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Atomic state manipulation by laser radiation requires a stringent control of the light phase noise for precise
spectroscopy and quantum computation. In this work we describe a novel interferometer recently employed
to estimate the phase noise induced by an optical frequency shifter based on serrodyne modulation for optical
frequency standards (Barbiero et al., 2023). The interferometer is generated by an acousto-optic actuator

working in the Raman-Nath regime. Using the heterodyne detection between the unshifted optical mode with
the first higher order optical components, we are able to detect the differential phase between the two optical
path arms with a reduction of the phase noise induced by the actuator. We provide a theoretical treatment
for the actuator phase suppression and we estimate the detectable phase noise limit of this interferometer.
Finally, we discuss the possible applications in the field of precision measurements.

1. Introduction

The ever-increasing demand for precision control of the internal
state of quantum systems, such as neutral atoms [1,2], ions [3] and
molecules [4] for quantum computing, quantum simulation [5,6], and
quantum metrology [7,8] requires ultralow noise, highly spectrally
pure, and highly stable optical oscillators. The control and tuning
of the oscillators optical phase also demands stringent constraints on
their photonic devices to avoid incoherent (spurious) spin flips during
manipulation of optical qubits and laser-driven gates [9,10]. As the
quality of the optical oscillator improves, the need for phase noise
measurement systems capable of precisely characterizing them has also
grown.

Optical heterodyne and homodyne interferometry are powerful op-
tical techniques used to achieve high sensitivity measurement of small
phase shifts. Contrary to the optical homodyne method, heterodyne
interferometry measures the beatnote between two different optical
frequencies where the desired phase information is encoded in one of
the two optical frequencies. As long as a perfect coherence is assumed
and a classical treatment of the electromagnetic field is applied, the
maximum signal-to-noise ratio (SNR) achieved by heterodyne interfer-
ometry is a factor of \/5 lower than the homodyne counterpart [11].
On the other hand, the heterodyne interferometer reaches its maximum
SNR without a mandatory stabilization of the reference optical path as
in the case of the homodyne one [11]. This versatility of the heterodyne
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method is also confirmed in the full quantum treatment of the electro-
magnetic field [12]. Successful applications of the optical heterodyne
interferometry are numerous, such as solar radiometry [13], coherent
Doppler laser ranging application [14], frequency modulation spec-
troscopy [15], cavity ring down spectroscopy [16] and measurement
of laser phase noise [17].

In a recently published work [18] a new composite heterodyne
interferometer has been proposed and utilized, which merges multipath
optical interferometry [19] with the heterodyne phase measurement
technique. The multiple beams of this interferometer are generated
by an acousto-optic modulator (AOM) operating in the Raman-Nath
(RN) regime. The primary feature of RN diffraction is the spatial
separation of diffracted orders where each of them have a defined
phase modulation. This configuration can be easily optically gener-
ated by passing a laser beam through an AOM aligned to avoid
resonant Bragg diffraction. Examples of interferometric schemes in-
volving the RN diffraction regime include the frequency-modulation
spectroscopy in Coherent-Population-Trapping resonances [20,21] and
areal-time minimally destructive probing method of atoms in an optical
lattice [22].

In this work, we describe the composite Raman-Nath interferometer
(CRNI) generated by a laser beam diffracted by a AOM operating
in the RN regime from which two parallel Mach-Zehnder interfer-
ometers (MZIs) are inferred and an heterodyne phase measurement
is extracted [18]. This proposed interferometer is similar to a dou-
ble Mach-Zehnder heterodyne interferometer where one branch of
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Fig. 1. Illustration of the experimental realization and the conceptual phase analysis of a CRNI. (a) Schematic drawing of the experimental setup including all the essential optical
and electronic elements. PD,,: photodetectors; BPF: band-pass filter; LPF: low-pass filter; AOM: acousto-optic modulator; EOM: electro-optic modulator; V,,,: output voltage signal.
(b) Delay line theoretical model in the Fourier domain (w = 2z f). The left panel depicts the optical demodulation process induced by the CRNI while the right panel shows the
standard RF demodulation process. The red lines represent the optical domain while the black lines are the RF domain. The phases ¢, and the delays 7, imprinted on the laser

optical phase ¢, are described in the main text.

the interferometer is frequency shifted: after a proper signals ma-
nipulation, the RN actuator phase noise is expected to be greatly
suppressed. Similar interferometers that exploit a double heterodyne
detection were already employed to suppress common source of noise
in precision spectroscopy measurements [23,24]. We investigate the
performance of this heterodyne interferometer based on optical de-
modulation process in detail, and we compare its performance with
a common interferometer scheme which exploits the Radio-Frequency
(RF) demodulation.

The article is organized as follows: in Section 2 we describe the
phase sensitivity and the expected phase noise sources in a CRNL In
Section 3 we report the details of our experimental realization of a
CRNI apparatus. Finally in Section 4 we present the main results of
our investigation.

2. Composite Raman-Nath heterodyne interferometry theory

The CRNI consists of two Mach-Zehnder interferometers (MZIs)
generated by a laser beam impinging on the AOM, where the common
reference arm is the unshifted AOM’s zeroth diffraction order, while
the +1 and -1 diffraction orders yield two separate MZIs’ beatnote
frequencies for heterodyne phase detection. In the example depicted
in Fig. 1(a), the diffracted order —1 is phase modulated by an electro-
optic modulator (EOM), which works as device under test. The two
optical ports of the CRNI are then detected by two photodetectors,
namely PD,; where the sign refers to the diffraction order related
CRNI branch. Two RF signals are then generated, Vpp_ . After proper
filtering, the generated optical beatnotes are mixed in order to remove
the phase induced by the AOM, and then to extrapolate the phase noise
information provided by the actuator under test.

2.1. CRNI phase signal extraction

The left panel of Fig. 1(b) reports the physical model of the CRNI
using delay-line theory [25]. The beatnotes acquired from the photodi-
odes can be written as Vpp_| = V_; cos(4d¢_, o) and Vpp, = V] cos(4d¢; )
where A¢, , is the relative phase difference measured by a single MZI,
including the RF heterodyne frequency and all its time dependence. At
the detection time ¢, the beatnotes acquired from the photodiodes PD_,
and PD,, can be written as:

Ad (D) = Paom (D +[Pr() — Pt — 71 )1 + kAl @

Ap_1 o) = pO) + Paom @) + (b (@) — pp(t —7_1 )] + kAl ()]

where ¢ ,0,(1) and ¢, (7) are the phase acquired from the AOM diffrac-
tion and the laser phase, respectively. The generic dephasings k; 4/,
and the delay times 7;, = 4/;,/c arise from the optical paths unbalance
of the MZIs. Finally, the ¢(?) is the phase acquired from the device
under test which includes the frequency shift of the optical carrier
necessary for heterodyne interferometry. After mixing the beatnotes
acquired from PD,,, the CRNI output signal can be written as ¥,

out

kg \/V_1V; cos(¢yr,) where k, is the mixer conversion factor and ¢, =

Ap_; o(1) — Ay (1) is the expected phase from the optical demodulation
computed as follow:

(bzﬁ,(t) = ¢G(t)+[¢AOM(f)—¢A0M(I—ijem)]"'[¢L(I)—¢L(I—TRN)]+kLA1RN
3

where Algy = (4l_ =4l ), Tpy = Algy /¢, and rfp"m is a generic delay
time arising between the optical diffraction orders generated from the
AOM in the RN configuration.

We compare this optical demodulation with RF demodulation
which is the most widespread strategy to extract phase information.
The physical model of RF demodulation is reported in the right
panel of Fig. 1(b). In this scheme, the optical beatnote measured by
the photodiode PD_, is mixed with the RF signal generated by the
AOM Local Oscillator (LO) to cancel its phase noise contribution. The
acquired phase A¢_; o(7) is mixed with the ¢ 40, (- rf{"Fm) generated by
the AOM LO. Also in this case we consider a delay time r}’fF’" to take into
account the possible delay line between the acquired signal from PD_;
and the AOM LO. The extracted heterodyne phase ¢Rf is the following:

out
ORE) = ¢+ D aom =P aon (=72 +H [ (D= (t—7_y )+k Al o
&)

Switching to the Fourier domain, Egs. (4) and (3) can be re-written
as:

PL(f) = do(f) + H(Awﬁ,f’") “Paom () + Hory) ¢ (f)
+kp Algn(f) 5)
BRE(f) = b6 (f) + HAQE™) - drom () + H(Ao_0) - . (f)
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+ kAL o(f) (6)

where A¢p_;, = 27f7_jy and Apgry = 2xf 7gy are the dephasing
generated by their optical delay line while the 4¢%7" and Agge" are
the dephasing arising between the different delay time associated to the
different demodulation scheme. In Egs. (6) and (5) we have introduced

H(Ap) = (1 — ¢/4%), which is the delay line transfer function.
2.2. Analysis of CRNI phase noise

The associated phase noise power spectral densities of the two
extracted phases in Egs. (5) and (6) can be estimated as:

2
S? =S¢+ |H(A™ ™)™ S yorr + 1 HA@rNIPSL + 280y + 28400 @

out op

2
SRE = S + [ HAS™M" Sqonr + 1 H(Ao_ )I*SL + Seny + Sger (8)

where S; is the phase noise of the actuator under test, S,p) is
the phase noise of the AOM LO, S, is the phase noise of the laser,
|H(Ap)|? = 4sin*(4¢/2), S,,, is the phase noise induced by the optical
path fluctuation k; Al and .S,,, is the phase-noise induced by the optical
detection. In the Eq. (7), a factor of 2 in the S,,, and .S,,, is introduced
compared to the Eq. (8) considering the presence of two identical
photodetectors and assuming uncorrelated phase noises induced by the
optical paths fluctuations 4/_; ; and 4/, ;. The term .S; in both Egs. (7)
and (8) is related to the actuator phase noise that the interferometer
aims to unravel. All the other noise sources are associated with the
applied interferometric scheme, which limits our signal to noise ratio.

Following Egs. (7) and (8), we can analyze some of the phase
noise limits affecting the extracted phases ¢’ and ¢RF. Except for

unknown values of S,,,, A(p‘lj:;." and A(pglf”’, allautthe other contributions
can be measured or estimated a priori. The laser phase noise .§; and
the AOM actuator phase noise S, are weighted by their delay
line transfer functions. If the delay times 7_,,,7gy are higher than
the coherence time of the laser, the laser phase fluctuation cannot
be completely neglected. The same is valid for the AOM phase noise
cancellation: the different delay times rglf’" and r;’ej;” induced by the
different demodulation strategies may reduce or increase the weight of
the AOM phase noise in the final phase extraction.

The detection process is also affected by a fundamental limit pro-
vided by the photon shot-noise and by thermal-noise affecting the
electronic components. This noise is estimated according the following

formula [25]:
16 [av 1 (FkeT pv\* 1

Sur = [75*( 7 ) ﬁ] ©
where m is the power modulation index defined as m = 24/P,, P,/ P and
P = Py + P, is the total optical power impinging on the photodiode
PD,, while P, and P, are the optical power of the 0 and +1-orders,
F is the noise figure from the built-in amplifier of the photodiode,
n is the quantum efficiency, v is the photon frequency, & is the Plank
constant, e is the electron charge, kp is the Boltzmann constant, T is
the temperature and Z; is the load’s impedance (which is typically
50Q). In Eq. (9), the term 1/P is due to photodiode shot-noise while

the term 1/P? is due to thermal-noise induced by built-in amplifier in
the photodiode.

2.3. Light diffraction regime by ultrasonic field

The core of the CRNI is the diffraction pattern generated by the
AOM. It is well known that the geometrical properties of the diffraction
of an optical beam from an ultrasonic field propagating in a crystalline
medium (the AOM) can be described by the Klein—-Cook parameter
Q [26]. This parameter is defined as Q = 27:L/1/n0A2 where A is
the optical wavelength, A is the ultrasound wavelength inside the
crystal, n, is the refraction index of the acousto-optic crystal and L
is the interaction length between the laser and ultrasonic field. Three

Optics and Laser Technology 181 (2025) 111613

different diffraction regimes are identified according to the value of QO:
the Bragg regime (Q > 1), the pure Raman-Nath regime (Q < 1) and
the transition regime (Q ~ 1). The resulting diffraction pattern for the
case of the pure RN regime (Q < 1) and the Bragg regime can be solved
analytically [26]. In the former case, the expected first order diffracted
light power P, is estimated to be [26,27]:

P, =P JNP) 10)

where P; is the impinging optical power to the AOM, J, is the first
order Bessel function of the first kind and g is the modulation index,
defined as [27]:

M,I
ﬁ:ln%An, An = ; S

where 4n is the variation of the refractive index due to the ultrasound
field, M, = ngpz /pv? is a figure of merit of the crystal, where p is the di-
mensionless effective elasto-optic constant which describes the change
of the refractive index of the optical medium due to the presence of
the acoustic wave, p is the crystal density, v, is the sound speed in
the crystalline medium, and I is the ultrasound intensity. The crystal
birefringence, the residual amplitude modulation, and phonon-phonon
scattering are not considered in this work [28,29]. Nevertheless, they
were demonstrated to play a marginal role if a proper design of the
AOM in the RN regime are adopted [30].

an

3. Experimental apparatus

The experimental setup is depicted in Fig. 1(a). Our laser source is
a commercial external cavity diode laser (Toptica, DL pro) working at
698 nm referenced to a 10 cm long ultra-stable ULE cavity. The details of
the laser frequency stabilization system can be found elsewhere [18].
Almost 3.7mW of laser radiation with beam diameter of w = 1.2(2) mm
is sent to a commercial AOM made by TeO, crystal (Gooch & Housego,
3080-122). The AOM is driven by a local oscillator (Siglent, SDG2122X)
generating a sinusoidal frequency at 80 MHz. The signal is properly am-
plified to reach a RF power of 30 dBm generating almost 1 mW in both
diffraction orders at + 80 MHz and —80MHz from the optical carrier
v. Following the optical path shown in Fig. 1(a), the +1 diffraction
order is then recombined with the 0 order of the AOM and impinges on
the photodiode PD_,. The —1 diffraction order passes through a free
space EOM (Thorlabs, EO-PM-R-10-C1) and then is recombined with
the 0 order at the photodiode PD_;. A free space EOM is employed
as frequency shifter and device under test. A low phase noise local
oscillator (Agilent, 33255 A) is used to drive the EOM at 10 MHz and
the first order sidebands are maximized injecting 23 dBm of RF power.
We ensure that almost the same optical power P = 0.8(1) mW impinges
on both photodiodes PD_; and PD,;. The amplified phododiodes
employed in our apparatus are identical (Newport, 818-BB-21 A) and
they are characterized by a broad detection bandwidth of 2GHz,
conversion gain of ¢ = 0.5V/mW and responsivity of R = 0.475A/W
which provides a quantum efficiency of n = Rhv/e = 0.80 at v =
429 THz. The readout signals from the photodiodes exceed 60 dB of SNR
at 100 kHz of resolution bandwidth. The output of PD_, passes through
a narrow and tunable high order Band-Pass Filter (BPF) (Telonic, TTF-
95-5-5-EE) centered at 70 MHz with a measured power bandwidth of
5.6(2) MHz . Finally, the filtered signal is then demodulated directly by
the LO used to drive the AOM or by the optical beatnote acquired from
the photodiode PD,. The demodulated signal is then low-pass filtered
(Minicircuits, SPL-10.7+), amplified and measured with a low noise
phasemeter (Microsemi, 5125 A), whose phase noise floor is lower than
1x10716 rad? /Hz above 1kHz. The reference signal of the phasemeter is
provided by a 10 MHz generated by an H-maser used for the realization
of the UTC(IT) timescale. The extra phase noise induced by our phase
sensitive detector (Minicircuits, ZFM-3-S+) [31] and the RF amplifier
(Minicircuits, ZHL-500LN+) [32] are below 1x10~'7 rad® /Hz at an offset
frequency of 100kHz which is lower than the phase noise floor of our
phasemeter.
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Fig. 2. Transmission of the first AOM diffracted orders as a function of the estimated modulation index f. The green circles, the blue squares, and the red triangles report the
transmission of the Oth, +1st, and —1st AOM orders , respectively. The black and the gray lines are the square of the Bessel functions Jg(ﬂ) and le(ﬁ) , respectively.

4. Results
4.1. Raman-Nath light diffraction characterization

The diffraction regime of the AOM to operate a CRNI is obtained by
carefully tuning the AOM alignment with respect to the input optical
beam in order to generate the same optical power in the first orders
of diffraction —1 and +1. The estimated Klein—Cook parameter for our
experiment is Q%% = 27rL/1/(n0A2) = 6.7(7) where n, = 2367 is
the refractive index of TeO,, 4 = 698nm is the optical wavelength,
A = 522pm is the ultrasound wavelength traveling inside the crystal
and L = 10(1) mm is the estimated laser-ultrasound interaction region.
The estimated value of L is set to be roughly the width of the
transducer [26]. The value of Q! suggest us that our AOM is not
able to reach a pure Raman-Nath regime which is also reasonable
because the AOM employed in this work is designed to work in the
Bragg condition maximizing the transmission intensity of one specific
diffraction order. A lower frequency modulation or a thinner Bragg cell
with a shorter interaction region L are usually employed achieve the
pure Raman-Nath regime [21].

The intermediate regime is also evinced by analyzing the intensity
of the diffracted order as a function of the modulation index g. Fig. 2
reports the efficiency of the first diffraction orders as a function of
the estimated modulation index  computed according to Eq. (11). We
measured the transmission of the un-diffracted order (green points) and
the first orders of AOM diffraction (blue and red points) while the black
and the gray curve are the square of the Bessel functions Jg and le,
respectively, predicted for a pure RN regime (Q <« 1).

Considering negligible insertion losses (<3%), we estimate the sound
intensity injected to the crystal as I, = Pyp/(Lh), where Pgg is the RF
power sent to the AOM, A = 1.0(2)mm is the width of the acoustic-
optic interaction region, and L = 10(1)mm is the usual interaction
length. In the case of commercially available AOMs based on TeO,
crystals, the figure of merit is M, = 3.46e — 14 s> kg™! for a linear
optical polarization [27]. It is clear that the measured transmission of
the first diffracted orders do not match with the expected trends for a
phase modulation represented with the Bessel functions. In particular,
there is no modulation index such that the un-diffracted beam intensity
drops to zero, as expected for the Bessel function Jg. We observe the
same diffraction efficiency for different beam diameters. Comparing our
experimental characterization with the numerical simulations reported
in [26], we believe that we achieved a transition regime 4 < QO < 7
which confirm our prior estimation of Q%% = 6.7(7).

4.2. Sources of noise in the interferometer
We now describe in detail the performances of our prototype of

CRNI, starting from the contributing noise sources, as analytically
described by Egs. (7) and (8). Fig. 3 reports the noise sources affecting

our interferometer as measured independently from our CRNI setup. In
this work, a low phase noise LO is used to drive the phase actuator
under test. This low noise LO is selected on purpose in order to evince
the role of different demodulation schemes used to extrapolate the
signals pRF and ¢ .

The first noise source to be considered is the AOM, in particular
the phase noise imprinted by its driving LO. The AOM LO phase
noise (blue line in Fig. 3) shows almost a white noise spectrum of
S 4om=3.0 x 10" rad’? /Hz in the frequency region of 1kHz to 1 MHz.
It contributes to the phase noise of the interferometer by means of
the delay line transfer function H of the RF setup. The phase noise
induced solely by the electronic RF delay line is estimated by mimicking
the signals acquired from photodiodes before the demodulation. We
split the RF signal generated from the AOM LO: one RF component
is sent directly to the reference channel of the phasemeter, while the
other RF component is first sent to the narrow band-pass filter and then
connected to the input channel of the phasemeter. The red line in Fig. 3
shows the phase noise acquired from the aforementioned setup. The
squared RF transfer function |H(4@gr)|* is obtained by dividing the
measured RF delay line phase noise (red curve) with the input AOM LO
phase noise (blue curve). At frequencies higher than 1kHz, we found
that the RF dephasing evolves according to:

Appp(f) = arctan(f/ f;) +arctan(f/ f3) (12)

where f; = 0.8123)MHz and f, = 1.188(3)MHz are the fit result
frequencies. The use of high-order arctan functions in Eq. (12) takes
into account potential a highly non-linear dephasing response of the
RF system. The resulting RF delay time is 7z = 27f;)~' = 196.0(8)ns,
mainly limited by the BPF dephasing and other electronic sources of
delay. The orange curve in Fig. 3 reports the reconstructed RF delay
line obtained multiplying the input phase noise of the AOM LO with the
squared of the extrapolated RF delay line transfer function |H(A@gp)|>.

We also consider the laser phase noise contribution as a possible
noise source of the interferometer. Once referred to the 10cm ULE
cavity, the laser phase noise is estimated as S; ~af =3 +bf~! + ¢ where
a =2rad® HZ2, b = 52¢ —2 rad®> Hz and ¢ = 1.6 x 108 rad®/Hz [33].
As reported in Egs. (8) and (7), the laser phase noise is transferred to
the output signal by means of H once an optical path imbalance is
introduced. In our setup, both arms of the CRNI have an optical path
imbalance below A/~20cm in both interferometers, so that 4/_;, =
Al = Al This optical path imbalance generates an optical delay time
of 7,,~0.66 ns which provides a linear dephasing 4¢(f) = 27 f7,,. The
contributions of the laser phase referred to the ULE cavity is reported as
the brown dashed line in Fig. 3. We can appreciate that the frequency-
stabilized laser used in this work generates a negligible noise source for
the interferometer.

We also estimate a Sy = 4.5(10) x 10~'* rad® /Hz for single photodi-
ode setting F =3dB, T = 300K, P = 0.8(1)mW and m = 0.93. The S,
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increment due to the uncompensated RF line while the orange curve is its predicted noise. The dashed purple line is the estimated white phase noise due to the photodiode. The
brown dashed line is the laser phase noise contribution arising from an optical path imbalance of 20cm. The black curve is the overall RF noise of the interferometer. The gray
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Fig. 4. Phase noise power spectral densities in a CRNIL The red curve is the phase noise extracted from the optical demodulation. The blue curve is the phase noise extracted by
means of RF demodulation. The cyan and purple dashed line are the model noise for the two interferometers at frequencies higher than 10kHz (see main text for details). The

black line is the noise of the interferometer from Fig. 3.

is reported in Fig. 3 as dashed purple line, and should be the dominant
noise source between 1kHz and 20kHz.

Finally, the black line of Fig. 3 is the RF noise budget of our
interferometer considering the above discussed technical noises. We
can see that at Fourier frequencies between 1kHz and 20 kHz we expect
to be limited by the detection noise, while at frequencies higher than
20kHz we are limited by the RF delay line that couples back the phase
noise of the LO used for the demodulation.

The green curve reports the phase noise of the actuator under test
which is well described by a white noise Spp~2.0 x 1074 rad’ /Hz at
frequency higher than 1 kHz. Unlike [18], a free space EOM is employed
to reduce the high level of phase noise generated by the fiber coupled
EOM.

4.3. Interferometer performances

We finally measure the phase noise levels in a CRNI by compar-
ing the two demodulation strategies described so far, i.e. the optical
demodulation vs. the RF demodulation scheme. In Fig. 4 the red
curve shows the measured interferometer phase noise ;> obtained by
the optical demodulation, while the blue curve reports the measured
interferometer phase noise provided by the RF demodulation S(fff .
Both spectra are dominated by acoustic and seismic noise .S,,, in the
frequency region below 1kHz while at higher Fourier frequencies they
seem to be limited by a frequency dependent dephasing caused by the
employed different interferometric schemes, as described by Egs. (7)
and (8). By adding the previously characterized RF delay Aggy, we can



M. Barbiero et al.

Optics and Laser Technology 181 (2025) 111613

o Of | |
E 3t “ et WMM&\
: N 7 {
g Of o
5—3 |“l‘ 1"n ! Ali'i'ln!ll! !!! i IMIL l‘ull.“l i ""Jr
LA 00 e —w
A (LI L 1 | | it
10 10° 104 10° 10
Frequency / Hz

Fig. 5. Noise improvement provided by the CRNI. The green and the orange curve report G and G*', respectively.

modify these expressions and fit our data at frequencies higher than
10kHz with the following phase noise models:

2
Son =S’ + |H(Apgp + A(pglf’")l Saiom 13)
2
SRE = SRE + |H(Aogr + A0S S som as

where the white noise components Sg" and Sé‘F of Egs. (13) and (14),
are the minimum values of the measured curves S?" and SRF, while
the dephasings added from the demodulation schemes are modeled by

the following expressions:
Agfem(f) = arctan(f / facm)
A" (f) = arctan(f/ fi")

The fit results (purple and cyan dashed lines) are plotted against the
data in Fig. 4. We obtain the following characteristic frequencies:
fiem = 0.416(1) MHz and £2" = 5.00(3) MHz.

Regarding the white noise minima, we obtain S&F =
10~13 rad®/Hz and S;” = 1.00(1) x 10~!? rad® /Hz.

We observe that S(fF it is almost 10 times greater than the expected
detection noise S,,, calculated by using Eq. (9). This discrepancy
can be easily explained by considering an underestimation of the
photodiode amplifier noise figure and excess noise coming form the
environment at frequencies below 10kHz.

Finally, we demonstrate the noise improvement of the CRNI. To
further evince the relative sensitivity of the considered demodulation
schemes, we define G as the ratio of the measured phase noise G =
SRF /5% . The factor G obtained from the measured spectra in Fig. 4 is
reported in Fig. 5 (green curve), and compared with the ratio between
the expected interferometric noises G** = SRF /S (orange curve).
At frequencies above 50kHz, the optical demodulation shows a noise
improvement compared to the RF demodulation, surpassing 3 dB in the
frequency interval 100—900kHz. At frequencies below 50kHz, optical
demodulation offers a sensitivity that goes 3 dB lower compared to RF
demodulation.

(15)
(16)

4.30(1) x

5. Discussion

We now discuss the significance and the implications of the results
found in the previous section.

In Fig. 5 we have demonstrated a noise improvement of the CRNI
compared to the standard interferometric methods based on RF demod-
ulation above 50 kHz. We attribute this high-frequency noise improve-
ment to the higher bandwidth of common mode noise rejection.

In fact, in the RF demodulation scheme, the characteristic delay
time is set by the AOM rise time z,. This is the typical time for the
acoustic wave to pass through the optical beam, and therefore it defines
the minimum time required for the optical beam to respond to a change
in the RF signal. The AOM rise time is estimated as 7, ~ w/v, =
290(50) ns where w = 1.2(2) mm is the optical beam diameter and v,

42kms™! is used. The rising time 7, provides a bandwidth response
of (27z7,)~! = 0.54(9)MHz which is in agreement with the fit value

l‘éeF'“ found in Eq. (15) within 2. On the other hand, in the optical
demodulation scheme, the measured characteristic frequency f jpe'" =
5.00(3) MHz results in a delay time rj;m =Q2xf jp emy=1 —=31.8(2) ns, which
is much shorter than z,. In the CRNI, both optical branches are affected
by the AOM rising time and so they are perfectly time compensated
after the demodulation process, providing an high degree of common
mode RF noise rejection.

Several possible physical effects could determine the CRNI delay
time rggm. One source of delay time in an optical interferometer is
associated with the unbalanced optical path lengths of the branches.
In our system we estimate a maximum branches’ unbalance 4/ <20cm
would generate an optical time delay r, = 4//¢~0.66 s, or a frequency
cut-off of 240 MHz. This exceeds all other cut-off frequencies measured
and the phasemeter measurement bandwidth. Another technical source
of delay may be caused by different lengths of the RF cables that
reach the mixers. However, if we consider RG58 cables whose electric
field propagation speed is almost (2/3)c, the necessary RF cable length
difference is about 6.4 m, while we use the same cable length to connect
both photodiodes to the RF chain depicted in Fig. 3. Finally, the non-
pure RN diffraction regime (Q =~ 1) generating our CRNI could be the
source of both a small amplitude imbalance, and a relative phase shift
among the diffracted components, as previously observed [21]. This
could in principle explain the presence of the measured characteristic
time among the branches of the interferometer. If this is the case,
one would expect that rgpe”’ can be reduced when working at a lower
modulation frequency or with a thinner Bragg cell designed to achieve a
pure Raman-Nath regime [21]. This uncompensated residual time rgp”"
prevents us from fully reaching the ultimate limit of the interferometer
shown in the black curve of Fig. 4.

After discussing the performance of our CRNI prototype at high
Fourier frequencies, we analyze its low-frequency performance.

At low frequencies, where S,,, dominates the noise spectrum, the
CRNI is limited by the redundancy of the optical setup, and a factor
of 2 higher noise is expected, as shown in Eq. (7). Indeed, the CRNI
estimated white noise level S;” is 2.32(5) times higher than S(fF , in
agreement with the redundancy hypothesis. Moreover, similar results
would be expected if we were limited by the shot noise from the
detectors.

Finally, we outline some possible improvements to push the sensi-
tivity of a CRNI and some possible applications.

A possible way to greatly improve the low-frequencies phase noise
performances of the CRNI is to carefully design the double interferom-
eter branches in such a way that they share the same optical elements
from the separation region where the RN modulation is applied to the
detection region where two photodiodes are employed. We expect that
this shrewdness will highly suppress the seismic and acoustic noise
coupled at low frequency even compared with the RF demodulation
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counterpart. The ultimate phase noise limit of this compact compos-
ite interferometer is provided by the shot-noise induced by the two
photodiodes employed to acquire the beatnotes.

Regarding the applicability of the CRNI method, is has been already
employed as a simple system to measure the phase noise of an actuator
under test without introducing a duplicate system, as reported in [18].
The frequency bandwidth where our interferometer demonstrates noise
improvement could be particularly valuable for fiber optic undersea
applications, especially in military sonar and seismic surveying [34,35].

6. Conclusions

In this work, we theoretically and experimentally studied in detail
a composite heterodyne interferometer which exploits the Raman-
Nath regime of the AOM. We discussed the limits of the CRNI by
quantitatively comparing the optical demodulation scheme with the RF
counterpart. We introduced a theoretical model which can be easily
adapted to figure out the typical phase noise performance of an optical
heterodyne interferometer. Employing the CRNI to measure the phase
noise of a test frequency shifter, we measure a noise improvement
in the 50kHz-1MHz range, reaching 4dB at 300kHz. This sensitivity
enhancement lays within a frequency band of particular interest in
precise optical spectroscopy in the framework of quantum logic spec-
troscopy and quantum information. In particular, frequency-stabilized
diode lasers experience an excess of phase noise in this bandwidth [9].
As suggested by [22], we believe that our interferometer is an exper-
imental alternative for implementing real-time protocols for quantum
non-demolition experiment [36,37].
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