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Abstract. We have measured the phase anisotropy of foucavity [18] was about 700QR ~ 0.99955, the measured
very high reflectivity (R > 0.999969 interferential mirrors  phase anisotropy per reflection was of the ordet@®f rad

for polarized light at strictly normal incidence by study- A phase anisotropy per reflection of the same order of
ing the birefringence properties of a FabrgrBt cavity magnitude has been also reported in [17]. The mirror was
to which a Nd:YAG laser has been frequency locked. Wepart of a Fabry—erot cavity of finesse arountD0 000(R ~
found phase anisotropies per reflection ranging from less thah999969. A higher phase anisotropy of the order®f 3 rad

2x10 "radto 2 x 10 %rad is reported in [9] for mirrors of a Fabry-&pot cavity with
finesse 30QR~ 0.9895.
PACS: 42.70: 42.80 In this letter we report the measurements of the phase

anisotropy of two pairs of interferential mirrors used to real-
ize a Fabry—Brot cavity to which a Nd:YAG laser was fre-
o . . guency locked by means of the Pound—Drever technique [19].
Recently high-finesse Fabryeft cavities [1] have found ap- The mirrors are high-reflectivity spherical mirrors (reflectiv-
plications in several advanced fields; for instance gravitationyy R~ 0.999969, radius of curvatur@. = 11 m BK7 sub-

al wave detection with interferometers [2, 3], optical sensorgtrate) and they were supplied by Research Electro-Optics
for gravitational wave bar antennas [4], metrology [5], 9y-(Boulder, Colorado).

rometry [6], and parity violation experiments [7]. In particular * The measured phase anisotropy per reflection ranges from

their use has been proposed to increase the sensitivity of ellisss tharg x 10-7 radto 2.4 x 108 rad

someter apparata designed to measure the vacuum magnetic|y Fig, 1a simplified scheme of the apparatus is shown.

birefringence [8—10] and gas magnetic birefringence [11]. The measurements reported in this article were performed
In general, when a linearly polarized light beam is re-qyring the tests of the PVLAS (Polarizzazione del Vuoto con

flected by an interferential mirror, the reflected light acquireg Aser) experiment [8]. PVLAS has been designed to meas-
a slight elliptical polarization. This fact is a source of noise

and systematic errors in all of the above-mentioned experi-

ments. In [12], for example, the authors discuss this noise Ll pD
. Li<«l>"T

problem for an apparatus such as the one proposed in [10]. T
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Experimental studies of the birefringence properties of in- z}AP !

terferential mirrors have been conducted [13—17]. The results =z | | LASER

show that birefringence for normal-incidence reflection could MM, o1 rc 1L
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be as large a8 x 10~ for a 09983 reflectivity mirror [15]. E M,
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The value of birefringence and the direction of the birefrin- CM,|

. ; ; y 1 ;
gence axis were also shown to vary for different reflection '“!T;IM PD Y
points on the mirror surface [15]. x 1 Vertical R /

In [18], the authors proved that in a FabrgsBt cavi- PP iVacuum Chamber J/

ty at resonance the changes in the light polarization caused “‘4:\;?/; /
by the phase anisotropy of the mirror surface add coherently. MQ) ————————————————————— O
Moreover, since in the case of a Fabrgrét the incidence on 3 M,

the mirror is strictly normal, the birefringence due to the off-Fig. 1. Simplified scheme of the apparatus. Ol optical isolator; P, PP, AP po-
normal incidence vanishes. The finegsef the Fabry—@rot  larizer prisms; |z, Lt lenses; PR, PDr photodiodes; FC Faraday cellf2
half-wave plate; TL telescope; MM», M3 steering mirrors; W, Wo win-
e dows; MMz, MM, tilting stages; CM, CM> cavity mirrors; coordinate axis
*Permanent addressNFN, Via Valerio 2, 34127 Trieste, Italy are also shown
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ure the vacuum magnetic birefringence by using a very ser
sitive ellipsometer that will be based on a vertiéah-long
very high finesse Fabry-&éPot cavity. The servo system used
to lock the laser to the high-finesse Fabrgr®® cavity has
already been discussed [20].

The light source is a tunable NPRO laser emitting abou
15mW of power at a wavelength of = 1.064um (v =
2.82x 10 Hz). The laser light after crossing a two-stage op-
tical isolator, Ol, enters the polarizing cube beam splitter F
which is set for maximum transmission. The Faraday cell FC
rotates the polarization by46° angle and a half-wave plate
/2 is used to change the polarization direction of the bean., o ) ) o
A telescope TL is used to match the laser beam to the cavj29; 2 Principle of the experimento light polarization vector; CM, CMy

. o cavity mirrors; My, M5 isotropic mirrors; WR, WP, waveplates equivalent
ty FP. Mirrors My and Mp are mounted on tilting stages and (4 the coating of cavity mirrors
are used to allow the alignment of the beam with the optical
axis of the cavity. When the cavity and the beam are proper-
ly aligned light coming back from the cavity follows the sameTo calculate the expression fér as a function of the experi-
optical path as incoming light. After it crosses the Faradaynental paramete, Owp, 51, 52 we use the Jones matrix for-
cell, FC, the polarization angle of the reflected light is rotatednalism [21]. The following matrices represent the waveplates
a further45° so that the reflected light can be extracted fromwP; and WR
the main path as the ordinary ray of polarizer prism P. Mir- ,
ror M3 steers the beam in the vertical direction. The polarizewp _ gtidi/2 0 )
prism PP is used to linearly polarize the laser beam before it * 0 e /2
enters the FP made of the two mirrors ¢&hd CM. The po-
larizer prism AP is then used to analyze the polarization state
of the light transmitted by the cavity. The cavity mirrors gM WPz =

and CM, and the polarizer prisms PP and AP are contained et1%2/2 coL Oy o )

in a vacuum chamber and mounted on stages designed to rg-  o—is2/2 g2 g o —2i sin(82/2) cosdwep sinbwp
tate the optical elements around thaxis (see Fig. 1), to tilt e 1%2/2 o2 oy

them aroundk andy axis, and to translate alongandy ax- —2i sin(82/2) cosHyp Sinbyp +id2/2 iR P

is. Appropriate manual feedthrough for vacuum allowed us to +e SIn” we
precisely align the optical elements from outside the vertical 3)

vacuum chamber. The photodiode @ Dollects the reflect-
ed light, focused by the lensgl. giving the main signal for
the Pound-Drever locking scheme. The photodiode,Ri
the other hand, collects the light transmitted by the cavity an
analyzed by the polarizer prism AP. The lensfocuses the
transmitted light onto this photodiode. Two windows4'éhd WPgq =
W) allow the light to enter and gxit the vacuum chamber. The tideo/2 o
length of the Fabry—&rot cavity is215m _ T, PEQ  _2isin(seq/2) costeqsinfeq

The principle of the experiment is shown in Fig. 2. A light +e 1%/ 2 5ir? 0EQ ,
beam propagating along the direction is linearly polar- e 1%a/2 COSZ@EQ
ized at an angl&p with respect to thex axis. The phase +et1%0/2 5ir? ggq
anisotropies of the coatings of the cavity mirrors Cihd (4)
CM; are schematized as two ideal waveplates;\&fd WP
between two isotropic cavity mirrors Mand M, of reflec-  and imposing
tivity R. WPy has its fast axis along the axis and a phase
anisotropys;. WP, has its fast axis at an angigp with re-  WPgqg=WP2- WPy (5)
spect to thex axis (i.e. with respect to the fast axis of WP
and a phase anisotropy. Thus the phase anisotropy per re-with matrix algebra, and faf, 62 < 1 one obtains
flection corresponds to twice the phase anisotropy of the ideal
waveplates WPor WP;. _ RV

Light coming from the cavity is analyzed by a polariz- %EQ \/(81 52)" + 40192 00 e ©)
er prism crossed with the initial laser polarization. When the

The combined effect of the waveplates YWahd WP cor-
responds to the effect of a single equivalent waveplatg4vP
8f phase anisotropieq and with the fast axis at an angleg
with respect to thex axis. Writing then

—2i sin(6gq/2) coSPeq SiNBEQ

laser is frequency locked to the cavity, rotation of the AP 81/82 + COS Dyp
polarizer varies the transmitted light from a minimum valueCos Zgq = . (7)
lexT to @ maximum valuér. Therefore, the ellipticity’ can \/(81/82 —1)? 4 4(81/52) coZ bwp

be measured as the square rootgér /I, i.e.
Whenéy 3> 82 (or 82 > 1), Seq does not depend aiywp and

lexT is equal tos1 (or §2).
¥ = 4 = f(Op, Owp, 81, 82) . Q) In Fig. 3 we showlgq for some characteristic values&f
T andsz. One can see thatdfi /82 = 1, 6gq is equal thwp/2; if
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Fig. 3. Plot of the theoretical expressions @ (f\wp) for some character-
istic value of the ratids; /52

81/82 — 00, Oqis equal to 0 and finally i81/62 — 0, 6gq is
equal tobwp. Intermediate cases$i(/2 = 0.5, §1/82 = 1.5)
are also shown.

To explicitate (1) we calculate the Jones mak#yp cor-
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0eq. The square of the ellipticity? can be written as

lexT
It
1— R\?
T
82
= Sin? 2(0p — 0gQ) ,

w2 =
2

AP -R(0eq—0p) - FPwp- R(0p — 6EQ) - <(])-)

(10)

whereR(«) is the rotation matrix of an angteandAP is the
matrix corresponding to the analyzer prism AP set to max-
imum extinction. We are interested in the phase anisotropy
of the two mirrors, i.es1 andéy in our schema. To recov-
er these two values, we measured as a function ofip for
different values of\yp. From the analysis of the experimen-
tal values of2(6p, Hywp) one obtains the experimental values
of the functionsieq(81, 82, Bwp) anddeq(s1/82, Owp) and fi-
nally from the comparison with the theoretical curves one can
evaluate’; andéo.

We have tested two pairs of very high reflectivity mir-
rors, in the following labeled with Roman numerals | and
I, respectively. To obtain a good resonance condition of the
Fabry—Frot cavity we have to properly align the laser beam
and the geometrical axis of the mechanical supports. Using
mirrors My and My we aligned the laser beam to pass through

responding to a Fabry-8rot cavity at resonance, taking into the cavity-mirror tilting stages so that light could hit the cen-

account the presence of the waveplatepdyBetween the two

ter of the mirror itself. The two mirror centers define the

mirrors. For the sake of simplicity we use the coordinate syseavity axis. The cavity mirror Cl¥lwas then cleansed with

tem in whichWPggq is diagonal. For two identical mirrors
FPwp can therefore be written as

+00

ei(SEQ 0 n eiBEQ/Z 0
(T (R(% )] (76 eien) ]
n=0

FPwp =
(8)

whereT and R are the mirror transmittivity and reflectivity,
respectively. Again, matrix algebra gives as result that

FPwp =
o (eelE] o

CRL o edan))

FPwp corresponds to, apart from the usual FabirePtrans-
mission factorT/(1— R) [1], to a waveplate of anisotropy
(1+ R)/(1— Rdeq, i.e. using a Fabry-&ot cavity one am-

plifies the effectSeq of the original waveplate by a factor

A=(1+R/(1-R. If R=1, A can be written as B/,
whereF is the finesse of the cavity [1].

pure ethanol and putin its tilting stage MMStage MM was
then used to send the reflected beam exactly on the same path
as the incoming beam. The same procedure was followed for
the second mirror Cyl Since the cavity is vertical, the mir-
ror can be just placed on the tilting stage, thus minimizing the
mechanical stresses on the mirror itself, which can produce
birefringence [1]. The vacuum chamber was then closed and
evacuated. During data taking the pumps were switched off
and the pressure inside the vessel was lessGHambar

The frequency of the laser was then driven by a triangu-
lar wave signal. An infrared-sensitive camera was put before
the photodiode PP. While the laser frequency was swept
by the triangular wave the frequency modes of the cavity
could be clearly seen on a TV monitor. By slightly adjust-
ing stages MM, MM», M1, and M, the cavity could be
fine tuned on the mode TEdd. The servo system was then
turned on and we checked that the laser was locked to the
TEMgo mode of the cavity. Finally, we removed the camera
and again using stagesiMnd M, we maximized the intensi-
ty transmitted by the cavity at resonance, looking at the signal
from the photodiode PR To measure the cavity fines$e
we measured the cavity decay time, observing the exponen-
tial decay of the light coming onto photodiode PBfter the
laser was switched to the standby mode [20]. For mirror pair
| we obtained a finesse of abdd 000and for mirror pair Il
we obtained a finesse of abalt0000 The finesse expect-
ed from the data provided by the mirror manufacturer should
be at leastt00 000 The slightly smaller value measured for

As we have demonstrated the combination of the twanirror pair | is probably due to a defective mirror-cleaning

waveplate®WP1 andWP2 and the Fabry-&rot cavity at res-
onance acts on the light polarization as a wave&gp of
phase anisotropy= (2F/m)deq with the fast axis at an angle

procedure. The relative error of the finesse measurement has
been evaluated, by measuring several times the finesse of the
cavity during data taking, to be abol%%.
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Once the Fabry-&tot cavity was set up, phase anisotropy
measurements could be started. The intensliégs and It
have been measured for differegipt To changep we rotat-
ed the half-wave platé/2 and consequently the polarizing
prism PP. We then rotated the cavity mirror gkfound thez
axis to perform another measurementgfr andly as func-
tion of 0p for a differentdyp. The angle®wp andodp were
measured relative to the initial angular valugs, and 62,
The absolute value afd,» and# were then determined by
comparison of the experimental and theoretical curves.

In principle, if the optical axis of the cavity corresponded
exactly to thez axis, rotating CM should not affect the align-
ment of the cavity. In practice we have to slightly realign the
cavity for every differenéyp. This means that the position of
the beam on the mirrors has also changed. This could create
problems in the data analysis if the surface structure reporteq
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g. 6. Experimental data points for the functiegq(fyyp) for both mirror

in [15] was very pronounced on our mirrors. For this reasorpairs. For mirror pair | the result of the fit using expression (7), giving the

the Bwp range was limited to minimize the unavoidable cav-
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Fig. 4. Typical experimental results for the square eIIipticil?y'Z as a func-
tion of the polarization anglép, obtained for mirror pair | withdyp =

6\9\, +11.6°. The superimposed curve is obtained by best fitting these dat
witﬁ the theoretical expression (10)
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Fig. 5. Experimental data points for the functidgq(éwp) for both mirror

values of Table 1, is also shown. For mirror pair Il we plot the curves corre-
sponding to the value$; =0, §p =1.2x 107 % ands, =1.1x 1076, §; =
0.15»

ity adjustment. For any neiyp we measured the finesse of
the cavity, finding values whose spread was compatible with
the finesse measurement error.

In Fig. 4 we show the experimental data obtained for
Owp = Oyp+11.6° for mirror pair | superimposed with
the curve obtained by best fitting of these data with the
theoretical expression (10). From this best fit one obtains
a phase anisotropy of about 11 mrad corresponding to
SeQ=2.7x10""rad

In Figs.5 and 6 are shown the experimental curves
Seq(bwp) andOeq(bwp) for the two mirror pairs. To obtain
the values of the phase anisotropigsandé, for mirror pair
| we performed two independent best fits. From the data of
Fig. 5, using the theoretical expression (6), we obtained some
preliminary values fo81 andsy; from the data of Fig. 6, using
for the best fit the theoretical expression (7), we obtained
a value for the ratias1/32 in agreement with the previous
fesults foré; andso. These results are reported in Table 1
and the corresponding theoretical curves are shown in Figs. 5
and 6.

For mirror pair Il it is clear from the data in Fig. 6 and
a comparison with the theoretical curves shown in Fig. 3, that
81 < 82. This is also in agreement with data from Fig. 5.
By comparison of the experimental data with the theoretical
curves we found the allowed range for the valuesiok 2
andé,. Table 1 shows these results, the corresponding theo-
retical curves are plotted in Figs. 5 and 6.

The values obtained for the phase anisotropy per reflec-
tion are of the order ofl0~®rad in agreement with data

Table 1. Results coming from the fit for the phase anisotropies of the two
mirror pairs. The phase anisotropies per reflection is twice the value of the
parameters; of the table

pairs. For mirror pair | the result of the fit using expression (6), giving the

values of Table 1, is also shown. For mirror pair Il we plot the curves corre-

sponding to the value$; =0, §» =1.2x 107® ands, =1.1x 1076, §; =
0.182

Mirror pair | Mirror pair Il
CM; 81=(63+£03)x 1077 81/82 <01
CM, 8p=(37+02)x1077 11x10 %<5y <12x10°6




reported in [17,18]. It is possible, however, to select mirrors
with a phase anisotropy per reflection less tBan10~’ rad

as we measured for the G\ the mirror pair Il. This is, as

far as we know, the smallest value ever reported for the phase,
anisotropy per reflection of the coating of a high-reflectivity 10.
interferential mirror.
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