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ABSTRACT. A precise and fast Fabry-Perot cavity polarimeter, itesthin the HERA tunnel in the
summer of 2003, was used to measure the longitudinal patemisof the lepton beam. A complete
theoretical model has been developed in order to contrblegpér mill level the degree of circular
polarisation of the laser beam. The transport of this gtiamtithin the whole optical setup has
also been performed and controlled at the same level ofsioeci This is the first time that such a
precision is achieved in the difficult, hostile and noisyieswment of a particle collider.
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1. Introduction

In a companion article[J1] we describe a Compton polarimetstalled at HERA using a Fabry-
Perot resonator to enhance the laser beam power. A reladitistisal precision of 2% per bunch
and per minute was achieved on the longitudinal polarisdaneasurement of the electron beam
with an estimated relative systematic uncertainty of aliétit One of the systematic error sources
is related to the determination of the degree of circulaapshtionS; of the laser beam at the
electron-laser interaction point (IP). Since only the preidssP, is determined in Compton po-
larimetry (see Eq.(5) in[J1]), we have to measure preci§glin order to achieve the same level



of precision forP,. The uncertainty on th& determination comes mainly from two sources: (1)
the measurement & itself performed with an ellipsometer usually located elés, but outside,
the electron beam pipe and, (2) the transport of the measredlue through optical elements
and vacuum window up to the electron-laser IP. The purposbeopresent article is to describe
the experimental setup and methods that we have used to adashper mill level of systematic
uncertainty orss.

The key component of the experimental setfjp [1] is an elligter similar to those of the
SLAC [B, 3] and Jlab[[4[]5] Compton polarimeters. It is comgubsf a quarter wave plate (QWP),
a linear polariser and various photo-detectors. Since finabpnodel is needed to reconstriigt
from the photometric measurements performed after theripetathe model accuracy has to be
controlled below the per mill level. The QWP is a crucial cament of the ellipsometer. It is
usually anti-reflection coated with double layers and tlakem as a simple delay plate in basic
optical models[6]. However, the reflectance of such coalapis typically of the order of.6%,
thus limiting the model accuracy to the same level. In ordatdcrease the model uncertainty, we
followed the work of [[f] by choosing an uncoated quartz QWHigh optical quality. In doing
so we have to account for multiple reflections inside thearopic uniaxial QWP, to model the
plate defects and the experimental misalignments, andrforpe a fine calibration of the plate
thickness. The implementation of an uncoated QWP in thpselineter together with a thorough
investigation of theoretical models and detector effedtsivan accelerator environment has never
been reported previously and is one of the main topics ofattisle.

In order to control the transport of accurately measi8gdp to the IP, we follow the method
developed for the polarimeter at SLA{J [8] by modeling theiagtelements located between the
IP and the ellipsometer, and use optical theorems demterstoy Joneg[J9]. In an accelerator this
transport is an important issue since optical elements lar@ya present between the IP and the
ellipsometer. All birefringence biases from these elememe therefore studied and/or modeled
to conserve the required precision 8nat the IP. We also perform a polarisation transport study
from the IP up to the laser head by using the optical theorerff]]. The implementation of these
methods is the second topic of this article. To our knowlethgy have not been applied in the
context of accelerators to the level of accuracy presernteel h

The ellipsometer and the characterisation of its opticedponents are described in Sé¢t. 2. In
Sect[B, the determination & with the ellipsometer and the transport from the ellips@nét the
electron-laser IP are described. Finally, in Sfct. 4, therattterisation of the entrance optical line
is performed in order to study the coherenc&pélong the whole optical system and in particular
the coherence d; at the entrance and at the exit of the Fabry-Perot cavity.

2. Ellipsometer characterisation

In this section, the general optical setup and the charaatem of the ellipsometer are described.
The principle of an ellipsometer is to send a light beam, of @mknown polarisation, through a
QWP. By rotating the plate, the polarisation state of thhtlig modified and the state at the exit
of the plate depends on the state at the entrance. A polévig@laston prism) placed behind the
plate spatially separates the beam into two orthogonadtingolarised states. The analysis of the



intensities of these two beams in photo-detectors, foouarazimuthal angles of the QWP, allows
the deduction of the polarisation of the incident beam.

2.1 General optical setup and elipsometer components

2.1.1 General optical setup

A schematic overview of the Fabry-Perot cavity optical petipresented in Fig] 1. A Nd:YAG
laser beam of 1064 nm wavelength passes first through a Giam3on prism in order to provide a
purely linearly polarised state and then through an engr@W/P, noted QW& This is mounted
at the center of a motorised rotating stage to adjust theudhmhangleg.; and thus to provide an
elliptical polarised state. The Glan allows also the beapats and to go back after its reflection by
the cavity entrance mirror. The reflected beam is analysadpimotodiode, pgh;, first to determine
the azimuthal angles of the plate QWHor which the light is circularly polarised and secondly to
conduct a study on the entrance optical line (Sedt. 4.1).5Elen then passes through the entrance
optics which is composed of a glass plate and two lenses. TE®s glate is used to pick up a
fraction of the beam for the locking procedure exploiting tRound-Drever” techniqud [lL1], and
the lenses are used to match the laser beam to the cavityrhemial mode. The beam is then
precisely aligned with four mirrors (of which two are mos®d) before entering a two meter long
cavity.
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Figure 1. A schematic view of the Fabry-Perot cavity optical systestalied in the HERA tunnel. The
box “entrance optics” is composed of a glass plate and twaekenThe location of four determination points
of S is indicated bySS™, S, X andSS!. The prism Glasy located on the top of the figure is inserted in
the optical line only for a dedicated study described in S82.2. Mg andMr are two transfer matrices
discussed in Sects. 3and 4 .

At the exit of the cavity, the beam is guided with two mirrassehter the ellipsometer, labeled
“Ellipso”, which is mainly composed of a QWP followed by a Wadton prism. The beam passes
first through a holographic beam sampler (HBS) in order toagkta small fraction of the entrance



power (about 1% of the incident beam). This fraction of tharhés measured in photodiodepd
and is used as a reference intensity to compensate thesatigeto possible laser power variations.
The main beam emerging from the HBS enters the QWP. The QWRBustad at the center of a
motorised rotating stage to adjust the azimuthal aggl&wvo screws allow the alignment between
the plate and the rotating stage to be adjusted. The rotatage itself is mounted on a two-axis
horizontal stage, a vertical translation stage and an diltijgy stage to position the beam impact
point at the mount center of the rotating stage and to adjssiricident angleg,c between the
laser beam and the plate normal direction. The linear atedititages are manually controlled with
micrometric screws. The Wollaston prism separates the sam spatially into two linearly and
orthogonally polarised components, and the two transchiteams from the Wollaston are detected
in photodiodes pgand pd. Diffusers are placed in front of each photodiode in ordeadjust the
power entering the photodiodes.

The ellipsometer is used to measure the circular polanis&j of the laser beam of any un-
known polarisation by varying the azimuthal angle of thégknd analysing the intensities emerg-
ing from the prism.

2.1.2 Ellipsometer components

The HBS:The beam sampler is a hologram in engraved relief on a traspaubstrate (silica)
inducing forward diffraction. The birefringence of the HBf®ne has been measured before its
installation in the cavity system and the result is compatitith zero [11].

The Wollaston prismThe most important characteristic of the prism is its extorcrate, which is
less than a few I as given by the manufacturer and has been confirmed expesiliyen

The quarter wave platesis will be described in Secf. 2.3, two QWPs pind p}, with different
nominal thicknesses cé&,)m =91.2um andeﬁ%)m =6399um are used in the ellipsometer for its
characterisation in order to increase the constraints efjlstem. Each QWP is a parallel plate
of high quality quartz manufactured especially for thepsiiimeter characterisation purpose, and
has a delay tolerance 0f300 and a thickness tolerance of a few micrometers with dlpbsen
between the two faces of the order of 10 seconds of arc. Theabpkis is contained in the plane
of the plate.

The detection systenThe detection system consists of three photodiodgspm| and pg made
of a gallium arsenide and indium alloy (InGaAs). Each phimtdd and their electronics are ther-
malised with a Peltier module to prevent temperature variatwhich might be of a few degrees
in the HERA environment and could induce a variation in thetptliode readout larger than the
required precision. Using Peltier modules, a stabilityelesf tenth of a degree is achieved. The
photodiodes are read out with 12-bit analog-to-digitalvesters at a maximum sample rate of
2MHz. For each measurement, the mean value over ten thowssgnals|,g is recorded after
subtraction of a pedestal Ped for each photodiode. Theteffdaser power variations is taken
into account by normalising the measurement to that of tfexerce photodiode gd Explicitly,



photodiode intensitiek, andl, used in the following can be written as:

<|pd1~2>1oooo_ Ped, _ 2.1)
(Ipdy) 10000~ PED

l10 =

A study of photodiodes in an optical laboratory has showmithauch a clean environment, the
temperature regulation, the subtraction of photodiodegids and the laser power variation effect
can be controlled such thatandl, are known at the per mill level. The HERA accelerator environ
ment is more noisy; effects such as larger temperaturetiarsaand the presence of quadrupoles
and dipoles, the synchrotron radiation, acceleratingtiemvand long cables affect the precision of
the photodiode measurements. This is illustrated in i@.@nd (b) where the distributions f
from two data samples recorded in the HERA tunnel at differeoments are shown. Each entry
in the histograms is a measurement.pés defined in Ed.(2.1) and the duration of data taking for
each sample was approximately fifteen minutes. [fig. 2(apsemts a well clustered distribution
whereas Fid.|2(b) shows two populations. To take into accthiskind of drift, the corresponding
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Figure 2. Histograms of, as defined in Eq.(2.1) for two data sets (a) and (b) taken ddifteen minutes
each at different moments.

error gy, is defined as the root mean square (RMS) value of the histogvaether it has a Gaus-
sian shape or not. In this way, the unknown long term effest s those illustrated in Fifj. 2(b)
are included in the measurement errors. The errors are thiemgeterised as a function of the
intensities as:

Oi12=A12 l12+B12 - (2-2)

Fig. [ shows the errorsj, (a) andai, (b) as a function of; andl, respectively and the corres-
ponding parameterisation of E[.(2.2), for data sets rewb@t various azimuthal angles of the
ellipsometer QWP in order to cover the entire range of intgnalues. These errors may depend
on the duration of acquisition time which will be varied fgistematics studies (Se€t.]3.1).

The accurate measurement of the degree of circular pdiarisg; of the laser beam requires
a precise control and characterisation of this ellipsomeiéerefore before determining, the
ellipsometer will be first used as a calibration system taattarise precisely some of its optical
components. For this, a complete simulation model has beesiaped.
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Figure 3. Errorsay, (a) andai, (b) as a function of; andl,, respectively. The lines correspond to straight
line fits to the measured errors according to Eq.(2.2) .

2.2 Mode of the ellipsometer and x? function
2.2.1 Modd of the élipsometer

The polarisation statEg; at the entrance of the ellipsometer and the associatededefoércular
polarisationS" can be written in the most general form as functions of twdesW; and

as [13]:

sin&gj €%

The expression of the two transmitted fieElsandE, emerging from the Wollaston prism and the
associated theoretical intensiti€sandT, can then be written as:

Eeli = (cosfem ) , S = 2cosEgi sin&eli SN - (2.3)

i 2
E1(2>=///§'2)Eem, T2 = |Ex2)|”, (2.4)

where.Z&" and.#$", standing for the corresponding Jones transmission reatflg}], are com-
puted from a theoretical model as follows:

The Wollaston cubeTwo small parameters, and &, are introduced to take into account in the
Wollaston Jones matrix a possible small birefringencegltmtwo optical axeq[15].

The quarter wave plateThe model used for the QWP takes into account the multiplectdins of
the wave inside a quartz plate of indiagsandne, of thicknesseqwp, and whose optical axis has an
angleq@,; with respect to the laboratory frame. This angle has two amepts:@,, = @+ @, where
@is the azimuthal angle of the QWP motorised rotating stadeggis an azimuthal reference angle
reflecting the fact that the orientation of the optical axishe plane of the plate is not a priori at
position @ = 0. The simulation also models the passage of a light waveigffirthe plate at a non
zero incident anglé,c, which is equal to the number of tilting stage screw tuixg{) times the
tilt angle value of one screw tur®(). The light beam is treated as a plane wave since, at small
incident anglesi(e. less than (A rad for the work described here), the comparison betwedgna p
wave treatment and a Gaussian wave treatment shows thattresian character of the wave can
be neglected[[16]. Also, the contribution of the opticaliatt of the crystal [1J] as well as the
surface roughnes$ [18] has been studied and found to beyidgl{a relative contribution of less
than 10°°).



Misalignments:A realistic description of the optical system must also taite account the fol-
lowing experimental misalignments:

e A misalignment of the QWP plane with respect to the Wollagidem axes, which is mo-
deled by a small tilt angléy of the normal to the QWP.

e A misalignment due to the fact that the laser beam may not ¢meQWP exactly at the
plate center of the mount: in that case, because the two slategces may not be perfectly
parallel, the thickness crossed by the light can vary dusimgzimuthal rotation of the plate.
To take into account this effect, the plate is modeled by mlbe thickness ae= egwp [1+
(&/eowp) cos @ — @)] whereegwp is the thickness of the plate in case of a perfect alignment
situation,d; represents a small shift between the laser beam impactauinthe plate center
of the mount, andyg. is an arbitrary reference azimuthal angle, as the posipien0 of the
QWP may not be the position which maximises the plate thiskaeOne new parametey.
is introduced each time the incident an@lg changes.

According to this model of ellipsometer components and hgisenents, for a given ellip-
someter QWP plate plof thicknesseéwp, a given incident angl@iﬂlc, azimuthal anglep' of the
plate, and polarisation stafe,;, the two theoretical intensities; ) of Eq.(2.4) can be written as
functions of ellipsometer parameters as:

ijke _ i
T1(2) = f1(2) (no, Ne, &, &y, e(kgwpy Bturn X< Xurns

&+, & Al 8. 8L, ).

All the details of the model described here can be foundl ijj {@i#ere the modeling and the cal-
culations relative to the Wollaston cube, the QWP and the&aptnisalignments are explicitly
given. In particular, the calculation of the Jones transiars matrix of a quartz plate at a non zero
incident angle, with internal reflections being taken imtoaunt, is explicitly performed in the ap-
pendix of [I9]. Simulations show that multiple reflectioptate defects or optical misalignments
contribute at the few percent level to the transmitted isitess T; (). Achieving the per mill level
for 3 measurement is therefore only possible using this compieel description.

(2.5)

2.2.2 x?function

To characterise the ellipsometer and distinguish effaststd optical misalignments from those due
to plate defects or those due to the light polarisation sthge principle is to record ellipsometer
experimental daté,) (as defined in E.(3.1)) and to minimise the followixgfunction:

2
g 2o, 2
kzlzwpl Z:Z,Pk j=Toi=TN,
(R{ZleijZk_liljk‘k>2+ <R£Zk-|-2ij£k_|i2jk‘k>2 (2.6)
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whereNy, refers to the number of the QWP used in the data taktn the number of polarisation
states©y to the number of incident angles aNg to the number of azimuthal angles of the QWP.
Tl'gg‘ (I '1’([‘2'5) is the theoretical (experimental) photodiode intensijcelated (measured) when the



plate p|, is inserted in the ellipsometer, at th8 polarisation stat&ey;, the j™ value of 6,,c and

the i™" value of ¢. 011(2')‘ is the uncertainty oiilj(g in Eq.(2.2). Rifg) are normalisation factors
which are easily determined by solvidg?/dR = 0. The minimisation of the? (Eq.(2.6)) leads

to parameter values of Efj.(P.5), excepted dern, @ andne. thum and ¢ take some known
values of the tilting and rotating stages, respectivelye €ktraordinary indexg is derived from
previous studied 20, P1], where the quartz indices werestred at a few 1 level, because our
constraints are not sufficient to determimgandne at the same time, and so the quantity that is
determined in practice is the birefringenog— n,. The determination ofiy, by the ellipsometer
does not aim for the same level of precision as was obtainfZlif2]] but provides a good test of

the validity of the model.

2.3 Ellipsometer parameter determination

The determination of ellipsometer parameters (Ed.(2.83)deen performed twice, independently
in two different environments corresponding to the optlelbratory and the HERA tunnel, with
two different data taking procedures.

The first data sample recorded in the optical laboratoryvetgel to determine all ellipsometer
characteristics and in particular the thickness of the QWiPthe indexn,. The determination of
both eqwp andn, requires a long and meticulous data taking procedure sirtoenis out that the
solution of thex? minimisation is not unique: several combinatioeg\(p, No) can minimise the
X2. In order to resolve such an ambiguity, two uncoated platesn p), with different thicknesses
are used by inserting one after the other in the ellipsombtexddition, for each plate, several data
sets are taken for different incident angles.

The second data sample was recorded after the installatithre setup in the HERA tunnel
in order to characterise again the system, since all theaptbmponents were dismounted to
be transported from the optical laboratory to the tunnethintunnel, data taking conditions were
much more difficult than in the optical laboratory, and intaar, the tunnel accesses were limited
to a few hours per month. The corresponding data taking groegthus has to be simpler. To avoid
ambiguous solutions on the thickness of platg i$ fit range is restricted to around the expected
value obtained from the laboratory calibration.

2.3.1 Thedata calibration samples

The first calibration of the ellipsometer was performed ia tfean optical laboratory, where the
room temperature was regulated af.2%or a given laser beam polarisation state, ellipsometer
measurements were recorded for each plateupdi pl, at various incident angle8,. between the
laser beam and the plate normal direction, and, for éhghthe QWP was turned azimuthally
of an angleg in step of £ from (° to 360°. A Monte Carlo study shows that to provide enough
constraints to minimise the? and determine all the ellipsometer parameters of Ed. (@8 have

to be recorded at four (two) different values@. for the QWP p] (pl,), and it is sufficient to have
only one polarisation state of a givééei, @i ). Each time the incident anglé,. was changed,

a long procedure was applied to displace manually the ptatesyersally with the linear stage
micrometric screws in order to recover precisely the maglof the plate mechanical center with
the laser impact point. The six samples recorded at diffargilnes of6,. containing 360 entries



each are calleﬂ)!j*b (d=1,---,6) and, when introduced in the? function, values of subscripts in
Eq.(2.6) areNp =2,P, =1,P, =1,0; = 4,0, = 2 andN,, = 360.

The second data set was recorded in the HERA tunnel wheretme temperature was re-
gulated at 3%. In order to control the data taking procedure from outsigmeél to be independent
of the short duration of tunnel access, only one plate) fghs used in the ellipsometer and the
incident angleG. between the light beam and this QWP remained fixed and equadrto In
this configuration, theg? minimisation was performed by using three recorded datakeneach
with a different azimuthal angle of the entrance plate QWPIn this way, the light entering
the ellipsometer has three different polarisation staffes.each of these three Q\WpPazimuthal
positions, the ellipsometer QWP was also turned azimuythiatbugh an angle in step of * from
0° to 360°. These three data samples are caD§#RA (d = 1,---,3) and the corresponding values
for the superscripts in EQ.(2.6) aldy = 1, P, = 3,©; = 1 andN, = 360.

2.3.2 Correlation between egwp and S

Among all ellipsometer parameters, the dominant sourceystematic error orss comes from
the QWP thickness uncertainty. Thus, before giving theltesaf the minimisations using the
two sets of data samples previously described, it is intiageso show the correlation between
the plate thicknessqowp andS;. The effect on thes; determination is estimated by simulating
an ellipsometer data sample with a degree of circular satianSj ¢ and a plate thicknesgyen.
Using this sample, various minimisations of tié are performed by letting onl" free {.e.
only the two anglesqi and @), by fixing the plate thickness to different valueg slightly
different fromeyen, and by fixing all the other parameters to their generatedegal The quantity
|(S§ue — sy /Sive| presented in Fig] 4 as a function @ — egen Shows that a systematic error of
one micometer on the plate thickness leads to a systematic amound (6% onS;. A precise
knowledge of the plate thickness inside the thicknessaalar of a few micrometers given by the
manufacturer has therefore to be reached to keep a systeenadr at the per mill level on the
measurement d&s. Achieving this precision is only possible using the contgimodel described
previously.
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Figure4. Relative error 0@'“ as a function of the uncertainty on the ellipsometer QWFkigss.



2.3.3 Resaults

The x2 minimisation procedure was tested first by using simulaseddes generated with Ep.(2.4)
following closely the experimental data. It was found thafiied parameters were in agreement
with the generated ones within a precision of a few per milie Thinimisation is then performed
independently with the two experimental data 8 andDERA and leads to values gf per de-
gree of freedom equal to 1.07 and 2.09 respectively. Thdlertagreement between experimental
intensities and theoretical ones based on the fit is illtestiray a typical example in Fif] 5, where
the quantitied; , andRy 2Ty 2 are presented for the sam@&'ERA as a function of the azimuthal
angleg of the ellipsometer QWP.

0.5F

o L1 1 1 1 0: 1 1 1 1
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Figure 5. Experimental intensities (black bullets, for clarity ordysubsample is showty) (a) andl, (b)
compared with theoretical ones (curves) derived from thadita function of the azimuthal angpeof the
ellipsometer QWP, for the data fil}/ERA.

All ellipsometer parameters determined from the two misations using the data sem%ab
or DYERA are found to be realistic and well defined. Among them, onerésting quantity is
the quartz birefringence valug — n, which can be compared with textbook values previously
determined. In[[41] 22], birefringence measurements werfopned at a temperature of°18nd
22°. Our measurements in the optical laboratory and in the tuweee carried out at higher
temperatures of 25and 35, respectively. Based on the relation of optical index arawith
temperature[[33], quartz birefringence valueq of [2], 28]szaled ta@ = 25° and atT = 35° and
are shown in Fig[]6 together with the two birefringence vale— n,, where then, is obtained
from the fits and thee (and its uncertainty of- 2 x 10~°) taken from Refs.[[30, 21]. Our results
agree at better than one per mill with the ones quoted in fleeenaces.

As for the birefringence, all other results determined ia tiptical laboratory are compared
with those in the tunnel and good agreement are found onceffibets of temperature difference
and optical alignment difference are taken into accoui [19

3. Regular measurements of Sz and systematics studies

3.1 Measurements and systematic uncertainty from the ellipsometer

During the data taking period of the cavity polarimeter, whiee cavity was locked in resonant
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Figure 6. Quartz birefringence values scaled td 2md 35 from textbook valuesm]D?Z], as a function
of the wavelength. Dashed lines are straight line fits to Bmaled textbook points. Birefringence values
determined from the fits to da@l@® andDHERA are indicated by an open and a solid triangle, respectively.
The error bars are inclined for clarity.

state and the azimuthal ang}e.; of the entrance QWP was such that the light is close to a fully
right or left circularly polarised stat; = =1 [fl], values ofS{"" were regularly determined.

Each value o%”‘ is extracted from a data sample recorded with the ellipsenaid contain-
ing 180 photodiode signals (as defined in Eq}(2.1)) cornedipg to a 2-step azimuthal turn of the
ellipsometer QWP. The duration of data taking was about tenites for each sample.

To extractS" and its uncertaintg, the x2 function defined in E([.(2] 6) is minimised. The
only fitted parameters are the polarisation state paramé&grand @; and all other parameters
are fixed to values previously determined by the charaeti#is of the tunnel optical system as
described in Secf] 2. Thanks to a heat regulation systenteigerature inside the isotherm house
(see [IL]) was controlled withir-0.3°C which ensured a perfect stability of the optical axis (define
by the positions of the cavity mirrors) over time and therefthe stability of our ellipsometer
calibration.

The uncertaintyfim obtained from ther? minimisation is of the order of a few 10. During
one year (from June 2006 to June 2007), the azimuthal posité the plate QWE; defining a
left or right circularly polarised laser beam were changely three times, either after an hardware
problem on the rotating mount controller of the plate, oelaft dedicated check involving the plate
or the photodiode pgl.. The%IIi measurements were very stable over time since, over thgeaare-
period, they have shown a stability of a few per nfill][19].

Given the precise ellipsometer calibration procedure ritest in Sect[ 2]2, the only remain-
ing source of systematic uncertainty @\" concerns the duration of the data taking. Indeed, the
duration of one measurement sample taken with the elliptemean have an effect on the photo-
diode intensity distributions because of long term fluéarats shown in Fig.]2(b). This duration
depends on the chosen interval between two consecutiveuttimimanglesp of the ellipsometer
QWP. To study this effect, the entrance plate QW®as fixed to a given azimuthal position and
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several measurement samples were recorded using theeikpsr for different durations ranging
from three to twenty minutes. The extrac@ﬂi values from these samples are found to be com-
patible within two per mill [IP]. To be conservative, an erod three per mill is quoted for the
uncertainty due to the duration of data taking.

3.2 Transport of S3 from elipsometer to cavity center

The preciseS; values obtained above concern the degree of circular pataorn at the entrance
of the ellipsometer. What we are interested in is, howeherSt value at the electron-laser inter-
action point,i.e. at the center of the Fabry-Perot cavity. A priori, these tatugs are the same,
but because of the presence of optical components betweewdth a small difference could be
induced. The transport & and its uncertainty are the subject of this section.

3.2.1 Parasitic elipticity from cavity center to ellipsometer entrance

Between the center of the cavity and the entrance of theseltigter (see Fig] 1), the exit mirror
and the exit window of the Fabry-Perot cavity and the optgyatemMyr could be a source of
birefringence and may induce parasitic ellipticity, mgdify the laser beam polarisation. The
birefringence of the substrate, the coating and the mogiisyistem of the exit mirror and the exit
window has been estimated or measured from dedicated s{Zig19]. It was shown that the bias
induced orf; from the center to the exit of the cavity is at the utmost ofdtaer of 3x 107°. The
remaining dominant source of parasitic ellipticity is agated to the 45dielectric mirrors used to
guide the light into the ellipsometer because of their d#ffe: reflection coefficients for two electric
field components: one in the incident plane and the otherepelipular to it [IB[25]. To determine
this ellipticity, the transfer matrikly of the system has to be determined.

3.2.2 Exit transfer matrix Mt

An optical theorem demonstrated by R. Clark Jorjs [9] sthisany optical system composed
of any non-absorbing components may always be replaced lytialgolariser placed between
two delay plates, with the addition of a rotator insertedrat position in the system. Under the
assumption that no power is absorbed in optical materiads)Jones matrices of a partial polariser,
a delay plate and a rotaté¥, ,,, Gy andRg can be written ad]6]:

pp O e 0 cos@ —sind
P, ., = G, = . Rg = . 3.1
Pib2 ( 0 p2> Y ( 0 e'V> e (sine cosf (3.1)

Following the Jones theorenfi [9] and starting with a compfelieear polarisation stat€&g =
(cos@s,sings)T, the theoretical final statéy, after passing through an optical system of transfer
matrix Mt can then be modeled as:

En = (cosé™ sinéMe?")T = MrEg

) (3.2)

In order to apply this theorem to determining the mablvix of the two mirrors and the HBS
located at the exit of the Fabry-Perot cavity, a special gomfition of the system was set up by
adding a linear Glan polariser Glan(Fig. [1) between the exit window of the cavity and the first
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mirror. Such a device polarises the beam in a completelatis@ateEg before it enters the optical
elements of the exit line. In this configuration, a number atbdsampledly were recorded using
the ellipsometer, each with a different azimuthal angle(¢ = 1,---,Ng) of the polariser Glag.
For eachrpé, the ellipsometer QWP was rotated azimuthally frotm®360.

A fit to these data samples is performed by minimising }efunction defined in Eq[(2.6)
to obtain the only free parametef§; and ¢, (£ =1, --,Nq) of the beam polarisation state after
the HBS. Using the resulting; and ¢}, and their uncertainties;; anda, , the following x
function is constructed in order to determine the elemeftiseomatrixMr:

2 _ Eth e||| (Rf’l (pglll
e f:;Nd ( aém ) ( Gq’ém ) ’ &9

whereé&, andg, are the theoretical angles defining #fepolarisation state after the HBS. By using
Egs.[3.11)[(B]2), these angles can be written as functibtiegarameter§), 6,, 6, y1, 2, p1 and

p2 of the matrixMr and of the angl@(3 of the linear initial polarisation state. A Monte Carlo sjud
of the x2 function defined in Eq[.(33) shows that some elements of thixiMt are completely
correlated and that the system can be described only witldelag plate, one partial polariser and
two rotators. The parametersdf in Eq.(3.2) are therefore restrictedyo= yr, pr = pr, p2 =1

6; = 0 andy, = 0. The minimisation of the? defined in Eql[(3]3) leads g = (131+1.4)mrad
and pr = 1.0014+0.001, thereby showing that the exit optical system behakesdidelay plate
inducing a birefringence of the order of a few tens of mrad.

A cross-check of this study has been performed by placingatititional polariser Glag
between the HBS and the ellipsometer QWP. As previouslyselineter data sets were recorded
for several azimuthal angles of the polariser. Applyingsheme procedure, the matfir is now
expected to be compatible with the identity matrix, sinagéhis no optical component between the
Glan and the entrance of the ellipsometer. The result of thevith an angle of1.5+ 4.0) mrad
for the delay plate and a value of0D44 0.005 for the partial polariser parameter, constitutes a
valuable check of the robustness of our model describingetiitebeam line of the Fabry-Perot
cavity.

3.2.3 S at theexit of the cavity

Removing the polariser Glagnto recover the standard setup of the optical system, theedegjt
circular polarisatiorSS* at the exit of the cavity has now to be determined as a funaifc®" at

the entrance of the ellipsometer (Séct] 3.1). The polaisatateE, at the exit of the cavity is
related toEey; (Eq.(2.3)) aex = MT‘1 Eeii. The development of this field expression leads to the
relation:

=" + 5Sx(61. 02,1, Pr. el @) - (3.4)

The relation [[3]4) applied to several valueﬁﬂ" determined by the ellipsometer shows that the
correction value®S, are all below five per mill. As the HBS is not the cause of thisapdic
ellipticity (see Secf. 211), the bias is due to the two marsystem. This confirms a measurement
performed at Saclay in 1999 for the TINAF polarimefef [26)tmich the effect of the two mirrors
on the determination d& was measured to be of the order of a few per mill.
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The biasdSy is calculable for each value %‘" and therefore does not enter as a systematic
error but is explicitly determined to corrﬁ'". The uncertaintysx of S5 due to the transfer from
Sl to X are of order of a few 10* and has been calculated from tie elements as follows: for
four combinations ¥ + 0y, Pt + Op;), (Vr — Oy, PT + Opy), (Vr + Oy, PT — Op;) @Nd i — Oy,
pr — Op), the corresponding$* are extracted andsx is taken to be the maximum difference
between these four values with the central vei§iebeing calculated with parameteys and pr.

3.3 Overall S3 uncertainty

Summarising all the studies and results described prdyidiie S; value inside the cavity can be
written by taking into account all the uncertainties of tigical system as:

83 = %”l + 6%)(:]: O‘%Hi :]: O‘%X :l: O‘t|mej: Gtrans, (35)

whereS$! is the degree of circular polarisation measured using tifgsemeter,6Ss is the "
dependent correction factor defined in @(30%5”, of the order of a few 10, is the uncertainty
on the measurement &' using the ellipsometer (Se¢t.[3. Bgex, of the order of a few 10%, is
the uncertainty on the determination of the transfer matixSect[3.213)gime ~ 3 x 102 is the
conservative uncertainty associated to the duration ot thking of an ellipsometer data sample
(Sect.[3]1), anayans< 3 x 107° is the uncertainty related to the passage of the light tHrdhg
exit cavity mirror (Sect[ 3.21). The last two uncertaigt®me and Oyans are common to als;
measurements, all others vary for each measuremet of

4. Coherence of S3 along the whole optical system

Although the previous studies have provided value};@ft the electron-laser IP with an uncertainty
around three per mill, the idea is now to characterise als@tirance optical elements by a matrix
Mg, determine the values & at different places of the optical system to check their ceee
and make sure that no additional unknown large effect couddde a bias 0% at the center of
the cavity.

4.1 Determination of Mg

The entrance beam line is described with the mattix(see Fig[]1) and is composed of a glass
plate, two lenses and four alignment mirrors. Following dipéical theorem of R. Clark Jonelg [9]
already used in Sedt. 3.2.Rle can be expressed with the same formula (se€g[ Efy.(3.2)) akefor t
matrix My. To determineMg, the method pursued is to model the passage of the beam feom th
entrance Glan polariser to the entrance cavity mirror wherctvity is unlocked, followed by the
retro-reflection of the beam by the cavity mirror and its passthrough the Glan in the opposite
direction. A reversibility theoren{[§, 10] states that fanatrix M describing the light path through
a given system, the matrix corresponding to the light pathéropposite direction is the transposed
matrix of M. Following this theorem and starting with a horizontal in@olarisation stat&;, =
(1,0)7 just after the entrance Glan, the expression of the refteeted fieldE; and the associated
intensity Te; emerging from the Glan in the return direction can then bétevrias:

Eret = GVM(-SM Iv'mMQM EIin ) Tret = ‘Eret‘z

. 4.1
with Mom = MERgeMowRg. . » (4.1)
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whereG, is the matrix of the Glan polariser allowing only the verticamponent of the field to
pass when the beam returdgy is the transfer matrix of the optical line from the plate QWP
to the last alignment mirroM,, is the Jones matrix of the entrance cavity mirMdg is the transfer
matrix to be determinedylgw is the Jones matrix of the plate QW andRge andRg,,, are two
2 x 2 rotation matrices introduced to reflect the azimuthalrgeaton of QWR,,; with respect to the
matrix Mg and to the Glan polariser axes, respectively.

According to this modelisation, the elementdd have been determined from data recorded
with the photodiode pg,; for various positionsg; of the plate QWE,;, by minimising the follow-
ing x? function:

. . 2
RT.—1I
X2 — ;‘ ret‘ ret ’ (4_2)
i= s Nent O-”et

whereNen is the number of different azimuthal positiogs,, Tk (Il is the theoretical (experi-
mental) intensity calculated with Ef.(4.1) (measured \pitl,,) at thei™ value of quny, i, is the
uncertainty ofll,,, andR is a normalisation factor which is determined by solvihg?/JdR = 0.
When the system was conceived, the characterisation ohtinenee optical line was not planned
and the photodiode pg was only devoted to find the azimuthal positions of the plat¥/Rg.
leading to a right or left circular polarisation of the ladgram. No specific study has thus been
conducted to study the response and measurement undegaihthis photodiode, and in parti-
cular no photodiode thermal regulation and no additioni@remce photodiode to compensate the
laser power variations have been installed. A measuremgnising the photodiode pg thus
corresponds simply to the mean value over ten thousandIsiggrded with a 12-bit analog-to-
digital converter at a sample rate of 2MHz. The uncertamrteyis defined as the RMS value of the
distribution ofl;; and is of the order of one to two percent. This level of preciss not as good as
the one obtained with the ellipsometer photodiodes as ithestin Sect[ 2.1]2, and consequently,
the development of a complete theoretical model to des&#wh optical component would not
make sense here. It is therefore sufficient to consider the @blariser, the plate QWR (which

is a quartz plate treated with an anti-reflection coating) thie cavity mirror as perfect and to write
the corresponding expression of the Jones matrices usegi(#.F as:

00 10 1 0
(20 w10 e (2,2) e

A Monte Carlo study shows that our data are well describeddiyguonly one delay plate
and one polariser. The parameters in Eq.(3.2) are theredstected toy; = y&, p1 = Pe, P2 = 1,
8; =0 andy =0, and the minimisation of th@? defined in Eq[(4]2) leads tg = (—328+
0.5)mrad andpg = 1.17+0.01. The effect of the matri¥g is clearly visible in Fig[}7 showing
the distribution of the ratid.e;/(RTet) either for the case where the minimisation is performed
(dotted line) or for the case where the maty is fixed to the identity (full line).

4.2 Coherenceof

Using the matricedvir and Mg, the S; values at the four different locatior&™, S, X and
%‘" indicated in Fig[]JL can now be determined for any polarigatitate of the laser bearng.
for any azimuthal positiorp; of the motorised rotating mount QWR These four values are
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Figure 7. Ratio of the measured intensities over the theoretical bagsRTet) comparing the case where
the Mg is from the fit (dotted line) and the case wherelieis fixed to the identity (full line).

determined from their associated electric fiellgy, Ein, Eex and Egyi. We recall thatEept is
calculated from a linearly polarised beam passing throbghptate QWER,; which is positioned
at the azimuthal angleen: with respect to the entrance Glan axBan = Mow Ry, (1, 07, Ein

is derived fromEgnt and from the matrixMg: Ein = Mg Eent, Eelii IS determined as described in
Sect[3.]1 from an ellipsometer data sample, Bgds calculated from the fielfy; and the matrix
Mt as:Eex = M ! Eq.

To check experimentally the coherenceSafalong the optical system, several arbitrarily va-
lues of @.n; have been chosen close to a circularly polarised light statk for each one of these
positions, a data sample has been recorded in the ellipsorastdescribed in Se¢t. 3.1. The
evolution of S along the optical path can be followed in Fjg. 8 through thiies of M, S{‘
S and %‘" presented for three positiogn: around a left circularly polarised state. In Fig. 8,
an uncertainty of % on the values o&" is taken (typical known value as mentioned in the
introduction). This uncertainty propagates directly tattbfs‘g‘.

For the measurement of the lepton beam polarisation, theretdvant quantity is the light
polarisation inside the cavity, to which, of course, we do Inave access but which is located
between the two valueS) andS$. As shown in Fig[l8, the differenc&* — SP| is less than one
per mill whenSXis closer to—1 (i.e. when the system is at its operating pofit [1]), and can reach
up to three per mill in the explored domain @f.. Part of the difference could be explained by
the presence of a small birefringence due to multi-layeeticg cavity mirrors as mentioned in
Sect[3.2]1. We do not know the exact value of our mirror cgghirefringence, but birefringences
have been measured for instance[in [27,[2B, 29] for cavityséies of 6606- 100000. In all these
measurements the order of magnitude of the birefringeneefesv 10 rad. The Fabry-Perot
cavity, with its multi-layer coating mirrors, has a fines$aleout 30 000[[1] and thus lies within the
range quoted above. Because of the resonant optical cingtphase shift due to a single passage
of the light in the reflected coating is amplified by a factc¥ 2t [R9] and becomes of the order
of a few 102rad. The bias or$; can be expressed in term of this amplified birefringepgeas
X — S ~ ¢, /2 [[L9] and can therefore be of a few per mill. However, anotlystematic source,
which could explain the difference of a few per mill betweﬂlhand%x, is the lack of precision
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Figure 8. " (blue triangles) Sy (black points), X (red triangles), an&" (open green circles) for three
azimuthal positions of the plate QWRaround a left circularly polarised state (indicated by anwj}. The
error bars are inclined for clarity.

in measurements with pgl used for the determination &g (Sect[4]1) and thus d{{‘ Anyway,
the study of the entrance beam line does not intend to giveeurate measurement Sf but is
devoted to check the coherence of the system and partigtitericoherence of measurements just
before and after the cavity.

5. Summary

The implementation of an uncoated QWP in the ellipsometdhefabry-Perot cavity polarimeter
of HERA has allowed us to determine the degree of circulaangdtionS; of the laser at the
entrance of the ellipsometer with an uncertainty &%. Such a small uncertainty is achieved
thanks to a complete model description of the ellipsomepdical system. The transport &

up to the electron-laser IP has then been studied and thelimpadéthe optical elements located
between the IP and the ellipsometer has made it possiblentgecee the uncertainty of 8% at
the IP. A study of the optical line from the IP up to the laseaidhbéas also been performed and has
shown that even with an unoptimised photometric measurgrgis controlled along the optical
path at the few per mill level. The level of accuracy preseritere has, to our knowledge, never
been reached in the environment of a particle collider andiges a good prospect for applications

in a future linear collider[[30, 31, B2].
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1. Introduction

In a companion article[J1] we describe a Compton polarimetstalled at HERA using a Fabry-
Perot resonator to enhance the laser beam power. A reladitistisal precision of 2% per bunch
and per minute was achieved on the longitudinal polarisdaneasurement of the electron beam
with an estimated relative systematic uncertainty of aliétit One of the systematic error sources
is related to the determination of the degree of circulaapshtionS; of the laser beam at the
electron-laser interaction point (IP). Since only the preidssP, is determined in Compton po-
larimetry (see Eq.(5) in[J1]), we have to measure preci§glin order to achieve the same level



of precision forP,. The uncertainty on th& determination comes mainly from two sources: (1)
the measurement & itself performed with an ellipsometer usually located elés, but outside,
the electron beam pipe and, (2) the transport of the measredlue through optical elements
and vacuum window up to the electron-laser IP. The purposbeopresent article is to describe
the experimental setup and methods that we have used to adashper-mill level of systematic
uncertainty orss.

The key component of the experimental setfjp [1] is an elligter similar to those of the
SLAC [B, 3] and Jlab[[4[]5] Compton polarimeters. It is comgubsf a quarter wave plate (QWP),
a linear polariser and various photo-detectors. Since dgicabpnodel is needed to reconstruct
S; from the photometric measurements performed after theripefathe model accuracy has to
be controlled below the per-mill level. The QWP is a cruciamponent of the ellipsometer. It
is usually anti-reflection coated with double layers angttaken as a simple delay plate in basic
optical mo- dels[[6]. However, the reflectance of such coplates is typically of the order of 8%,
thus limiting the model accuracy to the same level. In ordatdcrease the model uncertainty, we
followed the work of [[f] by choosing an uncoated quartz QWHigh optical quality. In doing
so we have to account for multiple reflections inside thedaropic uniaxial QWP, to model the
plate defects and the experimental misalignments, andrforpe a fine calibration of the plate
thickness. The implementation of an uncoated QWP in thpselineter together with a thorough
investigation of theoretical models and detector effedtsivan accelerator environment has never
been reported previously and is one of the main topics ofattisle.

In order to control the transport of accurately measi8gdp to the IP, we follow the method
developed for the polarimeter at SLA(J [8] by modeling theiagtelements located between the
IP and the ellipsometer, and use optical theorems demeterstog Joneg[J9]. In an accelerator this
transport is an important issue since optical elements lar@ya present between the IP and the
ellipsometer. All birefringence biases from these elememe therefore studied and/or modeled
to conserve the required precision 8nat the IP. We also perform a polarisation transport study
from the IP up to the laser head by using the optical theorerff]]. The implementation of these
methods is the second topic of this article. To our knowlethgy have not been applied in the
context of accelerators to the level of accuracy presernteel h

The ellipsometer and the characterisation of its opticedponents are described in Sé¢t. 2. In
Sect[B, the determination & with the ellipsometer and the transport from the ellips@nét the
electron-laser IP are described. Finally, in Sfct. 4, theratterisation of the entrance optical line
is performed in order to study the coherencé&pélong the whole optical system and in particular
the coherence d; at the entrance and at the exit of the Fabry-Perot cavity.

2. Ellipsometer characterisation

In this section, the general optical setup and the charaatem of the ellipsometer are described.
The principle of an ellipsometer is to send a light beam, of @mknown polarisation, through a
QWP. By rotating the plate, the polarisation state of thhtlig modified and the state at the exit
of the plate depends on the state at the entrance. A polévis@laston prism) placed behind the
plate spatially separates the beam into two orthogonadtingolarised states. The analysis of the



intensities of these two beams in photo-detectors, foouarazimuthal angles of the QWP, allows
the deduction of the polarisation of the incident beam.

2.1 General optical setup and elipsometer components

2.1.1 General optical setup

A schematic overview of the Fabry-Perot cavity optical petipresented in Fig] 1. A Nd:YAG
laser beam of 1064 nm wavelength passes first through a Giam3on prism in order to provide a
purely linearly polarised state and then through an engr@W/P, noted QW& This is mounted
at the center of a motorised rotating stage to adjust theudhmhangleg.; and thus to provide an
elliptical polarised state. The Glan allows also the beapats and to go back after its reflection by
the cavity entrance mirror. The reflected beam is analysadpimotodiode, pgh;, first to determine
the azimuthal angles of the plate QWHor which the light is circularly polarised and secondly to
conduct a study on the entrance optical line (Sedt. 4.1).5Elen then passes through the entrance
optics which is composed of a glass plate and two lenses. TE®s glate is used to pick up a
fraction of the beam for the locking procedure exploiting tRound-Drever” techniqud [lL1], and
the lenses are used to match the laser beam to the cavityrhemial mode. The beam is then
precisely aligned with four mirrors (of which two are mos®d) before entering a two meter long
cavity.

Si” Glan,, O X

¢ 2 mirrors

HBS
S e S N LY/ S W elli
mirror '
& QWP
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Figure 1. A schematic view of the Fabry-Perot cavity optical systestalied in the HERA tunnel. The
box “entrance optics” is composed of a glass plate and twaekenThe location of four determination points
of S is indicated bySS™, S, X andSS!. The prism Glasy located on the top of the figure is inserted in
the optical line only for a dedicated study described in S82.2. Mg andMr are two transfer matrices
discussed in Sects. 3and 4 .

At the exit of the cavity, the beam is guided with two mirrassehter the ellipsometer, labeled
“Ellipso”, which is mainly composed of a QWP followed by a Wadton prism. The beam passes
first through a holographic beam sampler (HBS) in order toagkta small fraction of the entrance



power (about 1% of the incident beam). This fraction of tharhés measured in photodiodepd
and is used as a reference intensity to compensate thesatigeto possible laser power variations.
The main beam emerging from the HBS enters the QWP. The QWRBustad at the center of a
motorised rotating stage to adjust the azimuthal aggl&wvo screws allow the alignment between
the plate and the rotating stage to be adjusted. The rotatage itself is mounted on a two-axis
horizontal stage, a vertical translation stage and an diltijgy stage to position the beam impact
point at the mount center of the rotating stage and to adjssiricident angleg,c between the
laser beam and the plate normal direction. The linear atedititages are manually controlled with
micrometric screws. The Wollaston prism separates the sam spatially into two linearly and
orthogonally polarised components, and the two transchiteams from the Wollaston are detected
in photodiodes pgand pd. Diffusers are placed in front of each photodiode in ordeadjust the
power entering the photodiodes.

The ellipsometer is used to measure the circular polanis&j of the laser beam of any un-
known polarisation by varying the azimuthal angle of thégknd analysing the intensities emerg-
ing from the prism.

2.1.2 Ellipsometer components

The HBS:The beam sampler is a hologram in engraved relief on a traspaubstrate (silica)
inducing forward diffraction. The birefringence of the HBf®ne has been measured before its
installation in the cavity system and the result is compatitith zero [11].

The Wollaston prismThe most important characteristic of the prism is its extorcrate, which is
less than a few I as given by the manufacturer and has been confirmed expesiliyen

The quarter wave platesis will be described in Secf. 2.3, two QWPs pind p}, with different
nominal thicknesses cé&,)m =91.2um andeﬁ%)m =6399um are used in the ellipsometer for its
characterisation in order to increase the constraints efjlstem. Each QWP is a parallel plate
of high quality quartz manufactured especially for thepsiiimeter characterisation purpose, and
has a delay tolerance 0f300 and a thickness tolerance of a few micrometers with dlpbsen
between the two faces of the order of 10 seconds of arc. Theabpkis is contained in the plane
of the plate.

The detection systenThe detection system consists of three photodiodgspm| and pg made
of a gallium arsenide and indium alloy (InGaAs). Each phimtdd and their electronics are ther-
malised with a Peltier module to prevent temperature variatwhich might be of a few degrees
in the HERA environment and could induce a variation in thetptliode readout larger than the
required precision. Using Peltier modules, a stabilityelesf tenth of a degree is achieved. The
photodiodes are read out with 12-bit analog-to-digitalvesters at a maximum sample rate of
2MHz. For each measurement, the mean value over ten thosgamalsl 4 is recorded after sub-
traction of pedestal Ped for each photodiode. The effecasdrl power variations is taken into
account by normalising the measurement to that of the ne¢éerphotodiode pd Explicitly, pho-



todiode intensitie$; andl, used in the following can be written as:

<|pd1~2>1oooo_ Ped, _ 2.1)
(Ipdy) 10000~ PED

l10 =

A study of photodiodes in an optical laboratory has showmithauch a clean environment, the
temperature regulation, the subtraction of photodiodegids and the laser power variation effect
can be controlled such thiatandl, are known at the per-mill level. The HERA accelerator enviro
ment is more noisy; effects such as larger temperaturetiarsaand the presence of quadrupoles
and dipoles, the synchrotron radiation, acceleratingtiemvand long cables affect the precision of
the photodiode measurements. This is illustrated in i@.@nd (b) where the distributions f
from two data samples recorded in the HERA tunnel at differeoments are shown. Each entry
in the histograms is a measurement.pés defined in Ed.(2.1) and the duration of data taking for
each sample was approximately fifteen minutes. [fig. 2(apsemts a well clustered distribution
whereas Fid.|2(b) shows two populations. To take into adcthiskind of drift, the corresponding
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Figure 2. Histograms of, as defined in Eq.(2.1) for two data sets (a) and (b) taken ddifteen minutes
each at different moments.

error gy, is defined as the root mean square (RMS) value of the histogvaether it has a Gaus-
sian shape or not. In this way, the unknown long term effest s those illustrated in Fifj. 2(b)
are included in the measurement errors. The errors are thiemgeterised as a function of the
intensities as:

Oi12=A12 l12+B12 - (2-2)

Fig. [ shows the errorsj, (a) andai, (b) as a function of; andl, respectively and the corres-
ponding parameterisation of E[.(2.2), for data sets rewb@t various azimuthal angles of the
ellipsometer QWP in order to cover the entire range of intgnalues. These errors may depend
on the duration of acquisition time which will be varied fgistematics studies (Se€t.]3.1).

The accurate measurement of the degree of circular pdiarisg; of the laser beam requires
a precise control and characterisation of this ellipsomeiéerefore before determining, the
ellipsometer will be first used as a calibration system taattarise precisely some of its optical
components. For this, a complete simulation model has beesiaped.
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Figure 3. Errorsay, (a) andai, (b) as a function of; andl,, respectively. The lines correspond to straight
line fits to the measured errors according to Eq.(2.2) .

2.2 Mode of the ellipsometer and x? function
2.2.1 Modd of the élipsometer

The polarisation statEg; at the entrance of the ellipsometer and the associatededefoércular
polarisationS" can be written in the most general form as functions of twdesW; and

as [13]:

sin&gj €%

The expression of the two transmitted fieElsandE, emerging from the Wollaston prism and the
associated theoretical intensiti€sandT, can then be written as:

Eeli = (cosfem ) , S = 2cosEgi sin&eli SN - (2.3)

i 2
E1(2>=///§'2)Eem, T2 = |Ex2)|”, (2.4)

where.Z&" and.#$", standing for the corresponding Jones transmission reatflg}], are com-
puted from a theoretical model as follows:

The Wollaston cubeTwo small parameters, and &, are introduced to take into account in the
Wollaston Jones matrix a possible small birefringencegltmtwo optical axeq[15].

The quarter wave plateThe model used for the QWP takes into account the multiplectdins of
the wave inside a quartz plate of indiagsandne, of thicknesseqwp, and whose optical axis has an
angleq@,; with respect to the laboratory frame. This angle has two amepts:@,, = @+ @, where
@is the azimuthal angle of the QWP motorised rotating stadeggis an azimuthal reference angle
reflecting the fact that the orientation of the optical axishe plane of the plate is not a priori at
position @ = 0. The simulation also models the passage of a light waveigffirthe plate at a non
zero incident anglé,c, which is equal to the number of tilting stage screw tuixg{) times the
tilt angle value of one screw tur®(). The light beam is treated as a plane wave since, at small
incident anglesi(e. less than (A rad for the work described here), the comparison betwedgna p
wave treatment and a Gaussian wave treatment shows thattresian character of the wave can
be neglected[[16]. Also, the contribution of the opticaliatt of the crystal [1J] as well as the
surface roughnes$ [18] has been studied and found to beyidgl{a relative contribution of less
than 10°°).



Misalignments:A realistic description of the optical system must also taite account the fol-
lowing experimental misalignments:

e A misalignment of the QWP plane with respect to the Wollagidem axes, which is mo-
deled by a small tilt angléy of the normal to the QWP.

e A misalignment due to the fact that the laser beam may not ¢meQWP exactly at the
plate center of the mount: in that case, because the two slategces may not be perfectly
parallel, the thickness crossed by the light can vary dusimgzimuthal rotation of the plate.
To take into account this effect, the plate is modeled by mlbe thickness ae= egwp [1+
(&/eowp) cos @ — @)] whereegwp is the thickness of the plate in case of a perfect alignment
situation,d; represents a small shift between the laser beam impactauinthe plate center
of the mount, andyg. is an arbitrary reference azimuthal angle, as the posipien0 of the
QWP may not be the position which maximises the plate thiskaeOne new parametey.
is introduced each time the incident an@lg changes.

According to this model of ellipsometer components and hgisenents, for a given ellip-
someter QWP plate plof thicknesseéwp, a given incident angl@iﬂlc, azimuthal anglep' of the
plate, and polarisation stafe,;, the two theoretical intensities; ) of Eq.(2.4) can be written as
functions of ellipsometer parameters as:

ijke _ i
T1(2) = f1(2) (no, Ne, &, &y, e(kgwpy Bturn X< Xurns

&+, & Al 8. 8L, ).

All the details of the model described here can be foundl ijj {@i#ere the modeling and the cal-
culations relative to the Wollaston cube, the QWP and the&aptnisalignments are explicitly
given. In particular, the calculation of the Jones transiars matrix of a quartz plate at a non zero
incident angle, with internal reflections being taken imtoaunt, is explicitly performed in the ap-
pendix of [I9]. Simulations show that multiple reflectioptate defects or optical misalignments
contribute at the few percent level to the transmitted isites Ty (). Achieving the per-mill level
for 3 measurement is therefore only possible using this compietel description.

(2.5)

2.2.2 x?function

To characterise the ellipsometer and distinguish effaststd optical misalignments from those due
to plate defects or those due to the light polarisation sthge principle is to record ellipsometer
experimental daté,) (as defined in E.(3.1)) and to minimise the followixgfunction:

2
g 2o, 2
kzlzwpl Z:Z,Pk j=Toi=TN,
(R{ZleijZk_liljk‘k>2+ <R£Zk-|-2ij£k_|i2jk‘k>2 (2.6)
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whereNy, refers to the number of the QWP used in the data taktn the number of polarisation
states©y to the number of incident angles aNg to the number of azimuthal angles of the QWP.
Tl'gg‘ (I '1’([‘2'5) is the theoretical (experimental) photodiode intensijcelated (measured) when the



plate p|, is inserted in the ellipsometer, at th8 polarisation stat&ey;, the j™ value of 6,,c and
theit" value of . oi'(g)‘ is the uncertainty orilj(/‘z'; in Eq.).Rif';) are normalisation factors which
are easily determined by solvingx?/dR = 0. The minimisation of the(? (Eq.(2.6)) leads to
parameter values of Ef.(R.5), excepted Xérm, @ andne. thum and ¢ take some known values
of the tilting and rotating stages, respectively. The extlmary indexne is fixed because our
constraints are not sufficient to determimgandne at the same time, and so the quantity that is
determined in practice is the birefringenge- n,. The quartz indices being measured at a few”10
level by previous studieg [P0, |2[[,]22], the determinatiorthef birefringence by the ellipsometer

provides thus a good test of the validity of the model.

2.3 Ellipsometer parameter determination

The determination of ellipsometer parameters (Ed.(2.83)deen performed twice, independently
in two different environments corresponding to the optlelbratory and the HERA tunnel, with
two different data taking procedures.

The first data sample recorded in the optical laboratoryvsige to determine all ellipsometer
characteristics and in particular the thickness of the QWdPthe indexn,. The determination of
both eqwp andn, requires a long and meticulous data taking procedure sirtoenis out that the
solution of thex? minimisation is not unique: several combinatioeg(p, o) can minimise the
X?. In order to resolve such an ambiguity, two uncoated platesrul ph, with different thicknesses
are used by inserting one after the other in the ellipsombtexddition, for each plate, several data
sets are taken for different incident angles.

The second data sample was recorded after the installatithe setup in the HERA tunnel
in order to characterise again the system, since all theaptbmponents were dismounted to
be transported from the optical laboratory to the tunnethintunnel, data taking conditions were
much more difficult than in the optical laboratory, and intgaar, the tunnel accesses were limited
to a few hours per month. The corresponding data taking droegthus has to be simpler. To avoid
ambiguous solutions on the thickness of platg ip$ fit range is restricted to around the expected
value obtained from the laboratory calibration.

2.3.1 Thedata calibration samples

The first calibration of the ellipsometer was performed ia thean optical laboratory, where the
room temperature was regulated at.2%-or a given laser beam polarisation state, ellipsometer
measurements were recorded for each plateupdl pb at various incident angle,. between the
laser beam and the plate normal direction, and, for éhghthe QWP was turned azimuthally
of an angleg in step of £ from (° to 360°. A Monte Carlo study shows that to provide enough
constraints to minimise the? and determine all the ellipsometer parameters of Ed. (883 have

to be recorded at four (two) different values@y. for the QWP p] (pl,), and it is sufficient to have
only one polarisation state of a givé8e;, @i). Each time the incident angl&,. was changed,

a long procedure was applied to displace manually the ptatestersally with the linear stage
micrometric screws in order to recover precisely the malof the plate mechanical center with
the laser impact point. The six samples recorded at diffargilnes of6,. containing 360 entries
each are calleﬂ)!j*b (d=1,---,6) and, when introduced in the? function, values of subscripts in
Eq.(2.6) aredNpy =2,PL=1,P, = 1,0; = 4,0, = 2 andN, = 360.



The second data set was recorded in the HERA tunnel whereotime temperature was re-
gulated at 3%. In order to control the data taking procedure from outsig®eél to be independent
of the short duration of tunnel access, only one platg) fhs used in the ellipsometer and the
incident angleg,. between the light beam and this QWP remained fixed and equadrto In
this configuration, ther2 minimisation was performed by using three recorded dataksmneach
with a different azimuthal angle of the entrance plate QWPIn this way, the light entering
the ellipsometer has three different polarisation stafes.each of these three Q\WpPazimuthal
positions, the ellipsometer QWP was also turned azimuythiatbugh an angle in step of T from
0° to 36C°. These three data samples are callxﬁﬁRA (d=1,---,3) and the corresponding values
for the superscripts in E{.(2.6) amdy = 1, P = 3,01 = 1 andNy = 360.

2.3.2 Correlation between eqwp and S

Among all ellipsometer parameters, the dominant sourceystematic error orgs comes from
the QWP thickness uncertainty. Thus, before giving theltesi the minimisations using the
two sets of data samples previously described, it is intiagedo show the correlation between
the plate thicknessqwp andS;. The effect on thess determination is estimated by simulating
an ellipsometer data sample with a degree of circular satianSj ¢ and a plate thicknesgyen.
Using this sample, various minimisations of tié are performed by letting onl" free {.e.
only the two anglesqi and @), by fixing the plate thickness to different valueg slightly
different fromeyen, and by fixing all the other parameters to their generatedegal The quantity
|(Siue — 5ty /Sive) presented in Fid] 4 as a function @f — egen Shows that a systematic error of
one micometer on the plate thickness leads to a systematic aound (6% onS3. A precise
knowledge of the plate thickness inside the thicknessaalar of a few micrometers given by the
manufacturer has therefore to be reached to keep a systeenair at the per-mill level on the
measurement d&. Achieving this precision is only possible using the contglmodel described
previously.
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Figure 4. Relative error or%'” as a function of the uncertainty on the ellipsometer QWFKtigss.



2.3.3 Resaults

The x? minimisation procedure was tested first by using simulasecides generated with Ef.(2.4)
following closely the experimental data. It was found thafitied parameters were in agreement
with the generated ones within a precision of a few per-niiie minimisation is then performed
independently with the two experimental data 8 andD{ERA and leads to values gf per de-
gree of freedom equal to 1.07 and 2.09 respectively. Thdlertagreement between experimental
intensities and theoretical ones based on the fit is illitesiry a typical example in Fif] 5, where
the quantitied; » andR; »T; ;> are presented for the samié'ERA as a function of the azimuthal
angleg of the ellipsometer QWP.

n 1 n n 0 £ 1

300 ‘ 300 ‘
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Figure 5. Experimental intensities (black bullets, for clarity ordysubsample is showmy) (a) andl, (b)
compared with theoretical ones (curves) derived from thadita function of the azimuthal angpeof the
ellipsometer QWP, for the data fil}'ERA.

All ellipsometer parameters determined from the two misations using the data sd$®
or DHERA are found to be realistic and well defined. Among them, onerésting quantity is
the quartz birefringence valug — n, which can be compared with textbook values previously
determined. In[[41], 22], birefringence measurements werfpned at a temperature of°1&8nd
22°. Our measurements in the optical laboratory and in the tuweee carried out at higher
temperatures of 25and 35, respectively. Based on the relation of optical index vemawith
temperature[[33], quartz birefringence valueq of [2], 28]szaled ta = 25° and atT = 35° and
are shown in Fig[]6 together with the two birefringence valabtained from the fits. The two fit
values agree at better than one per-mill with the ones guntt references.

As for the birefringence, all other results determined ia tiptical laboratory are compared
with those in the tunnel and good agreement are found onceffibets of temperature difference
and optical alignment difference are taken into accoui [19

3. Regular measurements of Sz and systematics studies

3.1 Measurements and systematic uncertainty from the ellipsometer

During the data taking period of the cavity polarimeter, whiee cavity was locked in resonant
state and the azimuthal angg,; of the entrance QWP was such that the light is close to a fully
right or left circularly polarised statg = +1 [fI]], values otsg'" were regularly determined.
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Figure 6. Quartz birefringence values scaled td 2Hd 35 from textbook valueg[[21], $2], as a function
of the wavelength. Dashed lines are straight line fits to Bmaled textbook points. Birefringence values
determined from the fits to daR{2° andD"ERA are indicated by an open and a solid triangle, respectively.

Each value o%”‘ is extracted from a data sample recorded with the ellipseraatd contain-
ing 180 photodiode signals (as defined in Eq}(2.1)) cornediog to a 2-step azimuthal turn of the
ellipsometer QWP. The duration of data taking was about tenites for each sample.

To extractS§" and its uncertaintg, the x2 function defined in Eq[.(2 6) is minimised. The
only fitted parameters are the polarisation state paramé&grand @; and all other parameters
are fixed to values previously determined by the charaeti@éwis of the tunnel optical system as
described in Secf] 2. Thanks to a heat regulation systenteigerature inside the isotherm house
(see [IL]) was controlled withia-0.3°C which ensured a perfect stability of the optical axis (define
by the positions of the cavity mirrors) over time and therefthe stability of our ellipsometer
calibration.

The uncertaintw%m obtained from ther? minimisation is of the order of a few 10. During
one year (from June 2006 to June 2007), the azimuthal positié the plate QWE; defining a
left or right circularly polarised laser beam were changelg three times, either after an hardware
problem on the rotating mount controller of the plate, oeiaft dedicated check involving the plate
or the photodiode pg. TheSS'" measurements were very stable over time since, over thgeare-
period, they have shown a stability of a few per-nfill][19].

Given the precise ellipsometer calibration procedure ritest in Sect[ 2]2, the only remain-
ing source of systematic uncertainty 8§f' concerns the duration of the data taking. Indeed, the
duration of one measurement sample taken with the elliptamean have an effect on the photo-
diode intensity distributions because of long term fluéarats shown in Fig:]2(b). This duration
depends on the chosen interval between two consecutiveuttimimanglesp of the ellipsometer
QWP. To study this effect, the entrance plate QW®Ras fixed to a given azimuthal position and
several measurement samples were recorded using theeikpsr for different durations ranging
from three to twenty minutes. The extrac@ﬂi values from these samples are found to be com-
patible within two per-mill [IP]. To be conservative, anarof three per-mill is quoted for the
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uncertainty due to the duration of data taking.

3.2 Transport of 3 from dlipsometer to cavity center

The preciseS; values obtained above concern the degree of circular pateon at the entrance
of the ellipsometer. What we are interested in is, howeherst value at the electron-laser inter-
action point,i.e. at the center of the Fabry-Perot cavity. A priori, these tatugs are the same,
but because of the presence of optical components betweewdth a small difference could be
induced. The transport & and its uncertainty are the subject of this section.

3.2.1 Parasitic elipticity from cavity center to ellipsometer entrance

Between the center of the cavity and the entrance of theseliigter (see Fid] 1), the exit mirror
and the exit window of the Fabry-Perot cavity and the optgyatemMyr could be a source of
birefringence and may induce parasitic ellipticity, mgdify the laser beam polarisation. The
birefringence of the substrate, the coating and the mogisistem of the exit mirror and the exit
window has been estimated or measured from dedicated sf2dig19]. It was shown that the bias
induced orf; from the center to the exit of the cavity is at the utmost ofdtaer of 3x 107°. The
remaining dominant source of parasitic ellipticity is agated to the 45dielectric mirrors used to
guide the light into the ellipsometer because of their déffe: reflection coefficients for two electric
field components: one in the incident plane and the otherepelipular to it [IB[25]. To determine
this ellipticity, the transfer matrikly of the system has to be determined.

3.2.2 Exit transfer matrix Mt

An optical theorem demonstrated by R. Clark Jorjs [9] sthitsany optical system composed
of any non-absorbing components may always be replaced lbytialgolariser placed between
two delay plates, with the addition of a rotator insertedrat position in the system. Under the
assumption that no power is absorbed in optical materiads)Jones matrices of a partial polariser,
a delay plate and a rotat®¥, ,,, G, andRg can be written a{]6]:

pp O e 0 cos@ —sind
P, = G, = : Ry = . 3.1
PPz (O p2>’ Y (O e ) "7\ sine cosd 3D
Following the Jones theorenf] [9] and starting with a compfelieear polarisation stat€&€g =

(cos@s,sings)T, the theoretical final statéy, after passing through an optical system of transfer
matrix Mt can then be modeled as:

En = (COSfth,SinEthei(pth)T = MtEg

. (3.2)

In order to apply this theorem to determining the mablvix of the two mirrors and the HBS
located at the exit of the Fabry-Perot cavity, a special gomdition of the system was set up by
adding a linear Glan polariser Glan(Fig.[1) between the exit window of the cavity and the first
mirror. Such a device polarises the beam in a completelatis@ateEg before it enters the optical
elements of the exit line. In this configuration, a number atbdsampledly were recorded using
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the ellipsometer, each with a different azimuthal ar@e(ﬁ =1,---,Ng) of the polariser Glag.
For eachy, the ellipsometer QWP was rotated azimuthally fromd®360 .

A fit to these data samples is performed by minimising #R€function defined in Eq[(2.6)
to obtain the only free parametef§; and ¢ (¢ =1,---,Ng) of the beam polarisation state after
the HBS. Using the resultingg; and ¢, and their uncertainties;: ando,, , the following x*
function is constructed in order to determine the elemehtiseomatrixM+:

) (o)

whereé&, andg, are the theoretical angles defining #fepolarisation state after the HBS. By using
Egs.[31)[(B]2), these angles can be written as functibtiegarameters, 6,, 65, y1, 2, p1 and

p2 of the matrixMr and of the angl«pf3 of the linear initial polarisation state. A Monte Carlo sfud
of the x2 function defined in Eq[.(33) shows that some elements of thixiMr are completely
correlated and that the system can be described only witldlelag plate, one partial polariser and
two rotators. The parametersdf in Eq.(3.2) are therefore restrictedyo= yr, pr = pr, p2 =1

63 = 0 andy, = 0. The minimisation of the? defined in Eq[(3]3) leads tg = (13.14+1.4)mrad
and pr = 1.0014+ 0.001, thereby showing that the exit optical system behakesdidelay plate
inducing a birefringence of the order of a few tens of mrad.

A cross-check of this study has been performed by insteadnglahe additional polariser
Glan between the HBS and the ellipsometer QWP. As previouslipselineter data sets were
recorded for several azimuthal angles of the polariser. Iyipp the same procedure, the matrix
Mt is now expected to be compatible with the identity matrircsithere is no optical component
between the Glan and the entrance of the ellipsometer. Thdt ref the fit, with an angle of
(1.54+4.0) mrad for the delay plate and a value 0®@4-+ 0.005 for the partial polariser parameter,
constitutes a valuable check of the robustness of our maskadribing the exit beam line of the
Fabry-Perot cavity.

: (3.3)

3.2.3 3 at the exit of the cavity

Removing the polariser Glagto recover the standard setup of the optical system, theedegjr
circular polarisatiorS$* at the exit of the cavity has now to be determined as a funafd®" at

the entrance of the ellipsometer (Séct] 3.1). The polaisatateE. at the exit of the cavity is
related toEey; (Eq.(2.3)) aex = MT‘1 Eei. The development of this field expression leads to the
relation:

=" + 6Sx(61, 02, vr, Pr, e, i) - (3.4)

The relation [[3]4) applied to several values%LF determined by the ellipsometer shows that the
correction value® S, are all below five per-mill. As the HBS is not the cause of thaggsitic
ellipticity (see Secf. 2}1), the bias is due to the two marsystem. This confirms a measurement
performed at Saclay in 1999 for the TINAF polarimefef [26)mich the effect of the two mirrors
on the determination d& was measured to be of the order of a few per-mill.

The biasdSs is calculable for each value 6" and therefore does not enter as a syste- matic
error butis explicitly determined to correg}"". The uncertaintys of S$* due to the transfer from
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S to X are of order of a few 10* and has been calculated from tie elements as follows: for
four combinations ¥ + 0y, Pt + Op;), (Vr — Oy, PT + Opy), (Y1 + Oy, PT — Op;) @Nd b — 0y,

pr — Op,), the correspondings* are extracted andsyx is taken to be the maximum difference
between these four values with the central veiebeing calculated with parameteys and pr.

3.3 Overall S3 uncertainty

Summarising all the studies and results described prdyidiie S; value inside the cavity can be
written by taking into account all the uncertainties of titical system as:

S3 - %”I + 6%)(:]: O‘%Hi :]: O‘%X :l: O‘t|mej: Gtrans, (35)

whereS§" is the degree of circular polarisation measured using tifgseineter,6S is the "
dependent correction factor defined in @(30%;”, of the order of a few 10%, is the uncertainty
on the measurement &' using the ellipsometer (Segt.[3. Bgex, of the order of a few 10%, is
the uncertainty on the determination of the transfer matixSect[3.213)gtime ~ 3 x 102 isthe
conservative uncertainty associated to the duration ot thking of an ellipsometer data sample
(Sect.[3]1), andians< 3 x 107° is the uncertainty related to the passage of the light thrdbg
exit cavity mirror (Sect[ 3.211). The last two uncertaist®me and Oirans are common to als
measurements, all others vary for each measuremet of

4. Coherence of Sz along the whole optical system

Although the previous studies have provided value};@ft the electron-laser IP with an uncertainty
around three per-mill, the idea is now to characterise &ls@htrance optical elements by a matrix
Mg, determine the values &; at different places of the optical system to check their ootee
and make sure that no additional unknown large effect couddde a bias 0153 at the center of
the cavity.

4.1 Determination of Mg

The entrance beam line is described with the mattix(see Fig[]l) and is composed of a glass
plate, two lenses and four alignment mirrors. Following dipéical theorem of R. Clark Jonelg [9]
already used in Sedt. 3.2.Rle can be expressed with the same formula (seg[ Efy.(3.2)) akefor t
matrix My. To determineMg, the method pursued is to model the passage of the beam feom th
entrance Glan polariser to the entrance cavity mirror wherctvity is unlocked, followed by the
retro-reflection of the beam by the cavity mirror and its passthrough the Glan in the opposite
direction. A reversibility theoren{]§, 10] states that fanatrix M describing the light path through
a given system, the matrix corresponding to the light pathéropposite direction is the transposed
matrix of M. Following this theorem and starting with a horizontal in@olarisation stat&;, =
(1,0)7 just after the entrance Glan, the expression of the refteeted fieldE,; and the associated
intensity Te; emerging from the Glan in the return direction can then bétevrias:

Eret = GVM(-SM Iv'mMQM EIin ) Tret = ‘Eret‘z

. 4.1
with Mom = MeERgeEMowRg.» (4.1)
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whereG, is the matrix of the Glan polariser allowing only the verticamponent of the field to
pass when the beam returdgy is the transfer matrix of the optical line from the plate QWP
to the last alignment mirroM,, is the Jones matrix of the entrance cavity mirMdg is the transfer
matrix to be determinedylgw is the Jones matrix of the plate QW andRge andRg,,, are two
2 x 2 rotation matrices introduced to reflect the azimuthalrgeaton of QWR,,; with respect to the
matrix Mg and to the Glan polariser axes, respectively.

According to this modelisation, the elementdd have been determined from data recorded
with the photodiode pg,; for various positionsg; of the plate QWE,;, by minimising the follow-
ing x? function:

. . 2
RT.—1I
X2 — ;‘ ret‘ ret ’ (4_2)
i= s Nent O-”et

whereNen is the number of different azimuthal positiogs,, Tk (Il is the theoretical (experi-
mental) intensity calculated with Ef.(4.1) (measured \pitl,,) at thei™ value of quny, i, is the
uncertainty ofll,,, andR is a normalisation factor which is determined by solvihg?/JdR = 0.
When the system was conceived, the characterisation ohtinenee optical line was not planned
and the photodiode pg was only devoted to find the azimuthal positions of the plat¥/Rg.
leading to a right or left circular polarisation of the ladgram. No specific study has thus been
conducted to study the response and measurement undegaihthis photodiode, and in parti-
cular no photodiode thermal regulation and no additioni@remce photodiode to compensate the
laser power variations have been installed. A measuremgnising the photodiode pg thus
corresponds simply to the mean value over ten thousandIsiggrded with a 12-bit analog-to-
digital converter at a sample rate of 2MHz. The uncertamrteyis defined as the RMS value of the
distribution ofl;; and is of the order of one to two percent. This level of preciss not as good as
the one obtained with the ellipsometer photodiodes as ithestin Sect[ 2.1]2, and consequently,
the development of a complete theoretical model to des&#wh optical component would not
make sense here. It is therefore sufficient to consider the @blariser, the plate QWR (which

is a quartz plate treated with an anti-reflection coating) thie cavity mirror as perfect and to write
the corresponding expression of the Jones matrices usegi(#.F as:

00 10 1 0
(20 w10 e (2,2) e

A Monte Carlo study shows that our data are well describeddiyguonly one delay plate
and one polariser. The parameters in Eq.(3.2) are theredstected toy; = y&, p1 = Pe, P2 = 1,
8; =0 andy =0, and the minimisation of th@? defined in Eq[(4]2) leads tg = (—328+
0.5)mrad andpg = 1.17+0.01. The effect of the matri¥g is clearly visible in Fig[}7 showing
the distribution of the ratid.e;/(RTet) either for the case where the minimisation is performed
(dotted line) or for the case where the maty is fixed to the identity (full line).

4.2 Coherenceof

Using the matricedvir and Mg, the S; values at the four different locatior&™, S, X and
%‘" indicated in Fig[]JL can now be determined for any polarigatitate of the laser bearng.
for any azimuthal positiorp; of the motorised rotating mount QWR These four values are
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Figure 7. Ratio of the measured intensities over the theoretical bagsRTet) comparing the case where
the Mg is from the fit (dotted line) and the case wherelieis fixed to the identity (full line).

determined from their associated electric fiellgy, Ein, Eex and Egyi. We recall thatEep is
calculated from a linearly polarised beam passing throbhghptate QWR,; which is positioned
at the azimuthal angleen: with respect to the entrance Glan axBan = Mow Ry, (1, 07, Ein

is derived fromEent and from the matrixMg: Ein = Mg Eent, Eelli IS determined as described in
Sect[3]L from an ellipsometer data sample, Bgds calculated from the fieltey; and the matrix
Mt as:Eex = M ! Eq.

To check experimentally the coherenceSsfalong the optical system, several arbitrarily va-
lues of @.n; have been chosen close to a circularly polarised light state for each one of these
positions, a data sample has been recorded in the ellipsorastdescribed in Sedt. B.1. The
evolution ofS; along the optical path can be followed in Ffg. 8 through thieies of ™, Sg

o -0.984
_0.986 L 'Sser‘lt -S;n A%ex
-0.988 |-
-0.99}
-0.992}
-0.994}
-0.996:—

-0.998 |-

_1_0027”\‘H‘\HH\HT‘\HH\HH\H
-70 - 69 -68 -67 - 66 -65

(pent ( deg)

Figure 8. " (blue triangles) Sy (black points), X (red triangles), an&" (open green circles) for three
azimuthal positions of the plate QWRaround a left circularly polarised state (indicated by anwj}. The
error bars are inclined for clarity.
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S and %‘" presented for three positiogn: around a left circularly polarised state. In Fjg. 8,
an uncertainty of % on the values o&" is taken (typical known value as mentioned in the
introduction). This uncertainty propagates directly tattbfs‘g‘.

For the measurement of the lepton beam polarisation, theretdvant quantity is the light
polarisation inside the cavity, to which, of course, we do Inave access but which is located
between the two valueS) andS$X. As shown in Fig[]8, the differend&*— SJ| is less than one
per-mill whenS§* is closer to—1 (i.e. when the system is at its operating pofit [1]), and can reach
up to three per-mill in the explored domain @f.. Part of the difference could be explained by
the presence of a small birefringence due to multi-layeegiog cavity mirrors as mentioned in
Sect[3.2]1. We do not know the exact value of our mirror ogghirefringence, but birefringences
have been measured for instance[in [27,[2B, 29] for cavitys$ies of 6600- 100000. In all these
measurements the order of magnitude of the birefringeneeféesv 10°rad. The Fabry-Perot
cavity, with its multi-layer coating mirrors, has a fines$aleout 30 000[[[1] and thus lies within the
range quoted above. Because of the resonant optical ctndtphase shift due to a single passage
of the light in the reflected coating is amplified by a facto¥ 2t [R9] and becomes of the order
of a few 102rad. The bias o%; can be expressed in term of this amplified birefringepgeas
S-S0 ~ ¢, /2 [[[9] and can therefore be of a few per-mill. However, anoiystematic source,
which could explain the difference of a few per-mill betweighand S, is the lack of precision
in measurements with pgl used for the determination &g (Sect[4]1) and thus d{{‘ Anyway,
the study of the entrance beam line does not intend to giveeurate measurement Sf but is
devoted to check the coherence of the system and partictitericoherence of measurements just
before and after the cavity.

5. Summary

The implementation of an uncoated QWP in the ellipsometdhefabry-Perot cavity polarimeter
of HERA has allowed us to determine the degree of circulaangdtionS; of the laser at the
entrance of the ellipsometer with an uncertainty &%. Such a small uncertainty is achieved
thanks to a complete model description of the ellipsomepical system. The transport &

up to the electron-laser IP has then been studied and thelimpoéthe optical elements located
between the IP and the ellipsometer has made it possiblentgecee the uncertainty of 8% at
the IP. A study of the optical line from the IP up to the lasemdhbas also been performed and has
shown that even with an unoptimised photometric measurer8eis controlled along the optical
path at the few per-mill level. The level of accuracy presdrtiere has, to our knowledge, never
been reached in the environment of a particle collider andiges a good prospect for applications

in a future linear collider[[30, 31, B2].
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