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SPECIAL TOPIC — Ultracold atom and its application in precision measurement

Michelson laser interferometer-based vibration noise contribution
measurement method for cold atom interferometry gravimeter*
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The measurement performance of the atom interferometry absolute gravimeter is strongly affected by the ground
vibration noise. We propose a vibration noise evaluation scheme using a Michelson laser interferometer constructed by the
intrinsic Raman laser of the atomic gravimeter. Theoretical analysis shows that the vibration phase measurement accuracy is
better than 4 mrad, which corresponds to about 1010 ¢ accuracy for a single shot gravity measurement. Compared with the
commercial seismometer or accelerometer, this method is a simple, low cost, direct, and fully synchronized measurement
of the vibration phase which should benefit the development of the atomic gravimeter. On the other side, limited by
equivalence principle, the result of the laser interferometer is not absolute but relative vibration measurement. Triangular
cap method could be used to evaluation the noise contribution of vibration, which is a different method from others and

should benefit the development of the atomic gravimeter.
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1. Introduction

Since 1990s, atomic interferometers based on mat-
ter wave interference theory and laser cooling technique
have been applied widely in many aspects,!'] such as

431 atomic gravimeter, 7]

atomic gyroscope,! and gravity
gradiometer.!®! As one of the most important applications,
the atomic gravimeter has reached an ultrahigh-sensitivity of
42 nm/(s2-Hz'/2),11% an accuracy of 39 nm/s? and a long-term
stability of 0.5 nm/s,l'') which is compete with the state of
the art classical absolute gravity measurement instruments. %]
However, it is far below the ultimate performances of atomic
interference device because the noises come from the Raman
laser phase and mirror vibration. The mirror vibration affects
the Mach—Zehnder (MZ) atomic interferometric phase by cre-
ating an additional phase noise on the counter-propagated Ra-
man lasers, in this way the interference fringe contrast will
decrease and the measurement uncertainty will increase.!'3!4]
Therefore, several techniques are used to mitigate or isolate
the effect of the vibration noise in atomic gravimeter. These
vibration noise suppression techniques can be classified into
two kinds: the first kind is reducing the absolute vibration of
the mirror by putting it on a passive or active vibration iso-

lation platform, in this way the vibration noise below 10 Hz

DOI: 10.1088/1674-1056/ab8885

1/2 113,15] the second

could be reduced to a level of 1078 g/Hz
kind is monitoring the vibration of the mirror with high sensi-
tive seismometer or accelerometer, and then correcting the vi-
bration phase with real-time compensation or post-correction
techniques.!!®!7! The real-time compensation technique feed-
backs the monitored vibration noise power spectral densities
to the Raman laser phase-locked device to compensate vibra-
tion noise while the post-correction technique compensates the
vibration noise induced phase fluctuations in the final atomic
interference phase. However, from the perspective of imple-
mental technology, these methods either need to add a cumber-
some vibration isolation platform or an expensive seismome-
ter to the atomic gravimeter. From the perspective of the noise
suppression results, these methods are inconsistent with the
vibration of the mirror.

Benefit from the ultrahigh measurement precision, the
Michelson laser interferometer (MLI) has been widely used
in many areas, such as gravitational wave detection, '8! dis-
tance measurement, %29 and vibration detection. 1?21 In this
paper, we propose a scheme combing the MLI with atomic
interferometer (AI) to monitor the vibration of the Raman
reflection mirror, which is essential to estimate the vibra-
tion noise induced gravity measurement uncertainty in atomic
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gravimeter. This MLI is constructed of the intrinsic Raman
laser of the atomic gravimeter and a four-channel phase shift

detector. [21-23

I Thanks to the ns-level response speed of the
phototube and the high accuracy of the laser frequency,?+-26]
this method could achieve a higher measurement speed and
accuracy than the seismometer or accelerometer. We also dis-
cuss the absolute vibration measurement problem and give a

modified method based on the “triangular cap method”.[?”]

2. Method
2.1. Vibration noise in the atomic gravimeter

The atomic interferometer gravimeter (AIG) is usually
built using an atomic fountain or an atomic freefall inside a
vacuum chamber device. We take the type of atomic foun-
tain as an example. In one measurement cycle, cold atoms are
prepared and launched in vertical direction firstly, and then
three “7/2-n—m/2” Raman laser pulses are implemented to
split-reflect—combine the cold atoms to construct the MZ in-
terferometer in their trajectory of parabolic motion. The Ra-
man lasers with wave vectors of k; and k, propagating down-
wards along the vertical axis of the device are reflected up-
wards by a mirror below the vacuum chamber, as shown in
Fig. 1(a). By modulating the frequency difference of the Ra-
man lasers, the atoms only interact with one pair of counter-
propagation Raman lasers, and achieve a momentum variation
of hker = h(k1 — k2) ~ 2hky. When neglecting the gravity
gradient and noise, the phase difference @ of the two MZ in-
terferometer arms is expressed as!!°]

b = (keffg—OC) Tz7 (1)

where T is the time interval between the Raman pulses, as
shown in Fig. 1(b), « is the chirp rate of the effective Raman
laser frequency used to compensate the Doppler shift. Interfer-
ence phase @ can be measured by detecting the relative popu-
lation of atoms P, in the initial state |a) as

Pa:%(l—&-cosd?). (2)

The shift of the interferometer phase induced by the vibration
of the mirror can be written as!®!
T+t
S —kar [ glv(n)d, 3)
Tt
where v (¢) is the move velocity of the mirror, and g (7) is the
sensitivity function of the interferometer. If we choose the
center of the three Raman laser pulses as the original time, the
sensitivity function g (¢) can be written as

0, t<—-T-—1,
sin[Qr(T+1+71)], -T—t<t<-T—-1/2,
-1, —T—1/2<t<—1/2,

g (1) =< sin[Qg (1)], —T/2<t<1/2, 4)
1, T/2<t<T+71/2,
—sin[Qr(T —t—1)], T+1/2<t <T+71,

0, T4+ T <t,

in which Qg is the Rabi frequency of the Raman laser, T is the
time interval between the Raman pulses and 7 is the duration
time of the 7 Raman pulse.
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Fig. 1. (a) One Raman laser-polarized configuration for atomic gravime-
ter.[?8] Red lines and blue lines represent linear polarized beams with fre-
quencies of ®; and ®, respectively, the A /4 plate is placed at 45° to gener-
ate circularly polarized lasers inside the vacuum chamber; (b) The blue solid
line and the green dotted line represent the atomic |a, P) and |b, P + hike)
states in the MZ atomic gravimeter, respectively. The gray areas represent
the duration time of the Raman pulses.

2.2. Measurement principle of mirror vibration based on
MIRL

The measurement principle of the mirror vibration using
the MI of Raman lasers (MIRL) is shown in Fig. 2. This homo-
dyne MIRL can be divided into three parts: an interferometer
part, a detection part, and a signal processing part. In the inter-
ferometer part, the measurement arm L and the reference arm
R are constituted by adding a half wave-plate (HWP1), a po-
larizing beam splitter (PBS1), a quarter wave-plate (QWP1),
and a mirror to split the downwards propagated Raman laser
before entering the vacuum chamber of the gravimeter. The
measurement arm L is the atomic gravimeter intrinsic Raman
laser used for interacting with atoms and constituting the MZ
interferometer. These Raman beams are reflected by the bot-
tom mirror2 and their polarizations are turned to circularly
polarization or opposite circularly polarization by QWP1 and
QWP2. The reference arm R is constructed by the transmit-
ted laser of PBS1 which passed through a quarter-wave plate
(QWP) twice to rotate its polarization state by 90° and finally
reflected by a mirror. The measurement laser and reference
laser are combined by a BS and propagated to the detection
part. In order to ensure an appropriate Rabi frequency, HWP1
is used to make the Raman laser power in measurement arm
much larger than that of the reference arm. Besides, consid-
ering this power unbalance between the two interferometric
beams would decrease the fringe contrast of the MLI, we pro-
pose to add a signal power balance system, as shown in Fig. 2,
at the detecting optical path to equalize the power of the two
interferometric beams.

In the detection part, we adopt the four-channel phase
shift detection method?!->3! to improve the measurable accu-
racy and range. Four channels of coherent signals with fixed
additional phase of 0, 7/2, &, 3w /2 generated by the wave
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plates and PBSs are detected by photodetectors of PD1-PD4.
The detected signals are expressed as

I =Aicos(KL(t)+ixm/2)+B;, i=1234, (5

where i X /2 is the phase added to channel i, A;, and B; are
the signal amplitude and background offset of the detected in-
terferometric signal in channel i, respectively.

w1 || W2
[ ] HWP1
PBS2 HWP2 BS G it
PD1 M : 5
— | 'g'
: g
j PBS1|| QWwWP1
PD2 U QwWp 3 SR R
HWP3I ] integrative
dif reference arm
PD3
¢
I PBS3

. W2P
dif JPDAL gQ

mirror

‘ Iy 3

Fig. 2. Schematic diagram of the Michelson interferometer of Raman lasers
(MIRL) vibration measurement device. The red and blue lines represent the
two Raman beams with two frequencies, respectively. The L arm is the mea-
surement part which interacting with atoms while the R arm is the reference
arm (blue dotted frame). The reference arm can be integrated in the struc-
ture to reduce the effect of changes in environmental parameters in the mea-
surement. The detection part adopts the biorthogonal-interference-method to
eliminate the nonlinear response of the interference intensity to the phase.

In the signal processing part, two quadrature signals are
obtained by subtracting I; from I3 and I from 4. The real-
time interference phase shift ¢ (¢) of the MIRL could be ac-
quired by calculating the arc-tangent value of the two quadra-
ture signals and distinguishing with a bidirectional counting
and fringe subdivision part. Consider that the reference arm R
of the MIRL usually is short and rigid enough, we assume it as
a constant and attribute the variation of the interference phase
09 (¢) to the measurement arm L. Therefore, the vibration dis-
placement AL (r) and velocity v (¢) of the Raman mirror during
the time period of [¢, t 4 d¢] is proportional to the difference
of the phase shifts in interference signals by

AS9 _ 09 (r+dr)—06¢ (1)

AL=v(t)dr = T T ,

(6)

where k is the wave number of the Raman laser and dr is the
sampling interval of the MIRL, which could be smaller than
1 ns thanks to the high speed PD and fast electronics.

According to Egs. (3) and (4), we know that the additional
phase shift induced by the mirror vibration on the Al could be
written as

Ofyip = OPrRLI + OPrL2 + SORL3 + O GjumpTt + & Pjumpt2, (7)

in which 6@rp1, O@rL2, OPRL3, OPjumpti, and O Pjumpt> Tepre-
sent the integration of the mirror vibration phase shift during

the first, second, third Raman laser pulses, as well as the first
and second time intervals between the three Raman pulses, re-
spectively. It is worth to mention that despite the MIRL does
not work during the time intervals between the three Raman
pulses, the phase jumps caused by the vibration of the Ra-
man mirror during these periods could be derived from the
difference of the real-time interference phase shift §¢ (¢) by
Eq. (8). Therefore, all the five phase shifts in Eq. (7) could
be derived from the synchronous, real-time vibration measure-
ment results of the MIRL.
-T—-1/2

5¢jumpTl = 2kv (Z) dr

-7/2

=06¢(-7/2)-6¢(-T—1/2),
T+1/2
8 Oyumpr2 = /T ,

=60(T+1/2)—-6¢(1/2). ®)

3. The absolute measurement problem and mit-
igation strategy

3.1. The absolute measurement problem

As shown in Fig. 3(a), the interference phase shift of the
MIRL comes from the optical path variation or the vibration
displacement of the relative length between PBS1 and Raman
mirror. Therefore, we should take the displacement of PBS1
into account when we talking the absolute vibration of the Ra-
man mirror. To overcome this problem, we propose a modified
“AI-MI-AI" tri-interferometer system as shown in Fig. 3(a).
By adding another Al setup to implement synchronous mea-
surement, the measured interference phases of P4y, APy,
and P, are coupled with each other and can be expressed as
follows:

Par1 = (kefr_18 — 01) T* + S yibmi
Darp = (kefr 28 — 02) T + S Pyibm2,
APyt = S Pyibm1 — O yipm2, )

where ket ; and o; are the effective wave vector or chirp rate
of the i-th (i = 1,2) Al, respectively. & dyvibm1 and Syipmp are
the additional phase variations induced by the vibrations of
the top and bottom Raman mirrors on Al; and Al, respec-
tively. In Eq. (9) we take the assumption that the vibration
of the top mirrorl equals the vibration of the PBS1, namely,
O PvibM1 = O dyibPBSI-

It seems that we could solve the three unknowns of g,
O¢rL1, and O¢grr o from Eq. (9) since it includes three equa-
tions. However, the three equations of Eq. (9) are not inde-
pendent because the equivalence principle and the change of
the reference frame. Normally when we measuring the ab-
solute gravity of one body we always choose the earth fixed
inertial reference system, as shown in Fig. 3(b). However, the
reference point of the MIRL is PBS1, which is different to
the reference system of the two Als and inevitably affected by
ground vibration for it is rigid connected with ground.
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Fig. 3. (a) Scheme of a modified system of MIRL; (b) the earth fixed inertial
reference system when we measuring the absolute gravity of one body.

3.2. The mitigation strategy

Though we cannot measure the absolute vibration of the
mirror directly by MIRL, this method is still effective for the
evaluation of the mirror vibration noise on Al. Denoting the
standard deviation of the vibration noise induced phase insta-
bility on Al;, Raman mirror;, MI and gravity value as Oy s
Od .0 Odyy» and Ogy,, Tespectively, we can derive the rela-
tionships between these Allan variances from Eq. (9) as

2 2 2
G(DALI(T) = G¢ (T) + G¢VibM71(T)’
2

3
quf’AI,Z(T) = G‘I’g(r) + G'%vibM‘Z(T)’
G‘%MI (T) = O-é’vibM,](T) + O-é’vibM,z(T)' (10)

Assuming the phase instability is independent of each
other, we can solve Gé,g(’c), GévibM.l(T)’ and GévibM,Z(T) from
Eq. (10) by the “Triangular cap method”. The “triangular cap
method” is a widely used method in the theoretical and ex-
perimental research fields of atomic frequency standards and
atomic interferometer.!?’! Therefore, not only the contribution
of the mirror vibration to the Al Gé,vibM‘l(’c) but also the in-
stability of gravity value without vibration noise Gég(f) could
be derived from Eq. (10). These results are beneficial to the
noise evaluation and performance improvement of the atomic
gravimeter.

As to the independence of the phase instability, it could
be verified by computing the tends of the Allan covariation in
the following equation:?"]

Acov (P11, 0Par1-2)
| Mo
= — 6¢ —1,7 _6¢ —1,j
201 T) ]; (6Par-1,j+1 AL-1,7)

X (8Pa1-2,j4+1 — 6PaI—2,j) - (11)

In order to fulfill the noise independence condition, we could

use a good vibration isolation to the Raman mirror or Al de-
vice to make Eq. (11) tend to zero.

4. Analysis of the measurement accuracy

We had introduced in the above section that the MIRL
is an effective method for evaluating the contribution of vi-
bration to the instability of the atomic gravimeter. Consid-
ering the MIRL is different from standard MI and has some
unique characteristics, we will analyze its measurement accu-
racy quantitatively in the following section.

4.1. The effect of the two Raman laser frequencies

The Raman lasers used in an 3’Rb atomic gravimeter are
composed of two beams with wavelength of 780.24 nm and
frequency difference of about 6.8 GHz, thus the interference
signal of the MIRL has a beat signal of 6.8 GHz which is out
of the photodetectors’ response range and can be neglected.
Therefore, the MIRL can be approximately considered as an
amplitude overlapping of two MI signals with tiny difference
in laser frequencies. Furthermore, as shown in Fig. 4, the over-
lap of the interference signals could be simplified to a sim-
ple periodic signal if we use a single frequency approximate
with a weighted average frequency instead of the two Raman
lasers. By numerical simulation, we calculate the measure-
ment error caused by this single frequency approximation is
about 10~* mrad.

2.0

1.5

(a) — Iy 1o} o o
0.5
0
—-0.5
—1.0
38 m _1.50x10-" 1.50x10-%

—
Ut
T

Normalization amplitude

40F (b)l\ AN hY 7\
20 1

AL(t)/10-5 m

—20f Yy \
—a0} / .

Error/10-° mrad

0 200 400 600 800
t/ms

Fig. 4. (a) The beat frequency characteristic of interference signal formed
by dual-frequency interference, where A g, /A1,0;, = 1.7, ALg = 1.974 m.
Insert: Fine interference pattern at the peak of beat signal envelope. The blue
solid line and the red dotted line represent Is_3 and I;_;, respectively; (b)
Phase error caused by single frequency approximation for the given vibration
signal of AL () = 3.9 x 1073 sin (27 x 5t) with simulation time of 800 ms.
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4.2. The effect of the Raman lasers’ intensity ratio

In general, the intensity ratio 1 of the two Raman beams
is typically around 1.5-2.5, which would lead to a periodic
variation of interference signal envelope, as shown in Fig. 5(a).
We quantitatively calculate the decrease rate of the fringe
amplitude and the measurement error as a function of the
power ratio 1) by numerical simulation, as shown in Fig. 5(b),
in which the amplitude decrease rate represents the change
rate between the maximum fringe amplitude and the mini-
mum fringe amplitude among 100 fringes around the envelope
peak. It can be seen that the amplitude attenuation rate de-
creases gradually with the increase of the power ratio while the
measurement error increases first and decreases afterwards.
The maximum measurement error is evaluated smaller than
10~* mrad with the power ratio of = 1.5-2.5.

----fringe attenuation rate
——error

*\(b)
201 N\

Error/10~° mrad

Fringe attenuation rate/10-4%

n

Fig. 5. (a) Beat frequency signal diagram under different lasers’ power ratio
(M =1,n=1.7,n=25). The blue line with triangle symbol, red line with
circle symbol, and black line with square symbol represent the beat fringes
when the power intensity ratio is 1, 1.7, and 5 respectively; (b) The diagram
of the signal’s amplitude decrease rate (the black dotted line) and measure-
ment error (the blue solid line) as a function of the power ratio 1 between
the two beams.

4.3. The linewidth of the Raman laser

Generally, the Raman laser linewidth used in the atomic
gravimeter is about 60 kHz and the relative frequency insta-
bility is about Av/v = 1.54 x 1071°. Considering the rela-
tionship between phase and frequency is A¢ = [Avds, the
phase measurement precision of the single-frequency laser
interference measurement method is evaluated as 0¢;, =
2wAVALy/c = 2.5 mrad. For the MIRL measurement method,
the measurement error is dependent on the frequency instabil-

ity of both lasers, thus can be evaluated as 8¢y = v/28 015 =
3.54 mrad.

4.4. The frequency chirp of the Raman laser

For atomic gravimeter, the frequency difference of Ra-
man lasers is scanned at a specific chirp rate of o ~
25.1 MHz/s in order to compensate the Doppler shift.!!!l The
chirped frequency difference not only affects the envelope po-
sition, but also leads to the phase change of the fine interfer-
ence fringes, as shown in Fig. 6.

20.0} () 11.980
g
s <
T 15.0F =
= 11.978 g
= =
; 8
3 10.0F S
5 11.976 <
Rt
2 5.0F =
« o
---- shift of wao
U peak’s position 11.974
0 200 400 600 800
t/ms
(b) t =800, 400, 0 ms — 1, t=0ms
< 1.0F I - -o=-J; 3t=0ms
E 473""'"11_-2t:400ms
=t
:é 0.5 =@ [y 3 t =400 ms
% —*-=]1_5 t=800 ms
- ®= [y 3t =800 ms
3 0 1-3
B
=
£ —-0.5
-
o
Z
—1.0
t|:800, 40.0’ 0 ms .

2.50 5.00

TALg

—2.50 0
AL/107"m

Fig. 6. The changes of (a) ), (the blue line) and envelope peak (the red line)
as frequency chirp time; (b) the phase change of the fine interference fringes,
the red line and circular symbols, pink line and hexagonal symbols, brown
line and diamond symbols represent /43, while the black line and square
symbols, blue line and triangle symbols, blue line and pentagonal symbols
represent /;_p when ¢t = 0, 400, and 800 ms, respectively.

—5.00

The fringe movement due to frequency shift can be rep-

resented in phase as

A
9 = ———z
Al HALwp ¢

_ Aoy, o
A17w11 +A17€012

12)

where t = 0 is the beginning of frequency scanning, f is the
sampling rate. According to Eq. (12), the shift of the fringe
phase is proportional to the frequency chirp rate thus can be
canceled by linearly compensate the phase. Given a suitable
parameter, we can obtain the maximum phase error induced
by frequency chirping after compensation is about 10~# mrad.
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If no compensation measures are taken, the maximum phase
error is about 10~! mrad, as shown in Fig. 7.

12} (a) —— ALy=1.974 m

—— ALy=1.977 m

Error/10~° mrad Error/10-2 mrad Error/10-2 mrad
=

_of
10 M(c) —— dynamic compensation
0 -
— 10 L
0 200 400 600 800
t/ms

Fig. 7. The maximum phase measurement error is about (a) 1.2 x
10~! mrad when ALy is set at the envelope peak point at f = 0 ms;
(b) 2 x 1072 mrad when ALy is set at the peak point of envelope at
t =400 ms; (c) 10~* mrad when ALy is dynamically compensated. The
interferometer time in the numerical simulations is 800 ms.

4.5. The effect of the air refractive index

Besides above characters of the MIRL, the air refrac-
tive index is also an important factor. Ignoring the variation

of air composition, the air refractive index has a relative er-
ror of An/n = 1078.123] The measurement error induced by
the change of the air refractive index is expressed as A@,i; =
2mAnLyi; /(nAy), where Ay is the laser wavelength in vacuum,
and L,;; is the total arm length of MI in air. We evaluate the
maximum measurement error caused by the change of air re-
fractive index as 1.6 mrad from the maximum L,j; ~ 4.4 cm of
the beat period length.

4.6. The total precision

The total phase measurement error of the above factors
is calculated by 8@ = /L. 8¢? < 4 mrad and the corre-
sponding mirror displacement measurement error (accuracy)
is evaluated as 0.48 nm with 780-nm wavelength, as shown
in Table 1. Therefore, the corresponding gravity measurement
accuracy can be expressed as

0P
Savib = T = (13)

et 2 — &) gT%’
where kefr_| & kefr 2 = 1.6 x 107, T is in the order of 100 mil-
liseconds. If we take T = 400 ms as an example, the accu-
racy of gravity measurement is 107!° g in a single shot mea-
surement. This result is one order of magnitude better than
that of mechanical vibration compensation under the same

conditions. 1!

Table 1. Systematic error budget of the MIRL vibration measurement method.

Systematic effects

Phase error/mrad

Displacement error/nm

Single-frequency approximate ~107% ~25%1073
The chirp of the Raman laser ~107% ~25%x1073
Laser linewidth <3.54 <0.44

The change in air refractive index <1.6 <0.2

Total <4 <05

5. Conclusion

We proposed an innovative method to measure the mirror
vibration noise contribution of the atomic gravimeter based
on a Michelson interferometer of Raman laser (MIRL). This
MIRL is constructed with the atomic gravimeter intrinsic Ra-
man beam combing a four-channel phase shift detector. There-
fore, this vibration monitoring method has the advantages
of simple, low cost, completely synchronized with the grav-
ity measurement process, perfectly localized with the Raman
beams and high measurement accuracy of 4 mrad or 10710 g,
etc. Considering this MIRL only can measure the relative mo-
tion between the beam splitter and bottom mirror, we propose
a modified “AI-MI-AI" tri-interferometer system and “the tri-
angle cap” method to measure the contribution of the mirror
vibration on the instability of g measurement. Although this
method cannot give the absolute vibration of the bottom mirror

because the limit of the equivalent principle, its advantages of
simple, low cost, effective and high-precision enable it an al-
ternative method to evaluate the contribution of vibration noise
to the instability of g measurement besides the commercial
seismometer or accelerometer. Therefore, this paper is ben-
eficial to the noise evaluation, miniaturization development,
and field application of the atomic gravimeter.
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