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Recoil frequency measurement with ppb-level uncertainty by 6Li atom interferometer
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We report a first realization of cold atom interferometers with the lightest alkali metal 6Li atoms and
precisely measure the recoil frequency. The atoms are cooled to approach the half of the photon-recoil limit
by using a narrow 2S→3P ultraviolet transition. A “magic” magnetically insensitive state, a high-efficiency state
preparation, and a frequency-insensitive Raman coupling are developed to overcome the challenges from the
half-integer spin and hyperfine interaction of atoms. A conjugated Ramsey-Bordé interferometer with crossed
Raman beams is realized with a coherence time longer than 2.3 ms. The four sets of interferometers developed
using geometric relations greatly eliminate the error from the angle between Raman beams. The measured recoil
frequency is ωr = 2π × 73 672.789 (36) Hz, representing the most precise measurement of the recoil frequency
of 6Li by using the atom interferometer so far. The realized 6Li cold atom interferometer is not only an effective
supplement to the existing interferometers, but also provides a good candidate in precision measurement owing
to its low mass and high recoil frequency.
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I. INTRODUCTION

A cold atom interferometer (CAI) employing a light pulse
to manipulate the matter wave has been widely studied in
fundamental research such as in quantum physics, general
relativity, and cosmology. Owing to the ultraprecise sensing
in metrology, it has become one of the most important play-
grounds for precisely measuring atomic properties [1], the
gravitational constant [2–5], the rotation of the earth [6], and
testing fundamental physics [7,8]. Typically most CAIs utilize
relatively heavy alkali atoms, such as Na, K, Rb, and Cs. For
lighter lithium atoms, there are many advantages to CAI due
to its low mass and high recoil velocity. For example, 6Li
and its isotope of 7Li have a big relative weight difference
and been proposed to test the standard models by measuring
Einstein’s equivalence principle (EEP) with higher precision
than other alkali metals [9–11]. However, due to the unre-
solved D2 lines, it is difficult to cool a 6Li atom to a very
low temperature with laser cooling and thus hard to realize a
cold lithium interferometer with high accuracy. Until recently,
the recoil-sensitive interferometer with “warm” 7Li atoms has
been realized by using the fast Raman transitions to address
the ensemble’s large Doppler spread [12]. However, to realize
6Li CAI is still challenging. In addition to more difficult
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cooling compared to 7Li, the hyperfine structure with the
half-integer of the total angular momentum of 6Li precludes
the existence of a magnetically insensitive |mF = 0〉 state.
Also, small fine-structure energy splitting and much weaker
coupling between the electronic and nuclear spins in 6Li cause
the small ratio of a two-photon Raman Rabi rate to an inelastic
scattering rate, which further makes it difficult to realize the
CAI of 6Li [13].

Here we report a realization of the first cold 6Li atom
interferometer. Key techniques are developed to overcome the
challenges to improving the precision of the CAI. Ultraviolet
magneto-optical trapping (UV MOT) is implemented by using
the narrow line transition 2S→3P to cool the sample below
the Doppler cooling limit and approach the half of the photon-
recoil limit. Magnetically insensitive Raman states and highly
efficient state preparation are realized in such half-integer spin
atoms. With frequency detuning insensitive Raman beams, a
conjugated Ramsey-Bordé interferometer of cold 6Li atoms
exceeding 2.3 ms coherence time is realized. Using four
different configurations of the interferometers, the angle of
crossed Raman beams is precisely determined and the mea-
surement accuracy is greatly improved. The measured recoil
frequency is ωr/2π = 73 672.789 (36) Hz, about two orders
of magnitude of the uncertainty smaller one of Ref. [12],
representing the currently most precise measurement of the
recoil frequency of 6Li by using the atom interferometer.

II. EXPERIMENTAL SETUP

The schematic of the experimental setup is shown in Fig. 1.
The method of precooling 6Li atoms is similar to our previous
work [14–16] except that a glass ultrahigh vacuum chamber is
used here. 6Li is first cooled to about 300 µK from 673 K with
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FIG. 1. Schematic of the experimental setup and the MOTs.
(a) Schematic of the red MOT and UV MOT. Red (UV) MOT
consists of three pairs of laser lights at 671 nm (323 nm). (b) Energy
levels of red MOT; the laser lights drive the transition of 2S1/2 →
2P3/2. (c) Energy levels of UV MOT; the laser lights drive the transi-
tion of 2S1/2 → 3P3/2. �1 is the frequency detuning between the UV
MOT cooling beams and the transition of 2S1/2 → 3P3/2, and �2 is
the frequency detuning of UV MOT cooling beams and repumping
beams.

1.2 × 108 atom numbers by using a Zeeman slower and the
standard MOT technique with laser of 671 nm on the transi-
tion of 2S1/2 → 2P3/2. Subsequently, the atoms are transferred
to a 323-nm UV MOT, which involves a narrow-line cool-
ing of 2S1/2 → 3P3/2 transition with a natural linewidth � =
2π × 754 kHz (the Doppler cooling limit TD = 18 µK). The
UV laser is achieved by a fourth harmonic generation with a
1293-nm seed laser locked to an optical frequency comb and
an ultrastable cavity (see Appendix A). For the 2S→3P UV
transition, the single-photon-recoil frequency shift ωR is com-
parable to �, and thus directly influences the thermodynamic
trap properties of MOT [17,18]. When s = I/Is approaches
unity, where I is the intensity of the cooling beams and Is is the
saturation intensity of the transition, the photon-recoil-driven
impulsive force dominates at small frequency detunings of the
cooling beams, and the temperature can be cooled to fall be-
low the photon-recoil limit (TR = 2h̄ωR/kB = 30.4 µK, where
kB is Boltzmann’s constant) as predicted by a fully quantum
treatment [17,19,20]. The temperature and atom number as
a function of the frequency detuning �1 between the UV
MOT cooling beams and the transition of 2S1/2 → 3P3/2 at
fixed frequency detunings �2 of UV MOT cooling beams
and repumping beams are displayed in Fig. 2. As is shown,
it is clear that the temperature of the atoms becomes colder
as �1 is decreased [Fig. 2(a)]. For very small s [red dots
in Fig. 2(a)], the temperature is cooled to be smaller than
the Doppler cooling limit TD. As �1 further decreases, the
temperature is cooled to approach the half of the photon-recoil
limit TR. To our knowledge, this is the first realization of
cooling the temperature of 6Li to near TR/2 in the MOT. There
is an optimal �1 for the available maximized atom number
[Fig. 2(b)]. Therefore, we first load atoms into UV MOT at
�1 ≈ 3�, then a cooling phase follows, where �1 is linearly
decreased to 1.0 � within 15 ms to reduce the temperature
of the cloud. The loading efficiency from red MOT to UV
MOT is about 50%, thus 6 × 107 atoms are obtained at the
temperature of 40 µK. It is essential to prepare the atomic

FIG. 2. (a) Temperature and (b) atom number of the cloud as
a function of the dimensionless frequency detuning �1/� with the
detuning �2/� = −0.4. The red and black dashed lines denote the
Doppler cooling limit TD = 18 µK and half of the photon-recoil
cooling limit TR, respectively. Red and blue dots correspond to the
single-cooling (repumping)-beam peak intensity of 0.04 Is (0.02 Is)
and 0.7 Is (0.35 Is), respectively, where Is = 13.8 mW/cm2 is the
saturation intensity for the transition. As �1/� decreases, the atoms
become colder. There is an optimum for the dependence of the atom
number on �1/�.

ensemble to a single magnetic sublevel for the CAIs [21,22].
For 6Li, the states labeled by |i〉 (i = 1, 2, ...6) in order of
increasing energy in a magnetic field are the six ground-state
hyperfine states. Two-photon Raman transition can occur be-
tween states with �mF = 0,±1. The atoms have to initially
prepare on either the |1〉 or |2〉 state to get the high contrast to
the interferometers. Usually, such a state preparation (SP) is
realized by only using an optical pumping field [23–25] or an
rf field [26,27]. However, the total atomic angular momentum
of 6Li is a half-integer, and no |mF = 0〉 state is available
as a dark state for efficient optical pumping. A pumping
configuration of combining both 323-nm UV optical and rf
fields is simultaneously applied in the experiment, as shown
in Fig. 3(a). After the UV MOT, the populations of the atoms
are almost equally distributed on the states of |1〉 and |2〉 [see
the inset of Fig. 3(b)]. Then, the repumping beams of the UV
MOT are turned off and the cooling beams of the UV MOT are
kept on. An rf field with a frequency of 228.475 MHz is used
to couple states |1〉 → |6〉. After the 1-ms (1.2-ms) duration of

FIG. 3. The state preparation. (a) Energy levels and a pumping
configuration with a 323-nm optical pumping field and an rf field.
The red curved arrow represents the rf coupling of states |1〉 → |6〉,
the blue arrows denote the 323-nm pumping fields, and the dashed
green curved arrows are the spontaneous radiations in the excited
states. (b) Normalized two-photon Raman spectroscopy for the SP
with pumping of both rf field and UV pumping field. Inset is Raman
spectroscopy without pumping fields, which shows the populations
are initially equally distributed on the states of |1〉 and |2〉.
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the rf field (UV light field), 90% of the total atoms are selected
to be prepared in state |2〉 [Fig. 3(b)].

Another challenge from the half-integer spin of 6Li is
that it generally has no magnetic-insensitive transition of
the |mF = 0〉 → |mF ′ = 0〉 to eliminate the first-order Zee-
man and magnetic interaction shift. Considering the Zeeman
and hyperfine interaction, the frequency shift of the Raman
transitions between the ground states at the presence of the
weak magnetic field B is δB

m f ,mi
= 2

3
μBB

h (m f + mi ), where
μB is the Bohr magneton, h is the Planck constant, m f =
{−3/2,−1/2, 1/2, 3/2}, and mi = {−1/2, 1/2}, respectively.
For the targeted Raman transition |2〉 → |5〉, where mi =
−1/2 and m f = 1/2, the frequency shift at the first-order
magnetic field is zero. In a deeper level, by diagonalizing
the Hamiltonian, we found that there is a “magic” magnetic
field at B0 = 20.47 mG, at which the energy shift E25 of
the transition of |2〉 → |5〉 is insensitive to the change of the
magnetic field B, i.e., dE25

dB |B=B0 = 0 for all orders of B. For
comparison, the derivation of the energy of the magnetic-
insensitive transition |mF = 0〉 → |mF ′ = 0〉 from the weak
field in the other alkali metals is given by

dE00

dB
= (gJ − gI )2μ2

B

h�Eh f s
B, (1)

where �Eh f s is the hyperfine splitting of the ground stats. The
shift cannot be zero for the nonzero magnetic field B. In the
experiment, in order to avoid a small amount of hysteresis
in other metal parts of the vacuum system, B = 150 mG
along the y axis is used to define the quantum axis. Under
this magnetic field, the energy shift and its change rate of
the transition are about 250 Hz and 40 mHz for the 10-µG
variation of the magnetic field, which is comparable to the
magnetic-insensitive transition of other alkali metals.

III. EXPERIMENT RESULTS AND DISCUSSION

A 6Li interferometer is realized by using a conjugated
Ramsey-Bordé interferometer [23–25] which consists of a se-
quence of four π/2 stimulated Raman pulses to split, redirect,
and interfere with the atomic matter waves, as shown in Fig. 4.
The intensity and diameter of each Raman beam are 300 mW
and 4.3 mm, respectively. For the atom interferometer, it is
essential to precisely determine the effective Rabi frequency
of Raman beams. For 6Li, due to the smaller hyperfine split-
ting compared to other alkali atoms, all transitions of D1

and D2 lines have to be taken into account. We measured
the effective Rabi frequency as a function of single-photon
detunings, and found that the change of the effective Rabi
frequency is insensitive to the frequency detunings when the
single-photon detuning is around 5 GHz (see Appendix B).
Therefore, the frequency of Raman beams is fixed to this
frequency, and the effective Rabi frequency is 2π×0.96 MHz.
The corresponding duration of π/2 pulses is about 280 ns,
which covers most of the velocity distribution of the cold
atoms. A pair of Raman beams propagated perpendicularly to
each other is used to realize the atom interferometer. First, a
σ+ polarized Raman beam 1 (RB1) and a π polarized Raman
beam 2 (RB2) are turned on at the same time. The atoms in
state |2〉 obtain an effective momentum h̄�keff . After the dura-
tion of T , the second π/2 pulse is turned on to split the atoms.

FIG. 4. A conjugated Ramsey-Bordé interferometer of 6Li.
(a) The crossed Raman beams. RB1, RB2, RB3, and RB4 are the
four Raman beams. HWP and QWP are the half-wave plate and
quarter-wave plate, respectively. PMT is the photomultiplier tube.
(b) Energy levels and frequencies involved in Raman transitions. The
configuration of σ+ − π polarized Raman beams are used to address
Raman states |2〉 and |5〉. � and δ are the single-photon detuning
and two-photon detuning, respectively. (c) Space-time trajectories of
atoms in Ramsey-Bordé interferometers. A sequence of four π/2
stimulated Raman pulses coherently addresses the |2〉 state of the
atoms and provides the state-dependent momentum kicks, where
keff = √

2k.

After these two π/2 pulses waited for a duration of T ′, Raman
beams 3 and 4 (RB3 and RB4) with a time interval of T are
turned on with reversing effective wave vectors to complete
the interferometer. Because the high-bandwidth pulses used
to interact with a broad velocity class simultaneously address
both transitions, two interferometers’ output ports overlap
spatially since the samples thermally expand faster than the
interferometers separation. The atoms initially prepared in
state |2〉, after a sequence of Raman pulses, appear in state
|5〉 with a possibility [12]

P5 =D{1 − e−t/τ [C1 cos(�φ+) + C2 cos(�φ−)]}, (2)

where D is a total fringe shift, τ represents the coherence
time of the interferometer, and C1 (C2) is the contrast of upper
(lower) interference fringe. The phase difference of the upper
(lower) interferometer �φ+ (�φ−) is given by

�φ± = ±4ωrT + 2δT + 2keff azT (T + T ′) + ϕ0, (3)

where the first term arises from the atomic kinetic energy,
and ωr is the recoil frequency [ωr = h̄k2/(2m)]. The second
term arises from the two-photon detuning δ = ωRL1 − ωRL2 −
(ω2 − ω5), ωRL1 and ωRL2 are the Raman laser frequencies,
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FIG. 5. Beating interference of the 6Li atom interferometer. (a) The probability P5 of detecting atoms in the |5〉 state oscillates due to the
detuning of δ = 2π × 489 Hz. Each point is the average of three experimental shots with the same experimental parameters. (b and c) Closer
inspection of the fringe at evolution periods of T ≈ 500–550 µs and T ≈ 1600–1650 µs, respectively. (d) The measured recoil frequencies
from the four atom interferometers. The error bar is from statistics.

and ω2 − ω5 is the resonance frequency between states |2〉
and |5〉. The third term is from the acceleration az along the
direction of the effective wave vector. The fourth term is the
phase difference at the initial time.

After the sequence of the interferometer with four π/2
pulses, a detection of atoms in state |5〉 is followed
(see Appendix C). A probe beam detuned −20 MHz to
|2S1/2, F = 3/2〉 → |2P3/2〉 is first illuminated for 30 µs. A
high-gain photomultiplier tube (PMT) is used to collect flu-
orescence signals [28,29]. Then, a beam with the resonant
frequency of the transition of |2S1/2, F = 1/2〉 → |2P3/2〉 is
used to pump all the atoms to |F = 3/2〉. Subsequently, the
probe beam is turned on again for 30 µs to detect the atoms in
state |5〉 again. The ratio of two detected fluorescence signals
gives the probability of atoms in state |5〉 with suppressing the
shot-to-shot noise from the atom number fluctuation.

To precisely measure the recoil frequency with the interfer-
ometer with the crossed Raman beams, the angle between the
Raman beams has to be precisely determined. In the experi-
ment, we carefully align the beams between RB1 and RB2.
RB3 and RB4 are coupled into the same fibers of outputting
RB1 and RB2 to make sure that they are collinear with RB1
and RB2, respectively. However, the small deviation from the
exact 90◦ of Raman beams can contribute to the measurement.
So we develop a method to cancel the influence from the angle
by realizing four sets of interferometers (see Appendix D).
For four π/2 pulses, we select a pair of RB1 and RB2, RB2
and RB3, RB3 and RB4, RB4 and RB1 as the first two pluses,
respectively. Other pairs of RB3 and RB4, RB4 and RB1, RB1
and RB2, RB2 and RB3 are used as the last two pulses. So
there are four sets of the conjugated Ramsey-Bordé interfer-
ometers. The interference data of the first interferometer are
shown in Figs. 5(a)–5(c). The measured recoil frequency and
coherence time τ can be extracted from the fit with Eq. (2)
(red lines). The advantage of four such interferometers is
that the influence from the angle on the measurement can
be greatly suppressed by averaging the four measurements
(see Appendix D). Each interferometer is repeated three runs
with the same parameters. We arbitrarily select measured
results in the four interferometers to average and obtain 81

measurements of the recoil frequencies [Fig. 5(d)], which lead
to the recoil frequency ωr = 2π × 73 672.789 (15) Hz and
coherent time about τ = 2363 (23) µs, respectively. Taking
other uncertainties into account, the final recoil frequency is
given by ωr = 2π × 73 672.789 (36) Hz.

Compared with the interferometer of 7Li in Berkeley [12],
the uncertainty of measured recoil frequency of developed
6Li CAI is about two orders of magnitude smaller and the
coherence time is about one order of magnitude longer. Using
the new SI value for the Planck constant h [30], and the
mass of 6Li from the measurements of cyclotron frequency
ratios of pairs of ions simultaneously trapped in a Penning
trap [31], the recoil frequency is determined by ωr = 2π ×
73 672.764 687(29) Hz. Our measurement is a mere 1-σ away
from the above value, therefore representing the most precise
measurement of the recoil frequency of 6Li by using the CAI
so far.

Here the uncertainty is mainly limited by the interference
time and a 4.4-ms lifetime of the cold atom. A Monte Carlo
calculation is developed to simulate this limitation. The co-
herence time of the interference signal at 40 µK is nearly
three times longer than one at 300 µK. The relative uncer-
tainty budgets for the measurement, such as the influence
of the magnetic field, the power and frequency stability of
Raman beams, and the AC Stark effect, are shown in Table I.

TABLE I. Relative uncertainty budgets for the measurement.

Uncertainty component Shift Variance

Magnetic field 3.5 × 10−7

Phase fluctuation of fibers 5.6 × 10−8

Single-photon detuning 6.3 × 10−9

Coriolis force <1 × 10−8

Wavefront curvature −3.5 × 10−9

AC Stark 2.8 × 10−7

Systematic uncertainty −3.5 × 10−9 4.5 × 10−7

Statistical uncertainty 2.0 × 10−7

Total −3.5 × 10−9 4.9 × 10−7
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The insensitivity of the Raman transition of |2〉 → |5〉 to the
magnetic field is crucial to get the high-contrast atom inter-
ferometer. We have developed the 6Li atom interferometer
with the same conditions for the Raman states |2〉 → |4〉,
for which the coherent time is reduced to 0.5 ms, which is
almost four times shorter than one with a Raman transition
of |2〉 → |5〉. Another factor is the AC stark effect, where
atoms in different positions of Raman beams feel different
intensities. With the measured power spectrum of the intensity
noises of the Raman beams, the relative uncertainty from
the variation of the beam intensity is less than 2.8 × 10−7

by the developed Monte Carlo simulation. As pointed out
in Ref. [12], the common-mode noises of vibration-induced
signals are greatly suppressed. One of the big uncertainties
is from the intensity fluctuations of Raman beams between
the different experimental runs due to the polarization jitter of
long fibers. The limitation to achieve the so-called shot-noise-
limited sensitivity is mainly from the fluorescence detection
efficiency and the lifetime of the excited states, which cause
one order of magnitude of the detection noise higher than the
atom shot noise.

IV. CONCLUSION

In conclusion, we have realized the first 6Li atom interfer-
ometer and precisely measured its recoil frequency. An 6Li
atom is cooled to lower than the recoil temperature by using
the narrow line cooling method. Combined with the magnetic-
insensitive configuration and the efficient state preparation,
the uncertainty of the measured recoil frequency reaches a
precision of 490 ppb. The realized 6Li interferometer is not
only a supplement to the existing atom interferometers, but
also potentially provides a new avenue in metrology owing
to its low mass and high recoil frequency. For example, if
combined with the large momentum transfer technique of 500
photons, the current 6Li interferometer just using T = 30
ms interrogation time is comparable with the state-of-the-art
measurements of the fine structure constant [7,8]. We are
generalizing such interferometers to cold atoms of 6Li and 7Li,
which have the potential to test the principle of equivalence at
the higher precision level.
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APPENDIX A: LOCKING OF THE UV LASER

In atom interferometers, it is very important to suppress the
decoherence from atomic motion by further cooling the atoms.
In 6Li, we observe a temperature near TR/2 (photon-recoil
limit TR = 2h̄ωR/kB = 30.4 µK) by the narrow-line cooling
of 2S →3P transition. To obtain such cold atom samples, the
UV laser of 323 nm is crucial.

The frequency-stabilized 323-nm laser is generated by us-
ing two resonant doubling cavities by a 1293-nm seed laser,
which is locked into the optical frequency comb (OFC). The
OFC is referenced to an ultrastable optical cavity. The cavity
drifts 4 kHz per day and the instability of OFC is better than
2 ×10−16 at 1-s average at 1293 nm. The linewidth of the
seed laser is less than 1 Hz, resulting from locking to the
OFC via a high-speed servo circuit. A pinhole spatial filter
is used to improve laser quality by removing higher-order
modes and noise in the beam. To obtain the ultrastable UV
laser near the atomic transition of 2S1/2 → 3P3/2, we built
a 1.2-m-long heat pipe of 6Li to enhance the absorption for
the narrow-line transition and therefore to obtain the high-
resolution saturation absorption spectroscopy. The linewidth
of the seed laser is from 30 kHz to less than 1 Hz because
of the replacement of the saturation absorption spectrum by
OFC. Benefitting from the locking, the frequency detuning �1

is precisely controlled when decreasing it to the near-resonant
range in the narrow-line cooling.

APPENDIX B: INSENSITIVE SINGLE-PHOTON
DETUNING OF RAMAN BEAM

The atom interferometer will be impacted seriously by π/2
pulse time, which is related to the detuning of Raman beams.
We find a detuning point where the pulse time is insensitive to
the fluctuation of detuning.

The effective Rabi frequency of Raman process can be
written as follows:

�eff =
∑

i

�5i�2i

2�i
, (B1)

where �5i is the Rabi frequency of the transition between
state |5〉 and virtual state |i〉, �2i is the Rabi frequency of the
transition between states |2〉 and |i〉, and �i is single-photon
detuning between laser frequency ωRL1 and the frequency of
the transition between states |2〉 and |i〉.

We measured the effective Rabi frequency under differ-
ent single-photon detunings, and the results are shown in
Fig. 6. fD1 is the transition frequency of |2S1/2, F = 1/2〉 →
|2P1/2, F = 3/2〉 (446 789 757 MHz). We find the so-called
frequency-insensitive point where single-photon detuning is
5014 MHz. We lock the Raman laser on the crossover of the
D1 and D2 lines through the saturated absorption spectrum by
increasing the temperature of the lithium heat pipe to 400 ◦C.
The locking accuracy is about 1.5 MHz. Then, we shift the fre-
quency of the Raman beam by acousto-optic modulator to the
frequency-insensitive point, and the effective Rabi frequency
is 2π × 0.96 MHz.

APPENDIX C: DETECTION OF THE ATOM NUMBERS
AND NORMALIZATION

The interference fringe of the interferometer is detected
through a PMT by collecting the fluorescence of atoms. In
the detection process, the atom cloud is illuminated by three
orthogonal pairs of counterpropagating probe beams. The
probe beam is near resonant with a cycling transition of
|F= 3/2〉 → |F ′= 5/2〉.
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FIG. 6. The measured effective Rabi frequencies (black points)
are different because of the detuning, and the theory (red solid line)
is in good agreement with them. Inset: Rabi oscillation of the per-
pendicular Raman beams when the detuning is 5014 MHz over fD1 .
The black points are population of different pulse duration of Raman
transition and the solid line is the damping sine fitting. The duration
of π/2 pulse is insensitive to the fluctuation of the detuning in this
point.

In a two-level model, the atoms in the excited state emit
photons at a rate of Rs0 = �/2γ (�)I/Is, where γ (�) = (1 +
I/Is + 4�2/�2)−1 is proportional to the scattering cross sec-
tions of the detection fluorescence transition, � is the natural
linewidth of the excited state, Is is the saturation intensity, and
� is the frequency detuning, respectively.

However, for 6Li, the excited states of the D2 line
are partially resolved. There are three coupled hyperfine
structures: |F ′ = 1/2〉, |F ′ = 3/2〉, and |F ′ = 5/2〉. The near-
resonant probe beam coupling |F= 3/2〉 → |F ′= 5/2〉 in-
duces not only the desired transition but also the |F= 3/2〉 →
|F ′= 3/2〉 and |F= 3/2〉 → |F ′= 1/2〉 transition. A part of
the atoms in these undesired excited states spontaneously
decays to the |F= 1/2〉 ground state, which is decoupled from
the excitation and emission cycle. For one atom, the scat-
tered photons will be reduced with the increasing of detection
time [28]

ns(t ) = γd

γl

[
1 − exp

(
−t

I

2Isat
�γl

)]
, (C1)

where γd = γ (�), γl = ∑
i γ (�i)bri is proportional to the

scattering cross sections of all the lost nonclosed tran-
sitions (bri is the spontaneous emission branching ratio
to nonclosed transitions). �i = �di − � is the detun-
ing with respect to the nondetection hyperfine transitions,
and �di is the frequency difference of these transitions
with respect to the detection one. In 6Li atoms, the
branch ratios of the nonclosed transition of |F = 1/2〉 →
|F ′ = 3/2〉 and |F = 1/2〉 → |F ′ = 1/2〉 are 55.6% and
83.9%. With Rs = dns

dt , the modified scattering rate is given
by

Rs(t ) = Rs0 exp

(
− t

τ

)
, (C2)

FIG. 7. Beating interference of the 6Li atom interferometer
(a) without and (b) with the atom number normalization. The black
dots are measured data and the red line is a fitting curve.

where τ = 2/(s�γl ) is the damping time. In the experiment,
the scattering photons are collected by a lens. A voltage signal
of scattering photons from the atoms is given by

V (t ) = NRs0�T ηeGR f exp (−T/τ ) + Vdark, (C3)

where � is a solid angle by the lens, e is the elementary charge
of an electron, G is the current gain of the PMT, η is the
quantum efficiency of the photodiode, R f is the resistor in
transimpedance amplifier, and Vdark is from the dark current
of the PMT, respectively.

Although the atom number N can be determined by mea-
suring the voltage signal V (0), the limited response of the
PMT inevitably leads to a uncertainty for the atom number.
In order to better get the normalization of the atom number,
we measure the integrated voltage signal S to determine the
atom number,

S =
∫ td

0
V (t )dt = ns(td )K + Vdarktd , (C4)

where td is the measured time and K = �T ηeGR f . When td is
long enough, ns(td ) → N γd

γl
and Std →∞ = Nγd/γlK + Vdarktd .

In the experiment, we detect the atom number in state
|5〉 twice. First, after the sequence of the interferometer, a
probe beam is turned on for 30 µs for measurement of the
atom number in state |5〉. Subsequently, a beam with resonant
frequency |2S1/2, F = 1/2〉 → |2P3/2〉 is used to pump all
the atoms to |F = 3/2〉 from |F = 1/2〉. The probe beam is
turned on again for 30 µs to detect the atoms in state |5〉 again.
The ratio between these two measurements is given by

S1td →∞
S2td →∞

= N1γd/γlK + Vdark td
N2γd/γlK + Vdarktd

≈ N1

N2
. (C5)

For the large detection time and negligible dark current, the
ratio of two measurements is given by N1/N2, where N1 and
N2 are the atom number in state |5〉 for two measurements,
respectively.

We use this normalization to detect the probability of the
atoms in state |5〉 after the interferometer. The results with
and without the normalization are shown in Fig. 7. It is clear
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FIG. 8. The configuration of Raman beams of four sets of inter-
ferometers. (a) The first two π/2 pulses are RB1 and RB2, and their
angle is α. The last two π/2 pulses are RB3 and RB4. (b) The first
two π/2 pulses are RB1 and RB4. The last two π/2 pulses are RB2
and RB3. (c) The first two π/2 pulses are RB4 and RB3. The last two
π/2 pulses are RB1 and RB2. (d) The first two π/2 pulses are RB2
and RB3. The last two π/2 pulses are RB1 and RB4. The atoms
in state |2〉 will obtain a momentum h̄keff1 (h̄keff2, h̄keff3, h̄keff4) by
stimulated Raman process with RB1 and RB2 (RB1 and RB4, RB3
and RB4, RB2 and RB3). The minor angle deviation from 90 ◦ can be
corrected by averaging the results of four sets of the interferometers.

that the ratio of the signal to noise is improved, the fluctuation
from the atom number is greatly suppressed, and the fitting
accuracy of recoil frequency is improved about twofold by
using this normalization.

APPENDIX D: PRECISE DETERMINATION
OF THE ANGLE OF THE RAMAN BEAMS

The conjugate Ramsey-Bordé interferometers in the ex-
periment are realized by four π/2 Raman beams, which are
perpendicular to each other to take advantage of the magnet-
ically insensitive state. The RB1 and RB3 are high-frequency
beams and the RB2 and RB4 are low-frequency beams,

respectively. Although the counterpropagating RB1 (RB2) is
collimated by coupling its beam into the optical fiber for out-
putting RB3 (RB4), it is difficult to achieve exact 90◦ between
Raman beams, which could have an effect on the accuracy
of the measurement of the recoil frequency. We develop the
method to cancel the effect from the angle by realizing four
sets of conjugate Ramsey-Bordé interferometers, as shown in
Fig. 8.

In the first set of the four interferometers of Fig. 8(a), the
first two π/2 pulses consist of RB1 and RB2 (solid arrows),
and the atoms are transferred from state |2〉 to state |5〉 with
a momentum h̄keff1 (solid black arrow), where h̄keff1 is the
effective wave vector. The last two π/2 pulses consist of RB3
and RB4 (dashed arrows), and the atoms are transferred from
state |2〉 to state |5〉 with the momentum h̄keff1 (dashed black
arrow) along the opposite direction of the first two π/2 pulses.
Therefore, the effective wave vector can be simply obtained as

k2
eff1 = k2

1 + k2
2 − 2k1k2 cos α. (D1)

Similarly, in Figs. 8(b)–8(d) for the different set of inter-
ferometers, the first two π/2 pulses consist of RB1 and RB4,
RB3 and RB4, RB2 and RB3, respectively; and the last two
π/2 pulses consist of RB2 and RB3, RB1 and RB2, RB1 and
RB4, respectively. The corresponding effective wave vectors
are given by

k2
eff2 = k2

1 + k2
2 − 2k1k2 cos(π − α),

k2
eff3 = k2

1 + k2
2 − 2k1k2 cos(α),

k2
eff4 = k2

1 + k2
2 − 2k1k2 cos(π − α). (D2)

Ignoring the 228-MHz frequency difference between the
Raman beams, k1 ≈ k2 = k, we have

ωeff1 = 2(1 − cos α)ωr,

ωeff2 = 2(1 + cos α)ωr,

ωeff3 = 2(1 − cos α)ωr,

ωeff4 = 2(1 + cos α)ωr . (D3)

If the α is the exact 90◦, the four sets of interferometers
should give the same recoil frequency. In the experiment
we develop these four interferometers and average four
measured recoil frequencies, ωeff = (ωeff1 + ωeff2 + ωeff3 +
ωeff4)/4, which greatly cancels the effect of the angle in de-
termining the recoil frequency.
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