magnet
exit to the entrance of the microwave cavity, and I4 is the
length of the microwave cavity.

A. The Calculations for The Single Channel

In the case of the single channel, the calculation of atomic
trajectories in the hexapole magnetic field can be simplified
into deducing variations of the radial displacement ri as a
function of x. In the hexapole magnetic field, the trajectory
equation of the atoms with F=4 state is derived as:AB

r(x)= Acos X+ Bsin X 6.1)
vcosf
I tan (1+cos 20, ) /
4= htan vcosl —i-sinﬁ-sin k] (6.2)
2 cos wl, ® vcos 6
vcost
B=1/ tan@-sin @h +us1n9_ @h (6.3)
vcosd 2] vcosd

where /1 is the distance between the exit of cesium oven and
the magnet entrance, U is the initial velocity of an atom, with

w:l [2445B, , us is Bohr’s magneton, m is the mass of a
m

%

cesium atom. Outside the magnetic field, the atoms move in
straight line, and their trajectory equation is given by:

dr (x)

RO = +1)+ =
X

x=lil, "X @)

where /> is the magnet length, which will be optimized in
subsequent calculations.

For the single channel, the atomic trajectories in a cesium
beam tube are shown in Fig. 3(a). It can be seen that for those
atoms with large emission angle, their trajectories are altered
under the hexapole magnetic field, and therefore they are more
likely to be detected. The calculation shows that Z4rom reaches
the maximum when By is 3.5T. Considering the feasibility in
the practical engineering application, Bo is taken as 1.8T.
Figure. 3(b) gives lsrom versus I as well as ro, which
dependents highly on these two parameters. The optimal
values for » and ro are found to be 24mm and 2.2mm,
respectively, which would enable the most atoms to reach the
detecting region. The calculations also indicate that the
maximal emission angle fmax=1.93°, below which the atoms
can be detected, is much larger than that (0.66°) without the
hexapole magnetic system. Figure 3(c) shows the atomic
trajectories for the atoms with =1.26° and different velocities
in the hexapole magnetic field with 5,=24mm. It is noted that

the atoms with different initial velocities ranging from 5m/s to
500m/s have diverse periods of the sine wave-like movement.
The slower the velocity is, the shorter the period is. As 6
increases, more high-velocity atoms would be intercepted.
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Fig. 3. (a) Atomic trajectories for the single channel. (b) The calculated
number of detected atoms using the hexapole magnetic system, for different
values of 1, and ry. (¢) The trajectories of atoms with 8 = 1.26° and different
velocities in the hexapole magnetic field.

The calculation results of Zsrom per second with mr=0 state
are listed in TABLE 1. It can be found that I4yroy with the
hexapole magnetic system is about 9.48 times higher than that
without the hexapole magnetic system.

TABLE I. CALCULATION RESULTS OF I4ron PER SECOND WITH m=0 STATE
FOR THE SINGLE CHANNEL

Without the hexapole With the hexapole magnetic

magnetic system system

1.586x107 1.504x10°

B. The simulations for The multiple Channels

The preliminary calculation for the single channel verifies
the effectiveness of the hexapole magnetic focusing method
that we proposed. For the multiple channels, the theoretical
equations of the single channel are no longer applicable since
each channel is situated at a different position. Therefore, the
atomic trajectories of each channel were calculated separately
to obtain more reliable and accurate results. Typically in a
conventional tube, the multiple channel, which are formed by
an array of capillary tubes, are stacked into a rectangular shape
as shown in Fig. 4.

Fig. 4. Arrangement of capillary tubes: a typical one with a rectangular outer
shape.

The motion equations for the atoms with F=4 state in the
hexapole magnetic field can be expressed as:



$=0=a,=0

(8.1)

3|

F(x)z—E:Nl,:—
m

(8.2)

where F is defined as (2), a. is axial acceleration, and a, is
radial acceleration.

In the process of simulation, the length of the magnetic
system is divided into the length of equally spaced cells. The
direction of the atomic accelerations and velocities at the initial
position between each cell were judged, and then different
motion trajectory equations were given according to the change
of atomic motion states. Figure 5(a) gives the atomic
trajectories for the multiple channels. Clearly, the atoms that
originally have large emission angles are well focused by the
hexapole magnetic field. Figure 5(b) shows the variation of
Liroum for different values of /> and ro. The Lsroum, is found to be
higher and flat at /> ranging from 33mm to 50mm for
ro=2.8mm, 3.0mm and 3.2mm, while the optimal values of /»
and ro are about 45mm and 2.8mm, respectively. The velocity
distributions of the detected cesium atoms with and without the
hexapole magnetic system are also simulated, as shown in Fig.

5(c).
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Fig. 5. (a) Atomic trajectories for the multiple channels. (b) The calculated
number of detected atoms using the hexapole magnetic system, for different
values of 1, and ry. (c) Velocity distributions of the detected atoms with and
without the hexapole magnetic system.

[-r0=2.4mm|

~0=2.8mm)

F-10=3.2mm|
103 4mm)

2 o B}

S

Table II lists Isrom per second with mr=0 state, it can be
seen that applying the hexapole magnetic system brings an
order of magnitude improvement in the number of detected
atoms, which showing an increase of 9.52 times, compared
with that without the hexapole magnetic system. It is also
found that the atoms with an emission angle 6<3.95° would be
detected, compared to those with a much smaller 8 of 0.92°
without the hexapole magnetic system. Interestingly, the
improvement in the number of the detected atoms for the
multiple channels is close to that of 9.48 times calculated for
the single channel, further demonstrating the effectiveness of
the proposed method. If the detected signal is shot-noise
limited, then §/N = /I ,,,, » Which can be found that 3.1 times

higher than that without the hexapole magnetic system.

TABLE II. CALCULATION RESULTS OF I470m PER SECOND WITH m=0 STATE
FOR THE MULTIPLE CHANNELS

Without the hexapole With the hexapole magnetic

magnetic system system

2.643x10° 2.517x10"

IV. ENGINEERING DESIGN OF THE HEXAPOLE MAGNETIC
SYSTEM

According to the simulation results, the hexapole magnetic
focusing method plays an important role in improving the SNR
of the optically pumped cesium beam tubes. In order to carry
out experimental verification, the solid model of the hexapole
magnetic system was engineered. The optimal values for 1, and
ro obtained in the simulation of single channel and multiple
channels did not consider the space size in the existing
optically pumped cesium beam tube, so combined with the
existing space structure, 1, and r, were simulated, and the
optimal values are 20mm and 3.2mm, respectively.

Taking into account the position fixation between the six
limited martingales and the position fixation between the
magnetic steel and the fixing device, the solid model of the
limited martingale and its fixing device with graphite getters
and the solid model of the magnetic steel and its fixing device
were designed, respectively, as shown in Fig. 6 and Fig. 7.

Magnetic steel

Graphite
getters

Limited martingale
fixing device

Fig. 6. Solid model of the limited martingale with graphite getters and its
fixing device.

Magnetic steel

Magnetic steel
fixing device

Fig. 7. Solid model of the magnetic steel and its fixing device.

Due to the uneven strong magnetic field generated in the
hexapole magnetic system, a magnetic shielding is installed at
the exit of this system to ecliminate the influence of the
hexapole magnetic field on the magnetic field in the
microwave cavity, shown as Fig. 8. The hexapole magnetic
system is finally fixed to the guide rail in the tube, so the fixing
device and baffle connecting the hexapole magnetic system
and the guide rail were designed. These two structures ensured
the mechanical stability of the hexapole magnetic system
during the vibration process, as illustrated in the Fig. 9.



Magnetic shielding

Magnetic steel
fixing device
Magnetic steel
fixing device

Magnetic shielding
partition

Graphite getters

Fig. 8. Solid model of a hexapole magnetic system with a magnetic shielding.
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Fig. 9. Complete solid model of a hexapole magnetic system.

Carry out three-dimensional simulation on the designed
hexapole magnetic system, the magnetic induction distribution
on the connecting line of a pair of magnetic pole cone end is
shown in Fig. 10, it can be seen that the magnetic induction at
the magnetic pole cone end was about 2.6T, which met the
simulation requirements under the condition of multiple
channels.
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Fig. 10. Distribution of magnetic induction on the connection of a pair of
magnetic pole cone end.

In order to verify the effect of the magnetic shielding, Fig.
11 is a schematic diagram of the horizontal and vertical
connections of magnetic induction after the magnetic shielding
was installed. The simulation is carried out according to the Fig.
11, and the magnetic induction distribution on the horizontal
and vertical connections were shown in Fig. 12 and Fig. 13. It
can be seen that the maximum values of the horizontal and
vertical magnetic induction were only 2 Gauss and 2.2 Gauss,
respectively, which achieved the function of shielding the
hexapole magnetic field, so that the magnetic field in the
microwave cavity would not be interfered by the hexapole
magnetic field.

Horizontal connection

Vertical connection

Fig. 11. Schematic diagram of the horizontal and vertical connections of
magnetic induction after the magnetic shielding was installed.
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Fig. 12. Distribution of magnetic induction on the horizontal connection.
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Fig. 13. Distribution of magnetic induction on the vertical connection.

V. DISCUSSION

In multiple channels, along the XOZ plane, Fig. 14 shows a
simplified schematic diagram of atomic trajectories when
reaching a certain position, where the channels uniformly
arranged on Z axis. The signal channel was regarded as the
point source at the center of the coordinate axis. However, we
considered a number of equally uniformly arranged channels in
the multiple channels. As shown in the Fig. 14, the maximum
emission angle calculated by the single channel is larger than
that calculated by the multiple channels, that is, 6:>6).

zZ

Fig. 14. Simplified schematic diagram of atomic trajectories in multiple
channels.

In the calculation of single channel, the atomic trajectories
in the hexapole magnetic field was a fixed expression similar
to sinusoidal motion derived from the theoretical equation,



however in the multiple channels, considering the true motion
state of cesium atoms in the hexapole magnetic field, the
length of the hexapole magnetic system was divided into
equidistant cells, and the motion states of the atoms in each
cell were considered, so as to be closer to the real motion
states of cesium atoms, and the equations of atomic
trajectories in each cell were different.

Although the hexapole magnetic focusing method provides
a new idea for improving the SNR of the optically pumped
cesium beam tubes, it is still in a steady beginning stage. Both
simulation and engineering design have laid a firm foundation
for the fabrication of the compact optically pumped cesium
beam tubes using the hexapole magnetic system. The
processing of the principle sample tube with a hexapole
magnetic system is under way. In the follow-up, we will
realize the experimental verification as soon as possible.

VI. CONCLUSIONS

In summary, we have performed detailed calculations of
the number of the detected cesium atoms and atomic
trajectories with the hexapole magnetic system. The number of
the detected atoms with mg = 0 state for both single and
multiple channel of oven nozzle apertures were found to be 9.5
times higher than that without the focusing system,
demonstrating the effectiveness of the hexapole magnetic
focusing method proposed in the study. Based on this
substantial improvement in the utilization efficiency of cesium
atoms, a 3.1 fold increase in the SNR (with assuming all the
noises being shot-type) can be predicted, compared with the
conventional tubes. Generally known, since the higher the SNR,
the better the short-term frequency stability of the cesium beam
frequency standards.?''331 The current frequency stability of
the high-stability-laser-based optically pumped cesium beam
atomic clock oy(t)=2x10""2t 12211 j5 expected to reach a level
of oy(1)=6.7x10"31712, comparable to that of NIST-7, if this
hexapole magnetic system is adopted. Moreover, with the dual-
frequency laser pumping,4 the above frequency stability may
be further increased to oy(t)=2.2x10713¢t712,

Furthermore, on the basis of simulation, a complete solid
model of the hexapole magnetic system was designed, and we
verified that the magnetic induction of the designed structure
met the simulation requirements under the condition of
multiple channels, the interference of the hexapole magnetic
field to the microwave cavity was also eliminated.
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