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The ground state hyperfine splitting of 85Rb was measured precisely using a rubidium-85 atomic fountain
clock. About 5 × 105 atoms were detected at the temperature of 4 μK, and a Ramsey fringe was obtained
with FWHM of 0.95 Hz. We present a measurement of the 85Rb ground state hyperfine splitting with a 5 ×
10−14 uncertainty. The measured 85Rb ground-state hyperfine splitting was υ = 3.035 732 444 821 8(2) GHz.
This measurement is more precise than previously reported values by 4 orders of magnitude, and differs from
the previously reported value by 5.8218 Hz.
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I. INTRODUCTION

In recent years, atomic fountain clocks (AFCs) have been
improved greatly and widely applied in many atomic physics
fields such as time measurement. As a central part of primary
frequency standards, AFCs have increased the precision of
the SI second [1] to the uncertainty of 10−16 [2]. The clock
frequency of 87Rb is used as a secondary standard of the
second [3] because of the excellent performance of 87Rb
AFCs. AFCs using the two media (133Cs and 87Rb) have
been running continuously in time labs worldwide [4] with
long-term frequency stability of 10−16–10−17 and frequency
uncertainty of 10−16.

85Rb, the other natural rubidium atomic isotope, plays a
key role in many investigations, such as Bose-Einstein con-
densates [5,6], Feshbach resonance [7,8], degenerate quan-
tum gas [9], atomic clocks [10], and atomic interferometers
[11]. Atomic fountain devices of 85Rb have been built for
interferometer experiments [12], but, to our knowledge, no
85Rb AFC has ever been reported. The low clock frequency
of 85Rb (3.0 GHz) means that such a clock will have worse
short-term stability (σ ∝ 1/υ) than 133Cs (9.2 GHz) and 87Rb
(6.8 GHz) if all other parameters are the same. Although a
85Rb AFC has its own disadvantages as a practical frequency
standard, it does have advantages as follows. First, the use
of this isotope will increase the measurement accuracy of the
clock frequency of 85Rb by 6–7 orders of magnitude over the
uncertainty of 2 × 10−9 that was published in the 1970s [13].
Second, by comparing the clock frequencies of 85Rb and 87Rb,
one can test the temporal variation of fundamental constant α

[14–16]. Third, some characteristics of 85Rb make many in-
teresting research efforts on 85Rb AFCs feasible. For example,
the signs of the collisional shift coefficients of the two clock
states are opposite, which suggests that the collisional shift
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can be eliminated by adjusting the atomic population ratio of
the two clock states in the fountain [17,18]. In this paper, we
report the measurement of the ground-state hyperfine splitting
of 85Rb and evaluate the frequency uncertainty using a 85Rb
AFC.

II. DEVICE AND OPERATION

The 85Rb AFC includes physical, optical, microwave, and
data processing components. The structure of the 85Rb foun-
tain setup is shown in Fig. 1. The apparatus consists of a
magneto-optical trap (MOT) region, a two-level detection
region, and a Ramsey interaction region. The vacuum cavity
is made of aluminum and is kept at a vacuum of 2 × 10−7 Pa
with a 40 L/s ion pump and eight getters. A TE011 copper
cylindrical cavity with height and diameter of 130.2 mm has
a quality factor Q ≈ 27 000 and is installed at the bottom of
the Ramsey interaction region, and the cavity has four sym-
metrical coupled microwave ports. Four layers of permalloy
magnetic shields, a solenoid coil, and several compensation
coils provide an uniform magnetic field that fluctuates less
than 1 nT. The optical system layout is shown in Fig. 2.
The laser source is shared with the 87Rb AFC and is split
into cooling, repumping, and probing light. Cooling light is
amplified by a homemade injection-locked laser amplifier. Its
frequency is shifted with acousto-optic modulators (AOMs).
The repumping light is resonated with |F = 2〉 → |F = 3′〉,
and is created by a fiber electro-optical modulator (FEOM).
The microwave field is generated from a signal generator
(E8257C) that uses a 5 MHz output signal of a H maser (VCH-
1003A) as a reference signal, which is linked to international
atomic time (TAI) by GPS PPP (Global Positioning System
precise point positioning) [19]. The analog and digital signals
are controlled and processed by a computer.

The operation timing of the 85Rb AFC is diagramed in
Fig. 3. About 106 atoms are first trapped in a MOT, and
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FIG. 1. Structure of the 85Rb fountain setup. The typical inde-
pendent microwave state-selection cavity is replaced by a microwave
antenna that is installed on one side of the MOT cavity polyhedron
structure. From the bottom to the top are the MOT region, the
two-level detection region, the Ramsey interactions region, and the
free flight region, respectively.

cooled by optical molasses, then launched in (1,1,1) geom-
etry by moving optical molasses with an initial velocity of
3.97 m/s (corresponding to a launch height of 805 mm) in
0.8 ms and post-cooled to a temperature of about 4 μK.
During the ballistic flight, the atoms pass through the Ramsey
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FIG. 3. Operation timing of the 85Rb fountain. (1) MOT. (2)
Molasses. (3) Launch. (4) Post-cooled. (5) Ramsey interactions. (6)
Detection. State selection is generally set between steps (4) and (5).
Atomic cooling and trapping time: 1.08 s; execute cycle time: 2.8 s.

cavity twice. A π/2 microwave pulse fed into the cavity from
one of the four ports induces the ground-state transition of
|F = 3, mF = 0〉 → |F = 2, mF = 0〉. Finally the atoms are
measured using the time-of-flight (TOF) method as they fall
through the two-level detection region, shown in Fig. 4(a).
From the TOF signal, we obtain the atom numbers of the
two ground hyperfine states, which are NF=2 = 7 × 104 and
NF=3 = 5 × 105, respectively, and the atomic temperature
is 4 μK. The transition probability is calculated with P =
NF=2/(NF=2 + NF=3). The typical Ramsey interference fringe
is shown in Fig. 4(b), in which each data point is an average
of 12 repetitions. The full width at half maximum (FWHM)

FIG. 2. Simplified scheme of the laser optical system for the 85Rb AFC.
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FIG. 4. (a) Falling TOF signal. The solid red, dotted black, dash-dotted blue, and dashed orange lines represent the TOF signals of F = 2,
F = 3, a Gaussian fit of F = 2, and a Gaussian fit of F = 3, respectively. The atomic numbers of F = 2 (NF=2) and F = 3 (NF=3) are 7 × 104

and 5 × 105, respectively. (b) Ramsey interference fringe at the height of 805 mm. The transition probability P = NF=2/(NF=2 + NF=3),
averaged over 12 repetitions, is plotted as a function of microwave frequency detuning with frequency-scanning intervals of 0.1 Hz. The
FWHM of the central Ramsey fringe is 0.95 Hz and the contrast is about 0.08/0.2 = 0.4. The Ramsey fringe is shifted by +5.8 Hz from the
previously published value of 3.035 732 439 0(60) GHz.

of the central fringe is �υ = 0.95 Hz. Figure 4(b) also shows
that the clock frequency of 85Rb is υ0 = 3.035 732 444 8 GHz,
which is about +5.8 Hz different from the previously pub-
lished value [13]. More precise measurements of the clock
frequency are achieved in the comparative experiments.

III. PRELIMINARY EVALUATION

The frequency stability of the AFC was measured in
an open-loop comparative experiment, in which the device
records only the error signal and does not feed back to the
reference (H maser). The interrogation error is obtained with
square-wave modulation, and comes from the difference in
the probability of two successive measurements at the fre-
quencies of υ0 − �υ and υ0 + �υ. The central frequency is
set to 3.035 732 444 824 GHz. The frequency stability of the
comparative data, expressed in terms of Allan deviation, is
1.4 × 10−11τ−1/2, and reaches 4 × 10−14 at the integral time
of 7 × 104 s, as shown in Fig. 5. The fractional frequency
bias of the H maser that is compared against the TAI signal
is 5.42 × 10−13 with a frequency uncertainty of 7 × 10−15

at integral time of 104 s. The short-term frequency stability
of this device is worse than that of other AFCs, because its
atom numbers are smaller than those of other AFCs due to
the low laser power and the relatively large optical noise. In
future work, we plan to use a better laser source and make
other improvements such as installing a low-noise microwave
synthesizer and adding a state-selection process. These im-
provements are expected to improve the short-term frequency
stability to better than 5 × 10−13τ−1/2.

The clock frequency of 85Rb was measured with a preci-
sion of 10−14, and this precision was limited by the frequency
stability of the clock. At this level, only a few physical
effects contribute to the frequency error and uncertainty of the
AFC. Below, we evaluate the contributions of second-order
Zeeman shift, blackbody radiation shift, collisional shift, and
the microwave-related frequency shift.

The second-order Zeeman effect is a major effect on
the |3, 0〉 → |2, 0〉 transition of the 85Rb ground state. The
magnetic field sensitive Ramsey transition |3,−1〉 → |2,−1〉
was used to evaluate the average magnetic intensity [20–22].
The magnetic field sensitive Ramsey interference fringe and
C-field mapping are shown in Figs. 6(a) and 6(b), respectively.
The fractional frequency shift due to the second-order Zeeman
effect can be evaluated by the Breit-Rabi formula [23]:

�υ |3,0〉→|2,0〉
υ0

= k2
(�υ |3,−1〉→|2,−1〉

k1

)2

υ0

= 3.51 × 10−13, (1)

FIG. 5. Fractional frequency stability of the 85Rb AFC as mea-
sured in an open-loop experiment run for more than two days. The
short-term fractional frequency stability is about 1.4 × 10−11τ−1/2.
At 7 × 104 s, the frequency stability reaches 4 × 10−14.
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FIG. 6. (a) Ramsey fringes for the |3, −1〉 → |2, −1〉 transition at the launch height of 805 mm. The red arrow marks the central fringe.
The distortion of the fringe is attributed to inhomogeneous broadening of the magnetic field. (b) C-field mapping above the center of the MOT
chamber. The magnetic field fluctuates within 0.4 nT.

where k1 = 0.47 MHz/G and k2 = 1293.98 Hz/G2 are the
first- and second-order Zeeman frequency shift coefficients,
respectively, and �υ|3,0〉→|2,0〉 = −851.5 Hz at the height of
805 mm. The fluctuation of magnetic intensity and deviation
of the magnetic field sensitive Ramsey central fringe are
less than 0.4 nT and 1 Hz, respectively, and these introduce
frequency uncertainty of 10−15.

During the ballistic flight, the atoms experience an ac Stark
shift caused by blackbody radiation. This effect is related to
the temperature of the Ramsey interaction region, and the
resulting fractional frequency shift is expressed as follows:

�υ

υ0
= β

(
T (K )

T0

)4
(

1 + ε

(
T (K )

T0

)2
)

, (2)

where T0 is usually assumed to be equal to room temperature
(300 K) and ε is a small correction resulting from frequency
distribution [24,25]. The higher order term in Eq. (2) can be
neglected here. k = 0.546 × 10−10 Hz/(V/m)2 for 85Rb [26],
k and β are related through the following equation:

β = k

υ0
× (831.9 V/m)2

= 1.24 × 10−14. (3)

The vacuum cavity of the fountain is heated by an aluminum-
film heater, and five PT100 thermometers are installed be-
tween the heater and the outer surface of the cavity to monitor
the temperature. The temperature of the Ramsey cavity is
305 K and the fractional frequency shift is 1.32 × 10−14.
The temperature differences between the five thermometers

TABLE I. Predicted collisional shifts (nμλ)F,m f
/2π in 10−5 Hz

for 85Rb at E/kB = 4 μK and n = 3.6 × 106 cm−3 [26].

F, mf 2,0 3,0 3,±1 3, ±2 3, ±3

(nμλ)F,m f
/2π 0.08 −1.22 −0.08 −0.32 −0.28

and their fluctuations are less than ±0.5 K. Considering that
the temperatures inside and outside the cavity may differ,
we magnify this error by four times to ±2 K. This error
in temperature corresponds to an uncertainty of 2 × 10−16,
which is negligible in our preliminary uncertainty evaluation.

The isotope 85Rb has characteristics that are different from
those of 133Cs and 87Rb with respect to collisional effect. For
85Rb, the collisional shifts produced by the two clock states
have opposite signs, so the shift can be neutralized by driving
a π/5 pulse through the microwave cavity at 1 μK in the
first pass [18]. However, this method will reduce the Ramsey
fringe contrast by 40% [17] and deteriorate the frequency
stability of the clock. For our current 85Rb AFC device, the
frequency stability is the main limitation of precision for eval-
uating of the clock frequency, so we still use π/2 microwave
pulse in our simple quantitative analysis. In the absence of
state-selection process, the collisional shift is evaluated as

�υ

υ0
=

1
7

(∑3
3,m f =−3

(nμλ)3,m f

2π
+ 1

2

( (nμλ)2,0

2π
− (nμλ)3,0

2π

))
υ0

= − 8.4 × 10−15. (4)

In Eq. (4) the atomic density n is 3.6 × 106 cm−3. The colli-
sional frequency shifts (nμλ)F,m f

/2π of the ground hyperfine

TABLE II. Main frequency shift and uncertainty budget of 85Rb
AFC.

Frequency shift Uncertainty
Error source (×10−14) (×10−14)

Second-order Zeeman 35.1 0.1
Blackbody radiation 1.32 0.02
Cold collisional −0.84 1
Microwave-related shift 0 3
Comparing with H maser (type A) −16 4
Links to TAI 54 0.7
Total 73.58 5.1
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FIG. 7. The previously published values of ground-state hyper-
fine splitting for 85Rb along with uncertainties, plotted alongside
the present results. Black squares, red circles, blue triangles, pink
pentagrams, olive rhombi, and navy pentagons represent the results
of Jaccarino et al. [27], Braslau et al. [28], Penselin et al. [29], Vanier
et al. [30], Arimondo et al. [13] and our work, respectively. The inset
shows the results of the last four groups and the dashed gray line
represents the value of published work at present.

substate of 85Rb and their uncertainties are obtained from the
data of Ref. [26] at the temperature of 1 μK, as shown in
Table I. The resulting uncertainty in the collisional frequency
shift is about 1 × 10−14. Since the collisional frequency shift
of the 85Rb AFC is large and is sensitive to the temperature
of the atoms, more research is necessary tp better understand
this effect. This research will be important for evaluating the
precision of 85Rb AFCs with less uncertainty.

There are many effects related to macrowave cavity, in-
cluding cavity pulling, distribution-cavity phase shift [22],
and microwave leakage. We have performed many exper-
iments to evaluate these effects, including measuring the
frequency with microwaves fed to the cavity from different
ports, 3π/2 and 5π/2 high order microwave pulses, contin-

uous microwave feeding, and others. The differences in the
calibration frequency in these experiments and normal oper-
ating conditions are less than 3 × 10−14 with uncertainty of
about 6 × 10−14, which means that the error and uncertainty
of these effects are far less than 3 × 10−14, and these can
be counted directly as uncertainty. The uncertainty budget
for each factor is listed in Table II. These data show that
the total fractional frequency shift is 7.36 × 10−13, which

is expressed as u =
√

u2
A + u2

B + u2
link, where the values of

uA, uB, and ulink are 4 × 10−14, 3 × 10−14, and 7 × 10−15,
respectively. The frequency uncertainty is 5 × 10−14. After
frequency correction, 85Rb ground-state hyperfine splitting
is υ = 3.035 732 444 821 8(2) GHz. We list the values of
ground-state hyperfine splitting for 85Rb observed in previ-
ously published research and in our work, along with the
uncertainty, as a bar plot in Fig. 7.

IV. CONCLUSIONS AND OUTLOOK

An 85Rb atomic fountain clock was built and run to mea-
sure the ground-state hyperfine splitting of 85Rb. From pre-
liminary comparison and evaluation experiments, we find that
the short-term frequency stability of the 85Rb AFC is 1.4 ×
10−11τ−1/2 and its long-term frequency stability is better than
4 × 10−14 at 7 × 104 s. The measured clock frequency was
3.035 732 444 821 8(2) GHz. Compared with the previously
published clock frequency value, the result increases precision
by 4 orders of magnitude and corrects the known frequency by
5.8218 Hz.

On the other hand, the performance of 85Rb AFC is worse
than other AFCs, and it is mainly limited by the device’s
short-term frequency stability. In future work, we plan to take
measures to increase the frequency stability and decrease the
uncertainty. Then we can do some research on 85Rb, such as
measuring the clock frequency of 85Rb with a precision of
10−16, and testing the variation of the fine-structure constant
by comparing the outputs of 85Rb and 87Rb AFCs.
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