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Michelson interferometry is one of the most widely used techniques for accuracy measurements.
Its main characteristic feature is to infer a displacement in one of the arm of the interferometer
from a phase measurement. Two different twisted beams, also called vortex beams, with opposite
twisted rotations in each arm of the interferometer interfere in a daisy flower like pattern. The
number of petals is twice the topological charge. Their position depends on the relative phase of
the beams. Naked eye detection of 44 pm displacements is achieved. The sensitivity of such an
interferometer together with possible further improvements and applications are then discussed.

OCIS Codes (080.4865) Optical vortices; (120.3180) Interferometry; (260.3160) Interference.

Denis Papin was one of the first to trans-
form a linear displacement into a rotation [1],
paving the way to the work of James Watt to-
wards the development of condensing steam
engines and more generally to modern heat
engines [2]. On the other hand, electromag-
netic fields possess characteristics associated
with translational and rotational degrees of
freedom [3, 4]. The first ones are linked to the
linear momentum that can be exchanged with
matter via radiation pressure [5] and Doppler
shifts [6], whereas the latter ones are linked to
the angular momentum and can be exchanged
via torques [7, 8] and rotational Doppler shifts
[9].

The detection of tiny linear displacements or
translations is usually performed using inter-
ferometers such as Michelson interferometers
[10-14]. They transform a length variation in
one arm of the interferometer into a phase vari-
ation. Most of the time, the phase fronts are
uniform and equal, leading to constructive or
destructive interferences with dark or bright
signals on the detector. Besides, high preci-
sion measurement requires complicated elec-
tronic treatments [15] and homodyne or het-
erodyne [16, 17] detections as well as accu-
rate determination of the fringe location. One
may then wonder what would be the response
of the interferometer with non uniform phase
fronts linked to the rotational degrees of free-
dom such as twisted beams [18] with different

phase variations in the two arms. The pur-
pose of this letter is to question the transfer of
a linear mechanical displacement or a trans-
lation into a rotational degree of freedom of
an electromagnetic field, and to investigate its
detection in a Michelson interferometer.

FIG. 1. Experimental set up. A Spiral Phase
Plate (SPP) transforms the fundamental mode of
a He-Ne laser into a LG beam before entering the
Michelson interferometer. M1 and M2: mirrors
mounted on microstages and piezo-electric trans-
lations. BS: Beam Splitter. A cylindrical lens (L)
reverses the topological charge +¢ of the beam to
—/, in one of the arms. The interference between
+£¢ and —/ at the output of the interferometer is
a daisy flower, seen on a screen. The picture cor-
responds here to ¢ = 8.

A slightly modified Michelson interferome-
ter (see Fig. 1) is operated to probe tiny dis-



placements of one mirror. The whole set-up
lies on an optical table. Microstages and piezo-
electric transducers control the length of the
30-cm-long arms of the interferometer. The
source is a He-Ne laser (Melles-Griot, P= 1
mW, A = 633 nm). The interferometer is first
adjusted on a dark fringe. Then, the funda-
mental mode of the laser is transformed into
a higher order Laguerre Gaussian (LG) beam
with a Spiral Phase Plate (SPP, RC Photon-
ics) [19]. Such beams have a phase that is not
uniform in a plane perpendicular to the direc-
tion of propagation. It varies as 6 [18], 6 being
the azimuthal angle and ¢ the so-called topo-
logical charge. Besides, in comparison with
fundamental Gaussian beams, their spatial ex-
tension is larger and the heating of the mirrors
of the interferometer is known to be reduced
[20]. Finally, a cylindrical astigmatic lens (f =
10 em) is added in one arm of the interferom-
eter. The distance between the lens and the
mirror equals the focal length of the lens. It re-
verses the topological charge of the beam from
+¢ to —¢ [21]. Then the +¢ and —¢ conjugate
beams are combined after the beam splitter
and interfere on a screen.

The amplitude of the electric field of a LG
beam at a distance z from the beam waist wy
and for a radial distance r can be written as
18]
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C being a normalization constant, LI/ the ¢
Laguerre polynomial, ¢(r, z) a phase term re-
lated to the propagation and

w(z) = woy/1 4 22/2% (2)

refers to the typical beam radius, with zp =
mwd /) being the so-called Rayleigh range, and
A the wavelength. The amplitude can be writ-
ten in a simpler form

Eg(r,e,Z) =

Eu(r,0) = Ry(r) exp(it6) (3)

Ry(r) includes the z and the radial dependence
of the field of Eq. 1. It also depends on the

absolute value of £. The expression of the am-
plitude of a —¢ LG beam only includes a minus
sign in the ”0” dependence of Eq. 3 compared
with a £ LG beam. The expression of the to-
tal field, combination of the two +¢ and —/
conjugate LG beams of the two arms of the
interferometer, assuming the same path in the
two armes, is then

Ei(r,0)+ E_y(r,0) = 2R;(r) exp(if/2) cos L0
(4)

The light intensity I(r) then writes
I(r) = 4|Ry(r)|? cos® £ (5)

There is thus an angular modulation of the in-
tensity of the resulting field. The exact expres-
sion of the electric field and the resulting inten-
sity distribution has been calculated recently
[22], taking into account the radial dependence
of the field. The authors found a 1 4 cos (26
modulation of the intensity which is strictly
speaking equivalent to the cos® £6 here. They
plotted the intensity distribution and found a
daisy flower interference pattern like the one
found here. This is similar to what is observed
in entanglement experiments [23, 24]. This is
evidenced on Fig. 2 where the origin of the
azimuthal angle 6 could be chosen arbitrarily.
The number of petals is twice the topological
charge of the beam (2¢). Figures 2 a, c, e,
correspond to the experimental pictures of the
daisy flowers for ¢ = 1, 2, 8 respectively. Fig-
ures 2 b, d, f are the corresponding simulated
imtensities according to equation 5.

Let us introduce an extra distance § in the
length of one of the arms of the interferome-
ter, in the arm with the ¢ beam for example.
The expression of the resulting electric field
becomes

Ei(r,0) + E_y(r,0) = Ry(r)[exp i(£0 + 2k6) + exp(—ill)]

= 2Ry(r) exp(ild/2) exp(iko) cos(£0 + ko)

(6)
where k = 27/ is the wave vector modulus.
Then, the daisy flower is rotated by an angle
270 /A. This ratio between the pattern rota-
tion angle and the mirror displacement 27/
is very large. this enables tiny displacement
measurements from the pattern rotation an-
gle. Whereas in a usual Michelson interferom-
eter, a variation of the path in one of the arm



FIG. 2. Experimental daisy flowers of the interfer-
ence pattern (a, ¢, e) and corresponding normal-
ized simulated intensities (b, d, f). The +£ and —¢
conjugate beam superposition (¢ = 1,2,8) leads
to interference patterns which number of petals is
twice the topological charge £. Note that the zero
azimuthal angle could be chosen arbitrarily. It de-
pends on the initial relative phase between the two
arms. Here the origin is not the same for ¢ = 1,
¢ =2 and ¢ = 8.

leads to a modulation of the detected intensity
that can be subjected to intensity fluctuations
of the source, contrarily here, the same vari-
ation of the path leads to a rotation of the
interference pattern. The Michelson interfer-
ometer is operated in a very different way. The
total light intensity on the screen is constant.
Only its spatial intensity distribution may be
rotated.

In order to check this assumption, the op-
tical path in one arm with the piezo-electric
stage has been slightly changed. The pattern
rotation angle versus the mirror displacement
is displayed on Fig. 3. One notes that there
is a perfect linear dependence of the rotation
angle versus the displacement. From a least
mean square method, the coefficient equals
568.37 £ 1.14°/pm (9.92 + 0.02 rad/um), in
excellent agreement with the expected value
27 /A =9,9283 rad/um of Eq. 6.

Besides, looking at the dynamics of the ro-
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FIG. 3. Experimental rotation of the 16-petals
flower (¢ = 8) versus mirror displacement.
Crosses: experimental values, straight line: nu-
merical fit of the data, showing a perfect linear
variation.

tation, there is the same linear dependence
between the displacement velocity of mirror
M; and the angular velocity rotation of the
flower, as expected. This can also be under-
stood in reasoning in the frequency domain.
The two conjugate beams interfer at the out-
put of the Michelson interferometer. Since one
mirror moves at a given velocity, the frequency
of one of the ¢ beams is Doppler shifted. The
two beams have not the same frequency any
more. Thus the interference between the two
beams is rotating at a frequency that equals
the frequency shift. The linear velocity of the
mirror is transposed into a rotational velocity
that is evidenced on the daisy flower.

One may then wonder what could be the
resolution of such an interferometer. Michel-
son interferometer is known to be one of the
most sensitive interferometers to detect tiny
displacements [12, 13, 15]. Usually, to gain
much sensitivity, it operates close, but not
exactly at total extinction. Then, the opti-
cal power within the interferometer has to be
maximal to minimize the noise, leading to so-
phisticated electronics, recycling cavities and
radiation pressure problems. More precisely,
power fluctuations induce fluctuations on the
exact position close to a dark fringe. More-
over, more generally, signal to noise ration for



optical sensing varies as the square root of the
optical power [12]. This power increase means
additional radiation pressure noise and ther-
mal load inside the cavity [20]. To circumvent
this problem, conventional sources may be re-
placed by more complicated sources such as
squeezed light [13].

Here, the output signal is fundamentally dif-
ferent. There is no bright or dark fringes.
There is a daisy flower which petal position
only depends on the relative phase between the
two conjugate LG beams. The displacement of
one of the mirror is transposed into the rota-
tion of the daisy flower. Then, the sensitivity
is directly linked to the quality of the detection
of the rotation of the daisy flower. For a ¢/ = 8
topological charge, with a daisy flower of d = 2
m diameter, displacements of § = 0.88 nm are
detected, as can be seen in Fig. 4a. Operat-
ing in a darkness environment, A naked eye
detection reaches, a 6 = 44 pm displacement
measurement (see Fig. 4b). The detection is
performed here on the rotation of a single petal
of the daisy flower. Actually, it is achieved on
the variation of the position of the intensity
distribution. Therefore steep intensity distri-
bution should be used with high ¢ values. The
higher the ¢, the thinner the petal, the easier
the detection.

What could be the ultimate sensitivity of
such a detection scheme? Omne can expend
our image, increase the laser power in order
to gain higher contrast and also increase the
topological charge of the beam. LG beams up
to ¢ = 300 have been realized recently [23]
leading to a daisy with potentially 600 petals.
Each petal must then be 7d/600 = 1 mm
wide. A Position Sensitive Detector (PSD)
could measure optical beam shifts up to 1 nm
[25]. It would then correspond to a rotation
angle of ¢ = 1079 rad, and a displacement of
the mirror of 1076 m here.

Indeed, the uncertainty of a detector such as
a PSD is a length divided by the square root
of the number n of the detected photons [26].
Assuming a detection over the whole circum-
ference of the daisy flower, this would imply
an uncertainty of the phase of 27/y/n. This
is the usual phase uncertainty considered for
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FIG. 4. Sensitivity of the detection. Zoom pic-
tures of the daisy flowers (¢ = 8) with zero
displacement (top) and § displacement (bottom)
have been superposed to highlight the sensitivity.
a) 0.88 nm displacement. b) 44 pm displacement.

Michelson interferometers. Nevertheless, here,
the detection is not performed close to the ex-
tinction fringe. This means that the number of
detected photons could be much higher, lead-
ing to a lower uncertainty. It has however to
be noted that some attempts have been made
to make a detection closer to the maximum in-
tensity fringes in the Michelson interferometer
[27].

What could be a reasonable experimental
uncertainty in our case? With a 2 W laser, let
us assume that 1 W is detected. The rest of the
injected power exits the interferometer on the
other face of the beam splitter. At A\ = 633 nm
and at a measurement rate of 1 Hz, the number
of useful photons n is equal to the power P
divided by the measurement rate divided by
the energy of a single photon (n = P x \/hc, ¢
being the light velocity, and h being the Planck
constant). It is of the order of 3 x 10'®. This
leads to an uncertainty on the phase of the
order of 3 x 1079 rad. In order to increase
this uncertainty, one would have to increase
the number of photon. This means to either
increase the power or the wavelength.

Nevertheless, one has to be very cautious
when increasing the beam topological charge



as suggested above, since the beam would then
strongly diverges [28]. However, according to
Egs. 1 and 2, if one stays below the Rayleigh
distance, the beam size will remain nearly
constant. For example, for a cavity length
d = zp = 0.5 m and a wavelength A = 633
nm, one finds a waist of the order of wg ~ 0.3
mm. The typical size of a LG beam varies as
Tmaz = wo\/f/_Q [28]. For ¢ = 300, this leads
to Tmar = 12wg which is reasonable, whereas
for ¢ = 10000 [24] this leads t0 742 = 100wy.
Larger mirrors (of the order of 1 m) have then
to be used. For 1 km long arms the use of
¢ = 10000 beams would be meaning less. The
mirrors would be too large.

In conclusion, a modified 30-cm-long
Michelson interferometer using conjugate
twisted beams leads to a "naked eye” picome-
ter resolution. The interference pattern is a
daisy flower like picture that rotates under tiny
translations. The number of petals is twice
the topological charge of the beam. The mir-
ror translation is transposed into a rotational
degree of freedom of the beam. The ratio be-
tween the rotation angle 27/\ is very large,
paving the way to tiny displacement measure-
ments from pattern rotations. 44 pm res-
olutions have been obtained. With further
improvements, using commercially available
PSD, the atto meter detection range seems
within reach.

These detection techniques using the inter-
ference pattern of two opposite charge twisted
beam can also be operated in nearly every
Michelson interferometer and may thus be
used for further developments. For example,
in a modern version of the Michelson Mor-
ley experiment, it would enable to test fun-
damental relativistic effects [29, 30]. Besides,
since the interferometer is strong and com-
pact, it can be directly implemented in mod-
ern gravimeters used in geophysics [31, 32], in
optical coherence tomography systems used in
biology [33, 34], or in helioseismology studies
[35].
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