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Normalized detection by using the blow-away
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HONGWEI SONG, 2 JIAQI ZHONG,23® XI CHEN,?3 LEI ZHU,2*4
YUPING WANG,%4 JIN WANG,2 3% AND MINGSHENG ZHAN?Z:3

1school of Optical and Electronic Information, Huazhong University of Science and Technology, Wuhan
430074, China

2gate Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuhan Institute of
Physics and Mathematics, Chinese Academy of Sciences - Wuhan National Laboratory for
Optoelectronics, Wuhan 430071, China

3Center for Cold Atom Physics, Chinese Academy of Sciences, Wuhan 430071, China

4school of Physics, University of Chinese Academy of Sciences, Beijing 100049, China
5jqzhong@wipm.ac.cn

Bwangjin@wipm.ac.cn

Abstract: We propose and redlize a simple normalized detection scheme for cold atom
interferometry. The detection of population in final atomic statesis normalized to the blow-away
fluorescence during initial state preparation. In this way, the detection system and procedure
are both simplified. The reduced sensitivity to amplitude noise in atom interference signal is
experimentally verified. Both amplitude noise in atom source and short term phase noise of
interference fringes are suppressed by more than afactor of 10 with normalized detection.
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1. Introduction

With the development of cold atom physics and related experimental techniquesin recent years,
cold atom interferometry [1] becomes a useful tool and has been widely applied in precision
measurements and fundamental physics study, including measurements of gravitational
acceleration [2-6], gravity gradient [7-10], rotation [11-13], the Newtonian gravitational
constant [14, 15] and the fine structure constant [16—18], tests of general relativity [19, 20],
definition of kilogram [21] and detection of gravitational wave [22—24]. Due to uncontrollable
vibration and fluctuations of magnetic field, environmental temperature, laser intensity, laser
frequency, etc., the number of atoms involved in an atom interferometer fluctuates randomly,
and the fluctuation contributes to the amplitude noise in interference signal. However, since the
proportion of atomsin each hyperfine ground state after the interference process is independent
of total atom number, the amplitude noise can be suppressed by normalized detection. The
conventional normalized detection includes two-state sequential detection [6,25] and two-state
simultaneous detection [26, 27]. The schematic diagram of the involved states and transitionsin
the normalized detection processes is shown in Fig. 1 (for ®Rb atoms employed in our work,
the corresponding levels are shown in the brackets). In sequentia detection, firstly the atomsin
state |1) are detected and blown away by a detection laser which is resonant with the transition
|1) — |4), then the atoms in state |2) are repumped to state |1) by a repumping laser which
is resonant with the transition |2) — |3), and the first detection step is repeated. Finally, by
simple numerical processing, the two detected signals are converted to atom numbersin the two
ground states |1) and |2), and their relative population is obtained. In simultaneous detection,
atom wave packets of two ground states are spatially separated firstly, then the atomsin state | 2)
are repumped to state |1), and finally the two groups of atoms are detected at the same time. By
this method, the noises contributed from the detection laser can be further rejected. However,
to spatially separate the two atom wave packets, a laser beam size 50% larger than the atom
cloud size is needed [27], which may pose an additional constraint to the atom temperature or
the free evolution time when the beam size isfixed. In addition, though both methods can reach
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satisfying signal-to-noise ratio (SNR), in most critical sense, the detection procedure and the
module structure deserve to be simplified.
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Fig. 1. A schematic diagram of the involved states and transitions in the normalized-
detection processes. |1) and |2) are the lower hyperfine states, |3) and |4) are the upper
hyperfine states. For 8Rb D, transition hyperfine structure, |1) and |2) correspond to
the states |5%Sy,,F = 3) and |52S;/2,F = 2), |3) and |4) correspond to the states
|52P3/2, F” = 3) and |5%P32, F’ = 4), respectively.

In this paper, we design and realize a simple normalized detection scheme for cold atom
interference signal. The normalized detection is realized by determining the ratio of the
fluorescence, | /110, Where | is the fluorescence intensity of atoms populated in one of the
two evolved mg = 0 states after coherent manipulations, 1., is the blow-away fluorescence
intensity of uselessatoms during theinitial state preparation. In this method, neither repumping
process nor repumping beam is needed. The atoms are excited only once after the coherent
manipulations, only one beam and one detector are employed to perform blowing away
and normalized detection. The experiment results demonstrate that this method has reduced
sensitivity to amplitude noise. Under simulated severe conditions, both the amplitude noise in
atom source and the corresponding short-term phase noise of interference fringes are suppressed
by more than afactor of 10, while the SNR is 100:1.

2. The principle and experimental apparatus

The experiment is based on a Mach-Zehnder type (M-Z) atom interferometer implemented by
using athree-pulse (/2 — = — n/2) stimulated Raman transition [1-5]. The Raman transitions
couplethe two ground hyperfine mz =0 states of #°Rb, |5%S; /2, F = 2, mp = 0y and |5%S; 2, F =
3, mg = 0). A typical atom interference process contains 5 steps: cold atom loading, launching,
initial state preparation, coherent manipulation and final state detection. The schematic diagram
of experimental setup and the sequence of experimental parameters are shown in Fig. 2. Atoms
are pre-cooled in a two-dimensional magneto optical trap (2D-MQOT), a pushing laser pulseis
then employed to transfer the atoms to a three-dimensional MOT (3D-MQOT) through a hole of
10 mmin length and 2 mm in diameter. The holeisfor maintaining differential vacuum between
the two chambers. About 10 atoms are trapped in the 3D-MOT within 200 ms, then the power
and frequency of cooling laser (1.,,; and f.,,;) are changed to realize the vertica moving
molasses and polarization-gradient cooling (PGC). The atoms are pumped to state |F = 3) by
switching off the cooling laser (I.,,;) before switching off the repumping laser (l,..,). When
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Fig. 2. Schematic diagrams of experiments. (a) Experimental setup. Three pairs of cooling
beams for 3D-MOT are in the [0,0,1] configuration, and the repumping beams are
overlapped with the horizontal cooling beams. (b) A schematic diagram of interference
process. (c) Experimental time sequence for normalized detection. t1=120 us and to=12
us are the time periods of the microwave r-pulse and Raman xr/2-pulse.

the atoms move upward to the state preparation/detection region, a magnetic field is applied to
break the degeneration of different my states, and a 120 us microwave r-pulse (1 ,w) generated
by a horn antenna outside the window of the vacuum chamber is applied to transfer atoms
from|F = 3,mg = O)to [F = 2,mg = 0). The remaining atoms in |[F = 3,mg # 0)
states are removed by a horizontal blowing/detection beam (l4.,) which is resonant with the
transition |F = 3) — |F” = 4). A photodetector is used to record the blow-away fluorescence.
Then a sequence of three Raman pulses (r/2 — n — /2) spaced by atime T=2.5 msis applied
(I raman) to manipulate the atoms when they reach the interference region and thus forms an
interferometer. Finally, when the atoms fall back to the state preparation/detection region, the
blowing/detection pulseis switched on (I 4., ) once again and the resulting fluorescence from the
atoms in state |F = 3) isimaged again onto the detector. Without Raman manipulation, atom
number in |F = 3, mg = 0) after state preparation and 300 ms free falling is measured to be
about 3x 10°. Since the fluorescence of the removed atomsisin proportional to the total number
of atoms, the normalized atom number of the final state can be given by aratio:

N = =2 o)
Iblow
where 1, and |Ip-_3 are the fluorescence intensities recorded during the initia state
preparation and the final state detection, respectively.
In the experiments, two homemade distributed feedback (DFB) lasers are employed as the
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seed lasers of cooling beam, pushing beam, blowing/detection beam and repumping beam. The
frequency of one DFB laser is locked to &Rb:|F = 3) — |F’ = 3,4) crossover transition
via saturated absorption spectroscopy, the laser frequency is then shifted by an acousto-optical
modulator (AOM). A tapered amplifier (TA) is used to amplify the output of the DFB laser, and
the output of the TA is split into five beams as 2D-MOT cooling beam, 3D-MOT cooling beam,
cooling/launching beams, and pushing/blowing/detection beam. Another DFB laser islocked to
the |F = 2) — |F’ = 1) transition, and amplified by a 150 mW slave diode laser (SDL). The
output of the SDL is split into two beams for 2D-MOT repumping and 3D-MOT repumping,
respectively. An extended cavity diode laser (TOPTICA DL-pro-780 L) isused as the seed laser
for Raman beam, and its frequency is stabilized 1.5 GHz to the red side of transition |F = 3)
— |F” = 2). A fiber phase modulator (F-EOM, Photline NIR-MPX800-LN-05) is employed to
generate two Raman lasers with frequency difference of 3.03 GHz (®°Rb hyperfine splitting). A
TA isused to amplify the Raman beams, and an AOM is employed as the beam switch.

3. Experimental results
3.1. The normalized detection of initial states

To evaluate the fidelity of the normalized detection, we switch off the Raman laser and only
perform normalized detection for theinitial state. Since all atomsare populated in |F = 2, mg =
0) state after initial state preparation, and the detection laser is resonant with transition |F = 3)
— |F’ = 4), we pump the atoms from |F = 2) to |F = 3) by avertically oriented repumping
beam before they arrive in the detection region. A triangle-wave signal is used to modul ate the
intensity of the pushing beam to introduce an artificial severe noise. The comparison between
the integrations of the original and the normalized time of flight (TOF) signal is shown in
Fig. 3, where the blue squares are original signal, and the red dots are normalized signal. The
original signal linearly depends on the intensity of pushing beam. The peak-peak variation is
+25.0%, and the relative standard deviation is 13.5%. While the normalized signal does not
depend on the intensity of pushing beam, giving the peak-peak variation of only +2.4% and the
relative standard deviation of 1.4%, the amplitude noise is suppressed by a factor of 10 with
normalization.
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Fig. 3. The normalized detection of atom initial state. The blue squares are the original
signal and the red dots are the normalized signal.

For laser induced fluorescence methods, the laser intensity noise and frequency noise are
main sources of the detection noise. In the present scheme, the blow-away signal and the
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final population signal are recorded asynchronously, thus these noises cannot be rejected as
common mode in normalized detection. Since each data point is derived from 5-msintegration,
the intensity stability and the frequency stability of detection beam are also evaluated at the
integration time of 5 ms. The corresponding intensity noise and the frequency noise are meas-
ured to be 0.4% and 16 kHz respectively. The photon scattering probability of atomsis[28]

s
T 21+ s+4x2

)

where s = I/l is the saturation parameter and x = A/T’, A is the detuning to transition |F = 3)
— |[F” = 4) and I' = 6.067 MHz is the natural linewidth. According to Eq. (2), for s ~
0.5 and A ~ 0, the detection noise induced by the laser intensity is calculated to be 0.4%,
and that induced by the laser frequency is calculated to be less than 0.1%. Furthermore, the
background noise, coming from the detector itself and the stray lights, is measured to be
0.1% when our signal amplitude is 60 mV. In this method, the number of distilled atoms in
|[F = 2,mg = 0) isnot strictly in proportion to that of rest atomsin |F = 3). That is because
during the state prearation, the fluctuation of the microwave n-pulse also brings other non-
common mode noise. By alternately measuring the noises of final fluorescence intensities with
and without microwave-based initial state preparation, the maximum detection noise caused
by the microwave fluctuation (microwave m-pulse noise) is evaluated to be about 1.0%. The
ultimate limitation to the detection noise is the quantum projection noise, which is estimated to
be 0.2% for the atom number of 3x10° in present experiment. Contributions mentioned above
to the normalized detection noise are listed in Table 1. The microwave n-pulse noise is the
limitation to present normalized detection.

Table 1. List of main noise sources of normalized detection

Noise source Noise size
Frequency fluctuation of detection laser <0.1%
Intensity fluctuation of detection laser 0.4%
Stray light and detector noise 0.1%
Microwave fluctuation 1.0%
Quantum projection noise 0.2%
Total 1.1%

To study the mechanism of the microwave 7-pulse noise, we measure the intensity noises of
the microwave generator, the intensity noises of microwave field in free space and near one of
vacuum chamber windows. We switch the operation mode of microwave generator from CW
mode to pulsed mode, and the measurement for each noise is repeated. Asis shown in Table 2,
the noises of the microwave generator are extremely low and can be ignored; the noise due to
vacuum chamber under pul sed operating mode is much larger than that in other cases. Moreover,
when we adjust the output power of the microwave field for 0.2 dB, the atom number changes
about 0.9%, which is approximately equal to the noise limit. Therefore, the performance of this
method is mainly limited by the switching oscillation of the microwave field inside the vacuum
chamber.

3.2. The normalized detection of atomic interference signal

The phase noise in Doppler insensitive interference fringe, which is caused by Raman laser
fluctuation and vibration, is 5 orders of magnitude smaller than that of a Doppler sensitive
one, while the phase noises caused by amplitude fluctuation are the same for both Doppler
insensitive and Doppler sensitive fringes. Therefore, we use Doppler insensitive interference
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Table 2. The measured intensity noise of microwave in different cases

Noise type Noise size (dB)
CW mode pulsed mode
Noise of microwave generator <0.01 <0.01
Noise of microwave field in free space 0.02 0.03
Noise of vacuum chamber radiation 0.05 0.19

fringe to evaluate the performance of our normalized method. The duration of /2 pulseis 12
usand T is2.5 ms. Theintensity of pushing beam is randomly modulated between 42 W and
122 uW to imitate amplitude noise. The Doppler insensitive interference fringes with imitated
amplitude noise are shown in Fig. 4. Each 2r-phase cycle is composed of 20 steps. The fringe
phases are extracted by sinefitting, and each phase data point is obtained from 2 cycles dataor
40 points. The Allan deviations of fringe phases are shown in Fig. 5.

1.2

0] @ .
LA . / M 1
08 \/\ /\.\/ . i /\ /\/\ rat
s I \ o / R [
g 0a] £° \ 4 /\ ./ \ . /-/ A
= ¥ 2 "W L no .
% O.ZA!_,-/ pihY \._/ o e
g 00
@12
L 0] ®
5 ’ ./..‘. ** .m‘\ % e
] S VA fo Pl
.g Z'z AN d \-\‘ Py \\. [ .
iy .6 o I . I} t . I .
& 04l / \\. g \‘. J NS 3 \
o . s s
0.2 1% e o oe’
00
0 20 40 60 80 100

Measurements

Fig. 4. Doppler-insensitive interference fringes without (a) and with (b) normalized
detection.

The atom interference fringes become noisy when the intensity of pushing beam ismodulated,
and the phase noise increases with the increase of modulation depth. The short term (t < 200
S) noise without normalization is 10 times higher than that of non-modulated fringe phases.
However, the short term noise of normalized fringesis almost the same asthat of non-modulated
ones. Sincethe amplitude noiseiswhite noise, the contribution to the total phase noise decreases
with the increase of the integration time. Therefore, with the increase of integration time, the
Allan deviation value of normalized signal approaches that of original signal.

4. Conclusion

In summary, we have demonstrated a simple normalized detection scheme for cold atom
interference signal. The detection of population in final atomic states is normalized to the blow-
away fluorescence during initial state preparation. By this method, both the detection procedure
and the structure of the detection module are greatly simplified, that may be helpful for making
simpler and portable interferometers. This method has reduced sensitivity to amplitude noise,
and both the amplitude noise in atom source and the short term phase noise of interference
fringesare suppressed by more than afactor of 10. The SNR of thisdetection method iscurrently
about 100:1. Since the microwave fluctuatesin initial state preparation, the number of distilled
atoms in not strictly in proportion to that of the rest atoms, thus the microwave =-pulse noise
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Fig. 5. The Allan deviation of fringe phases with imitated amplitude noise by random
modulation. The blue squares are origina signals with pushing beam power randomly
modulated within a range of 80 uW(42 uW~122 uW), the blue triangles are original sig-
nals with pushing beam power randomly modulated within a range of 15 pW(42uW~ 57
#W). The red sguares are normalized signals with a modulated range of 80 W, the red
triangles are normalized signals with a modulated range of 15 uW, and the black circles
are signals without modul ation.

isthe main limitation to SNR in our present experiments. While, this problem does not exist in
traditional detection which normalized to the post-selected fraction. However, the microwave
noise is mainly caused by the switching oscillation of the microwave field inside the vacuum
chamber, it can be suppressed by utilizing a well-designed microwave cavity rather than a horn
antenna to reduce the switching oscillation. To employ Raman laser, which has better spatial
coherence, to perform state selection is another option.
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