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ABSTRACT

We measured very low light power backscattered by optical surfaces using low coherence interferometry. The
backscattered light can indeed be a critical noise source for interferometric gravitational wave detectors such
as LISA, the laser interferometer space antenna developed by ESA, with the support of NASA and European
national space agencies. We present the preliminary measurement results of light backscattered from a silver
mirror and a bare N-BK7 window 1 mm thick using a superluminescent diode centered at 1060 nm as broadband
light source. The use of low coherence interferometry allows light backscattered by both sides of the N-BK7
window to be recorded independently with a noise floor of around -110 dB.
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1. INTRODUCTION

With the first direct detection of Gravitational Waves (GW) by LIGO and Virgo scientific collaboration [1] in
September 2015, a new observational astronomy window on the universe has been established. And the network
of LIGO [2] and Virgo [3] detectors have reported numerous number of GW events consisting of binary black hole
systems, a neutron star and black hole system, and rotating neutron star system [4, 5, 6] with the heaviest GW
event detected so far of total mass of 150 M, [7]. The current generation of GW detectors and future planned
third generation (Einstein Telescope, ET) will further improve the strain sensitivity in the detection bandwidth
of 1 Hz to 10 kHz, thus increasing the detection efficiency of GW sources of mass in the range of stellar mass
black holes (few 100’s of M, ), rotating neutron stars and and asymmetric supernovae sources.

However, to explore the GW sources emitting at low frequency in the bandwidth (0.1 mHz to 1 Hz), that
correspond to astrophysical sources such as super massive black holes and dense stars captured by super massive
black holes, an interferometer with very long arms is required. Due to the seismic activity of the Earth such large
scale interferometer cannot be built on earth and thus, the outer space becomes the ultimate choice. One such
large scale interferometer, named as Laser Interferometer Space Antenna (LISA) that will have interferometer
arm lengths on the order of millions of kilometers was proposed by ESA with the help of NASA and European
national space agencies and is currently under the initial phase of development [8, 9, 10].

For all these GW interferometric instruments, parasitic light [10, 11, 12, 13, 14] is a critical noise source
because, as a first order approximation, it can induce phase measurement errors depending on the relative
amplitude of these parasitic optical fields. By way of example, this means that phase uncertainties of the order
of a few microradians can be induced by ultra-weak retroreflected or back-scattered light, the relative power of
which is about 1072, The availability of a characterization equipment capable of detecting such ultra-low light
power is therefore a key point of the development of this new generation of GW detectors.
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2. THEORETICAL BACKGROUND

Low coherence interferometry is a powerful tool in precise measurements of surface details of samples, and in
particular the characterization of samples with multiple surfaces [15, 16]. The basic principle consists of a
broadband light beam that is split into the two arms of a Michelson interferometer i.e, the reference and the
sample arms, and the resulting signal due to the mixing of light backreflected by the two arms is detected using
a photodiode.

The output signal of the interferometer depends on the amount of light power back-reflected by each of the two
arms (with surface reflectivities R, and Rg) and the optical path difference A = 2(z, — z4) between these two
arms. Mathematically, the output signal for a single optical interface is given by

S(zr,2s) = So (Rr + Rs + 2\/RTRSe’(’”S"A)2 cos kOA) (1)

where S is the spectrally integrated power of the source, here assumed to be of Gaussian shape, kg the central
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Figure 1: Theoretical versus experimentally measured low coherence interferometric signal for a source at
Ao =1060 nm with optical 3 dB bandwidth of around 70 nm.

wave vector, and do the source bandwidth in wavenumber. Consequently, the signal S is only modulated around
zero optical path difference (OPD) and over a characteristic distance [, named the coherence length of the source

and defined by
- 1 2y/In(2) A 5
© wéo T AX 2)
where Ao is the central wavelength of the source and A\ its spectral full width at half maximum (FWHM).
Figure 1 shows a comparison between the theoretical shape of the modulated part of the interferometric signal
(Ao = 1060 nm, A\ =70 nm) and the one experimentally recorded. For a multiple reflections sample, the low
coherence interferometric signal is a function of the length of the scanned reference arm and given by

N N
S(z) = So (Rr + 3" R +2Y ) /R Ry e 2r00 20 cos [2ko (2, — zm)]) (3)
m=1 n=1

where m is an integer that defines the order of the back-reflected signal. The scan of the reference arm allows
the successive reflections (echoes) to be independently recorded and quantified. As an example, if a 1-mm thick
N-BK7 window is installed in the sample arm of the Michelson interferometer at zero angle of incidence, we
are capable to successively record the reflection on the front face (Rs1 = 0.04, 2, = z;), the reflection on the
rear face (Rso = 0.037, z, = 2z, + nd,d = 1 mm and n = 1.5054), the first multiple reflection within the
window (Rs3 = 6.2 x 1075, 2, = z4 + 2nd), the second multiple reflection within the same window (Rs4 =
1.02 x 1077, 2, = 2, + 3nd), and so on [Rs,, = (1 — R)?RCm=3) 2 — 2, + (m — 1)nd, m > 2] up to the limit
defined by the noise floor of the set-up.
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3. EXPERIMENTAL SETUP

The optical layout of the experiment is shown in Figure 2a and a picture of the implemented bench is shown
in Figure 2b. Our experiment consists of a 60 mW pigtailed superluminescent diode (SLD) with a central
wavelength of 1060 nm and FWHM bandwidth of 70 nm. The pigtail consists of a Corning HI 780 single mode
fiber whose output is located in the focal plane of a reflective collimator with an effective focal length of 7 mm.
This assembly provides a Gaussian collimated light beam with a waist diameter around 2 mm. The input optical
beam is split using a polarizing cube beam splitter (BS1) into the signal and reference arms of the interferometer
and the split ratio can be adjusted by changing the orientation of the linear polarizer PO. The beam reflected
by the polarizing beam splitter (S polarization) corresponds to the sample arm. It crosses a quarter wave plate
with axis at 45 degrees and illuminates the sample whose tilt angle is §. The light back-reflected (6§ = 0) or
back-scattered (6 > 0) by the sample is transformed in a P-polarized beam by the back-crossing of the quarter
wave plate, then is transmitted by the polarizing beam splitter.

The beam transmitted by the polarizing beam splitter (P polarization) corresponds to the reference arm

(a) Layout of the optical bench. (b) The implemented laboratory bench.
Figure 2: The experiment.

and is reflected by a hollow retroreflector (HRR). The HRR along with a right angle prism (RAP) allows the
reflected beam to be decoupled from the incidence path such that it can be mixed with the signal. The hollow
retroreflector is mounted on a Newport XMS-100 S motorized linear translation stage, while the sample is
mounted on a Thorlabs PRMTZ8 motorized rotation. The sample beam and the reference beam are mixed on
a non-polarizing beam splitter (BS2) and detected using a balanced receiver including two InGaAs photodiodes
(Newport Nirvana 2017 model). Two linear polarizers (P1 and P2) are used to optimize the balance between
the DC part of the currents provided by each photodetector. The output channel of the balanced detection is
acquired using National Instruments (NI) data acquisition (DAQ) module USB-6212 (16 bits, 100 kSamples/s)
and post processed numerically.

4. RESULTS AND DISCUSSION

We measured light backscattered by two different samples i.e, 1 mm thick N-BK7 optical window and a Silver
mirror. In order to demonstrate the sensitivity of the experimental set-up, we first measured the light backre-
flected from a 1 mm thick N-BK7 window at zero AOI.

The reference arm is scanned at a constant velocity of 0.5 mm/s, which generates a carrier frequency of around
935 Hz in the signal resulting from the differential amplification of the photodiode outputs. A bandpass filtering
is implemented on this acquired signal (bandwidth 50 Hz) and allows the noise level to be drastically reduced.
A key point of this balanced detection scheme is the necessity to avoid any saturation of the two photodetectors.
This implies to limit the overall detected power (DC plus AC parts) below 0.5 mW. For instance, in the case of
the detection of multiple reflections on a N-BK7 window, we operated the SLD source below 2 mW of continuous
power (driving current 180 mA) to meet this condition.
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Figure 3: Backreflected light measured from 1 mm thick N-BK7 window (see text for more details).
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Figure 4: 4(a) to 4(e): Enlarged views of the interferograms corresponding to the five first reflections (R1 to R5)
on a 1-mm thick N-BK7 window ; in each drawing title, A is the maximum amplitude of the corresponding echo
and z is the position of this maximum - 4(f): comparison between the experimental results and the amplitude
and position data resulting from a modelling.

4.1 Backreflected light from 1 mm thick N-BK7 window

The interferogram recorded from a 1 mm thick N-BK7 window is shown in Figures 3 and 4. Figure 3(a) shows the
raw signal recorded during a continuous scan of the reference arm approximately 10 mm long, while Figure 3(c)
shows an enlarged view of the same signal corresponding to the last 8 seconds of the acquisition. Applying a fast
Fourier transform (FFT) to the red part of this recorded signal (first echo) allows the intrinsic power spectrum
of an echo to be calculated [Figures 3(b) and 3(e), red curves| and the characteristics to the frequency band-pass
filter [Figure 3(e), green curve] to be determined (central frequency, bandwidth). This band-pass filtering is
applied to the Fourier transform of the raw signal and an inverse FFT allows the time dependence of the filtered
signal to be reconstructed [see Figures 3(d) and 3(f), magenta curves). One can see the big improvement provided
by this band-pass filtering by comparing Figures 3(c) and 3(f). Moreover, on Figures 3(d) and 3(f), colored dots
are used to indicate the theoretical position of the center of the interferograms corresponding to the multiple
reflections on the N-BK7 window: the agreement with the experimental results is really excellent.

Figures 4(a) to 4(e) shows an enlarged view of the interferograms corresponding to the first five echoes recorded
on the 1-mm thick N-BK7 window (filtered data). One can note the very nice and almost identical shape of the
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first four echoes, and the presence of some spurious contributions in that of the fifth echo: this is induced by the
low signal to noise ratio obtained when the corresponding coefficient of reflection is as low as 2.6 x 107'°. Figure
4(f) shows a comparison between the experimental amplitude and position of the first five echoes (colored dots)
and the result of a theoretical modelling (black curve): one can note the impressive quality of the agreement.
Using all these results allows the minimal value of the back-reflected coefficient (signal equal to 3 times the
standard deviation of the noise) to be determined, i.e. 3.9 x 10711 (-104 dB).

4.2 Backscattered light from a Silver mirror
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Figure 5: Back-scattered light interferograms recorded at different angles of incidence from a silver mirror (raw
data) - Only a few interferograms are shown for the sake of simplicity.
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Figure 6: Same recordings as shown in Figure 5, but after frequency filtering.

In order to demonstrate the ability of the set-up to efficiently detect the light back-scattered by an optical
surface, we first used a silver mirror as trial sample (reflection coefficient about 95%). Indeed, the amount of light
scattered at low tilt angle is proportional to the reflection coefficient of the sample. As the coefficient of reflection
of the silver mirror is very high, the recording of the interferogram obtained at zero AOI is achieved using a very
low driving current (I=110 mA). Then we rotated the sample in steps and recorded the interferograms at full
source power (I=1000 mA). The results are shown in Figures 5 (raw data) and 6 (filtered data). In Figure 7 (a),
one can see the change in position of the backscattered light interferogram versus the AOI in (blue dots), as well
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Figure 7: Backscattered light measured from Silver mirror at different AOIs. Figure 7(a) change in interferogram
position versus the AOI, Figure 7(b) amplitude of the backscattered light versus AOI (log-log scale) and Figure
7(c) amplitude of the backscattered light versus AOT (log-linear scale).

as the result of a modelling (black curve) taking into account an offset r between the front face of the sample
and the axis of rotation. Such an offset r yields a change Az in the interferogram position for the changing AOI

described by the following relationship
r

Az =

(4)

Figures 7(b) and 7(c) show the variation of the amount of light backscattered by the silver mirror versus the tilt
angle of the sample (f). The data shown in these two curves are identical, the only difference is the use of a
log scale for the angle of incidence in Figure 7(b) instead of a linear scale for the same quantity in Figure 7(c).
This allows to have a better view of the steep variation of this backscattered light below 0.5 degree. The amount
of backscattered light is detected by the experimental set-up up to 50 degrees AOI (coefficient of reflection of
around a few 10711).

—r
cos

4.3 Backscattered light from 1 mm thick N-BK7 window
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Figure 8: Back-scattered light interferograms recorded at different angles of incidence from a bare N-BK7
window (raw data) - Only a few interferograms are shown for the sake of simplicity.
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Figure 9: Same recordings as shown in Figure 8, but after frequency filtering.
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Figure 10: Backscattered light measured from N-BK7 window at different AOIs. Figure 10(a) change in
interferogram position versus the AOI, Figure 10(b) amplitude of the backscattered light versus AOT (log-log
scale) and Figure 10(c) amplitude of the backscattered light versus AOI (log-linear scale).

And finally, we measured light backscattered from a 1 mm thick N-BK7 window. Compared to the Silver
mirror, the measurement is more demanding, because in this case the coefficient of reflection is only 4 %. Figures
8, 9, and 10 show the experimental results obtained on this bare window, using the same approach as used for
the silver mirror in Figures 5, 6 and 7. One can note that the method allows the light backscattered by the front
face and the rear face to be independently recorded. This property is very important for stray light metrology
application because the contributions of different surfaces can be separated. One can note that the maximum

AOI is here equal to 8 degrees as compared to 50 degrees for Silver mirror and this is due to the reduction of
coefficient of reflection from 95% to 4%.

5. CONCLUSION

We presented the preliminary results of measurement of light backscattered by a N-BK7 window and a Silver
mirror using low coherence interferometry. To the best of our knowledge, the simultaneous measurement of the
light backscattered from the front and rear faces of an optical window has been achieved for the very first time.
The noise floor of our method is about 107! in terms of coefficient of reflection, and some changes in the set-up
are currently underway to improve this performance up to 1073,
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