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Caesium atomic fountain clock is a primary frequency standard, which realizes the duration of second. Its performance
is mostly dominated by the frequency accuracy, and the C-field induced second-order Zeeman frequency shift is the major
effect, which limits the accuracy improvement. By applying a high-precision current supply and high-performance magnetic
shieldings, the C-field stability has been improved significantly. In order to achieve a uniform C-field, this paper proposes a
doubly wound C-field solenoid, which compensates the radial magnetic field along the atomic flight region generated by the
lead-out single wire and improves the accuracy evaluation of second-order Zeeman frequency shift. Based on the stable and
uniform C-field, we launch the selected atoms to different heights and record the magnetically sensitive Ramsey transition
|F =3,mp =—1) — |F =4,mp = —1) central frequency, obtaining this frequency shift as 131.03 x 10~ and constructing
the C-field profile (¢ = 0.15 nT). Meanwhile, during normal operation, we lock NTSC-F2 to the central frequency of
the magnetically sensitive Ramsey transition |F = 3,mp = —1) — |F = 4,mp = —1) fringe for ten consecutive days and
record this frequency fluctuation in time domain. The first evaluation of second-order Zeeman frequency shift uncertainty
is 0.10x 10713 The total deviation of the frequency fluctuation on the clock transition induced by the C-field instability is
less than 2.6x 10717, Compared with NTSC-F1, NTSC-F2, there appears a significant improvement.

Keywords: caesium atomic fountain clock, second-order Zeeman frequency shift, C-field, magnetic shielding

PACS: 06.30.Ft, 07.77.Gx, 32.10.—f

1. Introduction

Caesium atomic fountain clock is a primary frequency
standard device which realizes the ST “second”.!!l Several lab-
oratories worldwide are studying atomic fountain clock to im-
prove its performance, which includes the two extremely im-
portant parameters, that is, frequency accuracy and frequency
stability.[>8]

Recently, a new caesium atomic fountain clock NTSC-F2
has just been developed and put into operation at the National
Time Service Center (NTSC). To evaluate the frequency un-
certainty, it must be corrected for the following several fre-
quency shifts: second-order Zeeman frequency shift,[°! colli-
sional frequency shift, !9 gravitational red frequency shift,!]
black-body radiation frequency shift,!'?! and so on. Among
these frequency shifts, the second-order Zeeman frequency
shift is the dominant frequency correction and its uncertainty
largely limits the improvement of frequency accuracy. It is
induced by C-field, which is generated deliberately over the
atomic flight region to remove the degeneracy of the magnetic
sub-states.

Over the years second-order Zeeman frequency shift has

[13-16

been studied widely with great improvements. I Several

techniques are used to measure the C-field precisely and eval-
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uate this frequency shift, such as magnetically sensitive Ram-
sey transition,!!'”! stimulated Raman transition,!'8! and slow
frequency transition.!'’] In order to identify the central fringe
of the magnetically sensitive Ramsey pattern, we can com-
pare the measured magnetically sensitive Ramsey pattern with
the theoretically predicted one, which is obtained by integrat-
ing the measured C-field along the atomic flight trajectory.!'#!
Another method to identify the central fringe is to measure
the central fringe step by step with the atomic launching
height increasing.?”) To evaluate the second-order Zeeman
frequency shift uncertainty induced by the fluctuation of the C-
field, the interrogating microwave frequency is locked on this
central fringe and this central frequency fluctuation is recorded
in time domain. At present, the worldwide state-of-the-
art caesium atomic fountain clocks including PTB-CsF2,[?!]
NIST-F2,1?2! FO2 double fountains at LNE-SYRTE,[?3] NPL-
CsF3,2Y MTsR-F2 at VNIIFTRI!® have realized the evalua-
tion of second-order Zeeman frequency shift with the uncer-
tainty up to the order of 10~!7. This is of great importance to
improve the performance of caesium atomic fountain clock.
The uncertainty of second-order Zeeman frequency shift
is dominated by C-field instability and nonuniformity. In
this paper, by applying a high-precision current supply to
C-field solenoid and high-performance magnetic shieldings,

*Project supported by the National Key R&D Program of China (Grant No. 2016YFF0200202), the Maintenance and Reformation Program for the Major
Science and Technology Fundamental Devices of the Chinese Academy of Sciences (Grant No. DSS-WXGZ-2020-0005), and the Foundation for Western

Young Scholars, China (Grant No. XAB2018A06).
Corresponding author. E-mail: wangxl@ntsc.ac.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

070601-1


http://dx.doi.org/10.1088/1674-1056/abe375
wangxl@ntsc.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 30, No. 7 (2021) 070601

we realize a significant improvement of second-order Zeeman
frequency shift uncertainty compared with our first caesium
atomic fountain clock NTSC-F1. At the same time, by de-
signing a doubly wound C-field solenoid instead of a singly
wound one as in NTSC-F1, we achieve a more uniform C-
field. On the basis of the improved C-field, the first evaluation
of second-order Zeeman frequency shift of NTSC-F2 has been
performed and is described in the following sections. In tra-
ditional magnetically sensitive Ramsey transition method, we
construct the C-field profile and obtain the central frequency
of the magnetically sensitive Ramsey transition fringe. Mean-
while, by monitoring the variation of this central frequency for
ten consecutive days, we obtain the range less than £0.45 Hz.
Lastly, we realize the improvement of second-order Zeeman
frequency shift and obtain this fractional frequency shift of
131.03x 1015 with the uncertainty of 0.10x 10713,

2. Theoretical study of second-order Zeeman
frequency shift

In C-field B in units of T, the frequencies of caesium
ground-state hyperfine transition (AF = 1, Amr = 0) in units
of Hz are given by the Breit—Rabi formula, which are shown

(approximate to second order) as follows:[>!

Vmp = VIF=3,mp) —|F=4,mp)
mrXx

1 —m?%/16)x?
= Vits 1+7+w

1 2 ; )]

where mp is the projection of the angular momentum opera-
tor F along the C-field B, namely magnetic quantum number;
Vhes = 9192631770 Hz is the unperturbed caesium ground-
state hyperfine transition frequency between F = 3 and F = 4;
x = (g7 —gr)uBB/(hvp); g7 and g are the electronic and nu-
clear g factors; up is Bohr’s magneton; and # is Planck’s con-
stant.

According to Eq. (1), we obtain the frequencies of the
transitions |F = 3,mp = 0) — |F = 4,mp = 0) and |F =
3, mp = —1> — ‘F =4 mp = —1> as

2
X
V0 = VIF=3,mp=0) —|F=4,mp=0) = Vhfs (1 + 2>, (2)

X
Vo1 = VIF=3 mp=—1) —|F=4, mp=—1) = Vhfs(l - 4)~ (3)
Thus the relative second-order Zeeman frequency shift is
calculated by!!3!
Vond 8\/2
== 4)
Vifs Vi

where the Zeeman frequency Vv, is the frequency difference
between Vg and V_1, expressed as

V, = Vs — V_1=7.0083B (Hz/nT). 5)

Above all, as long as we find the central fringe of the
magnetically sensitive Ramsey transition |F =3,mp = —1) —
|F = 4,mp = —1) experimentally, the evaluation of second-
order Zeeman frequency shift is realized.

3. C-field profile construction

During the evaluation of second-order Zeeman frequency
shift, the mentioned central frequency of the magnetically sen-
sitive Ramsey transition F = 3,mp = —1) — |F =4, mp =
—1) is determined by the time integral of the C-field along the

atomic flight trajectory: 2!
N
B =

T

1 1
/B(t)dtz?ZBi(ti—t,-,l), ©)
0 1

N

i=1

where T is the atomic flight time above Ramsey cavity, B(t)
is the C-field atoms experience at time ¢. In the above ap-
proximation, 7 is divided into N parts, B; is the C-field of the
i-th part and #; is the corresponding time. Thus, we could use
the magnetically sensitive Ramsey transition to measure the
C-field by measuring the frequency of the central fringe at a
series of discrete positions, as shown in Fig. 1.

[ J
((® Br
T
T ® B,
L4 Bn72
Tn—l {
T, { .
° B,
\|e B
® By

Ramsey cavity

Fig. 1. The deconvolution model for constructing C-field profile in the
Ramsey method.

Assuming the reference point is right at the top of Ram-
sey cavity with the height # = 0 cm, and the C-field below the
reference point is By, Zeeman frequency is v, (k) correspond-
ingly. According to Eq. (5) we could calculate By as

By = cv:(ho), (N

where the coefficient ¢ = (1/7.0083) nT/Hz.

As shown in Fig. 1, we suppose the C-field of the 1st,
2nd, ..., n-th points above the reference point are By, Bo, ...,
B,,, the corresponding heights are &y, hy, ..., h,, and the corre-

sponding Zeeman frequencies are v, (h;), v (h2), ..., V().
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The time atoms spend passing from the apogee at each launch-
ing height to positions beneath the 1st, 2nd, ...,
T, ...,
the time-averaged C-field and the atoms’ flight time,
can obtain the C-field of the 1st, 2nd, ...,
the reference point as follows:

n-th points are
T,, respectively. Therefore, by a deconvolution of
27 we

n-th points above

B = CVy(ny)s

T L—T
By =—Z=\|cv,,)—B
T <C W) =P )

T, T, — T
<cvh,, ZBn 1 T’) 8)

In this Ramsey method, we could map the C-field pre-
cisely using the atoms as a probe.

4. C-field design

According to the theoretical calculation in Section 2, we
could evaluate the second-order Zeeman frequency shift by
measuring the magnetically sensitive frequency v_; instead of
vo. Here, v_ is 10° times as sensitive to the fluctuation of C-
field as vo. However, because of the C-field’s nonuniformity,
the central fringe of the magnetically sensitive Ramsey transi-
tion |[F =3,mp = —1) — |F = 4,mp = —1) will deviate from
the Rabi pedestal, it is difficult to identify the central fringe
from the large amounts of Ramsey fringes to measure the fre-
quency V_i. Above all, it is of great importance to produce a
uniform and stable C-field.

C-field is composed of three parts, those are, solenoid’s
magnetic field, magnetic shieldings’ residual magnetic field
and the Earth’s magnetic field (about 10° nT). In the NTSC-
F2 magnetic field system, four cylindrical magnetic shield-
ings made of JIS C 2531 soft metal (thickness: 2 mm, high
magnetic permeability: 1.8x10%) are assembled around the
solenoid to provide a uniform C-field deliberately over the
atomic flight region, they are coaxial with Ramsey cavity.
Each magnetic shielding is closed with upper and lower end-
caps, and each has a 50 mm diameter hole in the center for the
vacuum system. We also place compensation coils at the bot-
tom of magnetic shieldings to guarantee the axial C-field far
away from zero, which might induce Majorana transitions %3]
In order to increase the selection efficiency, a compensation
coil is applied in the lower selection zone to minimize the
background magnetic field gradient. Figure 2(a) illustrates the
structure of NTSC-F2 magnetic system.

In order to measure the central axial shielding factor of

[29-311 e wind a horizon-

the assembled magnetic shieldings,
tal coil around the magnetic shieldings symmetrically. By
measuring the central axial magnetic field strength with a flux-
gate magnetometer, we obtain the distributions of the axial

magnetic field component in different magnetic fields: By,

By, Ba+’ B, .
ments are implemented before and after the magnetic shield-

The subscripts b and a indicate the measure-
ings being assembled respectively, + and — indicate the exter-
nal coil’s current in two different directions. Therefore, apply-
ing the shielding factor expression

|By+ — By |

§=—
|Ba+_Ba7|

©))
we obtain the total central axial shielding factor along the
atomic flight trajectory as shown in Fig. 2(b). We can ob-
viously see that the shielding factor in the middle part is at
Due to the holes at both ends
of the magnetic shieldings, the shielding factor gradually at-

the maximum level of 3x10°.
tenuates from the middle to its both ends. Compared with
the traditional method by measuring the background magnetic

132] this method has eliminated

field strength straightforwardly,
the measurement error induced by the residual magnetic field
of the magnetic shieldings, and is applicable to measure the
high-performance magnetic shieldings. At the same time, we
use a high-precision current supply (brand: Keithley, model:

2614B) for C-field solenoid to achieve a stable C-field.

(a)
1 C-field solenoid
I~
il s :7 magnetic shieldings
3l
E‘;] Ramsey cavity

compensation coil

<« selection cavity
«—— compensation coil

106
(b)

105 L .

Axial shielding factor

104 " " " L L L
-20 —-10 O 10 20 30

Height above Ramsey cavity (cm)

Fig. 2. Schematic diagrams of NTSC-F2 magnetic system: (a) four con-
centric cylindrical magnetic shieldings with endcaps, C-field solenoid
is placed inside the innermost magnetic shielding, two compensation
coils are set at the bottom of magnetic shieldings and in the lower selec-
tion zone respectively. (b) Central axial magnetic shielding factor along
atomic flight trajectory.
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Traditionally, the C-field solenoid is spirally wound by
a single wire from the top to the end as the one installed
in NTSC-F1. If the two ends of this wire outgo from each
nearby end-caps separately for power in and out, then the hole
punched at the bottom end-caps would reduce the C-field uni-
formity of the crucial atomic flight region (in the lower part)
seriously. Thus, we usually lead the bottom end of this wire
upward straightly and combine with the top end of this wire,
outgoing together from the top end-caps. However, according
to the Biot—Savart law with the C-field solenoid parameters,
the bottom end of this wire along C-field solenoid sidewall
would generate a radial magnetic field on the central axis at
about 0.3 nT, which affects the C-field uniformity and orienta-
tion to a certain extent, inducing the Ramsey frequency pulling
shift.[33] Concerning this issue, we propose a doubly wound
C-field solenoid design as shown in Fig. 3, where the double
wires are red and black nonmagnetic enameled copper wires
separately. Here the double wires spirally wind around the
teflon tube from top to bottom, then separate into two single
wires and symmetrically go along the sidewall straight up to
the top separately. On the top, the two wires combine together
again for current in. So the radial magnetic fields generated
by two single wires on the central axis cancel each other out
to implement a more uniform C-field. It has a total of 97 turns
and an input current 1.007 mA. The size parameters of mag-

netic shieldings and C-field solenoid are listed in Table 1.

VW WU UU UU_TU UU

Fig. 3. Doubly wound C-field solenoid.

Table 1. Size parameters for NTSC-F2 magnetic shieldings and C-field
solenoid (in millimeters). The four cylindrical magnetic shieldings are
numbered as 1, 2, 3, 4 from the innermost to outermost sequentially.

Item Inner diameter (mm) Height (mm)
Shielding 1 300 730
Shielding 2 360 800
Shielding 3 420 870
Shielding 4 600 930

Solenoid 260 730

5. The evaluation of second-order Zeeman fre-
quency shift

The physical and optical system of NTSC-F2 has been
described in Ref. [34] in detail. After launching, the atoms
distributed in the 9 sub-levels of state ' = 4 fly through Ram-
sey cavity twice without selection. By scanning the interrogat-
ing microwave frequency in step 0.2 Hz (with the microwave
field amplitude corresponding to a /2 pulse area) and record-
ing the atoms’ population in state F' = 3 and F = 4 respectively,
we obtain 7 obvious Ramsey patterns corresponding to o tran-
sitions (Amp = 0) shown in Fig. 4. Because the Ramsey cavity
resonant frequency deviates from Vyy, these transition patterns
are not medianly zygomorphic. Meanwhile, the tiny signals
corresponding to 7 transitions (Amg = +1) induced by radial
magnetic field are less than 1.7%, we deduce that the C-field
is well aligned with the clock central axis.

I

=

=
T

=

—

(=]
T

0.05f

. L.JMJL*J. - n
—4000 —2000 0 2000 4000
Frequency—9192631770 (Hz)

Transition probability (arb. units)

Fig. 4. Microwave spectrum in Ramsey cavity (7/2 pulse area) with-
out selection: 7 Ramsey patterns, from left to right corresponding to ¢
transitions mp = —=3,-2,..., 3, respectively.

Because the atoms in states |F =4, mp # —1) do not con-
tribute to this magnetically sensitive Ramsey transition signal,
it is necessary to perform a state selection process to improve
frequency accuracy and stability. By the application of com-
pensation coil in selection zone as mentioned in Section 4, the
magnetic field gradient is reduced from the order of 103 nT/cm
to 102 nT/cm, which eases the selection of atoms in state
|F =3,mp = —1). Based on the optimized magnetic field in
the selection zone, we scan the selecting microwave frequency
and obtain the selecting microwave frequency between states
|F =4,mp=—1) and |F =3,mp = —1) as 9192435142 Hz.
By setting the selecting microwave frequency to this value, we
realize the selection of atoms in state |F = 3,mp = —1).

Based on the above uniform C-field and state-selected
atoms in state |F = 3,mp = —1), we use the magneti-
cally sensitive Ramsey transition |F = 3,mp = —1) — |F =
4,mp = —1) method to evaluate the second-order Zeeman
frequency shift.[?”) By changing the detuning frequency Av;
(i=0,1,2,...,n) of the upward and downward triple cooling
lasers, the atoms fly at different heights A; with launching ve-
locity V; = v/3Av;A (A = 852.35 nm). At the same time, by
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scanning the interrogating microwave frequency in step 0.1 Hz
and recording the atoms’ corresponding transition probability,
we obtain the magnetically sensitive Ramsey transition fringes
at each launching height.

w
=)

=

2.5} . P
o g % h
/\\/ ‘\JJ‘*&

200 e 1™, ~ ’“,.\.p
1.5}¢ Mﬁt “‘mff o

1.0F m%& &
O.S-M wl

central frequenc
. q yl ho

o

Transition probability (arb. units)

—1185 —1180 —1175 —1170

v_1—9192631770 (Hz)

Fig. 5. The magnetically sensitive Ramsey transition |F = 3,mp =
—1) — |F =4,mp = —1) fringes of the first five launching heights and
the corresponding heights are marked on the right. The arrow marks the
central frequency at each height.

Substituting the structural parameters of NTSC-F2, we
obtain the detuning frequency as Avy = 2.30 MHz when the
atoms’ launching height is 7y = 0 cm above the reference
point. By slowly increasing the detuning frequency Av; from
2.30 MHz to 2.86 MHz with 0.02 MHz increment (corre-
sponding n = 28), we observe the number of Ramsey fringes
increase and record the movement of central Ramsey fringe.
When the launching height is low, the central frequency dif-
ferences between the central Ramsey fringe and its adjacent
Ramsey fringes are much larger (about 10 Hz) than the cen-
tral Ramsey fringe frequency increment, so it is easy to dis-
tinguish which Ramsey fringe is central. Figure 5 shows
the magnetically sensitive Ramsey transition |F = 3,mp =
—1) — |F = 4,mp = —1) fringes of the first five launching
heights (hg, hy1, hp, hs and h4), and each central frequency
at the corresponding launching height is marked with an ar-
row. In these five signals, the square marked curve corre-
sponds to the launching height as hgp = 0 cm. Because of
the nonuniformity of the microwave magnetic field of TE;;
mode in Ramsey cavity, there is an obvious Ramsey fringe
with a tiny transition signal on its right side. This obvious
fringe is exactly the central Ramsey fringe with the central
frequency as v_;(hg) = 9192630591.0 Hz and Zeeman fre-
quency as V;(ho) = Vpes — V—1(ho) = 1179.0 Hz. The trian-
gular marked curve corresponds to the detuning frequency as
Av) = 2.32 MHz, by comparing the Ramsey fringes of the
first two heights, we find the central Ramsey fringe moving
towards the right and the central frequency v_; () increasing
by 0.6 Hz, i.e., v_; (k1) = 9192630591.6 Hz. Meanwhile, the
tiny transition signal becomes stronger. The dot-marked curve
corresponds to the detuning frequency as Av, = 2.34 MHz.
The number of Ramsey fringes increases to three and the cen-
tral frequency v_;(h,) increases to 9192630593.0 Hz. In the

same method, we also find the central Ramsey fringes of the
next two launching heights.

Above all, we obtain the relation between launching
height /; and detuning frequency Av; as follows:

3AViA)? — (V3 x AvgA)?

py = (YEAVAY — (V3 )" (10)
2g

where the local gravitational acceleration is g =

9.79666 m/s?. 13

Increasing the launching height up to the point 32 cm
above the reference point and repeating the above measure-
ment, we obtain the central Ramsey fringes and Zeeman fre-
quency V. (h) of the magnetically sensitive Ramsey transition
|F =3,mp = —1) = |F = 4,mp = —1) as a function of #,
as the dot-marked curve shown in Fig. 6. At the same time,
we record the central frequencies of the two adjacent fringes,
and obtain the variation of the two corresponding Zeeman fre-
quencies as the square and triangle marked curves shown in
Fig. 6. It obviously confirms that the frequency differences
among these three curves are much larger than Zeeman fre-
quency shift, which eases the identification of the central Ram-
sey fringe. With the increase of launching height, the two
adjacent fringes gradually move towards the central Ramsey
fringe.

[y
ju—y
o]
ot
T

Zeeman frequency v, (Hz)

—=— left
—e— centre
—— right

1180

1175

1170

1 1 1 1 1 1 1

0 5 10 15 20 25 30 35
Height above Ramsey cavity (cm)

Fig. 6. NTSC-F2 three central Zeeman frequency variations of the mag-
netically sensitive Ramsey transition |F =3,mr = —1) — |F =4,mp =
—1) with the launching height increasing.

From Fig. 6, we typically measure the central frequency
as v_1(32 cm) = 9192630593.6 Hz and Zeeman frequency as
v;(32 cm) = 1176.4 Hz during NTSC-F2 normal operation.
Figure 7 shows the corresponding complete magnetically sen-
sitive Ramsey transition |F = 3,mp = —1) = |F = 4,mp =
—1) fringes and the arrow marks the central frequency.

With the C-field slowly drifting, the central fringe of the
magnetically sensitive Ramsey transition may lose identity.
After the above measurement, v_1(32 cm) is immediately in-
put to the control system as the initial estimate to identify and
lock on this central fringe. Thus we have a good record of
the central frequency v_; fluctuation every four seconds over
a ten-day-interval during NTSC-F2 normal operation continu-
ously and obtain the result shown in Fig. 8, in which the black
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dots indicate the average of central frequencies in every in-
terval and error bars mean the variation ranges of central fre-
quency.

central frequency

|
'!;!..

0.8} “;Hf ’ﬁz '

2 | | lr

2 06y At lj

E [ i "J H\'Mi

= ol Il

:‘% ‘ H jhh‘mé?ﬁ%

5 02t Y i y k H“ Y
Y9a0 —i200  —i160  —1120

Frequency—9192631770 (Hz)

Fig. 7. NTSC-F2 |F =3,mp = —1) — |F = 4,mp = —1) Ramsey
fringes during normal operation.
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Fig. 8. Temporal variation of central frequency v_; (32 cm) in NTSC-F2.

Combining Eq. (4) and noting that the Zeeman frequency
mean value is v, = 1176.47 Hz with the temporal variation
range of dv,(32 cm) = £0.45 Hz, we obtain the relative
second-order Zeeman frequency shift during NTSC-F2 nor-
mal operation as

Vond SVZ2

=22 =131.03x 10715, (11)
Vhfs V}%fs

with the uncertainty arising from the instability and nonuni-
formity of C-field as°!

5 1
OVaac _ 62V16vz:0.10>< 10715, (12)
Vhfs Vhts

In the evaluation of second-order Zeeman frequency shift
we use an approximation (B?) = (B)2. Considering the C-
field nonuniformity along the atomic flight trajectory, (B?) =
(B)? + 62 and the C-field standard deviation is &, which de-
scribes the nonuniformity of C-field. After performing a cor-
rection to Eq. (4), the relative uncertainty of second-order Zee-
man frequency shift arising from calculation approximation is

expressed as!!”!

O Vond.cal _ 4.27 x 101052

Hz/T?). 13
Vhfs Vhfs ( Z/ ) ( )

In order to evaluate this contribution, we need to measure
the C-field along the atomic flight trajectory. As mentioned in
Section 3, the central Ramsey fringe in Fig. 6 gives the infor-
mation of time-integrated C-field. By deconvoluting, we could
construct the actual C-field profile. When the atoms launching
height is h;, the time T; (j = 1,2,...,i) atoms spend from the
apogee to its lower next j-th point as shown in Fig. 1 could be
expressed as

8

Substituting Eq. (14) and the above measured Zeeman
frequency v, (h;) into Eq. (8), we obtain the time-averaged C-
field along the atomic flight trajectory as shown in Fig. 9. We
can clearly see a bump near the Ramsey cavity, which may
be attributed to two reasons: the effect of Ramsey cavity’s
vacuum feedthroughs with high permeability and the effect of
magnetic field leakage from the magnetic shieldings’ end-caps
holes. The data tells us that the C-field variation range is less
than 0.5 nT within 30 cm. When the atoms are launched to the
maximum height, 32 cm above the reference point, the stan-
dard deviation of the C-field o is 0.15 nT, less than 0.1% of
the C-field mean value (B) = 167.85 nT. As a result, from
Eq. (13) the relative uncertainty of second-order Zeeman fre-
quency shift arising from calculation approximation is

0 V2nd_cal

=1.0x107". (15)
Vhfs
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168.51
168.0F W
167.5F
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Magnetic field (nT)
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Height above Ramsey cavity (cm)

Fig. 9. The C-field profile of NTSC-F2.

The C-field fluctuation induces fluctuation of clock transi-
tion F =3,mr =0— F =4,mr = 0 frequency during NTSC-
F2 normal operation. The corresponding Allan deviation of
clock transition frequency is shown in Fig. 10. These data
tell us that the NTSC-F2 fractional frequency stability is bet-
ter than 2.6x 1017,
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Fig. 10. C-field instability induced total deviation of the frequency fluctu-
ation on the clock transition F = 3,mp =0 — F = 4,mr = 0 in NTSC-
F2. These data are obtained by measuring and translating the transition
|F =3,mp =—1) — |F =4,mp = —1) frequency fluctuation into frequency
shift on the clock transition.

Above all, the total relative uncertainty of second-order
Zeeman frequency shift is 0.10x107'5. Comparing with
NTSC-F1, the C-field nonuniformity and second-order Zee-
man frequency shift uncertainty in NTSC-F2 are improved
significantly® as listed in Table 2, which proves that this
C-field design contribution to NTSC-F2 final performance is
great.

Table 2. The improvement of C-field nonuniformity and second-
order Zeeman frequency shift uncertainty in NTSC-F2, compared with
NTSC-F1.

Second-order Zeeman

Item C-field nonuniformity . .
frequency shift uncertainty
NTSC-F1 0.57 nT 2.9x10~1°
NTSC-F2 0.15nT 1.0x10716

Comparing the second-order Zeeman frequency shift un-
certainty of NTSC-F2 with the worldwide state-of-the-art cae-
sium atomic fountain clocks, which are on the order of 1017,
it is still too big to be neglected. According to Eq. (12), this
gap is mainly attributed to the instability and magnitude of
solenoid current, and consequently the C-field as well. Next,
we plan to reduce the solenoid current and design a C-field
dual servo system!!3223738] to improve the C-field stabil-
ity and to reduce the fractional uncertainty to the order of
10~!7, which is realized by monitoring the C-field variation in
slow frequency transition method and modulating the C-field
solenoid’s input current in real time.

6. Conclusion

Second-order Zeeman frequency shift is a frequency
bias induced by C-field, which limits the accuracy improve-
ment of caesium atomic frequency standard. Concerning that
NTSC-F1 C-field is not uniform and stable enough, we pro-
pose a doubly wound C-field solenoid. Also, by applying
a high-precision current supply and high-performance mag-
netic shieldings, we obtain an improved C-field. Meanwhile,
based on the improved magnetic field in selection zone, we

perform a state selection process to obtain the atoms in mag-
netically sensitive state |FF = 3,mp = —1). Then we evaluate
the second-order Zeeman frequency shift of NTSC-F2 for the
first time in magnetically sensitive Ramsey transition method
and construct a uniform C-field profile along the atomic flight
trajectory. Subjected to the solenoid current instability, the
second-order Zeeman frequency shift needs further improve-
ment. Next we will reduce the solenoid current and design a C-
field dual servo system to improve the C-field stability, which
could further reduce this uncertainty contribution to second-
order Zeeman frequency shift uncertainty and clock frequency
stability.
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