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We present the experimental demonstration of nondestructive detection of '71Yb atoms in a magneto-optical trap
(MOT) based on phase shift measurement induced by the atoms on a weak off-resonant laser beam. After loading a green
MOT of '7Yb atoms, the phase shift is obtained with a two-color Mach—Zehnder interferometer by means of +45 MHz
detuning with respect to the 1Sg—1P; transition. We measured a phase shift of about 100 mrad corresponding to an atom
count of around 5 x 10°. This demonstrates that it is possible to obtain the number of atoms without direct destructive
measurement compared with the absorption imaging method. This scheme could be an important approach towards a
high-precision lattice clock for clock operation through suppression of the impact of the Dick effect.
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1. Introduction

The stability and uncertainty of optical clocks have been
greatly improved in recent years. Optical lattice clocks based
on ytterbium (Yb) at the National Institute of Standards and
Technology have reached 3.2 x 10~!°@36 h, while the stron-
tium (Sr) optical lattice clocks at JILA have an instability of
5.8 x 10712@3600 s.[1:?) The systematic uncertainties of op-
tical lattice clocks based on 37Sr and '"!'Yb atoms have now
been improved to 8 x 107'? and 1.4 x 1018, respectively.!-]
With the excellent performance of these lattice clocks, there
are many impressive applications in the fields of fundamental
physics,[*! geodesy>®! and gravitational wave detection.”]

The frequency stability of an optical lattice clock is an
important factor in denoting its performance. Normally, it is
described by the Allan deviation. For an averaging time 7 it
can be written as!®!

n Ic
Gy(f) = Q(S/IV)\/:, (1)

where 7 is a factor determined by the shape of the resonance,
Q =v/Av, is the quality factor of transition line shape and S/N
is the signal to noise ratio during the whole clock cycle T;.
From this formula there are three parameters that can be used
to improve the frequency stability: increasing Q and S/N or
decreasing 7.

fCorresponding author. E-mail: zhugiang@apm.ac.cn
fCorresponding author. E-mail: helx @apm.ac.cn
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The whole clock cycle T, comprises the time cycle for
preparing the cold atoms, excitation of the clock transition
and servo-controlling the clock laser to the clock transition.
Normally, cold atom preparation occupies a large part of the
whole clock cycle. Here we have to take into account the
concept called the Dick effect.l”] This will degrade the clock
stability by worsening S/N when the clock laser samples the
cold atoms in a discontinuous way (with dead time), and it
results from down-converting the clock laser noise into low-
frequency noise.!!>12l The Dick noise originates from the

[13-15] 1t can be minimized by in-

noise of the clock laser.
creasing the duty cycle of the clock interrogation by using the
cold atoms repeatedly through non-destructive detection.!'°]
In other words, it is necessary to decrease the time cycle of the
clock cycle corresponding to the non-interrogation time.

In this paper, we propose to adopt a non-destructive de-
tection scheme based on phase shift measurement induced by
the '71Yb cold atoms in a green magneto-optical trap (MOT)
without reloading the cold atoms. It is beneficial to shorten the
time sequence for preparing the cold atoms so that the dead
time of the clock cycle is decreased. The cold Yb atoms are
loaded with a laser cooling and trapping technique at 399 nm
and 556 nm, and the non-destructive detection scheme is real-
ized with a bicolor Mach—Zehnder interferometer, which was
previously used by the group at JILA to give an error signal
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for the laser frequency in a chip rubidium atomic clock. ']

2. Theoretical analysis

The basic principle of the non-destructive detection
scheme is to detect the phase shift accumulated by the cold
atoms using a near-resonant probe laser beam. For the case of
atomic energy levels with lower and upper states denoted by
|J,F,mp) and |J',F’,m/}.), respectively, the probe beam with
detuning Ap p from the transition between the two states will
experience a phase shift ¢:[1°]

3&2 2J +1
ZFmFF, NQF' +1)(2F +1)
X{F’ 1 F ] {J 1/1}2 (I'/2)App @
mp q —mp F'F I AI%F/—F(F/Z)Z’

Wigner 3 symbol Wigner 6 symbol

where N is the atomic population in the hyperfine substate
|J,F,mp), q is the polarization state, A is the wavelength of
the probe beam, A f+ is the laser detuning to the resonance,
I' is the natural linewidth of the transition and S is the cross
section of the atomic cloud. For a laser beam with Gaussian
distribution, the cross section S = 27(r2 +w?/4), where ry is
the atomic cloud standard deviation and w is the 1/e? radius
of the laser beam.
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Fig. 1. The main energy levels involved in the non-destructive probing
scheme for '7'Yb. (a) The main energy level structure of '71Yb. (b) The
1Sy (F = 1/2)—='P (F' = 3/2) transition involved in the non-destructive
probing scheme.

When we consider the non-destructive detection scheme
for Yb atoms, the probe beam is in resonance with the
IS (F = 1/2)—'Py (F' = 3/2) transition, so F = 1/2, F/ =
3/2,mp=1/2,mp=3/2,J=0,J'=1,g=—1and I =1/2;
the related energy levels of the Yb atoms are depicted in Fig. 1

from the results of Stone’s Wigner coefficient calculator, 17!

We can get
3/72 1 1/2 0 1 1]_
(3/2 —1 1/2) -1/2, {3/2 1/2 1/2} =-V1/6,
so Eq. (2) is changed to
3A2N (I'/2)Apr
_ 3A°N ( (L'/2)Appr ) 4
AnS A%’F,—F(F/Z)Z

Figure 2 shows that @,om has a simple relationship with
atom counts N staying in the MOT. That is to say, once one ex-
tracts the phase shift, the atomic population of the cold atomic
cloud can be easily obtained. For a 45 MHz detuning, the
phase shift is about 50 mrad, which corresponds to an atomic
number about N = 5 x 10° with § = 1.12 x 10° pm?.
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Fig. 2. Theoretical calculation of the phase shift along with the detuning for
the Yb 'So—'P; transition probe.

3. Experimental setup

Based on the above theoretical analysis, we built the cold
atomic experimental setup shown in Fig. 3. The apparatus
mainly consists of an internally heated atomic oven, a cube,
an inline valve (MDC Company, MIV-150-V), a mechanical
The line
valve divides the whole system into the oven area on the left

baffle, a differential tube and a science chamber.

and the science chamber area on the right, and two ion pumps
are equipped on each side to maintain a high vacuum level. A
thin differential tube connects the oven side and science cham-
ber side to ensure a vacuum difference of about two orders of
magnitude. A cube behind the oven is used for transverse cool-
ing to reduce the beam divergence angle. A mechanical baffle
blocks the beam flow when the system is not in operation. The
chamber has eight 2.75-in windows in the horizontal plane,
with three pairs of six optical channels in the horizontal plane
in addition to the left channel used for the atomic beam and
the right channel used for Zeeman beam. In the vertical plane,
there are two 4.5-in viewing windows, and two anti-Helmholtz
coils are mounted on the outside of these two windows to gen-
erate the quadrupole MOT magnetic field (not shown in the
figure), with cooling water channels inside to remove the heat
from the coils.

023201-2
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The Yb atomic oven is baked to 350 °C and the veloc-
ity of the hot atomic beam follows the Maxwell-Boltzmann
distribution. In order to load the blue MOT efficiently, the
atomic beam has to be pre-cooled with a Zeeman slower. Our
Zeeman beam is designed with a laser power about 15 mW
at 399 nm (detuned-300 MHz) without Zeeman coils. The
399 nm laser was developed with injection-locking technol-
ogy (Moglabs Company, ILA). A MOT is formed with six
beams of about § mW (detuned-28 MHz) and a pair of anti-
Helmholtz coils (magnetic field gradient about 40 G-cm™).
After the blue MOT has been loaded with the 399 nm laser, the
556 nm laser (Precilasers, YFL-SSHG-556-0.2-CW) is used to

load the cold atoms into the green MOT. For the green MOT,
each beam is about 1.5 mW, with detuning of 200 kHz, and the
magnetic field gradient is dropped to 12 G-cm~!. The probe
light is about 2 mW, which is off-resonance with the 'Sy —!P;
transition, with detuning of about +45 MHz.

The time sequence for non-destructive detection is shown
in Fig. 4. The Zeeman and first-stage cooling beam are
switched on for 1.5 s to collect the maximum atom count in
the blue MOT. The 556 nm beam for the second-stage cooling
and the probe beam at 399 nm for non-destructive detection

are kept on for 2 s. The duration of the green MOT is 0.5 s.

MOT beam

MOT beam
R

(0]

Zeeman laser

Y ] D
ib
A
e Cube | Inline valve llm
pump(@)| [T ] e pump(2)
A A
S 1
H Probe
: R—1-: HR
H%% Filter TAle 1:9 laser
AS {0 -
HR Signal laser Ref laser %
+70 MHz
HR

Fig. 3. Schematic diagram of the vacuum system and the laser path for the nondestructive measurement.
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Fig. 4. Time sequence for non-destructive detection including the Zeeman
beam, two-stage MOT beams and the magnetic field.
After the green MOT has been loaded, another 399 nm
laser beam is used as the probe to build a two-color
Mach-Zehnder interferometer for the nondestructive detection

scheme, as shown in Fig. 5. The probe laser is separated into
two beams with P~ and P components, where one beam is
red-detuned and the other is blue-detuned with the same value
at 45 MHz. A beamsplitter (7:R = 1:9) is used to sepa-
rate the probe beam into a reference beam and a signal beam,
with the stronger reflected beam as the reference beam and
the weaker transmitted one as the signal beam. The reference
beam passes through an acousto-optic modulator (AOM) mod-
ulated at 70 MHz, and then goes through the science chamber
bypassing the atomic cloud. The signal beam passes through a
neutral density filter to reduce the light intensity to the 100 nW
level, and is then focused on the cold atoms. A polarizing
beam splitter is used to combine the reference and the sig-
nal into the same channel; the polarizations of the two chan-
nels are perpendicular to each other. Before the photodetectors
(PDs), two 45° Glan—Taylor prisms are also arranged to obtain
the beating signal.

023201-3
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Fig. 5. The experimental scheme for measuring the phase shift of cold atoms using a two-color Mach—Zehnder interferometer (AOM,
acousto-optic modulator; PBS, polarizing beam splitter; PD, photodetector).

We first record the image of the atomic cloud in the green
MOT with a charge-coupled device camera and measure the
size of the atomic cloud, with its radius of about 120 pm.
Then, we select a lens assembly to match the probe laser beam
size with the atomic cloud. We measure the beam waist with
an analyzer (Dataray Company, WinCamD-1310) at the focus.
The laser waist radius is about 125 pm. The first A /4 wave-
plate on the signal side changes the signal light into left-hand
and right-hand circularly polarized light. When the signal light
passes through the cold atoms, the 6t and ¢~ transitions of
the atoms will be excited and a phase shift generated.

The outputs from the bicolor Mach—Zehnder interferom-
eter are recorded by two photodetectors (PD1 and PD2), and

the outputs of the two PDs can be written as follows: 1]

s1 o<\ BB cos(0mt + AT + 1), (4)
§2 o< \/ Py P ;cos(@Wmt +AQ™ + ¢2). (5)

Here P;t and P, are the signal light intensities, P} and P,_; are
the reference light intensities, wy, is the modulation frequency
of the AOM, A@™ and A@ ™ are the phase shifts caused by the
atoms, and their relation is AT = —AQ@™ = @uom. ¢1 and ¢,
are the phase shifts originated from the length difference be-
tween the interferometer arms. In our two-color interferometer
configuration, @; = ¢,.

The signals from the PDs first pass through a bandpass
filter (Mini-Circuits Company, SXBP-69+) with a center fre-
quency of 69 MHz, which is used to filter out other frequency
components except the 70 MHz signal (mainly the frequency
component around 90 MHz). The bandpass filter provides

—30 dB attenuation, which effectively removes these interfer-
ence components. Two limiting amplifiers are used to am-
plify the signal, which is then fed into a phase detector (Mini-
Circuits Company, RPD-1+) for phase detection. Finally, the
output is set to a low-pass filter and amplified again to the os-
cilloscope, as shown in Fig. 6.

LPF  Amplifier

Phase detector Oscilloscope

Fig. 6. The block diagram of phase shift detection (BPF, bandpass filter;
LA, limiting amplifier; LPF, low-pass filter; PD, photodetector).

The final output signal of the phase detection circuit can
be written in the following form:

Signal = A sin(@n + 2 @atom ) - 6)

Here A is the signal amplitude and ¢y, is an electric phase shift
caused by different signal delays during the transmission of
two beating signals. In the ideal case it stays constant and
does not change with time. @, is the atomic phase shift sig-
nal to be measured. By phase compensation and eliminating
¢m in Eq. (6), the relationship between the measured signal
amplitude and the phase shift can be approximately simplified
to Signal = 2A @yom- To obtain the coefficient A, two 70 MHz
signals are generated using a commercial signal source and fed
together into the two inputs of the detection circuit. By vary-
ing their phase difference, we obtain the relationship between
the phase difference and the size of the output signals. From

023201-4
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the fitting result, we obtain the sensitivity A = 0.63 V-rad~! as
shown in Fig. 7.

T T T T T T T T T

L ¢ Signal
0.6 Fitting

0.4 1

0.2 1

Signal (V)
(=)
(=]
T

1 1 1
0 /2 T 3m/2 27
Phase difference

Fig. 7. Measurement of the phase difference sensitivity. The blue points are
the measured values and the red line is the fitting curve based on Eq. (6).

4. Results and discussion

The phase shift is obtained from the output of the phase
difference detection circuit, and is shown in Fig. 8. It can be
easily seen that the signal given by the phase difference detec-
tion circuit is a step signal when the cold atoms are loaded into
the green MOT, and then reverts to the initial value at the end
of the green MOT stage. During the green MOT loading stage,
a clear step signal appears above the bottom level. The height
of this step is about 40-80 mV, and the phase shift @,om, and
the phase shift due to the green MOT atoms is calculated to be
around 30-60 mrad according to Eq. (6), which approximates
50 mrad predicted by the theory in Fig. 2. With the exper-
imentally measured parameters brought into Eq. (3), we can
obtain an atom count of about (3—6) x 10°. Our result is also
in agreement with the phase shift measurements performed by
the LNE-SYRTE group on Sr atoms. [1%]

0.15 —— . . . .
— 15
0.10}
— 0.05} —~
2 z
Tg 0.00F 40 g
& 3
“_0.05} M)
ik it
—o0.10} UNW MW‘MWWW WMW! '
1-5
—0.15—— L L L s
0 1 2 3 4
Time (s)

Fig. 8. Recorded phase shift signals from non-destructive detection in a
green MOT. The blue TTL signal (right y-axis) indicates the state of the
green MOT, with cold atoms (high level) and without atoms (low level).
The red line (left y-axis) is the phase shift signal from the phase difference
detection circuit.

The fact that there are large fluctuations in our phase shift
measurement could be due to several reasons. Firstly, im-

perfect frequency locking at 556 nm with a reference cavity

makes the optimal frequency jitter from time to time around
a natural linewidth. Secondly, the power of the trapping laser
fluctuates because of imperfect polarization matching with the
fiber axis. These two factors will partially contribute to the
detection noise.

5. Conclusion

In summary, we have experimentally demonstrated a non-
destructive measurement scheme in cold Yb atoms based on
a bicolor Mach—Zehnder interferometer. With this interfer-
ometer we have successfully obtained atom counts of around
5 x 10* from the phase shift caused by the cold atoms. This
indicates that it is feasible to approximately estimate the atom
counts by this method instead of imaging method. This non-
destructive detection method can be used in our Yb optical
clocks,"8291 which will suppress the Dick effect and improve
the frequency stability of Yb clocks in the future.
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