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The performance of space cold atom clocks (SCACs) should be improved thanks to the microgravity environment in
space. The microwave interrogation cavity is a key element in a SCAC. In this paper, we develop a microwave interrogation
cavity especially for the rubidium SCAC. The interrogation cavity has two microwave interaction zones with a single feed-
in source, which is located at the center of the cavity for symmetric coupling excitation and to ensure that the two interaction
zones are in phase. The interrogation cavity has a measured resonance frequency of 6.835056471 GHz with a loaded quality
factor of nearly 4200, which shows good agreement with simulation results. We measure the Rabi frequency of the clock
transition of the rubidium atom in each microwave interaction zone, and subsequently demonstrate that the distributions of
the magnetic field in the two interaction zones are the same and meet all requirements of the rubidium SCAC.
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1. Introduction

Space cold atom clocks (SCACs) operate in space using
laser cooling technique. Benefiting from the space micrograv-
ity environment, the cold atoms can be launched more slowly
than on-earth and travel at a constant speed through the mi-
crowave cavity. Therefore, the interaction time between cold
atoms and microwave in space can be largely increased, which
leads to improvement in the performance improvement of the
atom clock beyond that achieved on-earth. There have been
several proposals related to the SCAC project, for example,
the ACES (Atomic Clock Ensemble in Space) mission will
be launched in 2017.' During the SCAC operation, cold
atoms interact with microwave twice during the flight through
a microwave interrogation cavity.!7 The population of the
cold atoms on the atomic ground state hyperfine levels is then
detected by laser-induced fluorescence.!®”! If the phase and
the quality factor or resonance frequency of the interrogation
cavity are not appropriate, the apparent resonance frequency
of the clock will be shifted from the frequency of the ground
state hyperfine transition, and then an inaccurate frequency or

10-131 Therefore, the microwave inter-

time will be obtained.|
rogation cavity is a critical element for the SCAC. However,
the microwave interrogation cavity of the SCAC is different

from that of atomic fountain clocks, since the cold atoms can
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only fly forward in space. Consequently, the twice interac-
tions between cold atoms and the microwave pulse can only be
realized by two microwave interaction zones.['"* As a result,
it is necessary to design a new type microwave interrogation
cavity especially for the SCAC. There are several choices for
the SCAC interrogation cavity, such as U-type cavity,!">! ring
cavity,'®l and two separated cylindrical cavities.!!”]

In our proposal,*l the rubidium atom is chosen be-
cause of its lower cold collision frequency shift com-
pared with that of the cesium atom.!'8! The clock transi-
tion for rubidium is the ground state hyperfine transition
(87Rb,5251/2F =1— 5251/2F = 2). The following design
and measurements focus on the rubidium cold atoms interro-
gation, and the requirements listed below should be fulfilled in
the microwave interrogation cavity of the rubidium SCAC.

(i) There should be two interaction zones in the mi-
crowave cavity of the SCAC for twice interactions with cold
atoms successively because the cold atoms can only flight for-
ward in the microgravity environment.

(i1) Since the clock transition of the rubidium SCAC is the
ground state hyperfine transition of 8’Rb atoms, the interroga-
tion cavity should have an eigen frequency near the transition
frequency of 87Rb atom, that is, 6.834682610 GHz.

(iii) To reduce the cavity pulling effect in the rubidium
SCAC, the loaded quality factor Qr of the interrogation cavity
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should be reduced, because the corresponding frequency shift
is proportional to the square of Qy .[1%21]

(iv) The phase difference of the two microwave interac-
tion zones must be lower than 2.2 x 107> rad because the fre-
quency errors arising from the phase shift must be lower than
2.0 x 1076 in our rubidium SCAC.¥

(v) The microwave leakage effect should be avoided as far
as possible by adding cutoff waveguides out of the interaction
zones.

This paper presents the design and simulation of a mi-
crowave interrogation cavity for the rubidium SCAC. Some
measurements are also performed, including the measurement
of the Rabi oscillation curve of the rubidium cold atoms in
each interaction zone. We proved that this microwave interro-

gation cavity is appropriate for the rubidium SCAC.

2. Design and simulation

Considering the requirements of the rubidium SCAC, we
designed a microwave interrogation cavity and simulated it

with a finite element analysis software.

2.1. Design of the microwave interrogation cavity

The microwave interrogation cavity is designed based on
the rectangular waveguide cavity, according to the U-type in-

(151 and the ring cavity.!'®! The cavity struc-

terrogation cavity
ture is displayed in Fig. 1. The structure of the cavity con-
sists of three parts, namely bracket, cover, and coupled waveg-
uide. The bracket and the cover form the main structure of
the microwave cavity. The main structure can be divided
into three kinds of sub-structure: microwave interaction zone,
guided wave zone and cutoff waveguide zone. Two guided
wave zones are located at each side of the cavity and two mi-
crowave interaction zones are connected with them at their
each end. Therefore, the main cavity can be seen as a ring cav-
ity with four rectangular waveguide cavities connected end-to-
end. The microwave is injected into the coupled waveguide
through the feed-in hole. The feed-in microwave propagates
symmetrically along the two guided wave zones and finally
forms a standing wave field at each microwave interaction
zone. Consequently, the one-way flight rubidium cold atoms
can interact with the microwave pulse twice at the two inter-
action zones successively. Four cutoff waveguides are present
along the trajectory of cold atoms in this cavity. Two of them
are located at the two cavity ends, and the other two are placed
at the center of the cavity but out of both interaction zones.
All the cutoff waveguides suppress the microwave oscillations
out of the interaction zones and reduce the microwave leakage

effect during the free evolution of the rubidium cold atoms.

© first microwave interaction zone

® second microwave interaction zone
© guided wave zone

© cutoff waveguide zone

© feed-in hole

(b)

Fig. 1. (color online) The structure of our microwave interrogation cav-
ity for the rubidium SCAC. (a) Tee isometric side view. The cover and
the bracket are moved apart for a clear view of the inner structure. (b)
The xy-plane cross-sectional view.

To determine the dimension of the two interaction zones
and the two guided wave zones, we model the interrogation
cavity as four rectangular waveguide cavities connected end-
to-end as described above and apply the principle of rectan-

5.[2223] For single-

gular waveguide cavity in our calculation
mode oscillation, each rectangular waveguide cavity must
work in transverse electric (TE) mode. We choose the guided
wave zones working in TE;o7 mode and the interaction zones
working in TE»p; mode according to the SCAC’s overall ar-
chitecture and its operating characteristics. To ensure that
only the TE o, mode propagates in the interrogation cavity, the
width a and the height b of the rectangular waveguide should

fulfill the following conditions[?>2!

%gagﬂoand 0<b< A, (1)

where Ag = 43.863 mm is the target resonance wavelength of
the microwave interrogation cavity, derived from clock reso-
nance frequency vy = 6.834682610 GHz. To keep the reso-
nance frequency of the cavity always near the target frequency
when the temperature changes slightly due to the tempera-
ture controller accuracy of +0.01 °C, we make a compromise
which implies that the width and height of the guided wave

Zone are

V2

Ae a
=—=— ~ - 2
a 2 and b 2)

2
where A. is the waveguide or cutoff wavelength. We deter-
mined the width and height of each guided wave zone to be
31.016 mm and 15 mm, respectively. The length of the guided
wave zone can be deduced from the TEp; working mode as
ly =T7a=217.11 mm.
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In this work, the dimension of the interaction zones is de-
termined by the rectangular waveguides and the cutoff waveg-
uides. The rubidium cold atoms fly along the y-axis and, thus,
the dimension of the atom cloud limits the width of the cutoff
waveguide a.. Consequently, we set a. to be 10 mm in our ru-
bidium SCAC, while the thickness of the cutoff waveguide is
a; = 2.5 mm which is the mechanical strength limit. We then
derive the width of each microwave interaction zone working
in TEyg; mode as axg; = 2a + ac + 2a;. Accordingly, we de-
termine the length of each microwave interaction zone to be

01 = 26.684 mm from the following equation

2\ 2\
w-() @) ] v

To efficiently suppress the microwave leakage, the atten-
uation of each cutoff waveguide should be as large as possible
to near 77 dB. We calculate the attenuation coefficient for the

TE19 mode in the rectangular cutoff waveguide as

2
0o = af 1— (2)?) dB/mm. @)

The attenuation of each cutoff waveguide can be derived from
a9 with

o = 8.6800lc, &)

where [ is the length of each cutoff waveguide.
should be larger than 31.727 mm.
With the above calculations, we determined the dimen-

Hence, I.

sion of each part in the microwave interrogation cavity’s main
structure and summarized them in Table 1, considering the ma-

chining accuracy limit.

Table 1. Dimension of each part in the microwave cavity’s main structure.

Parameter Dimension

The width of each wave guided zone a 31.00 mm

The inner diameter of cold atoms’ flight pipeline ac X a. 10 mmx10 mm

The outer diameter of cold atoms’ flight pipeline 15 mmx 14 mm

The distance between two microwave interaction zones Iy 217.00 mm
The length of each microwave interaction /o 26.68 mm

The width of each microwave interaction zone azg; 77.00 mm
The length of each cutoff waveguide /. 32.00 mm

2.2. Simulation of the microwave interrogation cavity

According to Table 1, we have established a structural
model for the cavity and simulated it with finite element anal-
ysis software. We calculate the eigenmodes and show the re-
sults in Table 2. The cavity has an eigenmode near the res-

onance frequency of the rubidium cold atom Vv, and because

of the thermal expansion and contraction effects, we can ad-
just the eigen frequency to the atom’s resonance frequency
by controlling the working temperature of the cavity. Fur-
thermore, the intrinsic quality factor Qg of this eigenmode is
12046 which is large enough for the rubidium SCAC.

Table 2. The results of eigenmode solving in the microwave interroga-
tion cavity model with finite element analysis software.

Eigenmode Frequency/GHz Qo
Mode 1 6.8371 4+ j0.00028378 12046
Mode 2 6.9186 + j0.00028299 12224
Mode 3 7.1705 + j0.00028295 12671

The microwave interrogation cavity works in the eigen-
mode named mode 1 while other eigenmodes are suppressed
effectively. We then set a port with power of 1 W at the feed-
in hole and simulated the electromagnetic field distribution in
this cavity. From the modal solution date report, we get the
electromagnetic filed distribution as shown in Fig. 2. Evi-
dently, wave guided zones work in the TE g7 mode, while the
microwave interaction zones work in the TE»j; mode. More-
over, microwave oscillation along the trajectory of cold atoms
is cut off out of the microwave interaction zones.

E field [V _per_m)]
1.4381x10%
(a) I 1.3482X10%
1.2583x10%
1.1684x10°
/ 1.0786x10%
9.8867x10%
8.0891x10?
7.1903x10?2
6.2916x10?2
5.3928%10?

4.4940x102
3.5952x10?

2.6964x10?
1.7976x10%
0.89879x102
0

0 100
H field [A_per_m]

4.1669

1. 82{0

1.5626

0.26043
8.7767x10-17

k T

0 100 200 mm

Fig. 2. (color online) The distribution of the electromagnetic field in xy-
plane of the new type microwave interrogation cavity. Different colors rep-
resent different amplitudes of E or H, while the arrow represents the direc-
tion of H. (a) The electric field strength. (b) The magnetic field.

As shown in Fig. 2, in the rectangular coordinate system,
the electric field E and the magnetic field H at a point (x,y,z)

060601-3



Chin. Phys. B

Vol. 25, No. 6 (2016) 060601

can be written as follows:

E(x,y,z)= (Ex’Ey,Ez)a (6)
H(X,%Z) = (nyHyaHz)v @)

where

E; (i=x,y,z) and H; (i =x,y,z)

are the i-direction components of E and H, respectively.
Since cold atoms only interact with the magnetic field in the
microwave pulse and the quantization axis of the cold atoms
is along the y direction, we focus on the y-direction compo-
nent of the magnetic field H in the two microwave interaction

zones. The phase of H, can be written as!!?!

Phasey, = arctan (Im (Hy) /Re (Hy)) .

~
(o]
~

3.2 10 ¥
—_ —e—transverse distribution of H in the first microwave oscillation zone {
g g8 {7 transverse distribution of H in the second microwave oscilaion zone =
N o
nJ (a) -08 £
g / Q
T 24 =
o] N |® transverse distribution of Phasey, in the first microwave interaction zone g
o=
“; © transverse distribution of Phaseyy, in the second microwave interaction zond _(y 9
= 2.0 : >
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Distance from one side of each microwave oscillation zone/mm

We extracted the distributions of the amplitude H and the
Phasey, in each microwave interaction zone and displayed the
transverse distributions in Fig. 3(a) while the longitudinal dis-
tribution in Fig. 3(b). The transverse solving lines are along
the x-direction and located in the center of each interaction
zone, while the longitudinal solving lines are located at the
middle of each interaction zone along the y direction.

In the transverse distribution, as shown in Fig. 3(a), the
variation of H is very small in both microwave interaction zone
because each of them can be seen as a rectangular waveguide
cavity working in TE»p; mode. Furthermore, the fluctuation of
Phasep, is almost zero in each zone, which keeps the phases
of cold atoms at different transverse positions approximately
the same. These characteristics are advantageous to improve
the frequency accuracy of the SCAC.

3.2 —1.0 <
—=—longitudinal distribution of H in the first microwave oscillation zone £
’g —— longitudinal distribution of H in the second microwave oscillation zone =
Z 28 E
—-0.8 2=
< (b) g
= 24 g
=
E :
o 20 —06 =
g ® longitudinal distribution of Phase;, o
gn in the first microwave interaction zone o)
2 16 o longitudinal distribution of Phase _04 &
g in the second microwave interaction zone 9
o k3]
o 1.2 =
Q
g )
= —0.2 g
£ 08 =
2 K]
g o
< 04 0 %
=
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Distance from one side of each microwave oscillation zone/mm

Fig. 3. (color online) The transverse distribution (a) and the longitudinal distribution (b) of H and PhaseHy in each microwave interaction zone.

In the longitudinal distributions, as shown in Fig. 3(b), the
amplitude H are perfectly symmetrical because of the struc-
tural symmetry of the interrogation cavity. Moreover, the
Phasep, fluctuates near the edge positions of each interaction
zone, which is caused by the losses of the flight holes. The

average of the Phasey, can be derived from equation

bot

26.68
PhaseHy d/ / PhaseHy d/
_Jo
o1 26.68 ’

PhaseHy =20

€))

from which we obtained the differences of the longitudinal av-
erage Phasey, between the two interaction zones. The differ-
ence of the longitudinal average Phasey, is 8.6 x 107 rad and
the frequency error originated by this phase shift is lower than
1.0 x 10716115) which is below the target frequency error of
2.0 x 10716 in our rubidium SCAC. However, the asymmetry
of the interrogation cavity will enlarge this difference, !> and
if the center of this cavity shifts by 1 mm, the average phase
difference will increase about 1.0 x 1073 rad. Consequently,
the machining tolerance should be kept smaller than +7 pm in
order to guarantee the phase shift smaller than 2.2 x 107> rad.

The simulation results indicate that the interrogation cav-
ity only works in the eigenmode named mode 1, in which the
resonance frequency of the cavity is near vy and the intrin-
sic quality factor is large enough for the rubidium SCAC. The
electromagnetic field distribution is consistent with our design.
What’s more, the differences of the average Phasey, between
different microwave interaction zones are small enough and
meet the need of our rubidium SCAC.

3. Measurements and results

In this work, we have manufactured an interrogation cav-
ity with machining tolerance +5 pm. A photograph of the
cavity is displayed in Fig. 4. The cavity is made of TC4 (Ti-
6Al1-4V) coating with silver, and the thermal expansion coeffi-
cient of TC4 is 8.8 x 107° m/°C which leads to a temperature
coefficient about —0.06 MHz/°C. The microwave cavity is in-
tegrated with two mounts at each end and these mounts are
the facility for mounting the cavity in the vacuum cavity. In
what follows, some measurements have been taken to verify
the applicability of this microwave interrogation cavity.
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Fig. 4. (color online) Photograph of the microwave interrogation cavity
before being assembled in our rubidium SCAC.

3.1. Measurement of S parameter

In our SCAC, the interrogation cavity has been integrated
in the ultra-high vacuum tube whose vacuum is better than
1.0 x 1078 Pa.l>¥ We have measured the S parameter and
the resonance frequency with a vector network analyzer from
17 °C to 22 °C on-earth. The temperature coefficient of the
resonance frequency of the cavity is —0.051 MHz/°C which
is consistent with the design basically. The results of the mea-
surement at 22 °C are shown in Fig. 5. The resonance fre-
quency of this cavity is 6.835056471 GHz and the loaded qual-
ity factor is about 4200. The frequency is near the ground state
hyperfine transition frequency of the cold rubidium atoms and
the relative resonance frequency offset with respect to vy is
lower than 3 x 10~* which is small enough for the interro-
gation of the rubidium atoms. Moreover, the loaded quality
factor is much smaller than the intrinsic quality factor Qg of
the design, and thus the cavity pulling effect is suppressed suf-
ficiently in the rubidium SCAC.

G E5071C Network Analyzer

[P 511 Log Mag 5.00008/ Ref -15.0008 [F1)

0
1 6.8350000 GHz -28,089 dB

52 6.8300000 GHz -3.3438 dB

Bw: 1

5-000 | cent:

-30.00

Meas |5t [Suc] 2015-07-16 20:54)

Fig. 5. (color online) The S parameter of the microwave interrogation cavity
measured in the vacuum tube of our rubidium SCAC at 22 °C.

3.2. Measurement of the Rabi frequency

As Rabi et al. mentioned, in addition to the influence
of the C-field, the Rabi frequency Q of the cold atoms’
ground state hyperfine transition in a microwave cavity at
the resonance frequency is defined as Q = uguHmw, /%,
where Hyw, is the intensity of the magnetic field in the mi-
crowave field, up is the Bohr magneton, and p is the dielectric
permeability.’>! Additionally, the Rabi resonance magnetic
field intensity Hyw, corresponds to a specific value of the
microwave feeding in power Pq, which is proportional to the
square of the magnetic field intensity of the microwave field.
Hence, the Rabi frequency 2 is proportional to the square root
of Pg. In order to obtain the information of the magnetic field
in each microwave interaction zone, we have measured Py of
the rubidium cold atoms in each interaction zone with our ru-
bidium SCAC on-earth, in which the C-field has always been
set to be 120 nT.

In this experiment, we treated each microwave interac-
tion zone as a single microwave cavity and have measured
them respectively. The rubidium cold atoms were launched
down from the cooling zone?®! of our rubidium SCAC with
a same velocity, 4 m/s, and microwave power was feed in
the interrogation cavity with a specific sequence. Finally, the
transition probability of the rubidium cold atoms was derived
from time-of-flight (TOF) signals!®°! during the rubidium cold
atoms passing through the detection zone. The microwave fre-
quency was fixed at vy, but its power was changed step by step
by 0.25 dBm. When the first interaction zone was being mea-
sured, the microwave power was shut down during the flight
of the rubidium cold atoms over the second interaction zone,

and vice versa.

1.0

—s— the first microwave
oscillation zone

0.8 L—=— the second microwave

oscillation zone

0.6}

0.4}

Transition probability

0.2}

—80 —70 —60 —-50 —40

Feeding in microwave power/dBm

Fig. 6. (color online) The result of the Rabi frequency measurements. The
vertical axis indicates the transition probability of cold atoms and the hori-
zontal axis indicates the microwave feeding power.

As results, we obtained the Rabi oscillation curves of
each microwave interaction zone in which the transition prob-

ability of the rubidium cold atoms changes with the feed-in
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power as shown in Fig. 6. Because the resolution of the mi-
crowave feed-in power becomes insufficient for Pg, the en-
velopes of the Rabi oscillation curves shrink as the power in-
creases. However, the Rabi oscillation curves are good enough
for our SCAC, since we always take the microwave feed-in
power at first peak as Pg. Consequently, the Py of the first
and second microwave interaction zone are —48.75 dBm and
—47.75 dBm, respectively. The Rabi frequency ratio of the

two microwave interaction zones on ground is

2 VPos
Q1 Por’

where Q; (i = 1,2) is the Rabi frequency in the i-th microwave

(10)

interaction zone with different interaction time 7, while Pq;
(i = 1,2) is the microwave feed-in power at €2;, taking mW
as power unit. Bringing the results of this measurement into
Eq. (10), we obtain £,/Q;, which is just the ratio of the
flight time of the cold atoms across each microwave interac-
tion zone, 7; /7. We then have

.Ql’L'l ZQQ’Q:E. (11)

If the flight times of rubidium cold atoms over the two differ-
ent interaction zones are the same just as the situation in space,

T| = Tp = Tg, we then obtain that
Q19 = Ly, (12)

which proves that the magnetic field of the two microwave
interaction zones is distributed in the same manner.!*’! Con-
sequently, the electromagnetic fields in the two microwave in-
teraction zones maintain a high consistency in this microwave
interrogation cavity, which satisfies the demands of the rubid-
ium SCAC.

4. Conclusion

In this paper, we have presented a microwave interroga-
tion cavity which was designed for the rubidium SCAC. This
cavity can be considered as four small cavities connected end-
to-end, with two of them as guided wave zones and the other
two as microwave interaction zones. The guided wave zones
work in TEj¢p7 mode and the microwave interaction zones
work in TEyp; mode, ensuring that the electromagnetic field
distribution is suitable for the interrogation of the rubidium
cold atoms. There are four cutoff waveguides which guaran-
tee the microwave oscillations are terminated effectively dur-
ing the rubidium atoms’ free evolution. Accordingly, in this
interrogation cavity, forward flying rubidium cold atoms can
successively interact with the two microwave pulses separated

by a zero electromagnetic field area.

Furthermore, we have simulated this interrogation cavity
with finite element analysis software and presented its char-
acteristics. The magnetic fields in the two microwave inter-
action zones distribute in a highly consistent manner along
the trajectory of the cold atoms. The longitudinal average
phase differences of the y component of the magnetic field is
8.6 x 1070 rad, which is small enough for the rubidium SCAC.

Finally, we have manufactured a microwave interroga-
tion cavity and measured its S parameter. The loaded qual-
ity factor is about 4200 and the resonance frequency is
6.835056471 GHz which is near the rubidium cold atom’s res-
onance frequency 6.834682610 GHz in our SCAC. Moreover,
we have measured the Rabi frequency in each microwave in-
teraction zone and derived that 21y = €29 when the rubidium
SCAC works in space, which indicates that the magnetic field
is distributed in the same manner in the two microwave inter-
action zones.

In all, this interrogation cavity is designed based on the
rectangular waveguide cavity principle with a compromise of
a = (v/2/2)Ao. The electromagnetic field distribution can pro-
vide two microwave interaction zones, which is suitable for the
rubidium SCAC. To a great extent, the microwave interroga-
tion cavity presented in this work is the first to applied in the
rubidium SCAC. Furthermore, since the design principle is a
universal one, this type microwave cavity can be generalized
to interrogate other atoms in the SCAC with other medium.
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