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Abstract

Laser interferometry counts among the most sensitive and most accurate methods to

measure displacement over large ranges. A number of reliable nanometer sensitive

interferometric displacement sensors exist on the market and in research institutions.

Such systems are generally suited for implementation within equipments, or

experiments for which space is not constrained nor substantially limited. In addition

they are also designed to operate at room temperature and they are generally not

compatible with vacuum or extreme temperature changes. In the rare case they can

operate in vacuum they only do so within serious limitations. This situation

confronted us with a technological gap, namely it is a challenge to provide precision

position sensing solutions destined to operate within very compact experiments or

compact devices when it comes to measure displacements with nm precision over sub

meter distances. This gap is even wider when it comes to perform position sensing

within extreme environments such as in cryogenic, low- and ultra-low temperatures,

in high magnetic fields or in ultra-high vacuum. We designed a sensor entirely based

on optical fiber technology. Its sensing head is not only compatible with extreme

environments but also is small enough (typically sub-cm) to conveniently fit in very

compact devices. The optical signal containing the interferometric information is

collected remotely through the same fiber that ports the laser light to the sensing

head. A quadrature signal of the interferometric beats is generated using a novel

wavelength modulation technique allowing measuring both the displacement and its

direction. Displacement sensing was tested in air, in vacuum and also in cryogenic (3

Kelvin) environment. Owing to its great sensitivity and compactness we found that

this sensor is also ideally suited for insitu precision vibrometry measurements with

picometer sensitivity.
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1 Description of the fabry-perot interferometer displacement sensor

The sensor is a low-finesse high-contrast Fabry-Perot interferometer. One mirror is

made out of the flat polished end of a single mode optical fibre ( 125µm). A high-

coherence wavelength-modulated laser is launched into the fibre. Part of the light is

first reflected at the end of the fibre (about ~4%) and will serve as the reference

beam. The rest of the beam exits the fibre core ( <9µm) at the centre of the fibre.
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Figure 1: Left: schematics of the fibre sensing head collimating the laser beam on a

target. Right, upper panel: measured reflected intensity of the reflected light as a

function of the target position. The interferogram is modulated because the laser

wavelength is slightly modulated in time. The lower panel shows that the reflected

light intensity is modulated on the slopes of the interferogram. No modulation

appears on the extrema. The phase of the modulation is opposite on opposite slopes.

This transmitted diverging beam is then collimated with a lens into a  1 mm parallel

beam. The beam is directed to a tiny high-reflectivity mirror (99%) attached on the

target of interest. The reflected light is directed back to the lens and is re-focused on

the fibre polished face. The crucial point is to understand that the target reflects the

light with a slight angle (hand mounting of the mirror is usually enough). The effect

is that the re-focused spot misses the tiny <9µm core but not the fibre flat face

(125µm). The beam is then partly reflected (also about ~4%) back into the collimator
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and mirror and this time around retraces its way precisely back into the fibre-core,

interfering now with the reference beam. The cavity is formed by two identical low

reflectivity mirrors (<4%) maximizing the interference contrast (nearly 100%) while

keeping the Fabry-Perot finesse very low and hence producing a cosinus-like

interferogram. The cavity length is modified by the position of the target mirror

which is there only to fold the cavity into two. A displacement dx of the target leads

to a change of the cavity length of 2dx reducing the inteferogram period to /4

(instead of /2).
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Figure 2: Left: two interferogram in quadrature. The first inteferogram is the direct

reflected signal from the sensor-target system. The second is the demodulated

component of the reflected signal measured at the modulation frequency of the laser

wavelength. The interferograms are in quadrature. Right: both signals are plotted

against each other revealing a periodic trajectory when the target displaces, providing

both the direction of displacement and the exact target postion within a period.

The low finesse insures a cosinus-like periodic interferogram that serves as an

accurate and high resolution "ruler" for the position sensor. Changes of intensity

along this ruler alone do not inform about the direction of motion of the target. A

second ruler is required with a /4 phase shift (i.e. in quadrature). This second ruler is

obtained by demodulating the component of the reflected signal measured at the

modulation frequency of the laser wavelength. This crucial point insures that the

interferograms are both in quadrature. The combine techniques of the cavity folding

and the wavelength phase sensitive modulation/demodulation are fundamentally

novel making the sensor head capable of replacing more conventional interferometer
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(cumbersome and sensitive) heads while being extremely compact and robust. The

signal detection and analysis, which for our novel sensing scheme can be rather

complex, takes place at the other end of the fibre far away from the sensor head.

2. Test and applications

The interferometer system was tested with target distances varying up to 100 mm.

Long term stability shows that 1nm effective target steps can be clearly measured

with a rms noise of <0.5 nm in a 12.5 kHz band width. We also used the sensor at

cryogenic temperatures (3K) to monitor the drifts of the target as well as the vibration

level originating from the cooling device. Figure 3 shows few examples. Since the

sensor head itself is ultra compact, its own mechanical resonances are well above the

0.1 MHz range and do not interfere with most of standard measurements of

mechanical vibrational resonances.
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Figure 3: Left: 1.5 nm effective displacement steps measured over 10 minutes. Target

placed at ~ 40 mm at room temperature. Data averaged over 80µs (12.5 kHz BW) and

sampled every 150ms. Centre: monitoring a 10 nm forward - backward displacement

amplitude (scanning), drift and hysteresis of a piezo stack ceramics. Right: low

frequency vibrometry measurement with a 23 pm target excitation at 2.5Hz.
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