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Abstract.
We have set up an apparatus to measure the ellipticity acquired by a linearly polarized light
beam afier a single quasi-normal reflection on an interferential mirror. Results of measurements
performed on a standard 10 cm diameter interferential mirror are presented.



1. Introduction.

In the last few years some experiments have been performed to measure small
ellipticities acquired by a linearly polarized laser beam propagating through a high magnetic
field region both in vacuum and in gases [11. In these experiments multipass optical cavities
[2] obtained with interferential mirrors have been used to increase the length of the optical
path in the magnetic field region. The use of high finesse Fabry-Perot cavities to measure
the vacuum birefringence due to a high magnetic field [3] has been also recently
proposed (4], ,

In all these experiments one of the sources of noise and systematic errors is the fact
that reflecting on the surface of the interferential mirror the light beam acquires an ellipticity.
Several experimental studies of the birefringence properties of interferential mirrors exist
[5.6.7], However, these studies either have been done with many reflections in a multipass
cavity [5.6] covering therefore a rather large surface, and therefore the results give
essentially average birefringence properties of the surface, or have been obtained with the
light passing through the mirror substrate [/} which might contribute to the ellipticity.

The observed ellipticity [5:6] gained by the beam in the reflection is due to two effects.
The first one is related to off-normal reflection and depends on incidence angle i. The
second one, independent from i, suggests the presence of a non isotropic structure on the
reflecting surface. This effect generally ranges between 10-3 and 105,

We present here an apparatus devised to measure the birefringence introduced in a
linearly polarized laser beam by a single reflection at a given point of the surface. The
apparatus has been optimised to measure the part independent from the incidence angle i.
We present results on the birefringence distribution over the reflecting surface of one of the
mirrors for which the average birefringence over a large region has been measured in a
multipass cavity and reported in ref 6.

2. Experimental apparatus.

A schematic drawing of the experimental apparatus is shown in fig. 1.

The light source is a 5 mW continuous wave He-Ne laser (A = 633 nm). The light,
linearly polarized by the prism P [model MGLADW12, Karl Lambrecht] enters the
photoelastic modulator PEM [model PEM90 1/FS50, Hinds Instruments] which introduces
in the beam a relatively large and controlled modulated ellipticity at frequency fiy = 50 KHz.
The experimental set up is chosen so that the light polarization is in the incidence plane and
the birefringence axes of the modulator are at 45° with respect to the light polarization itself.
After reflection at the mirror point Q the beam is analysed by the prism A. The transmitted
light, after being focused by the lens L (30 cm focal length), is detected by the preamplified
photodiode PD [model S4754, Hamamatsu].



The mirror M was mounted on movement stages and the whole mechanical part is
mounted on an optical table [model ART312SNMX, Aerotech] that can rotate with a
frequency v up to 0.5 Hz. The normal to the mirror M in the point Q to be analysed is
always set coincident with the axis of rotation of the table. A synchronisation signal from
the table triggers data-acquisition performed by a spectrum analyser.

Fig. 1. Simplified sketch of the layout; LS : laser light source; P : Polarizer prism; PEM : photoelastic
modulator; Q : reflection point, M : interferential mirror; ROT : rotating optical table; A : analyser prism;
L : focusing lens, PD : photodiode, i : incidence angle (about 10°).

To check and monitor the stability of the reflected beam before every measurement we
féplaced the photddiodc PD with the position sensitive photodiode S [model S1880,
Harnamatsu]. The photodiode S has a sensitive area of 12 x 12 mm?2, and it outputs two
voltages proportional to the cartesian coordinates of the incidence point on the photodiode
surface which are monitored by a 9 bit ADC.

The rotating table is set horizontal and all other mechanical and optical parts are put on
a vertical structure 1 m high; the incidence angle i is about 10°.

3. Method and data analysis.
A Jones matrix representation [8] was used to derive the expected signal. The matrix
. x.
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represents the mirror, where 0 is a small phase difference due to the mirror birefringence
and ¥(t) is the angle between the birefringence axis and the polarization direction of incident
light. Because of table rotation 9(t) = 2nvt+0p. The photoelastic modulator is represented
by:
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where @(t)=@qcos(2nfpt+Py) is the time varying phase difference. During data taking we
used v = 234.375 mHz, @p= 0.396 and fiy = 50 kHHz. The matrix

in 1+ﬂc032x ——lznsinilx
2
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takes into account any uncompensated birefringence that does not vary with time or drifts
very slowly over a table cycle such as the off-normal component of the ellipticity. In our
case 1 was of the order of 10-2. x is the angle between the axis of the uncompensated

birefringence and the light polarization. The matrix

An 00
1o 1
represents the analysing polarimeter.
The light power incident on the photodiode can be computed as :

I 2
W(t}zWIAMUBPEM(O)I =
= w{& +sin’ —(?-g—)+gsin @(t)sin 2y + g—sincp(t)sin 213(0} (1)

where W is the light power before the analysing prism A, typically 100 uW; o2 is the
extinction factor, typically of the order of 10~7. The terms of order 82, 112 and 18 have been
neglected. Using the integral representation of the Bessel function of integer order (%], we
can expand eq. 1 as follows



W(t) = W{c2 + l:l;(L‘J+ Msin2xJ, (@, )cos(2nfyt + Dy, ) +
+81,((p, )cos(2f yt + Dy, )sin(27vt + D) + I, (9 ) cos(4f yt + 2, )] -

+ higher frequency terms (2)

where Jo, J1 and J, are Bessel functions of order, respectively, 0, 1 and 2. For ¢¢=0.396
we have Jo(@p)=0.961179, J1(9p)=0.194144 and Jo(¢p)=0.0193471. In table 1 we show
the main spectral components of the signal indicated by eq. (2).

Table 1
Main spectral components of the signal given by eq. 2

Component frequency amplitude phase
Wpe 0 W {02 + (1/2)[1 - Jo(@o)]}
W. fM-2v W ol 1(9o) D_= Py - 299
Wum tm W nJi(eo) Dy
A fpr+ 2V W yoJ1(90) @, = Dy + 209
Wom 2fm W Ja(@o) Doy = 2Dy

The amplitude of the ellipticity to be measured Yo = 6/2 is given by

_ W.l(pe) — W.la(go)

0= = 3)
Womli(po)  WamJ1(9o)
and the direction of the birefringence axis ¥y is
D, -D
e e @

4. Results and discussion.

In fig. 2 we show the typical variation with time of the values of the coordinates of the
light spot on the surface of the position sensitive photodiode S (modulator off and prism A
set to maximum transmission) corresponding to a displacement of about 0.03 mm at the
table rotation frequency v. The noise of the photodiode itself corresponds to about
0.01 mm.



In the same conditions replacing photodiode S with photodiode PD, we found
frequency spectra similar to the one shown in fig. 3 : the two first highest peaks,
corresponding to Wy e Way, are clearly visible.
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Fig. 2 : Coordinates of the laser light spot on the position sensitive photodiode S for pointing stability of
about 0.03 mm (modulator off, prism A set to maximum transmission).
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Fig.3 : Frequency spectrum of the total signal (modulator off, prism A set to maximum transmission)
corresponding to a pointing stability of about 0.03 mm.



From eq. 2 one can derive the components at the fiy £ 2v frequency of the total signal
(modulator on, prism A set at maximum extinction) due to an eventual spurious amplitude
modulation

Wi = Wowod1(@g) Cos[2r(fyt2v)t+DPpt200] + WaynJ1(9o) Cos[2Zr(fmE2v)t+Dpytp] (5)

where p is the phase of the amplitude modulation at the frequency 2v and Wy is the
amplitude of the ampliﬁldc modulation at zero frequency.
During all measurements we always checked that the ratio W, / Wo was less than 5 104,

In fig. 4 we show a typical frequency spectrum of the signal from the photodiode PD
around the frequency fy; the components W, W_are clearly visible. We also measured the
component Wou. Since the spectrum analyser was triggered by the synchronisation signal it
was also possible to obtain the ¥ phase. :

As we already said the mirror under test was the one for which the average ellipticity
properties were reported in ref 6. Its characteristics are : 10 m radius of curvature, 10.0 cm
diameter, 0.9983 reflectivity at 633 nm, 22 mm thick BK7 substrate, and optically cleaned
backsurface. The average ellipticity value measured in ref. 6 was about 5 104,

-Gohr- T T T T - ‘v T T T ‘l-l Hr T

-80

5 =100

dB

=120 }

~140 : : !
i 4 I,I | '

50011 50012 50013 50014 50015 50016

HZ
Fig. 4 : Frequency spectrum of the total signal (modulator on, prism A set at maximum extinction)
around the frequency fif.

In fig. 5 we show a pictorial representation of our results : the length of the arrows are
proportional to the ellipticity measured while the direction of the birefringence axis is
indicated by the direction of the arrow itself.



In table 2 we list the values of yp and ¥¢ for each point together with the

corresponding coordinates on the mirror surface. The values of g range from 1.4 104 to
3.1 1074, 9 ranges from -24° to 15°. These values are compatible with the value of the

average ellipticity found in ref. 6.

Fig. 5 : Pictorial representation of the birefringence properties of the mirror analysed. The length of the
arrows are proportional to the ellipticity measured, the direction of the local birefringence axis is indicated

by the direction of the arrow-itself.

The error is mainly due to residual modulation in W : from eq. 5 one can derive that

the maximum error on y is given by

A%
A\lfo = “2(\(')“
while for 9 is
ABg = Wam
Wowo

(©6)

%

With our experimental parameters we have Ayg< 5 106 and A9y < 1°. The

sensitivity of the apparatus was typically 10-5 Hz-172,

To check that the structure of fig. 5 was intrinsic to the mirror itself we repeated the
measurements for various initial phases ¥p. Moreover similar measurements performed on



the clean backsurface of the mirror itself gave values of ellipticity compatible with zero
within the experimental error showing that the anisotropy of fig. 5 is intrinsic to the mirror

layers.

Values of yy and ¥ found in different points of the mirror whose coordinates are x,y

Table 2

x(cm) y(cm) o 104 Bo(degree)
-2.0 2.0 3.10 -13
-1.0 2.0 2.2 -19
0.0 2.0 2.20 -19
1.0 2.0 2.01 21
2.0 2.0 1.58 -24
-2.0 1.0 2.92 -10
-1.0 1.0 2.45 -11
0.0 1.0 2.24 -12
1.0 1.0 1.90 -13
2.0 1.0 1.66 -17
-2.0 0.0 2.65 -3
-1.0 0.0 2.37 -4
0.0 0.0 2.09 -6
1.0 0.0 1.76 -5
2.0 0.0 1.40 -5
-2.0 -1.0 2.76 2
-1.0 -1.0 2.32 3
0.0 -1.0 2.11 -2
1.0 -1.0 1.61 1
2.0 -1.0 1.41 5
-2.0 2.0 2.86 8
-1.0 -2.0 2.64 5
0.0 2.0 2,16 15
1.0 . 2.0 . 1.88 11
2.0 -2.0 156 9

Since we measured the ratio Wy, / Wy we can set a limit on any anisotropy effect €

that causes variations in the reflectivity of the mirror as, for example, linear dichroism.

£<5104

As far as we know the surface behaviour shown in table 2 and fig. 5 has never been
previously reported. For this peculiar anisotropy we have no explanation.
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