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ABSTRACT

A. The method of Compton polarimetryis first introduced. 1 It is shown that at CEBAF beam intensities,

the use of standard visible LASER light gives too low counting rates. An amplification scheme of
the LASER beam based on a high finesse optical cavity is proposed. Expected luminosities with and
without such a cavity are given. The polarimeter setup, including a 4 dipole magnet chicane, a photon
and an electron detector, is detailed. The various sources of systematic error on the electron beam
polarization measurement are discussed.
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1 Introduction

1.1 Physic Motivations

The Physic program at CEBAF Hall A includes many experiments using 4 GeV' (or more) polarized
electron beam:

Study of Parity Violation in electron elastic scattering from proton and “He [1]
- Measurement of electric form factor of the proton by recoil polarization [2]

Investigation of the N — A transition via polarization observable [3]

Measurement of the neutron spin structure function at low Q? [4]

S )

Some of these experiments will need beam polarization measurement and monitoring with an accuracy
as low as AP,/ P. < 4% [1],[3],[4] with beam currents ranging from 1 to 100u A.

At Cebaf energies, the simplest way to measure the polarization is through Moller scattering. Un-
fortunately, Moller Polarimetry is a destructive method, so that measuring the polarization prevents
from running an experiment in End Station A. Furthermore, this technique can only be used at low
intensity, and experiments requiring high intensity have to assume that beam polarization is intensity
independent. That’s why, although Compton Polarimetry is more complicated, it is a very attractive
technique, since non destructive and that can be used at high current.

1

1.2 Principle of electron Polarization measurement by Compton Scattering

The longitudinal polarization of the electron beam P. with respect to the z axis (See Fig. 1) is defined
by
N& - No

SEY

(1)
where N is the number of electrons with their spin s¢ = & % For a total number of electron V., one
has the following relations

N.
N3=7(1iPe). (2)
In a Compton Polarimeter, the longitudinal polarization P. of the electron beam is extracted from the
measurement of the experimental asymmetry A.., in the scattering of a circularly polarized (giving a

polarization P,) photon beam (from a LASER) on the electron Beam (see Fig. 2) :

nt —n~
nt4+n-’

€)

Aezp =

where n* (resp. n™) is the number of Compton scattering events before (resp. after) a reversal of the
laser polarization (P, — — P,). This experimental asymmetry A.,, is related to the known theoretical
asymmetry A; for Compton scattering for electron and photon with spin parallel 02 and anti-parallel

-
o,

-
_‘7;_‘7: 4
I~a;’+ag’ 4)
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through the relation

nt —n~
nt +n-
Indeed if one computes the number of Compton scattering events n*, one needs to know what is the
mean cross-section < ¢ > for an electron beam with polarization P. and a photon beam with polar-
ization P,.

Identically to the electron case, we define Nf the number of photon with their spin s} = +1 related
to the total number of photons V., through the relations

N.
Nf:%(li&). (6)

= PP, A, (5)

‘48;7:17 ==

We note that
NeN7=N:NJ+N:N;+N;NJ'+N;N;.

The mean cross-section is thus (See Fig. 1)

<o>= N.,lNe [(Nf N} + NyND) o2 + (Ny NS+ NENT) o5
Introducing the unpolarized cross-section
o= 2102 )
yields to :
o3 =00 (1+ A , oS =00(1—A). (8)
Using Eq. (2),(6),(8), one gets for the cross-section
<o>=o09[l+ FP.P,A], )
and thus for the counting rate before and after the laser polarization reversal (P, — —P,)
nt = LT <o> =LT* o0 [1 £ P.P,A], (10)

where £*T'* is the integrated luminosity before and after the Laser polarization reversal. Normalizing
these numbers to the same integrated luminosity, we obtain the previous relation (Eq. 5)

+ -
" - PPA. 1

Ael‘p: n++n

Az, and P, are measured quantities and A, is calculated in the framework of the standard model [6]
(see Eq. 24), so that the only unknown quantity is the electron beam longitudinal polarization P.. This
method is a well established technique [7] and is currently used at several high energy machines [8],
[9]. Cebaf will be one of the first low energy accelerator to use a Compton polarimeter.

In fact we plan to perform a differential measurement. In order to explicitly show the energy de-
pendence and the detection efficiency, these counting rates can be expressed as:

+
ﬂL:gﬂﬁf%e@)uiaam@» (12)

In these equations,
o p is the scattered photon energy (normalized to the maximum scattered photon energy)

¢ doy/dp is the unpolarized Compton scattering cross section (See section 2.2)

o ¢(p) is the acceptance of the polarimeter

17



electron photon electron photon
e ¥ P, ¥

= <\/\/_\7\/\/ b ~
o= NN! o= NN
ey ey

------------------------------------- z R A/
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Figure 1: The four possible helicity configurations. Electron and Photon Polarizations are defined
with respect to the z axis.

Figure 2: Feynman Diagrams for Compton Scattering.
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Figure 3: Compton Scattering

2 Compton Scattering

In this section we first recall the kinematic of the Compton scattering, since this will strongly influence
our setup. After a brief summary of the dynamic (polarized and unpolarized cross section, longitudinal
asymmetry), the statistical accuracy on the polarization measurement will be derived as a function of
the luminosity.

2.1 Kinematic of Compton scatteringe v — ey
We note (Fig. 3)

¢ Incident electron e with energy £ and momentum 5 = (0,0, p) along (Oz) axis,

¢ Incident photon v with energy k , incident angle a. with respect to (Oz) and momentum k=
(0, —k sin o, —k cos a;),

e Scattered electron e’ with energy E’, scattering angle 8. with respect to (Oz) and momentum

-

P = (p'sin b, sin ¢, p’ sin b, cos ¢, p’ cos b.),

e Scattered photon v’ with energy &', scattering angle 6., with respect to (Oz) and momentum

—

k' = (k'sin @, sin ¢, k' sin 8., cos ¢, k' cos 6,).

In this 2-body kinematic where the initial state is known, only one parameter ( with the non rel-
evant angle ¢ between the incident and scattered planes ) is necessary to determine the whole
kinematic.
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The scattered photon energy k’ is related to the scattered photon angle 6., by :
E + pcos a.

K=k . 1

E +k—pcosb, + kcos(a. —90,) (13

For photon incident angle o, = 0, this equation can be simplified, using vy = E/m, leading to

' k' 4av?
—_ — 14
PR ST (14
where
1 1

I Ty ER (1)

The maximum scattered photon energy k., .., corresponding to the minimum scattered electron

maxr?’
!

energy E! . ,isreached for 6., = 0.,

E2
K .. =4aky? = 4ak;—n—,_;, (16)
E? E?
min = E — ko + k= E —4ak— + k ~ E — 4ak—, a7
m m

while the minimum scattered photon energy k..., corresponding to the maximum scattered electron
energy E! _,isforf, ==,

mazxr?

K. =k, (18)

E ..=E-kK. ., +k=E. 19)

mazx min

The photon scattering angle at which k' = k!, /2 is
1

O 19 = —om =
NPT Eva T /e

(20)

The scattered electron momentum p’ is related to the scattered electron angle 9. by a second
order equation:

p(C* — BY) — 2ABp’ + m*C? — A? =0,
, ABC\/(A? — m2(C? — B?))
p= O _ B2 ’

where
A= m?4+ FEk+ kpcosa,,
B = pcosf, — kcos(8. — a.),
C = E +k.

The maximum electron angle is obtained for A*> = m?(C? — B?). For small photon incident angle
and energy, one gets :
k
gmaz ~ 928 @

m
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Laser : a. =20.0 mradk = 1.165 eV ) = 1064.2 nm |
EGeV) | 1.1 2 1 3 [ 4 [ 5 6 7 %
a 0.982 | 0.966 | 0.949 | 0.933 | 0.918 | 0.903 | 0.889 | 0.875
F(MeV) | 18. | 69. | 152. | 266. | 410. | 580. | 777. | 999.
E' . (GeV) | 0982 | 1.931 | 2.848 | 3.734 | 4590 | 5.420 | 6.223 | 7.001
,71/2(,urad) 515.5{260.01 174.8 | 13221 106.7 | 89.6 | 77.4 | 68.3
07 (prad) | 456 | 456 | 456 | 4.56 | 4.56 | 456 | 4.56 | 4.56

Laser : o =20.0 mrad k = 2.330 eV A = 532.1 nm |
EGeV) | L 1 2 1 3 ] 4 5 16 78
a 0.966 | 0.933 | 0.903 | 0.875 | 0.849 | 0.824 | 0.800 | 0.778
K (MeV) | 34 | 133. | 290. | 500. | 757. | 1058. | 1399, | 1777.
E'. (GeV) | 0.066 | 1.867 | 2.710 | 3.500 | 4243 | 4942 | 5.601 | 6.223
971/2(1“‘061) 520.0 | 264.5 | 179.2 | 136.6 | 1109 | 938 | 81.6 | 72.4
87 (urad) | 912 | 912 | 9.12 | 9.12 | 9.12 | 9.12 | 9.12 | 9.12

Laser : o, =20.0 mradk = 5.000 eV A = 248.0 nm |
EG) T L1 2 13 1 415 6 17 &
a 0.929 | 0.867 | 0.813 | 0.765 | 0.723 | 0.685 | 0.651 | 0.620
K (MeV) | 71, | 266. | 560. | 938. | 1384. | 1889. | 2443. | 3039.
El..(GeV) | 0929 | 1.734 | 2.440 | 3.062 | 3.616 | 4.111 | 4.557 | 4.961
971/2(,urad) 530.2 | 274.4 | 188.9 | 146.0 | 120.2 | 1029 | 90.5 | 81.1
07 (urad) | 19.57 | 19.57 | 19.57 | 19.57 | 19.57 | 19.57 | 19.57 | 19.57

Table 1: Kinematic Parameters. For different electron beam energies E and for LASER energies of
k = 1.16 eV (up, IR NdYAG), k = 2.33 eV (middle, Green Argon) and k = 5.0 eV (down, UV KrF).

These kinematic parameters are listed in table (1) for a LASER with energy k = 1.16 eV (resp.

= 233 eV, k = 5.0 eV) or wavelength A = 1064 nm (resp. A = 532 nm, A = 248 nm). The

relationships between the energies (k' or £’) and the angles (6., or 8.) of the scattered v or e~ are
shown on figure (4).

One can see (Fig. 4) that scattered electrons and photons (with k'/k/ .. > 0.1) have a very
small opening angle. This means that to allow scattered photon or electron detection one needs to
separate the scattered electron, the scattered photon and the incident electron. This will be done using
a MAGNETIC CHICANE that will deflect and separate the scattered and incident electron and let
room for the photon detector.
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2.2 Compton Scattering Cross Section and Asymmetry

If the crossing angle o, is equal to 0., the differential unpolarized cross section is [10],{11] (Fig. 5)

201 _ )2 _ 2
3_‘; = 21r2q ["“lp_'(,l;(l i‘—)a) +1+ (—————1 p(l + a)) } , 22)

where
e the classical electron radius rg is given by rq = a.hc/mc? = 2.817 10713 em,

o p=Kk'/k] .. isthe scattered v energy normalized to the maximal energy (Eq. 16),

e a akinematic parameter given by Eq. 15: a = 1/(1 + %#E).

For the total cross section, we get after integration of the previous equation (Eq. 22)

(-1—14a+ 16 a*> -2 a®+a*+ 2 In(a) — 12 In(a)a — 6 In(a)a?)
(-1+a)° ’

0'=7rr02a

(23)

which only depends of a i.e. of kE (Eq. 15). The total cross section varies smoothly with k F as shown
on figure (6) (see also Tab. 2).

The longitudinal differential asymmetry (Fig. 5, 1) is given by

o2 -0 2mria 1
A= ST =—F% l—p(1+a))[1* ]
s T 5 (1= p(1 —a))’
1 1
A= = (1 —p(1+a)) [1— 2] . (24)
2(1—a)2 _ ) 2 — —
| 2Uz2E 11+ (deiita)’) (1=p(1-0)

The longitudinal asymmetry is maximum for p = 1, i.e ¥’ = k;,,, (high energy scattered photon)
or ' = E] .. (low energy scattered electron) :

(1 —a)(1+a)

Ama:c —

(25)
and is thus almost proportional to 4 Ek (Tab. 2 and Fig. 6).

We note that the asymmetry A4; (Fig. 5) is negative at low scattered photon energy, positive at
higher energy and vanishes for po = 1/(1 + a), i.e for

2k~?
kl = )
1428

(26)
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Figure 5: Compton unpolarized cross section and longitudinal asymmetry as a function of the scat-
tered photon energy k.. For an electron beam energy of 8 GeV (solid line), 4 GeV (dashed line)
and 1 GeV (dotted line) and a 1064 nm (Up), 532 nm (Middle) and a 248 nm (Down) laser, with a

crossing angle angle o, = 0.
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2.3 Consideration on the experimental measurement of the electron polariza-
tion

The longitudinal polarization P, of the electron beam is extracted from the asymmetry between 2 mea-
surements of Compton scattering with parallel (+) or anti parallel (-) polarization of the electron and
Laser beams. Each measurement, performed with a luminosity £, (£_) during atime 7', (7.), will be
later normalized to the same integrated luminosity. According to possible experimental performances
of our setup, we consider now 3 possibilities.

o Differential Polarization Measurement
Event by event, the scattered photon or electron energy can be determined. So the numbers of
Compton scattering events n’, and n’ are measured as a function of the scattered y or e energy
in N, bins. From the asymmetry of these numbers, a measurement of the polarization P! is per-
formed for each energy bin. The weighted mean of P! gives the electron polarization.

o Integrated Polarization Measurement
Without energy measurement for the scattered particles, only the numbers of compton scattering
events integrated over the energy range /V, and V_ can be measured. From the asymmetry of
these numbers, the electron polarization is deduced if we know the detection efficiency and the
energy threshold for the scattered particles detection.

e Energy Polarization weighted Measurement
If we can only measure the energy integrated over the energy range , the polarization will be
deduced from the asymmetry between the integrated energies £, and E_. In this case, we have
also to know the detection efficiency and the energy threshold. Furthermore the error also de-
pends on these 2 parameters.
For the 2 measurements with parallel (anti parallel) polarization of the electron and Laser beams, we
assume now in the next sections, where we will examine for these 3 methods their efficiency to reach
a given statistical accuracy, the same integrated luminosity £, Ty = L. T_ = L T/2 (where L is
the mean luminosity and 7' is the total time of the measurements) and the same differential efficiency
e+(p) = e~(p) = €(p). The release of these assumptions will be studied in section 11.

2.3.1 Differential Polarization Measurement

The numbers of compton scattering events as a function of the scattered photon energy for each of the
N, energy bins are

. Pitl d
o= Lo T [T dp cilo) (6) (1+ PP AR)), @
. Pit1 d
nto= L. T / " dp e_(p) EZ"(”) (1 - P.P,Aip)), (28)

where %—‘:;(p) is the unpolarized differential Compton cross section (Eq. 22) and A;(p) the differential
asymmetry (Eq. 24).

The experimental asymmetry for each bin is related to the electron polarization by

: n' —n! [dpe % 4 .
A = + - = pp, — % __ - P Do~ A
= T oL " fdpe Z Flh <Az > RE A4 @)

where A! is the longitudinal polarization at the center of the bin.
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The electron polarization measured for each bin P! given by
Al A

Pi — erp ~ erp ' 30
€ P, < A >; P, Aj (0)
is then almost independent of the detection efficiency and have an absolute error dP! given by
dP®  dAl"  nint 1 _ 1—(P.PA}) 1
P ALY nf (PRAY 2 (P.Py A
4P 1-(P.PA) 1 1 1-(PPA)
j 2n; (P4~ LTE}  oia® 7
where n! is the total number of events for the bin i
. . . Pi d .
ni=ni 40l =LT [ dp e 2(p)=LT o',
pi dp

The final electron polarization, obtained as the weighted mean of these polarization measurements,

Ny P
Zi:l dpei§
Pe = Ny 1 0
Zi:l dPe‘E

€2y
is also almost independent of the detection efficiency and does not depend on the detection threshold.

The error achieved with a total number of events N, for an energy threshold p.in

AL 1 ' do 1 do
Ne=> n;=LT dp ¢ —(p)=LT o, with o0y = dp ¢ —(p) (32
— Pmin dp Pmin dp
=1
is given by
1 Ny 1 Ny o.iAi2 ¢ 0'A12
— = Y —. = LT P? ———’—‘—=£TP2/———-————,
dP,? deeﬂ K Z1-(P6P1A;)2 Y Jomin 1 — (P.P,A;)

i=1 i=1

dPe -2 2 p2 AI2 2 p2 2
P = LT Pe P’Y o < 1———P—2P-§-Z'2' > ~ LT Pe P’Y o < AI >, (33)
e T helt 44 .

where the mean value < A? > stands for
Somin @p €(p) %(p) Adp)’

34)
T dp o) Z(p) (

< A} >

The needed time ¢p to achieve an accuracy AP, /P, is then

AP.\? 2 AP.\?
tp! = L ( e) PP} 0y < —Hl=5>~C( ( ) PIP? 0, < A? >
P. 1 — P2P2A; P. 35)
and corresponds to a total number of events
1
NP = Ltpo, ~ 5 : (36)
(4%)" PzP2 < A?>

We note that the needed time ¢p as well as the square of the error are proportional to the inverse
of < A? >.
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2.3.2 Integrated Polarization Measurement

The numbers of compton scattering events integrated over the energy range N, and NV_ are

1 do
Ne = Lo Ty [ dp erlp) (o) (14 PP Ap)), 37
1 do
N = LT [ dp €-(p) %(p) (1 - P.PyAi(p)). (38)
The experimental integrated asymmetry is related to the electron polarization by
N+ - N fC O'A[
——————— = PeP = PeP
Aczp N, + N " Teo < A > 39

where the mean value < A; > stands for
Jomin dp €(p) E(p) Alp)

<A> = ~ (40)
pmin 4 €(P) % ()
Thus the measured electron polarization
A
P‘3 — erp 41
P, <A > “n

is proportional to the inverse of the mean longitudinal asymmetry and so depends on the detection ef-
ficiency and on the detection threshold pmin.

The absolute and relative errors on the experimental integrated asymmetry are

2
_ 1
A, = o= _ L1 (1-(&&“‘”“)) _ ! (1= (PP, < A >)),

Nta C_T ;_t- g N ZT ;—t
dAerp\ ™" dP.\ "’ < Al >?
erp — [ — T P2P2
( Ay ) ( P, ) LT BBy o 1= P2P? < A, >’ (“42)

where o, and N, are given by equation (32).

The needed time ¢; to achieve an accuracy AP, /P, is then

AP,\? < A >? AP.\?
0= £ (50) PP o ;2 L(F2) PPo< st
P, 1-PPI< A > P, (43)
corresponding to a total number of events
1
NI = Ltio ~ ; . (44)
(82)" P2P2 < A >?

We note that the needed time ¢; as well as the square of the error are proportional to the inverse of
< A; >%. We have seen (Fig. 5) that the asymmetry A, is negative at low scattered photon energy and
positive at higher energy. So in an integrated asymmetry measurement, it will be helpful to impose an
hardware threshold to cut the lower energy part of that spectrum and increase the mean longitudinal
asymmetry.
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For a 100% efficiency ¢(p) of the detection and a threshold p,,;,, =0, the mean longitudinal (weighted
by the cross section) asymmetry is :

<A> fodo Arg [dp 2mrs (1= p(1+a) 1= Goimp]
! = ~ = o .
fode % h
<A (=5+7a—3a*+a®—2In(a) -2 In(a)a) (—=1+ a)
1> = =

(-1 —14a+16a%? —2a®+ a*+ 2 In(a) — 12 In(a)a — 6 In(a)a?)’ (45)

2.3.3 Energy weighted Polarization Measurement

The integrated energy F, and E_ over the energy range and over the time t are given by :

1 do
E, = L,T, /,, dp B e(p) Tlo) (L4 PP A)) (46)
1 do
E. = LT [ dp E (o) T(p) (1= PP AR)) @)
with a statistical error dE 4 due to the fluctuation of the unmeasured number of events 43'7*
dNi do
—E . oy |
dp £¢T¢6¢ dp( + PCPWAl)
T ! do
dE; = L3 / dp E? es(p) %(p) (1 £ P.P,Aip))- (48)
Pmin
The experimental integrated energy asymmetry is related to the electron polarization by
E, — E_ JeacE A <FA >
= ———— = PP, ——— = PP, ————. 4
Acer E, + E_ 7 [eoE Fe by <E> (49)
Thus the measured electron polarization
Aezp
P, —15‘1—<<f1?>— S (50)

is proportional to the inverse of the mean longitudinal asymmetry (weighted by the energy) and so de-
pends on the detection efficiency and on the detection threshold p,;y,.

The absolute and relative errors on the experimental integrated asymmetry are

E* dE* + E? 4R}

dAe:c 2=
’ (Ey + E_)

| (JeoE")(JeoE)’ + P2P} [ (JeoE?) (JeoEA)® ~2 (feoE) (f o EA) (f eoEA)) |

T (fesE)* ’
dA... \"% [(dP.\7? < EA; >? 1
exp _ e — CTP,?PZU , (31
(52) -(%) B 1 R (1)
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where o, is given by equation (32) and the mean value <242 by

2
<EA>  ([h..d0 <(p) %(p) EAp))
<E*> v A0 €(P) %(p) E?

Pmin

(52)

These errors will have to be estimated since we don’t measure the number of scattered events.
The needed time ¢ to achieve an accuracy AP,/ P, is then
AP, < EA; >? 1

2
tg' = L ( ) PP} o,

2 2 p2 [ KEAD? <EA><E2A;>

P. <EZ> 1+PeP'r(<E;2 =2 <b£><E2>L)

AP.\? < EA; >?
~ L (P ) Pz&2 ot ﬁ, (53)

corresponding to a total number of events

1
E  _ ~
N = Lipo, = (AP,)2 pP2p2 <EAD?’ (54)
P. ety <E?>

2.3.4 Conclusions

The needed time or the total number of events to achieve an accuracy AP, /P, is given by
1 1 1

2 2 ’
£ (4%)° PPz Anen 01
e

where, according to the method (differential, integrated, energy weighted), A2 _,, stands for (See Eq.
34,40 and 52)

(35)

tmcth

< EA; >?
<A’> : < A >? -
! < E?>
with the relation
< EA; >?
<A > < -——+ < < A*>.
< E? >

The integrated unpolarized cross section (Eq. 32) is shown on figure (7).

The needed time for an accuracy A P./P. = 1%, aluminosity £ = 1 pbarn~'s™! = 10%barn=1s71,
a detection efficiency ¢ = 100%, an electron polarization P. = 50% and a Laser polarization P, =
100% is plotted on figure (7) for the 3 methods as a function of the energy threshold. We see the ad-
vantage for the integrated and energy weighted methods to put a hardware threshold p,,;,, =~ 0.65.
Above this threshold, the 3 methods are equivalent and close (~ 10%) to the optimum obtained in the
differential method with an energy threshold =0. We recall that for the energy weighted method, the
error on the electron polarization will have to be estimated.

Nevertheless, for the integrated and energy weighted methods, the measured polarization (Eq. 41
and 50) depends on the detection efficiency and on the energy threshold. We have plotted (Fig. 7) the
variation of the measured asymmetry (~< A; > or < EA; >/< E >) with the energy threshold for

these 2 methods (as well as /< A? >). Around pmin =~ 0.65 a variation of 1 % on p givesa 1 %
variation on the measured asymmetry and then on the electron polarization.

Finally, table (2) gives more complete results for some available lasers and for electron beam en-
ergies in the CEBAF range. We can see that to perform a 1 % measurement in 1 hour (at 4 GeV with
P. = 50% ), we need a luminosity of order of 2.10° to 2.10* barn~'s~! according to the laser energy.
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Figure 7: Unpolarized integrated cross section, needed time for an accuracy AP./P. =1 % on the
electron polarization, mean asymmetry A7* as a function of energy threshold. For the 3 methods:
integrated method (solid line AP**** =< A, >), differential method (dashed line A=< A? >%9)
and energy weighted (dotted line AT**** = < EA; >/< E >). For a laser of 1064 nm and for an elec-
tron beam energy of 4 GeV. The needed time is for a luminosity L = 1 ubarn~'s~!, beam polarizations

P. = 50% and P, = 100% .
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| Laser: k=1.165¢eV )\ = 1064.2 nm |

E a 0 | kmaz | ko | AP [<A> | V<AIS> |[<Ai> | tr | to | te
(GeV) (barn) | (MeV) | (MeV) | (%) (%) (%) (%) (s) (s (s)
100 [0982] 0654 | 175 | 88 | 1.77 | 043 0.88 0.88 | 3243. | 790. | 1118,
2.00 | 0.966 | 0.643 | 689 | 35.1 | 3.51 | 085 1.74 172 | 870. | 207. | 295.
3.00 | 0.049 | 0.632 | 1524 | 782 | 521 | 1.24 257 253 | 415. | 96. | 139
400 | 0.933 | 0.622 | 266.5 | 137.8 | 6.88 | 1.60 338 331 | 250. | 56. | 82. |
500 | 0.018 | 0.612 | 409.6 | 2135 | 853 | 195 4.16 406 | 171. | 38. | 56.
6.00 | 0.903 | 0.603 | 580.3 | 3049 | 10.14 | 2.28 493 478 | 127. | 27. | 4l.
7.00 | 0.880 | 0.594 | 777.3 | 4115 | 11.72 | 2.59 5.67 548 | 100. | 21. | 32.
8.00 | 0.875 | 0.585 | 999.4 | 5330 | 1327 | 2.89 6.39 6.14 | 82. | 17. | 25.

[Taser : k= 2.330 ¢V \ = 532.1 nm |

E a o kmaz ke | AP | <Ai> | V<AI> | <Ai> | t1 | tp | te
(GeV) (barn) | (MeV) | MeV) | (%) (%) (%) (%) s | & | (®
L 1.00 | 0.966 | 0.643 345 17.5 3,51 0.85 1.74 1.72 870. | 207. | 295.
[ 2.00 | 0933 | 0.622 [ 133.2 68.9 6.88 1.60 3.38 3.31 250. | 56. 82.
3.00 | 0903 | 0.603 | 290.1 152.4 | 10.14 2.28 493 4.78 127. | 27. 41.
400 | 0875 0.585 | 499.7 | 266.5 | 13.27 2.89 6.39 6.14 82. 17. | 25.
L 5.00 | 0.849 | 0.569 | 757.1 409.6 | 16.27 343 7.78 7.40 60. 12. 18.
| 6.00 | 0.824 | 0.554 | 1058.2 | 580.3 | 19.16 391 9.09 8.55 47. ] 9. 14. ]
[ 7.00 | 0.800 | 0.540 | 1399.2 | 7773 | 2194 4.33 10.33 9.61 40. 7. 11.
[ 8.00 | 0.778 | 0.527 | 1776.8 | 999.4 | 24.60 4.70 11.51 10.58 34, 6 10.
I Laser: k=5.000eV A = 248.0 nm |
E a o kmaz ko AT | < A > \/<71‘; <A >e tr ip | tg
(GeV) (barn) | (MeV) | MeV) | (%) (%) (%) (%) () | () | ®
1.00 { 0929 | 0.619 71.1 36.9 7.37 1.71 3.61 353 221. | 50. | 73.
2.00 | 0.867 | 0.580 | 265.7 1423 | 14.16 3.05 6.81 6.52 74. | 15. | 23.
300 (0813} 0548 | 560.5 | 309.1 | 20.39 4.10 9.64 9.03 44, 8 13.
L 400 | 0.765 | 0.520 | 9380 j 5313 | 26.11 4.89 12.16 [ 11.11 32. | 5 9. |
L 5,00 | 0723 | 0.495 | 1384.5 | 803.5 | 31.33 5.49 14.40 12.84 27. 4. 1.
L 6.00 | 0685 | 0.474 | 1889.0 | 1121.0 | 36.11 591 16.39 14.25 24, 3. 6.
L 7.00 | 0.651 | 0.455 | 2443.0 | 1479.7 | 40.47 6.19 18.17 15.39 23. 3 5. ,
L 8.00 | 0.620 | 0.438 | 30393 | 1876.1 | 44.46 6.36 19.76 16.31 23. | 2 5.

Table 2: Cross section, kinematic parameters, maximal asymmetry, mean asymmetries (< A; >,
< A? >%5, < EA; >/< E > )and needed time to obtain an accuracy AP, | P, = 1% on the electron
polarization. For a luminosity L = 1. ubarn~'s~1, an electron polarization P, = 50%, a Laser
polarization P, = 100% and with an energy threshold p.;» = 0. For different electron beam energies
E and for a LASER of k = 1.16 €V (up, IR NdYAG), k = 2.33 €V (middle, Green Argon) and k =
5.0 eV (down, UV KrF)
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3 Expected Luminosity , Choice of the Laser , Expected Counting
Rates

The needed time (Eq. 35,43,53) as well as the total number of events (Eq. 36,44,54) to achieve an
accuracy AP,/ Pe on the electron polarization depends, for a given incident e~ energy, on

¢ the unpolarized Compton cross section , i.e. the energy of the Laser;
¢ the mean longitudinal asymmetry , i.e. the energy of the Laser;

e the luminosity , i.e. the shapes of the electron and Laser beams and of the crossing angle o, of
the 2 beams.

In the previous section, we have studied the cross section and asymmetry evolution with the beam
parameters. We will now look at the luminosity for the interaction of the 2 beams with a crossing an-
gle o, in order to choose the Laser (see appendix B for more details on the extraction of the luminosity).

For standard continuous Laser (IR, NdYAG, A = 1064 nm, k = 1.16 eV or Green, Argon, A =
532 nm, k = 2.33 eV), the available power is poor ( ~ 1 W for Argon and for NdYAG), but they are
widely used system, cheap (200 kF) and very reliable. This low power makes the time needed for a 1
% measurement of the electron polarization high, even with a crossing angle a.=0. To decrease this
time, one can use

¢ a high Power Laser emitting at higher energy (to get an higher asymmetry) such as a pulsed
Excimer 80 W (UV, KrF, A = 248 nm, k = 5 V) with an intensity I, = 10?° v/s. This kind
of Lasers are known to be very expensive (at least 150 k$ ~ 800 kF), difficult to run and not
reliable. One would then need to install the Laser in an accessible room (outside beam region)
and setup a transport for the Laser light.

¢ a standard continuous Laser coupled with an amplification optical cavity. So one can avoid the
Laser beam transportation problem. This elegant solution was presented for 4 beam by B. No-
rum et al. [12]. The Laser is trapped in a cavity made of 2 highly reflective mirrors. To protect

. the cavity mirrors against the electron beam, a small crossing angle a. ~ 20 mrad is necessary
in this case.

A comparison of these 2 solutions will show that similar results can be expected leading to the
choice of the safer second one.

3.1 General beam shape

The beam density in the beam frame (z, y, z where z is along the beam axis) is taken as the product of
two normalized gaussians in z and y with a normalisation factor N,

plz,y,2) = No (_2?10—3 i (_57{;(7)» (T/ﬁ@ - (WUEI:(Z)) ) (56)

where 0-(2) and 0, (2) are the z and y beam sizes at z.
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Figure 8: Beam shape. Waist d, angular divergence ¢ and Rayleigh range Zp, .

The evolution along z of these beam extensions is characterized (Fig. 8) by the waist beam size
and the angular divergence ¢ (parametrized by the Rayleigh range 7)
22
024°(2) = 02,4°(0) (1- +7 2) - (57)
. Ty
So that the waist size and the asymptotic angular divergence are
d(0) = 25(0),
tan(e) = o(0)/Z. (58)

The normalization factor N, for the Laser beam (power Pr, and wavelength ) is deduced from :
dNy, P, No [[[pydzdzdy Noy [ dz _ Npycdi

dt ~ hv dt - @ = Nove
so we have :
P P A
Nm_huc— he’ (59)
The normalization factor N, for the electron beam (intensity /.) is deduced from :
%_é_ Noe fffp,dzd:tdy _ NOef dz _ Noe cdt — Nec
dt e dt - dt =T S
so we have:
I
NOe = ;. (60)

We will assume now that

e the electron and Laser beam are focussed on the same point taken as the origin of the reference
system,

o the electron and Laser beam are symmetric in z and y i.e.

0(2) = 0,(2) = & (1. + —g;)
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3.2 Luminosity and interaction length

The total luminosity for the interaction of the Laser and the electron beams is

L=[[] vepepydzdody 1)

where v,., the relative velocity of the two beams, is v,y = ¢(1 + cos(a.)) with a, crossing angle
and p., p- are the electron and Laser beam’s densities (see appendix B).

3.2.1 Luminesity for zero crossing angle

In the case of zero crossing angle, we have the following characteristics :

1. Differential luminosity given by

dl:o_ _£ P A l 1
w8 e (@ @)

dCo _I. PLA 1 1

dz e he o« (03+03)+z2(6,2+ee2). (62)

The differential luminosity depends on 4 parameters (., €., 0.y, €,). For constant beam emit-
tance £ = oe, the width of this distribution (related to the interaction length which will be de-
fined later) decreases when increasing the angular divergences.

2. Total luminesity given by

I. P A 1
Lo = Vrel Pe Py 2 dx dz = — )
o= ] weiee e k¢ @) +(@)+(2)(B) (&+2)
fo= & T2 - (63)

e +(06) + (e (0er) (B + )

The total luminosity depends only on 3 parameters : the emittance of the beams (€. = o.¢. , €, =
o.¢) and the beam shape matching (Z./Z.,).

3. Interaction length
Another interesting feature is the interaction length defined as the length containing a fraction <
of the total luminosity £, and given by

o2+ 02
m) Y (64)

LiM(k) =2 tan (—2—

As already mentioned for the differential luminosity, the interaction length decreases when in-
creasing the angular divergences and depends on 4 parameters.

35



A

4. Beam optimal matching
The maximum of luminosity £3'** is reached for Z, = Z,, i.e. by matching the electron and
Laser beam shapes.

mar __
L5 =

e 1 :
Ig P A with Ze= 27, (65)

hc? (0c€ + 0.€q)

Thus, the maximal luminosity for zero crossing angle is only limited by the emittance of
the Laser and electron beams. In this case the interaction length, which depends only on 2
parameters related either to the electron beam (o, , ¢.) or to the Laser beam (o, , ¢,), is fixed
by the relations

LiM(k) = 2 tan (521) Ze = 2tan (%) 71 = 2tan (%7[) Z.=2tan (E) Z,.
« “ (66)
3.2.2 Luminesity for non zero crossing angle

When the angular divergences of the electron and Laser beams are small wrt the crossing angle «., the
differential, total luminosity and interaction length can be approximated by

o Differential luminosity, Interaction length

Noe Noy 1 zp (_ 2z2%s51n% (. /2) )

2 1 g2 2 4 2
2r ol+ a2 L

dc ~ ¢ (1. + cos(a.))

dz 67

The differential luminosity distribution is gaussian, so the interaction length for x = 0.68 cor-

responding to +1¢ is
_ o2+ ol
Lim~o¥X 2 (68)

sin{a;)
Thus the interaction length is reduced by smaller beam spot sizes or by bigger crossing angle.
¢ Total luminosity

NoeNoy 1 1
Vor |\ [ol 4 a2 sin(ac)’

L ~c (1. + cos(a.))

o (tcos(ae)) e PA 1 1 69)

Vor e hc? /o2 + a2 sin(a.)

The total luminosity is reduced by bigger beam spot sizes or by bigger crossing angle. Thus a
high luminosity for non zero crossing angle depends on the ability to obtain small beam
spot sizes and small crossing angle.
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3.3 Choice of the Laser
3.3.1 Standard Laser , zero crossing angle
The maximal luminosity in this case is given by equation (65):

I Py 1
€

L™ = he? (o€ +0,¢,)

with Z.=12Z,.

The emittance of the electron beam of CEBAF is negligible (>~ 10~° m rad) in comparison with the
Laser emittance which is limited to A/4/= for a perfect Laser. Thus in thlS case the maximal emittance
is independent of the Laser wavelength and is given by

L =4n -i; ’%— =131.7 10¥*cm™%s7! (I(uA) PL(W))
= 131.7 barn~'s™' (I (pA) P (W)). (70)

For an electron intensity of 100 A and a Laser power of 1 W, we obtain a luminosity

L = 1.310% cm~2s~). In the best case (Argon Laser of power 0.5 W with emittance A/4/~, dif-
ferential method without energy threshold), the time needed for a 1% measurement of the electron
polarization at 4 GeV (Tab. 2 and 3) is greater than 43 mn. For a IR NdYAG Laser of 0.5 W, this
time increases to 144 mn (Tab. 4).

However, commercial Lasers have greater emittance ( at least a factor 1.5) than the limit we have
assumed and the Polarimeter is also expected to be used at lower current, especially for experiments
using polarized target. For I.=100 nA, a 1 % measurement becomes difficult (at least 30 days).

Moreover, the interaction length for the maximal luminosity is big and one has to expect a loss of
luminosity due to the limited experimental interaction length or due to the non optimal matching of the
2 beams. This point will be discussed more precisely in the next section about the high power Laser
solution.

In conclusion, a standard Laser is not a viable solution for the e~ beam energy and intensity
range to be covered at CEBAF. We have to increase the luminosity. This can be done by using either
a high Power Laser or a standard Laser coupled with an amplification cavity. We will now study these
2 possible solutions.
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| A=532.1nm I, =100.00uA P. =0.50W a,=0.0mrad |

€, = \4]r = 04234E-07 mrad, o.=1400um |
o, pm | 911. | 49. ]| 87. | 144. | 220. | 325. | 470. | 674. | 961. | 1371.
L barn—Ts~1 | 6433. | 2158. | 3482. | 4713. | 5555. | 6040. | 6292. | 6406. | 6432. | 6383.
I™ cm | 7211.| 62. | 125. | 250. | 500. | 1000. | 2000. | 4000. | 8000. | 16000.
Time mn | 43. | 129. | 80. | 59. | 50. | 46. | 44. | 43. | 43. | 44,
€ = \/4/m = 0.4234E-07 mrad, 0. =52.1 ym
o, pm 339. | 77. ] 115. | 166. | 238. | 339. | 484. | 694. | 1005. | 1490,
L barn-Ts-1 | 6433. | 5455. | 5985. | 6265. | 6395. | 6433. | 6395. | 6265. | 5985. | 5455.
I™ cm | 1000.| 62. | 125. | 250. | 500. | 1000. | 2000. | 4000. | 8000. | 16000.
Time mn | 43. | 51. | 46. | 44 | 43. | 43. | 43. | 44. | 46. | Sl

€, =2)/4/r =08469E-0T mrad, o, =1400pum |
o, pm | 1288.] 87. | 144. | 220. | 325. | 470. | 672. | 956. | 1358. | 1929.
L barn-Ts-1 | 3254. | 1741. | 2357. | 2779. | 3023. | 3153. | 3218. | 3247. | 3254. | 3241.
I™ ecm | 7211.| 63. | 125. | 250. | 500. | 1000. | 2000. | 4000. | 8000. | 16000.
Time mn | 85. | 160. | 118. | 100. | 92. | 88. | 86. | 86. | 85. | 86.
€, =2)/4/7 =08469E-0T mrad, o0, =52.1um
o, pm 480. | 114. | 166. | 237. | 338. | 480. | 682. | 970. | 1389. | 2011.
L barn-Ts—T | 3254. | 2995. | 3139. | 3211. | 3245. | 3254. | 3245. | 3211. | 3139. | 2995.
L™ cm | 1000.| 62. | 125. | 250. | 500. | 1000. | 2000. | 4000. | 8000. | 16000.
Time mn | 85. | 93. | 89. | 87. | 86. | 85. | 86. | 87. | 89. | 93.

Table 3: Luminosity, interaction length and needed time for a 1 % measurement of the electron
polarization with Green Argon continuous Laser (k = 2.33 eV') and for various Laser beam sizes.
Luminosities are given for an electron beam of intensity 100 uA and emittance 10~° m rad and for
a Laser beam of power 0.5 W and emittance \[4/7 or 2\/4/w. Interaction length is for k=0.683.
Needed time are given at 4 GeV using differential method with a zero energy threshold and assuming
an electron polarization of 50 %. Each table corresponds to a given Laser emittance and electron
beam spot size (nominal Cebaf value or size giving an interaction length of 10 m). The second column
gives then results for an optimal beam matching while the next ones are for some values of the Laser
beam spot size (corresponding to interaction length around 10 m).
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[/\ =1064.2nm I, =100.00uA Pr =0.50W a.=0.0 mrad]

€, = /47 = 08469507 mrad, _ 0.=1400,m |
gy pm 1288. | 87. 144. | 220. | 325. | 470. | 672. | 956. | 1358. | 1929.
L barn~1s7! | 6508. | 3482. | 4714. | 5558. | 6046. | 6306. | 6436. | 6495. | 6508. | 6483.
L™ em 7211. | 63. 125. | 250. | 500. | 1000. | 2000. | 4000. | 8000. | 16000.
Time mn 144. | 270. | 199. | 169. | 155. | 149. | 146. | 145. | 144, 145.
&y =AJ4/m = 0.8469E-07 mrad , g =52.1 um
O, pm 480. | 114. | 166. | 237. | 338. | 480. | 682. | 970. | 1389. | 2011.
L barn~1s~! | 6508. | 5991. | 6277. | 6423. | 6489. | 6508. | 6489. | 6423. [ 6277. | 5991.
L™ em 1000. | 62. 125. | 250. | 500. | 1000. | 2000. | 4000. | 8000. | 16000.
Time mn 144. | 157. | 150. | 146. | 145. | 144. | 145. | 146. | 150. 157.
E,=2)/4/m =0.1694E-06 m rad , o, =140.0 ym |
oy pm 1822. | 144. | 220. | 325. | 470. | 671. | 955. | 1355. { 1920. { 2721.
L barn=1s7! | 3273. | 2357. | 2779. | 3024. | 3155. | 3222. | 3255. | 3270. | 3273. | 3267.
L'™ em 7211. | 62. 125. | 250. | 500. | 1000. | 2000. | 4000. | 8000. | 16000.
Time mn 287. | 399. | 338. | 311. | 298. | 292. | 289. | 287. | 287. | 288.
&, =2)/4/m =0.1694E-06 m rad, O =52.1 yum
Oy um 679. | 166. | 237. | 337. | 479. | 679. | 962. | 1365. | 1942. | 2779.
L barn~1s71 | 3273. | 3140. | 3215. | 3252. | 3268. | 3273. | 3268. | 3252. | 3215. | 3140.
L™ cm 1000. | 62. 125. | 250. | 500. | 1000. | 2000. | 4000. | 8000. | 16000.
Time mn 287. | 299. | 292. | 289. | 288. | 287. | 288. | 289. | 292. | 299.

Table 4: Luminosity, interaction length and needed time for a 1 % measurement of the electron
polarization with IR NdYAG continuous Laser (k = 1.16 €V) and for various Laser beam sizes.
Luminosities are given for an electron beam of intensity 100 uA and emittance 10~° m rad and for
a Laser beam of power 0.5 W and emittance \/4/m or 2\ /4/n. Interaction length is for k=0.683.
Needed time are given at 4 GeV using differential method with a zero energy threshold and assuming
an electron polarization of 50 %. Each table corresponds to a given Laser emittance and electron
beam spot size (nominal Cebaf value or size giving an interaction length of 10 m). The second column
gives then results for an optimal beam matching while the next ones are for some values of the Laser

beam spot size (corresponding to interaction length around 10 m).
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3.3.2 High power UV Laser, zero crossing angle
The maximal luminosity in this case is still given by equation (65) :

I. P A 1
e hc? (0.e+04¢)

L3 = with Ze=2,.

For a low electron intensity of 100 nA and a Laser power of 80 W, we have a luminosity of

L = 1.10% ¢m~2s~! assuming a perfect Laser of emittance A\/4/m. For the differential method with-
out energy threshold, the time needed for a 1% measurement of the electron polarization at 4 GeV (Tab.
2 and 5) is reasonable (~ 86 mn) even at this low electron beam current. This time can be considered
as a minimal time.

If commercial Lasers have emittance not too far from the limit A\/4/x, this Laser can be a good
solution. However , this perfect emittance seems more difficult to reach with an UV Laser than with a
Argon or NdYAG Laser due to the smaller wavelength. Furthermore this Laser requires a high power
UV beam transport system.

An other very difficult point is the matching between the electron and Laser beams in order to reach
the maximal luminosity. We recall here that the interaction length for the maximal luminosity depends
only on the shape of one beam (electron or Laser) while the shape of the other beam must be adapted
to fulfill the condition Z, = Z,. '

As seen in table (5), for an electron beam with a spot size of 140. um which is the expected nominal
CEBAF spot size at the Compton interaction point and with an emittance of 10~° m rad , the interac-
tion length for a perfect Laser and for the maximal luminosity is huge ( ~ 72 m). By decreasing the
Laser beam spot i.e. by increasing its angular divergence , we can reduce this interaction length to a
more realistic geometrical length (~ 10 m), but then the beam matching is not optimal , the luminosity
decreases according to equation (63) and the needed time increases to 98 mn (always at 100 n A). To
have an idea on the effect of the Laser emittance, we note that if the UV Laser had a worst emittance
of 2\ /4/m , then the time to get 1% error on P. with an interaction length of 10 m would increase to
179 mn.

To decrease the interaction length in the beam optimal matching conditions, we have to decrease the
electron beam spot size. For a given emittance, the interaction length varies as L™ ~ o2. If we would
have a focalisation of the electron beam to have an electron spot size of 52.1 um, the interaction length
for the maximal luminosity becomes 10 m. The needed time in this case is the minimal one (86 mn)
for a Laser with a perfect emittance and becomes 167 mn for a Laser with an emittance 2 times greater.

Such an interaction length assumes the alignment of the 2 beams on a length of 10 m i.e. a zero
crossing angle within 20 urad. On the other hand, it is not obvious that a zero crossing angle can be
easily achieved. Some optical elements must be in the electron beam, so we have to study synchrotron
radiation damage, protection against accidental electron beam damage. If a small crossing angle is
necessary, the needed time will be increased.



[ A=248.0nm I.=0.10uA P =80.00W a,=0.0 mraﬂ

£ =)4/x =0.1973E-07 mrad, o0, =1400,m |
o, pm 622. | 24. | 46. | 83. | 137.| 212. | 314. | 456. | 657. | 9417.
L barn~'s™! | 1003. | 175. | 326. | 535. | 736. | 876. | 956. | 994. | 1003. | 986.
L™ em 7211. | 62. | 125. | 250. [ 500. | 1000. | 2000. | 4000. | 8000. | 16000.
Time mn 86. | 489.|263.|160. 117. | 98. 90. 86. 86. 87.
€, =)/4/7=0.1973E-07 mrad,  o0.=521pm
o, pm 232. | 48. | 74. | 110. | 161. | 232. | 334. | 486. | 723. | 1128.
L barn~1s~! | 1003. | 709. | 860. | 947. | 990. | 1003. | 990. | 947. | 860. | 709.
L' em 1000. | 62. | 125. | 250. | 500. | 1000. | 2000. | 4000. | 8000. | 16000.
Time mn 86. | 121.100.| 91. | 87. | 86. 87. 91. 100. 121.
€, =2 7/4/n =03947TE-0Tmrad, o, = 140.0 ym
oy pm 880. | 46. | 83. | 137.|212. | 313. | 454. | 650. | 928. | 1325.
L barn~1s™! | 514. [ 163. | 267. | 368. | 439. | 480. | 502. | 511. | 514. | 509.
L™ cem 7211. | 63. [ 125. | 250. | 500. | 1000. | 2000. | 4000. | 8000. | 16000.
Time mn 167. | 526. | 321. 1 233.| 195.| 179. | 171. | 168. | 167. 168.
E,=2A/4/n =0.3947E-07 mrad , 0. =52.1 um
o, pm 328. | 74. | 110. | 160. | 229. | 328. | 468. | 671. | 974. | 1448.
L barn~'s™! | 514. | 431.| 476. | 499. | 511. | 514. | 511. | 499. | 476. | 431.
L' cm 1000. | 63. | 125. ] 250. | 500. | 1000. | 2000. | 4000. | 8000. | 16000.
Time mn 167. | 199. | 180. | 172. | 168. | 167. | 168. | 172. | 180. 199.

Table 5: Luminosity, interaction length and needed time for a 1 % measurement of the electron
polarization with UV KrF high power pulsed Laser (k = 5.0 V') and for various Laser beam sizes.
Luminosities are given for an electron beam of intensity 100 nA and emittance 10~° m rad and for
a Laser beam of power 80 W and emittance \[/4/n or 2\/4/=. Interaction length is for k=0.683.
Needed time are given at 4 GeV using differential method with a zero energy threshold and assuming
an electron polarization of 50 %. Each table corresponds to a given Laser emittance and electron
beam spot size (nominal Cebaf value or size giving an interaction length of 10 m). The second column
gives then results for an optimal beam matching while the next ones are for some values of the Laser

beam spot size (corresponding to interaction length around 10 m).
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333 Standard Laser with optical cavity , non zero crossing angle

A Fabry-Perrot optical cavity can be used to trap the Laser beam. As explained in section 8.1 and
appendix G, this is actually an optical resonator made of 2 highly reflective curved mirrors. The cavity
provides an amplification factor G on the luminosity. Some experiments on gravitational waves are
using currently optical cavity coupled with NdYAG Laser and values of the cavity gain G greater than
10000 have been obtained [13],[14],[15]. However, to protect the cavity mirrors against the electron
beam, a small crossing angle a. ~ 20 mrad is necessary.

¢ Dependence of the maximal expected luminosity as a function of the crossing angle. An
approximation for the luminosity in the case of non zero crossing angle of the 2 beams is given
by equation (69) :

re (1. + cos(a.)) _{i P A 1 1

V2 e hc? | [o24 g2 sin{a,)

If we can neglect the Laser spot size (0, << o.), we obtain the maximal luminosity at non zero
crossing angle for a cavity of gain G

[maz o, 2 !: PG i 1
* T Vor e het o, sin(al)’

(71)

Lmer ~ 836 10%*cm™2s7! (i L(pd) PL(W) G ) !

O a.(rad)
to be compared with the case at zero crossing angle for a perfect Laser (Eq. 70)
Lrer =131.7 10%em™%s™!  (I(uA) PL(W)) .

Thus in order to have greater luminosity at a crossing angle a. = 20 mrad thanata, = 0. mrad,
we must have a cavity gain G

131.7
8.36

ac(rad) UT =0.315 2=, 72)

@ )

For the nominal spot size of the CEBAF electron beam (0. = 140 um), this gives a needed gain
G = 41 (resp.G = 83, G = 178) for a Laser wavelength of 1064 nm (resp. 532 nm, 248 nm).
With a cavity gain G = 10000 , a 1 % measurement of the electron polarization at I, = 100
nA and 4 GeV requires 590 mn for a 0.5 W NdYAG Laser and 357 mn for a 0.5 W Argon
Laser. These times hold for the differential method with a zero energy threshold and an electron
polarization of 50 %. So a 1 % measurement appears feasible at low beam current with a standard
continuous Laser. At /. =100 A, these needed times are less than 1 mn. The interaction length
(Eq. 68) for negligible Laser spot size,

/2 2

. ot +o

Lint~2Y ° LD ML
Qe

sin{a,) ~ sin(a)’

is small (1.4 cm) in these conditions (electron spot size o, = 140 um and a. = 20 mrad).
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Figure 9: Beam shape inside a symmetric resonator. Spot sizes at waist do and at mirrors positions
dp/, and Rayleigh range Zp, .

¢ Laser Beam shape inside a symmetric cavity.
In the previous estimations, we have neglected the Laser and electron beam shape dependence.
More precisely, we have assumed that the angular divergences of the electron and Laser beams
were small compared to the crossing angle. We have also neglected the Laser spot size (0., <<
o.). The angular divergence of the electron beam is very small (< 100 urad). Here, we will
look at the effects of the spot size and of the angular divergence of the Laser beam.

The general Gaussian shape assumed (Eq. 56, 57 and Fig. 8) depends for beams symmetric in
z and y on 2 parameters for instance the size at the waist dy and the Rayleigh range Zg ( or the
angular divergence ¢).

If the Laser beam is trapped inside a cavity consisting of 2 curved mirrors M; and M; set up
facing each other (Fig. 9), these parameters are fixed by the cavity geometry : the length L and
the radii of the mirrors R, and R,. The beam shape parameters can be expressed in terms of the
resonator g; parameters (see section 8 and appendix G) defined as

g =1— —. (73)

43



A =1064.2nm L =1.0m |

g -0.999 | -0.990 | -0.980 | -0.970 | -0.960 | -0.950 | -0.940 | -0.930 | -0.920

a,(0) pum 30.8 54.8 65.2 72.3 77.8 82.3 86.3 89.8 93.0
o,(L/2) pm | 1376. | T75. 652. 590. 550. 521. 498. 480. 465.
Zr mm 11.2 35.4 50.3 61.7 71.4 80.1 87.9 95.2 | 102.1

€ mrad 2752 | 1.546 | 1.298 | 1.172 | 1.089 | 1.028 | 0.981 | 0.943 | 0911

A=0532.1nm L =1.0m |

g -0.999 | -0.990 | -0.980 | -0.970 | -0.960 | -0.950 | -0.940 | -0.930 | -0.920

a,(0) pm 21.8 38.7 46.1 51.1 55.0 58.2 61.0 63.5 65.7
oy(L/2) pm | 973. 548. 461. 417. 389. 368. 352. 339, 329.
Zr mm 11.2 354 50.3 61.7 71.4 80.1 87.9 95.2 | 102.1

¢ mrad 1946 | 1.093 | 0918 | 0.828 | 0.770 | 0.727 | 0.694 | 0.667 | 0.644

Table 6: Beam shape parameters. For a symmetric resonator of length L = I'm as a function of the
resonator g parameter for beams of wavelength A = 1064 nm and A\ = 532 nm.

For a symmetric resonator (R, = R; = Rie. g1 = g, = g), we have for the spot sizes at waist
do, the spot size at mirrors positions dy,/,, the Rayleigh range Zr and the angular divergence ¢ :

LXx [1 +¢g A A 1
4=z ai\T=g 5% G = LT g

L 1 +4 1 X2 J1 - g
2 V1 - g’ 2L 7 1 + ¢

Zp =

tan(e)? =

(s)

We are interested by small spot size at waist in order to maximize the luminosity (Eq. 69). As
seen from equation (74), this corresponds to value of the resonator g parameter close to -1. This
value is a limit to have a stable resonator (—1 < g < 1). Table (6) gives the beam shape pa-
rameters for various values of g in the range [-1.,-0.92] and for a cavity of length L=1m. Laser
beam spot size less than 100 um can be obtained in this range of g. The angular divergence are
closed to 1 mrad to be compared to the crossing angle a. = 20 mrad. So small corrections
(< 10%) to the luminosity must be expected.

The spot size on the mirrors for g=-0.95 is close to 0.5 mm. So we can use mirrors of diame-
ter 7 mm. With a safety distance from the electron beam of 6.5 mm, this gives the considered
crossing angle a, = 20 mrad.

Luminosity and Needed time.

Table (7) gives the luminosity and the time needed for a 1 % measurement of the electron polar-
ization for various values of g in the range [-1.,-0.92]. These numbers confirm the first estimation
where the Laser beam spot size had been neglected. So the conclusion on the feasibility of a 1
% measurement of the electron polarization at /=100 n A remains valid.



| A =1064.2nm [, =0.10uA P, =0.50W G =10000. a. = 20.0mrad |

o.=1400 pum |
g -0.999 | -0.990 | -0.980 | -0.970 | -0.960 | -0.950 { -0.940 | -0.930 | -0.920
o, pum 308 | 548 | 652 | 723 | 778 | 823 8.3 | 89.8 | 93.0
L barn~1s71 | 1552. | 1480. | 1441. | 1412. | 1389. | 1370. | 1353. | 1338. | 1324.
L™ cm 1.43 1.50 1.54 | 1.58 1.60 1.62 164 | 1.66 1.68
Time mn 605. | 635. | 652. | 665. | 676. | 686. | 695. | 702. | 710.
e =52.1 pm
g -0.999 | -0.990 | -0.980 | -0.970 | -0.960 | -0.950 | -0.940 | -0.930 | -0.920
o, um 308 | 548 | 652 | 723 | 778 | 823 863 | 89.8 | 93.0
L barn~'s71 | 3675. | 2942. | 2664. | 2497. | 2376. | 2283. | 2207. | 2143. | 2087.
L'™ cm 0.61 0.76 | 084 | 0.89 | 094 | 0.97 1.01 1.04 | 1.07
Time mn 256. | 319. | 353. | 376. | 395. | 412. 426. | 439. | 450.

[A=5321nm [, =0.10uA P, =0.50W G =10000. a.=20.0mrad |

oe = 140.0 um ]

g -0.999 | -0.990 i -0.980 | -0.970 | -0.960 { -0.950 | -0.940 | -0.930 | -0.920

oy pm 21.8 38.7 46.1 51.1 55.0 58.2 61.0 63.5 65.7

L barn~1s~1 | 785. 766. 755. 746. 740. 734. 728. 724, 719.

L™ cm 1.42 1.45 1.47 1.49 1.50 1.52 1.53 1.54 1.55

Time mn 354. 363. 368. 372. 376. 379. 381. 384. 386.
0. =52.1 pum
g -0.999 | -0.990 | -0.980 | -0.970 | -0.960 { -0.950 | -0.940 | -0.930 | -0.920

o, pm 21.8 38.7 46.1 51.1 55.0 58.2 61.0 63.5 65.7

L barn~1s71 71 1969. | 1713. | 1598. | 1524. | 1468. | 1423. | 1386. | 1354. | 1326.

L™ cm 0.56 0.65 0.70 0.73 0.76 0.78 0.80 0.82 0.84

Time mn 141. 162. 174, 182. 189. 195. 200. 205. 210.

Table 7: Luminosity, interaction length and needed time for a 1 % measurement of the electron
polarization with standard continuous Laser k = 1.16 eV (IR NdYAG) and k = 2.33 eV (Green
Argon). Luminosities are given for an electron beam of intensity 100 n A, for a Laser beam of power
0.5 W trapped in a cavity of gain G =10000. Interaction length is for k=0.683. Needed time are given
at4 GeV using differential method with a zero energy threshold and assuming an electron polarization
of 50 %. Each table corresponds to a given electron beam spot size. The columns give results for some
values of the resonator g parameter.
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3.3.4 Conclusions on the choice of the laser

e Standard Laser coupled with an optical cavity: Green Argon vs NdYAG
Green Argon Laser and IR NdYAG Laser have the same power. For an Argon Laser, the mea-
sured asymmetry is higher by a factor 1.9 and the dynamics of the outgoing particles by a factor
2. Thus we may expect lower systematic errors and lower needed time.
However absorption and scattering on the mirrors increase with incident energy and the cav-
ity gain will be reduced for the Argon Laser. For instance experimental measurements on high
reflective A/4 multi layer dielectric mirrors, constructed by J.M Makowsky for the VIRGO ex-
periment show a loss of gain of 26 % between 633 nm and 1064 nm. But the main advantage
of the commercial solid NdYAG Laser is to allow a slow frequency modulation by a thermal
system and a fast one by a piezo. The feedback mechanism between the cavity and the Laser
becomes easier to be realized (see section 8 and appendix G).
Finally, the NdYAG Laser seems the safer solution. Such systems (Laser of 0.5 W coupled with
a cavity of length 1 m with a resonator parameter g=-0.95) exists and give currently a gain of
10000.

e NAYAG Laser coupled with an optical cavity vs high power UV Laser
If we compare the needed time for these 2 solutions (Tab. 7 and 5), we found at I, = 100 nA
and g, = 100 um

— 98 mn for a UV Laser of power P;, = 80 W and for a perfect emittance. This time corre-
sponds to an interaction length (x = 0.68) of 10 m.
If the geometric interaction length is limited to this value, the real time will be 98/.68 =
144 mn. This time may be consider as the minimal time for this method. It needs a per-
fect alignment of the 2 beams and a perfect emittance for a high power Laser. Commercial
Lasers have an emittance far from the perfect emittance (for instance 8*.9 mm mrad for
the LUMONICS 80 W pulsed excimer KrF Laser i.e. 300 times the perfect emittance) so
more realistic time seems to be greater than 100000 mn.

- 686 mn for a IR Laser of power P, = 0.5 W with a cavity of gain G=10000 and a res-
onator g parameter g=-0.95.
This time may be consider as the maximal time for this method. Lasers of 0.7 W are now
available. We can hope to build a cavity with a resonator g parameter closer to -1, to in-
crease the cavity length to 1.5 m which allow to decrease the crossing angle or to obtain
higher cavity gain. Time of the order of 300 mn does not seem out of reach.

We can consider that the needed time for the 2 solutions are close only if UV Lasers can have
an emittance close to the perfect limit. Furthermore a smaller electron beam spot size is more
efficient for the second solution than for the UV solution. For a zero crossing angle (UV solu-
tion), the luminosity is limited by the Laser emittance and the smaller spot size is only used to
reduce the interaction length.

Concerning the systematic errors, the measured asymmetry for an UV Laser is higher by a fac-
tor 3.6. Thus we may expect lower systematic errors due to higher asymmetry. However these
Lasers are pulsed with very high peak intensity so we have to perform only integrated measure-
ment where the systematic errors are greater than in an “event by event” measurement.

The dynamics of the outgoing particles is higher by a factor 4 for the UV Laser, allowing better
resolution in the electron and photon detector. The interaction length of 10 m will reduce this
advantage for the electron detector the only one where the differential method is possible in case
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of high rates. For the photon detector, the better resolution is not used since we had to perform
the energy weighted method.

Conclusion.

The NdYAG Laser seems the safer solution since such systems (Laser of 0.5 W coupled with
a cavity of length 1 m with a resonator parameter g=-0.95) exists or are under development in
several experiments.

The Argon Laser could be used if systematic errors had to be reduced or if the dynamics of the
outgoing particle had to be increased (energy resolution, background and energy threshold in
the photon detector, energy threshold in the electron detector). The main problem will be then
the feedback mechanism between the Laser and the cavity.

The high power UV Laser does not give better results than the NdYAG even with an emittance
close to the perfect limit. Moreover commercial Laser are far from this limit (by at least a factor
100) and presents some major inconvenients (reliability, safety, difficulty to run, beam trans-
port).
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3.4 Expected Counting Rates

In this section, we give the counting rate, needed time and number of events for the proposed setup of
the Compton Polarimeter (standard IR NdYAG Laser with optical cavity). We give also the results for
a green Laser since tunable frequency doubled NdYAG Laser are available with lower power.

The electron beam of intensity /. = 100 A and polarization P, = 50 % crosses the Laser beam with
a crossing angle a. = 20 mrad and a spot size g, = 140 um.

The Laser beam of power Pp, = 0.5 W and polarization P, = 100 % is trapped inside an optical
cavity of length L = 1 m having a resonator g parameter g = -0.95. The Laser spot size is 0., = 82 um.
The cavity gain G increases the luminosity £ by a factor G = 10000.

The differential counting rate, depending on the luminosity £ and on the differential unpolarized
cross section do/dp (Eq. 22 and Fig. 5) is given by

dN do

where p = k'/k,_,_ is the scattered v energy normalized to the maximal energy.
For a zero energy threshold, we obtain the total counting rate
dN
-Et— =L o y (77)

where ¢ is the total unpolarized cross section (Eq. 23 and Fig. 6).

We recall the approximated formula for the luminosity £ used up to now (Eq. 69) to see the vari-
ation with the experimental parameters. In this equation, the angular divergences of the Laser and
electron beams have been neglected. In the results presented here, the luminosity £ has been exactly
integrated .

2 I PG A 1
V2r e het [521 02 sin(ac)’
where the variation of the Laser beam size 0., with the cavity parameters is

2= X JLF9
7 2 47 V1 - ¢

L~

The needed time for a 1 % measurement of the electron polarization has the general form
1 1
2 2
£ (4%)" P2pz Amen
where, according to the method ( differential,integrated,energy weighted), the mean longitudinal asym-
metry AZ _,, stands for

L , (78)
g

tmeth

2 . < EAI >2

<At> . < A>
! ! < E?>

The number of events needed for a 1 % measurement of the electron polarization is obtained
from

N = £ tmeth g . (79)
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A =1064.2nm Pp =0.5W G =10000. g=-0.950 o, =82.3um P, =100.0% |
I. = 100.000A o, =140.0um P. =50.0% a. = 20.0mrad
E GeV 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
L pbarn~'s71' 137211372 1372|1372 | 1.372 | 1.372 | 1.372 | 1.372
o barn 0.654 | 0.643 | 0.632 | 0.622 | 0.612 | 0.603 | 0.594 | 0.585
rate Khz 896.5 | 881.3 | 866.8 | 852.9 | 839.5 | 826.7 | 814.4 | 802.6
\/ <A?> % |0.880 | 1.736 | 2.567 | 3.376 | 4.163 | 4.928 | 5.671 | 6.394
Time s 576.2 [ 150.6 | 700 | 41.1 | 275 199 | 152 | 122
Events 10° |516.6 | 1328 | 60.7 | 35.1 | 23.1 | 164 | 124 | 9.8

A=532.1nm P =05W G =10000. g=-0.950 o,=>582um P,=100.0% J

I, = 100.00uA o, =140.0um P. =50.0% a.= 20.0mrad
E GeV 1.0 2.0 3.0 4.0 50 6.0 7.0 8.0

L pbarn~'s~' | 0.734 | 0.734 | 0.734 | 0.734 | 0.734 | 0.734 | 0.734 | 0.734

o barn 0.643 | 0.622 | 0.603 | 0.585 | 0.569 | 0.554 | 0.540 | 0.527

rate Khz 471.7 | 456.5 | 442.5 | 429.6 | 417.7 | 406.6 | 396.3 | 386.7

3/ <A?> % | 1736 }3.376 | 4928 | 6.394 | 7.781 | 9.092 | 10.333 | 11.506
Time s 2815 | 76.8 | 37.2 | 227 | 15,7 | 11.8 9.4 7.7
Events 10° | 132.8 | 35.1 16.4 9.8 6.6 4.8 3.7 3.0

Table 8: Luminosity, total cross section, counting rate, mean asymmetry, needed time and number
of events for a 1 % measurement of the electron polarization with standard continuous Laser k =
1.16 eV (IR) and k = 2.33 eV (Green) coupled with an optical cavity. Luminosities and counting
rate are given for an electron beam of intensity 100 uA and of beam spot size 140 um and for a Laser
beam of power 0.5 W and of beam spot size 82 um. The gain of the cavity is G=10000. Needed time
and number of events are given for the differential method with a zero energy threshold and for electron
and photon polarizations of 50 % and 100 %.

We present in table (8) the expected counting rate and needed time for a 1 % measurement of the
electron polarization as a function of the Laser and electron beam energies. These numbers hold for
the differential method with a zero energy threshold. Counting rates are typically 850 kH z at the
maximum electron beam intensity for a IR Laser. Needed time varies from 12 s at 8 GeV to 517 s at
1 GeV.

With a non zero energy threshold, the counting rates are reduced in the ratio o;/c where oy is
the differential unpolarized cross section integrated from the energy threshold to the maximum energy
(Fig. 7). Table (9) gives values of this ratio for various energy threshold.

The number of events needed increase with the energy threshold like the square of the mean longitudi-
nal asymmetry (Fig. 7). Table (10) gives the variation of the mean longitudinal asymmetry for various
energy threshold.

The variation of the needed time with energy threshold depends on the 2 previous variations (cross
section and mean longitudinal asymmetry).

We plan to measure both the scattered photon or electron energy to increase the figure of merit of
our polarimeter (2 differential measurements with complementary detectors). The next sections will be
devoted to the presentation of the experimental setup : magnetic chicane, electron and photon detector,
optical cavity.
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A =1064.2nm a. = 20.0mrad j
E GeV 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
[ o barn 0.654 | 0.643 | 0.632 | 0.622 | 0.612 | 0.603 | 0.594 | 0.585

0:/0 pmin =0.00 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
o¢/o pmin =0.10 | 0.864 | 0.864 | 0.863 | 0.863 | 0.863 | 0.863 | 0.863 | 0.863
0:/0 pmin =020 | 0.751 | 0.751 | 0.750 | 0.750 | 0.749 | 0.749 | 0.749 | 0.748
o:/0 pmin =0.30 | 0.657 | 0.656 | 0.655 | 0.654 | 0.653 | 0.652 | 0.652 | 0.651
0:/0 pmin =0.40 | 0.575 | 0.573 | 0.572 | 0.571 | 0.569 | 0.568 | 0.567 | 0.566
0:/0 pmin =0.50 | 0.498 | 0.497 | 0.495 | 0.494 | 0.493 | 0.491 | 0.490 | 0.489
01/0 pmin =0.60 | 0.422 | 0.421 | 0.420 | 0.418 | 0.417 | 0.416 | 0.415 | 0.414
o¢/o pmin =0.70 | 0.341 | 0.340 | 0.339 | 0.338 | 0.337 | 0.336 | 0.335 | 0.334
o¢/0 pmin =0.80 | 0.247 | 0.247 | 0.246 | 0.246 | 0.245 | 0.245 | 0.244 | 0.244
0:/0 pmin =090 | 0.136 | 0.136 | 0.135 | 0.135 | 0.135 | 0.135 | 0.135 | 0.135

A =532.1nm a. = 20.0mrad ]
E GeV | 1.0 | 20 | 30 | 40 | 50 | 60 | 70 | 80 |
[ o barn ] 0.643]0.622]0.603 ] 0.585 [ 0.569 [ 0.554 | 0.540 | 0.527 |

0¢/0 pmin =0.00 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
ot/0 pmin =0.10 | 0.864 | 0.863 | 0.863 | 0.863 | 0.863 | 0.863 | 0.863 | 0.864
o:/0 pmin =020 | 0.751 | 0.750 | 0.749 | 0.748 | 0.748 | 0.748 | 0.747 | 0.747
01/ pmin =030 | 0.656 | 0.654 | 0.652 | 0.651 | 0.650 | 0.649 | 0.648 | 0.648
0¢/0 pmin =0.40 | 0.573 | 0.571 | 0.568 | 0.566 | 0.565 | 0.563 | 0.562 | 0.561
01/0 pmin =0.50 | 0.497 | 0.494 | 0.491 | 0.489 | 0.487 | 0.486 | 0.484 | 0.483
01/0 pmin =0.60 | 0.421 | 0.418 | 0.416 | 0.414 | 0.412 | 0.410 | 0.409 | 0.408
oi/o pmin =0.70 | 0.340 | 0.338 | 0.336 | 0.334 | 0.333 | 0.331 | 0.330 | 0.329
0:/0 pmin =0.80 | 0.247 | 0.246 | 0.245 | 0.244 | 0.243 | 0.242 | 0.242 | 0.241
0¢/0 pmin =090 | 0.136 | 0.135 | 0.135 | 0.135 | 0.135 | 0.135 | 0.134 | 0.134

Table 9: Variation of the integrated cross section with the energy threshold p.... =k, . k. . o
is the total unpolarized cross section while o, is the differential unpolarized cross section integrated
from the energy threshold to the maximum energy.
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A =1064.2nm a. = 20.0mrad I

E GeV

1.0

20

3.0

4.0

5.0

6.0

7.0

8.0

<A,>=\/<A,2> %

0.880

1.736

2.567

3.376

4.163

4.928

5.671

6.394

< A; >y / < A > Pmin =0.00

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

<AI> [/ <A> pmin =010

1.075

1.075

1.075

1.075

1.075

1.075

1.075

1.075

<A >/ <A> pmin =020

1.148

1.148

1.148

1.149

1.149

1.149

1.150

1.150

<AI> [ <A > pmin =030

1.218

1.219

1.220

1.220

1.221

1.221

1.222

1.222

<A > [ <AI> Ppmin =040

1.294

1.295

1.296

1.297

1.298

1.298

1.299

1.299

<A > [ <A > Ppmin =050

1.387

1.388

1.390

1.390

1.391

1.392

1.393

1.393

<AI> /< A> pmin =060

1.503

1.505

1.507

1.508

1.510

1.511

1.512

1.513

<A > [ <A> Ppmin =070

1.636

1.639

1.643

1.646

1.649

1.652

1.654

1.657

<AI> /<A > pmin =080

1.772

1.778

1.784

1.789

1.794

1.799

1.804

1.808

<A >/ <A> Ppmin =090

1.899

1.907

1.915

1.923

1.930

1.938

1.945

1.951

A=532.1nm a.= 20.0mradJ

E GeV

110 [ 20 | 30

40 | 50

60 |

7.0

[ 80 |

<A >=,/<A?> %

1.736

3.376

4.928

6.394

7.781

9.092

10.333

11.506

<A >/ <AI> Ppmin =0.00

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

<A > /<A > pmin =010

1.075

1.075

1.075

1.075

1.075

1.075

1.075

1.075

<A > [ <A> pmin =020

1.148

1.149

1.149

1.150

1.150

1.150

1.150

1.150

<A >/ <AI> pmin =030

1.219

1.220

1.221

1.222

1.223

1.224

1.224

1.224

<AI> [/ <AI> Ppmin =040

1.295

1.297

1.298

1.299

1.300

1.301

1.301

1.301

<A >/ <AI> pmin =050

1.388

1.390

1.392

1.393

1.394

1.395

1.395

1.395

<A >/ <A> pmin =060

1.505

1.508

1.511

1513

1.515

1.516

1.517

1.517

<A> [ <A> Ppmin =070

1.639

1.646

1.652

1.657

1.661

1.664

1.667

1.669

<A > /<A > pmin =080

1.778

1.789

1.799

1.808

1.817

1.824

1.831

1.837

<A>/<A> pmin =090

1.907

1.923

1.938

1.951

1.964

1.977

1.988

1.999

Table 10: Variation of the mean asymmetry with the energy threshold p,,;, =

kl

min

/k,

mazx*

< A >is

the mean asymmetry for a zero energy threshold ( < A? >%° for the differential method) while < A; >,
is the mean asymmetry from the energy threshold to the maximum energy.
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4 The Proposed Experimental Setup

The Compton polarimeter will be installed in the region 2 of the tunnel of Hall A (-4l mto -25.5 m
from the Hall A target) i.e. on a total length of 15.5 m for the optical cavity and the magnetic chicane
(necessary to perform a non destructive measurement). The four major elements of the setup are

¢ A magnetic chicane (f Bdl = 0) made of 4 identical dipoles (Section 5).
The deviation is in the vertical plane (perpendicular to the arc bending plane) where the beam
spot size is expected to be smaller (in the arc bending plane, the spot size is increased by the
energy dispersion and the energy loss by synchrotron radiation). For symmetry reasons, the four
dipoles have the same magnetic field and thus the distance between the dipoles 1 and 2 and the
distance between the dipoles 3 and 4 must be equal. The distance between the dipoles 2 and 3
has to be minimal to increase the transverse deviation.

¢ A Laser and an optical cavity acting as a photon beam amplificator (Section 8).

The optical cavity will be installed between the dipoles 2 and 3. The crossing of the electron
and Laser beams can be tuned by varying the magnetic fields of the dipoles or with the help of
the beam corrector before dipole 1.

The 2 mirrors, distant of 1 m, lie on an optical table of size 1.5 m. The angle between the electron
beam axis and the mirrors axis will be a. = 20mrad. This angle is fixed by the mirror radius
(~ 4 mm) and a safety gap (~ 6 mm) to set the mirror out of the electron beam. The mirrors
are in the horizontal plane (perpendicular to the dipole 2 bending plane) in order to reduce the
synchrotron radiation. This also allows to run an experiment in a dispersive mode of the beam
transport without loss of luminosity at the Compton IP.

¢ A gamma detector located between the dipoles 3 and 4 (Section 6).
It will be set near the dipole 4 to have a transverse deviation sufficient to put the gamma detector
out of the electron beam. The distance from the dipole 4 is fixed by a safety gap (~ 30 ¢m) to
keep the detector out of the magnetic field of the dipole.

¢ An electron detector located between the dipoles 3 and 4 (Section 7).
This location, rather than after dipole 4, will reduce the synchrotron radiation. To have the max-
imal dispersion and so the minimal resolution, it will be set near the dipole 4. The distance from
the dipole 4 is fixed by the vertical size of the detector and by the vacuum pipe (Fig. 10).

Two beam position monitors between the dipoles 2 and 3 and one beam position monitor between
the dipoles 3 and 4 will be used to control the electron beam position in the magnetic chicane. The
two beam position monitors between the dipoles 2 and 3 have to be installed before and after the cav-
ity and will be used to control the focusing of the electron beam, to give the beam parameters at the
interaction point and to control the distances between the beam and the mirrors. The beam position
monitor between the dipoles 3 and 4 will be used to give the distance between the electron detector
and the electron beam.

The layout of the magnetic chicane is shown on figure (10) while the positioning of the critical
elements of the Compton polarimeter is given in table (11). A general layout of the setup is shown on
figures (11) and (12).

A comparison with a solution where the optical cavity would be before the first dipole of the mag-
netic chicane is done in the appendix F. This solution presents some major disadvantages but can be
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[ SET UP ELEMENT Z(m) Length(m) || X(cm) Y(cm) |

MAGNETIC CHICANE -33.2 15.1 0. 0.
Beam Corrector -41.66 0.2 0. 0.
Valve -41.05 0.1 0. 0.
Dipole 1 -40.25 1. 0. 0.

Dipole 2 -34.85 1. 0. -30.40

Dipole 3 -31.55 1. 0. -30.40
Dipole 4 -26.15 1. 0. 0.

OPTICAL CAVITY -33.2 2. 0. -30.40

BPM -34.05 0.2 0. -30.40

Mirror 1 -33.7 -1. -30.40

Mirror 2 -32.7 1. -30.40

BPM -32.35 0.2 0. -30.40

v DETECTOR -27.10 0.6 0. -30.40

Thick absorber || -27.375 0.05 0. -30.40

Thin absorber || -27.35125 { 0.0025 0. -30.40

Crystal -27.205 0.23 0. -30.40

e~ DETECTOR -27.45 0.20 0. [-6.82;-3.82]
BPM -27.65 0.2 0. -8.44

Table 11: Compton polarimeter positioning wrt Hall A target center.

an acceptable alternative if some points not yet studied (general beam line optics) makes the chosen
solution less attractive.

A resolution on the scattered Compton + energy k of about o(k)/kmaz < 10% is a common re-
quirement for the 2 detectors. We can use then an energy threshold and so improve the statistical pre-
cision on the electron polarization measurement (section 2.3). As we have to know the resolution of
the detector and to perform a good calibration (appendix E), the use of 2 detectors not sensitive to the
same parameters will be a powerful tool for an on-line monitoring. Furthermore we will see later that

the 2 detectors are complementary :

e The electron detector gives an intrinsic good resolution o(k)/kmaz < 3.0% for all incident
energies E and it is not too sensitive to the synchrotron radiation. But it has to be set out of the
beam so it can not detect high energy scattered electrons and so low energy Compton . This
detector can be used efficiently only for £ > 3 GeV. The resolution depends mainly on the
beam size and on the dispersion resolution while the calibration depends on the knowledge of
the beam position and of the resolution.

e The gamma detector can be used at low incident energy. But the synchrotronrate for £ > 6GeV
is high and it is not sure that this problem can be solved for these energies. The resolution for
low energy v can be high and in this case has to be precisely measured as well as the calibration.
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Figure 10: Proposed setup (Side View). From Left to right: dipoles D1 and D2 (1 m); Optical cavity
fed by the LASER with its 2 associated beam position monitors P (2 m); dipole D3 (1 m); electron and
7 detectors; dipole D4 (1 m). The gap between Dipole 1 and 2 or dipole 3 and 4 is 4.4 m. The gap
between Dipole 2 and 3 is 2.3 m. Solid lines are the nominal e~ beam trajectory with dipoles ON or
OFF. Dashed lines are a beam pipe of 5cm diameter.
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Figure 11: Proposed setup (Side View).

Figure 12: Proposed setup
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5 Magnetic Chicane

To allow for scattered photon and electron detection, a magnetic chicane consisting of 4 dipole magnets
with magnetic length L; running with a magnetic field B; will be used.

5.1 Beam translation
We note (Fig. 13)

e L, : magnet length of dipole ¢ ,
R; : Bending radius fordipole i :  R;(m) = p(GeV)/0.3/B;(T),

0; : bending angle for dipole::  sinf; = L;/R; ,

h; : horizontal deviation fordipolei: h; = R;(1 —cos¥;),

e D;; : drift between dipole : and dipole ; ,

e H;; : horizontal deviation between dipole ¢ and dipole 5 :  H;; = D;; tan¥;,
e d... : maximal horizontal deviation ,

o dy: : total horizontal deviation .

For beam optics reasons, we want a chicane as symmetrical as possible and at least with the same
first 2 dipoles D1 and D2 (i.e. L; = L) and with the same last 2 dipoles D3 and D4 (i.e. L3 = L)
running with the same magnetic fields i.e. B; = —B; and — B3 = B, (Fig. 13). In this case, we have
the following relations :

Ry =—Ry, Ry=—-Rs, (80)
sin01=—sin02=—f—2i-, sin04=—si1103=}"24 , (81)
hl = hz = Rl (1 — COS 01) , h3 = h4 = R3(1 — COS 03) ; (82)
H12 = Dn tan 01 y H34 = D34 tan 03 . (83)
dma:z: = hl + H12 + h2 - 2R1(1 — COS 01) + D12 tan 91 >~ Rlef + D1291 . (84)
So that:
B,
dma,:z: ~ 03? L1 (L1 + D12) . (85)

The setup that we propose in the tunnel of the Hall A consists of 4 identical magnets, with a mag-
netic length L; = 1 m. The total available length for the magnetic chicane is 15.1 m (15.5 m of the
Compton polarimeter region minus 0.4m for the external coils of dipoles1 and 4). We keep a distance
of 2.3 m between dipoles 2 and 3 for the optical cavity (i.e. D3 = 2.3 m). So the remaining drift
length are Dy; = D3, = 4.4 m. The magnet fields scale with incident energy up to 8 GeV where the
saturation field of 1.5 T is reached. This gives bending angles §; = 3.222 deg = 0.056 rad, bending
radii B; = 17.79 m, and transverse deviations h; = 2.81 cm and H,; = 24.77 ¢m. The maximal
deviation is then d,,,, = 30.40 cm (Tab. 12).
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Figure 13: Chicane geometry. h; is the deviation in each dipole with magnetic length L; and H;; is
the deviation between dipole i and j separated by a distance D;;.

[—Ll = L2-1.00 m I L3 = L4-1.00 m [ D12-4.40 m ” D23-2.30m I D34='4.40 m}

| E GeV || 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

B, =B, |Teslaj 019 | 037 | 056 | 0.75 | 094 | 1.12 | 1.31 | 1.50
Ri=R;| m 17.79 | 17.79 | 17.79 | 17.79 | 17.79 | 17.79 | 17.79 | 17.79
6, =0, | mrad || 56.24 | 56.24 | 56.24 | 56.24 | 56.24 | 56.24 | 56.24 | 56.24
hi=hy | cm || 2.81 | 2.81 | 2.81 | 2.81 | 2.81 | 2.81 | 2.81 | 2.81

B3 =B, |Tesla|| 0.19 | 037 | 056 | 0.75 | 094 | 1.12 | 131 | 150
R3=Rs| m 17.79 { 1779 | 17.79 | 17.79 | 17.79 | 17.79 | 17.79 | 17.79
03 =0, | mrad || 56.24 | 56.24 | 56.24 | 56.24 | 56.24 | 56.24 | 56.24 | 56.24
hs3=hy | cm | 2.81 | 2.81 | 2.81 | 2.81 | 2.81 | 2.81 | 2.81 | 2.81

Hy, cm || 24.77 | 24.77 | 24.77 | 24.77 | 24.77 | 24.77 | 24.77 | 24.77
Hs, cm || 24.77 | 24.77 | 24.77 | 24.77 | 24.77 | 24.77 | 24.77 | 24.77
dnaz cm || 30.40 | 30.40 | 30.40 | 30.40 | 30.40 | 30.40 | 30.40 | 30.40
diot cm | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
010t mrad | 0.00 | 0.00 | 0.00 { 0.00 | 0.00 | 0.00 [ 0.00 | 0.00

Table 12: Deviations in the magnetic chicane. For different beam energies and magnetic field. h; is
the deviation in each dipole, H;; is the deviation between dipole i and dipole j separated by a distance
D;j. dmaz is the maximal deviation. d is the total deviation.
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5.2 Magnet Specifications and associated requirements

The magnet and associated power supply specifications are given in appendix H.

5.2.1 Positioning

The deviation is in the vertical plane (perpendicular to the arc bending plane) where the beam spot size
is expected to be smaller (in the arc bending plane, the spot size is increased by the energy dispersion
and the energy loss by synchrotron radiation).

5.22 Magnetic Measurement

The 4 dipoles must have a total [ Bdl = 0 to perform a non destructive measurement. We plan to
measure the [ Bdl using the "moving wire” technique [16]. Dipole 1 will be used as reference, and
dipole 2, dipole 3 and dipole 4 will have tunable magnetic length. Each pair of dipole (1,2), (2,3) and
(3,4) will have their [ Bd! measured and the magnetic length will be adjusted so that [ Bdl = 0. The
four magnets will be fed in serie.

5.2.3 Power supply stability

The first requirement on the stability of the power supply of the dipoles is given by the required res-
olution on the electron detector. This effect is discussed in section 7.3 and leads to a required power
supply stability of ~ 4 10~*.

The second requirement comes from the general beam line stability. As the 4 dipoles will be fed
in serie and have a total [ Bdl = 0, this stability will be not affected by the power supply instability.

5.3 Beam line tuning

The detailed study of the beam line including the magnetic chicane will be done in close collaboration
with the CEBAF machine team. The points to be kept in mind for the optimization of the beam line
are the following.

e The beam spot size at the Compton interacting point must have ¢ < 100 um to match the laser
beam size. This acts on the luminosity.

e We have not added any quadrupoles for the focusing on the Compton interacting point. If it is
necessary, the set of quadrupoles must be before the first dipole or after the last one (if possible)
to keep the distance between the dipoles 2 and 3 minimum. Otherwise the bremsstrahlung rate
in the electron and gamma detectors and the synchrotron rate in the cavity mirrors and in the
gamma detector would be increased.

o For the tuning of the Laser and electron beams crossing between dipoles 2 and 3, we plan to use
the vertical beam corrector before dipole 1. The 2 meters needed for the optical cavity includes
the 2 associated beam position monitors.

e The beam position monitor before the electron detector is used to measure the distance between
the electron beam and the edge of the electron detector. It has to be as close as possible of this
detector. A beam position monitor integrated to the electron detector would be the best solution
allowing an accurate positioning of the electron beam and the edge of the electron detectors.
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5.4 Beam control and monitoring

¢ Beam crossing control.

The expected Laser size is 2 cm (20 mrad * 1 m ) in the horizontal plane and ~ 100 um in the
vertical one. As already mentioned, the crossing of the electron and Laser beam can be tuned
in the vertical plane by acting on the vertical beam corrector before dipole 1. In the horizontal
plane, we can use the horizontal beam corrector before dipole 1 to center the electron beam on
the center of the cavity. The horizontal angle must be close to O to keep a safety gap of ~ 6 mm
between the beam and the cavity mirrors.

The 2 beam position monitors before and after the cavity are used to control this horizontal
safety gap within 1 mm and the vertical beam crossing within a fraction of the beam spot
size.

¢ Beam line stability after the optical cavity.

One of the systematic effects in a measurement using the longitudinal electron polarization given
by the Compton polarimeter will be the change of polarization between the Compton interact-
ing point (where the polarization is measured) and the target interacting point. The magnetic
elements in this region (at least dipoles 3 and 4 of the chicane) will change the direction of po-
larization and then the longitudinal polarization. This effect will be discussed in section 11.4
and depends on the [ Bdl of these magnetic elements (or equivalently of the residual bending
angle 0,,) and of the ratio between transverse and longitudinal polarization. For a zero ratio, a
bending angle 8,, < 5 mrad ensures a relative systematic effect on the polarization of < 1 % up
to 8 GeV. For a very high ratio close to 1, this upper limit becomes 8,,, < 0.5 mrad. Therefore
we have to ensure a zero bending angle of all magnetic elements between the Compton and
target interacting points within 0.5 mrad.

The 2 beam position monitors before and after the cavity will give the beam direction at the
Compton interacting point. Others beam position monitors after the last magnetic element
before the target are required to give the beam direction at the target interacting point.

¢ Beam intensity and position stability.

The electron polarization is deduced from the experimental asymmetry of the number of Comp-
ton events with opposite Laser polarization. So we are not concerned by absolute measurement
of the beam intensity and position but only by their stability. In section 11.1.1, we will study the
systematic effects induced by the stability of the luminosity (not correlated with the Laser po-
larization reversals). The conclusions depend strongly (as f %) on the frequency f of the Laser
polarization reversal that we can achieve. Assuming a reversal frequency of f = 10 Hz, the
maximum relative variation of the luminosity per unit of time is dA./dt = 2.5 10~2 /s. Extract-
ing from the expression of the luminosity (Eq. 69) the terms depending on the electron beam

I,
L X —m———, (86)
Vo2 + 02
we obtain
dl dl., do. 1 1
dAr = & = Zeg 2 @87

= AL ® A, —5
L: Ic O, 1+§ 1 o_§

e

Thus the relative stability of the beam intensity and beam spot size must be %{ﬂ < 251072 /s
and ‘“ﬁt <5.1072 /s.
For a reversal frequency of f = 1 Hz, these upper limits are divided by a factor 10%/% ~ 30.
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[E | Gev | 10 | 20 | 30 | 40 | 50 6.0 70 | 80 |
Power | 10~ W [ 0.029 [ 0.456 | 2.310 | 7.300 | 17.822 | 36.955 | 68.464 | 116.797
N, 4.615 | 9.231 | 13.846 | 18.462 | 23.077 | 27.693 | 32.308 | 36.923
<e¢>| KeV |0.039 0308 1.041 | 2.468 | 4820 | 8329 | 13.226 | 19.743
dE | KeV |0.178 | 2.848 | 14.416 | 45.562 | 111.235 | 230.656 | 427.319 | 728.987
o(dE) | KeV | 0.172 | 1.927 | 7.995 | 21.955 | 47.828 | 90.556 | 155.810 | 248.251

Table 13: Characteristics of the synchrotron radiation in the magnetic chicane. Radiated power P,
mean number of radiated photons N.,, mean energy of the radiated photons < ¢ >, energy lost by the
incident electron dE and dispersion of the energy lost o(dE).

N T 1 IIIIIII T T L] lllrl] L 1 l"‘rl ] _l III'II 1 ] L] ¥ llll"l' T L) T Tllll‘ B
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Figure 14: Distribution of the synchrotron photon energy (KeV). For 1,2,3,4,6,8 GeV from left to

right

5.5 Energy loss by synchrotron radiation

Due to synchrotron radiation, the electron beam will loose energy in the magnetic chicane (See section
C.1) and its dispersion will be increased. For instance, at 4 GeV (resp. 8 GeV) and 0.75 T (resp.
1.5 T'), the total energy lost by synchrotron radiation in the chicane will be dE = 46 KeV + 22 KeV
(resp. 729 KeV + 248 KeV).

Table (13) gives the characteristics of the synchrotron radiation for an electron of energy E trav-
eling through 4 dipoles (length=1 m , magnetic field B). Figure (14) shows the energy distribution of
the radiated photons for different incident energies.
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rLl = L2=l.00m ” D12=4.40m “ DA, = 5.80m J

()\ = 1064.2nm_]
2.0

E GeV 10 | 20 [ 30 | 40 | 50 | 60 | 70 | 80
B Tesla || 0.187 | 0.375 | 0.562 | 0.750 | 0.937 | 1.125 | 1.312 | 1.500
[ kmee | MeV || 175 | 68.9 | 152.4] 266.5 | 409.6 | 580.3 | 777.3 | 999.4 |

ko MeV 88 | 35.1 | 782 | 137.8 | 213.5 | 304.9 | 411.5 | 533.0

Po ko/kmaz 0.504 | 0.509 | 0.513 | 0.517 | 0.521 | 0.525 | 0.529 | 0.533
romm | pni, = po || 2.964 | 1.482 | 0.988 | 0.741 | 0.593 | 0.494 | 0.423 | 0.370
re MM | pmin =0.10 || 8.970 | 4.524 | 3.042 | 2.301 | 1.856 | 1.559 | 1.347 | 1.188
T. MM | pmin =0.20 || 5.980 | 3.016 | 2.028 | 1.534 | 1.237 | 1.039 | 0.898 | 0.792
re MM | ppin =0.30 || 4.567 | 2.304 | 1.549 | 1.172 | 0.945 | 0.794 | 0.686 | 0.605
remm | p,., =0.40 || 3.662 | 1.847 | 1.242 | 0.939 | 0.758 | 0.637 | 0.550 | 0.485
remm | pni, =0.50 (| 2.990 | 1.508 | 1.014 | 0.767 | 0.619 | 0.520 | 0.449 | 0.396

Table 14: Photon detector collimator size r. (see text) as a function of the threshold energy.

6 Scattered photon Calorimeter

6.1 Setup

The photon detector will be located between dipoles 3 and 4 of the magnetic chicane near dipole 4
where the available transverse deviation of the beam is sufficient. A layout of the photon detector

setup is displayed on figure (15).

The energy k., of the Compton scattered photons decreases quickly when the photon scattering an-
gle 0., increases (Fig. 4). Then the high energy Compton photons (i.e. with p;, = K [kper = 0.1)
are emitted with small angles 8., < 2 mrad which gives a size for the Compton photons of r. < 1 cm
for a detector located at a distance D., ~ 5.80 m from the interacting point. This size, given in table
(14) for various incident energy and energy threshold is well below the transverse size needed to con-
tain the electromagnetic shower which is of the order of 3 or 4 Moliere radius i.e. > 10 cm for most
commonly used fully active calorimeter (Tab. 15).

A thick collimator, with a hole of radius r, = r. + 2mm for Compton photons, will be used to
protect the detector against synchrotron and low energy bremsstrahlung radiations. Indeed, the pho-
ton detector will be irradiated by a high flux of synchrotron photons emitted along a piece A® of the
electron trajectory in the dipoles 2 and 3 of the magnetic chicane (See Fig. 15). The thick collimator
reduce these synchrotron photons to an acceptable level (section 6.3).

Nevertheless the rate of synchrotron photons in front of the hole of the collimator corresponding to
the angle A8 of the figure (15) is high. A thin absorber of radius r., is used to decrease this background.

We will first list the specifications of the v detector leading to a fully active calorimeter. Then

we will look at the synchrotron rate since it is the main problem of the vy detector. This will fix the
thickness of the thin absorber. Finally we will study the bremsstrahlung background.
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[ | Nal(T) [ BGO | BAF; | CsI(Tl) | CsI | PbWO, | CeFy |
Density (g/cm®) 367 [7.13 ] 489 | 453 4.53 8.28 6.16
Radiation Length (cm) | 2.59 [ 1.12 | 2.05 1.85 1.85 0.85 1.68
Moliere radius (cm) 4.5 24 | 34 3.8 3.8 2.19 | 2.63
Decay time (ns)
Fast 250 | 300 | 0.7 1000 | 10,36 22,10 | 9

Slow 600 1000 39 32

Table 15: Properties of some inorganic scintillators

6.2 Photon detector specifications

The main requirements for the photon detector are :

e a high signal rate that we plan to reach (850 k H z for a cavity with G = 10000).

e a high rate of synchrotron radiation (section 6.3) which can limit the use of this detector for
incident electron energy £ > 6 GeV.

o the transverse size available, fixed by the magnetic chicane.

e the resolution on the energy measurement o (k)/kmq.. < 10% and which has to be known to 5%
(Appendix E.2.3).

e the energy calibration which has to be measured with a precision of 0.5% for the threshold and
1% for the slope (Appendix E.2.3).

The choice of the material and the size of the photon detector is still under study. We need a fully
active electromagnetic calorimeter with fast decay time and high radiation hardness. Among
available scintillators (Tab. 15), PbW O, [17] seems a good candidate apart may be the low light yield.

e The decay time allows to collect 85 % of the charge in 25 ns and makes PbW O, suitable for
high rate experiment.

e Tests of irradiation with gammas and neutrons show that the induced absorption length is small
wrt crystal length for exposure up to 2 Mrad [18] [19]. This crystal can be used in high radiation
environment. :

e Its short radiation length and small Moliere radius lead to a compact design.

e Tests performed at y energies in the range [0.5 : 2] GeV [20] gives a light yield which seems
sufficient for fulfill our resolution requirement. But we have to extend the tests of this crystal
at v energies in the range [10 : 1000] M eV before a definitive decision. Part of these tests are
dedicated to optimize the light collection (Appendix I) . Also are planned tests on Ce F3 which
can be an alternative solution.

e The temperature dependence of scintillation light yield is high -2 % per °C and requires a tem-
perature stabilisation and monitoring system for a precise calibration.

As there is no magnetic field, the photodetector will be a photomultiplicator. The dynamics of
the scattered « for a given incident energy is weak ~ 1 : 20 due to the energy threshold (p = 0.1)
defined by the collimator size. The positioning has to be made to 1 mm level.
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Figure 15: Useful angle AQ of the electron trajectory for the synchrotron radiation seen by the pho-
ton detector of radius r., at a distance d., from entrance of Dipole D3.

6.3 Synchrotron Background for the photon detector

The radiation to be considered here are the synchrotron photons emitted by the exit of dipole 2 and by
the entrance of dipole 3 of the magnetic chicane (B =0.75T at4GeVand L = 1m ).

The photon detector sees a piece Af of the e trajectory in the dipoles of the magnetic chicane
under an angle v» (angle between the bending plane and the observation point). So the synchrotron
radiation is given by equation (212) of appendix C. As the dimension of the gamma detector in the
plane perpendicular to the bending plane is large, the detector integrates over a large number of ¢y.
So we can use the spectral power density given by equation (217) of appendix C.

If d,, is the distance between the exit (entrance) of dipole 2 (3) and the upstream side of the v de-
tector with radius r.,, then we have (Fig. 15)

h=R(l —cosAf) ; = RsinAd,
where A8 is the angle of the electron trajectory of synchrotron radiation seen by the a photon detector

ry~h r,— R(1— cos Af)
L d,—RsinA#

tan(Af) =

At first order
Al ~ 2, (88)
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E B Ty Al P dn/dt <e€> Yy E/100ns
GeV| T cm [ mrad W st KeV GeV/100ns
1. 10.19 | 1.097 | 394 | 0.312E-03 | 0.504E+14 | 0.386E-01 | 0.400E+01 | 0.195E+00
2. 103710652 234 | 0.297E-02 | 0.600E+14 | 0.308E+00 | 0.476E+01 | 0.185E+01
3. 1056 0504 | 181 | 0.116E-01 | 0.696E+14 | 0.104E+01 | 0.552E+01 | 0.724E+01
4. [ 0.7510.430 | 1.54 | 0.313E-01 | 0.791E+14 | 0.247E+01 | 0.628E+01 | 0.195E+02
5. 109410386 | 1.38 | 0.685E-01 | 0.887E+14 | 0.482E+01 | 0.704E+01 | 0.427E+02
6. 1.12 | 0.356 | 1.28 | 0.131E+00 | 0.982E+14 | 0.833E+01 | 0.780E+01 | 0.818E+02
7. 1.31 | 0.335 ! 1.20 | 0.228E+00 | 0.108E+15 | 0.132E+02 | 0.855E+01 | 0.142E+03
8. 150 10319 | 1.14 [ 0.371E+00 | 0.117E+15 { 0.197E+02 | 0.931E+01 | 0.232E+03

Table 16: Synchrotron radiation without absorber. For various beam energies and magnetic field at
100 pA. The power and rate seen by the ~ detector located at d., = 695 cm from Dipole D2 exit and
d., = 465 cm from Dipole D3 entrance are given for a collimator radius r., i.e. for AO . The column

Yy indicates the angular range seen by the detector.

E B To Ab P dr/dt <€e> Yy E/100ns
GeV| T cm | mrad W st KeV GeV/100ns
1. 10.1911.097{ 394 | 0.271-131 | 0.130-116 | 0.130E+02 | 0.400E+01 | 0.169-128
2. 10370652 234 | 0.242E-32 | 0.284E-18 | 0.532E+02 | 0.476E+01 | 0.151E-29
3. 10.56 0504 | 1.81 | 0.106E-13 | 0.878E+00 | 0.752E+02 | 0.552E+01 | 0.660E-11
4, [0.7510.430 | 1.54 | 0.682E-08 | 0.521E+06 | 0.818E+02 | 0.628E+01 | 0.426E-05
5. 1094 0.386 | 1.38 | 0.107E-05 | 0.736E+08 | 0.909E+02 | 0.704E+01 | 0.669E-03
6. 1.12 | 0.356 | 1.28 | 0.400E-04 | 0.153E+10 | 0.163E+03 | 0.780E+01 | 0.250E-01
7. 1.31 | 0.335 | 1.20 | 0.791E-03 | 0.211E+11 | 0.234E+03 | 0.855E+01 | 0.494E+00
8. 1.50 | 0.319 | 1.14 | 0.636E-02 | 0.141E+12 | 0.281E+03 | 0.931E+01 | 0.397E+01

Table 17: Synchrotron radiation with a 2.5 mm lead absorber. For various beam energies and mag-
netic field at 100uA. The power and rate seen by the ~ detector located at d., = 695 cm from Dipole

D2 exit and d,, = 465 cm from Dipole D3 entrance are given for a collimator radius r., i.e. for A8 .
The column )~y indicates the angular range seen by the detector.

E B Ty Af P dr/dt <e> Py E/100ns
GeV| T cm | mrad w st KeV GeV/100ns
1. 10.191.097 | 394 | 0.359-211 | 0.546-197 | 0.410E+02 | 0.400E+01 | 0.224-208
2. 103710.652| 2.34 | 0.197E-47 | 0.152E-33 | 0.807E+02 | 0.476E+01 | 0.123E-44
3. 1056|0504 1.81 | 0.552E-22 | 0.402E-08 | 0.858E+02 | 0.552E+01 | 0.345E-19
4. 107510430 1.54 | 0.178E-15 | 0.101E-01 | 0.110E+03 | 0.628E+01 | 0.111E-12
5. (0940386 1.38 | 0.725E-10 | 0.173E+04 | 0.261E+03 | 0.704E+01 | 0.452E-07
6. 1.12 | 0.356 | 1.28 | 0.172E-06 | 0.341E+07 | 0.314E+03 | 0.780E+01 | 0.107E-03
7. 1.31 1 0.335 | 1.20 | 0.177E-04 | 0.306E+09 | 0.361E+03 | 0.855E+01 | 0.110E-01
8. 1.50 | 0.319 | 1.14 | 0.354E-03 | 0.539E+10 | 0.410E+03 | 0.931E+01 | 0.221E+00

Table 18: Synchrotron radiation with a 1 cm lead absorber. For various beam energies and magnetic

field at 100uA. The power and rate seen by the ~ detector located at d,, = 695 cm from Dipole D2
exit and d., = 465 cm from Dipole D3 entrance are given for a collimator radius r., i.e. for A8 . The
column ¥ indicates the angular range seen by the detector.
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Figure 16: Photon total cross section absorption in lead versus photon energy.

As a collimator we will use a 1 cm thick lead foil with a hole of r, at the entrance of the photon
detector. The hole radius vary with incident energy to match the Compton angular distribution and is
given in table (14). In front of this hole, the thin absorber will be a 2.5 mm lead foil. Absorption cross
section for lead is shown on figure (16).

Values of the number ‘;—’t‘ and mean energy < ¢ > of synchrotron photon corresponding to the power
P, are listed in tables (16),(17) and (18) for a hole radius r., corresponding to the useful angle A for
the 2 dipoles.

At 4 GeV, the 1 cm thick lead collimator will absorb almost all the synchrotron radiation (Tab. 16

and 18). One expects that 0.01 synchrotron photon per second with a mean energy of 0.1 MeV will
pass through the collimator.
In front of the 1 ¢m hole, the 2.5 mm lead foil will give a rate of 0.52 MHz of synchrotron photons with
a mean energy of 82 KeV (Tab. 17). For a gate of 7 = 100 ns, this gives 0.052 synchrotron photon
with energy close to 80 KeV. Compared with the Compton photons range: 0 < &’ < 500 MeV/, this
background is negligible. This 2.5 mm absorber gives an attenuation of 77 % for 100 MeV photons.

At 6 GeV, the 1 cm thick lead collimator will gives 3.4 MHz of synchrotron photons with a mean
energy of 0.31 MeV, i.e a deposited energy of 107 K'eV for a gate of 7 = 100 ns.
The 2.5 mm absorber would result in a 1.5 GHz synchrotron rate with 0.16 MeV photon energy. For a
7 = 100 ns gate, the photon detector will see 153 synchrotron photons with a total energy of 25 MeV.
This should be compared with the range for Compton photons: 0 < k' < 500 MeV'. It thus may be
necessary for the 6 GeV runs to use a thicker absorber, but then the attenuation for 200 MeV photon
increases ( 35 % for 1cm of lead).
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Figure 17: Synchrotron rate in the photon detector. For 100pA at 4 GeV (up) and 8 GeV (down) with
an lead absorber of thickness 0 mm (solid line), 2.5 mm (dashed line) and 10 mm (dotted line).

At 8 GeV, the 1 cm thick lead collimator will gives 5.4 GHz of synchrotron photons with a mean

energy of 0.41 MeV, i.e 539 photons for a gate of 7 = 100 ns (Total energy 221 MeV). We have to
increase the thickness of the collimator.
The 2.5 mm absorber would result in a 141 GHz synchrotron rate with 0.28 MeV photon energy. For
at = 100 ns gate, the photon detector will see 14100 synchrotron photons with a total energy of 3.97
GeV while the range for Compton photons is only: 0 < &' < 1 GeV. It thus may be also necessary
for the 8 GeV runs to use a 1 cm absorber.

Figure (17) gives the synchrotron rate at 4 and 8 GeV for a lead absorber thickness of 0, 2.5 and
10 mm.
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6.4 Bremsstrahlung for the photon detector

The bremsstrahlung seen by the photon detector is generated between the dipole 2 and 3 of the mag-
netic chicane. The useful length for bremsstrahlung is then of order L ~ 2.5 m. In this region, we
expect a vacuum of P = 1078 Torr.

Bremsstrahlung photons are emitted with angles # ~ 1/y = m/FE similar to Compton photons
(Appendix D.2). Then these photons are fully seen by the photon detector.

The thin absorber will cut the low energy (k' < 0.5 MeV) part of the spectrum. For computing the
bremsstrahlung rate, we have used the Tsai cross section (Appendix D.1) with a conservative threshold
of k, = 0.1 MeV.

Tables (19),(20),(21) and (22) give the full integrated rate and the rate integrated on the Compton
range as well as the mean energy deposited in a 100 ns gate. The rates are given for various thickness
of the thin absorber t;;, = 0., 2.5 and 10 mm. Table (19) is for a laser wavelength A = 1064 nm
(this gives the Compton range) and for a residual vacuum with amean Z of Z = 1 and a STP density
po = 0.09 g/[. Table (20) is for the same laser wavelength but for a residual vacuum with a mean Z of
Z = 6 and a STP density po = 1.08 g/!. Tables (21) and (22) are for a laser wavelength A = 532 nm.

For a NdYAG Laser (A = 1064 nm), in the worst case (£ = 8 GeV',Z = 6), the full integrated
rate is .52 kHz and the rate integrated on the Compton range is .45 kHz. These rates vary slowly
(less than a factor 2) with the incident energy E. This has to be compared with the Compton rate of
order 850 kHz (Tab. 8 fora G = 10000 cavity). The energy in a 100 ns gate varies from 0.1 KeV
for E =1GeV t04.9 KeV for E = 8 GeV and had to be compared with the mean Compton energy
9 MeV for E =1GeV tol GeV for E = 8 GeV (Tab. 1).

On figure (18), the expected Compton differential rate is compared with the bremsstrahlung rate
at 4 GeV and 8 GeV. A vacuum of 10~8 Torr would result in a weak bremsstrahlung contamination.
One sees that a higher threshold on photon energy would reduce this background. The variation of the
full integrated rate with the energy threshold is shown on figure (19) to be compared with the variation
of the Compton rate (Fig. 5 and Tab. 9).
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Figure 18: Differential Compton rate (solid line) and bremsstrahlung rate (dashed line). At 4 GeV
(Left)and 8 GeV (right)and 100u A. Bremsstrahlung rate is for 2.5 m vacuum at 1078 Torr. Compton
rate is for a Laser of power P = 0.5 W with a cavity of 1 m length and g = —0.95 and with a gain of
G = 10000.
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Figure 19: Integrated bremsstrahlung rate versus threshold. At 4 GeV and 8 GeV and at 100u A for
2.5 m vacuum at 1078 Torr.
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| A=10642nm | Z=1 [ {4, =0.00 cm | threshold = 0.100 MeV

EGeV) [ hmez(CeV) | (%)7(Kha) | dBiga(KeV) | (B2 (Kh2) | dEats(ReV)
1. 0.018 0.363E-01 0.297E+00 0.221E-01 0.740E-02
2. 0.069 0.394E-01 0.609E+00 0.278E-01 0.290E-01
3. 0.152 0.413E-01 0.924E+00 0.312E-01 0.637E-01
4, 0.266 0.425E-01 0.124E+01 0.335E-01 0.110E+00
5. 0.410 0.435E-01 0.156E+01 0.353E-01 0.169E+00
6. 0.580 0.443E-01 0.187E+01 0.367E-01 0.237E+00
7. 0.777 0.450E-01 0.219E+01 0.379E-01 0.316E+00
8. 0.999 0.455E-01 0.251E+01 0.389E-01 0.403E+00
[ A=10642nm | Z=1 | t., =0.25 cm | threshold = 0.100 MeV
E(GeV) | kmag(GeV) | (2)7/(Khz) | dE,,,(KeV) | (Z2) " (Khz) | dE;el (KeV)
‘ 1. 0.018 0.263E-01 0.221E+00 0.142E-01 0.630E-02
2. 0.069 0.286E-01 0.447E+00 0.189E-01 0.237E-01
3. 0.152 0.293E-01 0.673E+00 0.217E-01 0.503E-01
4, 0.266 0.308E-01 0.899E+00 0.243E-01 0.854E-01
5. 0.410 0.306E-01 0.113E+01 0.251E-01 0.128E+00
6. 0.580 0.314E-01 0.135E+01 0.255E-01 0.178E+00
7. 0.777 0.323E-01 0.158E+01 0.269E-01 0.235E+00
8. 0.999 0.329E-01 0.181E+01 0.282E-01 0.299E+00
| A=10642nm | Z=1 | ., = 1.00 cm | threshold = 0.100 MeV
E(GeV) | kmaz(GeV) | () (Khz) | dEi,, (KeV) | () °™*(Khz) | dEjg0s, (KeV)
1. 0.018 0.139E-01 0.922E-01 0.815E-02 0.407E-02
2. 0.069 0.148E-01 0.177E+00 0.104E-01 0.132E-01
3. 0.152 0.150E-01 0.261E+00 0.127E-01 0.252E-01
4, 0.266 0.157E-01 0.344E+00 0.133E-01 0.399E-01
5. 0.410 0.162E-01 0.427E+00 0.134E-01 0.570E-01
6. 0.580 0.158E-01 0.510E+00 0.143E-01 0.766E-01
7. 0.777 0.161E-01 0.593E+00 0.141E-01 0.985E-01
8. 0.999 0.165E-01 0.676E+00 0.147E-01 0.123E+00

Table 19: Bremsstrahlung radiation for a 1064 nm Laser. For various beam energies E and thick-
ness absorber tq;, at 100 A for a 2.5 m residual vacuum of 108 Torr (mean Z=1). The rate dn /dt
and the deposited energy in a 100 ns gate dE\pons are given for the total energy range and for the
Compton energy range. The threshold for the bremsstrahlung photons is also mentioned.
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| A =1064.2nm | Z =6 | 5, =0.00 cm | threshold = 0.100 MeV

E(GeV) | kmas(GeV) | ()" (Khz) | dETS, (KeV) | (2)7"°(Khz) | dE557; (KeV)
1. 0.018 0.603E+00 | 0.509E+01 0.363E+00 | 0.122E+00
2. 0.069 0.652E+00 | 0.103E+02 0.458E+00 | 0.477E+00
3. 0.152 0.681E+00 | 0.15S6E+02 | 0.513E+00 | 0.105E+01
4. 0.266 0.702E+00 | 0.208E+02 0.552E+00 | 0.182E+01
5. 0.410 0.718E+00 | 0.260E+02 | 0.581E+00 | 0.277E+01
6. 0.580 0.731E+00 | 0.313E+02 0.604E+00 | 0.390E+01
7. 0.777 0.742E+00 | 0.365E+02 0.624E+00 | 0.519E+01
8. 0.999 0.751E+00 | 0.418E+02 | 0.641E+00 | 0.663E+01

[ A=10642nm [ Z=6 | t,, = 0.25 cm | threshold = 0.100 MeV

E(GeV) | kmas(GeV) | (3)"'(Kh2) | dE{g,(KeV) [ (F)™*(Khz) | dE557 (KeV)
1. 0.018 0.417E+00 | 0.379E+01 0.233E+00 | 0.104E+00
2. 0.069 0.454E+00 | 0.756E+01 0.310E+00 | 0.390E+00
3. 0.152 0.475E+00 [ 0.113E+02 0.353E+00 | 0.828E+00
4. 0.266 0.490E+00 | 0.151E+02 0.381E+00 | 0.140E+01
5. 0.410 0.502E+00 | 0.188E+02 | 0.403E+00 | 0.211E+01
6. 0.580 0.511E+00 | 0.226E+02 | 0.420E+00 | 0.293E+01
7. 0.777 0.519E+00 | 0.263E+02 | 0.435E+00 | 0.387E+0l
8. 0.999 0.525E+00 | 0.301E+02 0.446E+00 | 0.491E+01

[ V=1064.2nm [ Z=6 ] t,,, = 1.00 cm | threshold = 0.100 MeV

E(GeV) | knax(GeV) | (3)°'(Khz) | dEG,,,(KeV) | (5)*"°(Khz) | dET5]; (KeV)
1. 0.018 0.219E+00 | 0.157E+01 0.132E+00 0.669E-01
2. 0.069 0.233E+00 | 0.299E+01 0.174E+00 [ 0.217E+00
3. 0.152 0.242E+00 | 0.438E+01 0.194E+00 | 0.415E+00
4. 0.266 0.247E+00 | 0.576E+01 0.205E+00 [ 0.656E+00
5. 0.410 0.252E+00 | 0.714E+01 0.214E+00 | 0.938E+00
6. 0.580 0.255E+00 | 0.851E+0l 0.221E+00 | 0.126E+01
7. 0.777 0.258E+00 | 0.988E+01 0.227E+00 | 0.162E+01
8. 0.999 0.260E+00 | 0.112E+02 0.231E+00 | 0.202E+01

Table 20: Bremsstrahlung radiation for a 1064 nm Laser. For various beam energies F and thick-
ness absorber t,5, at 100 pA for a 2.5 m residual vacuum of 1078 Torr (mean Z=6). The rate dn /dt
and the deposited energy in a 100 ns gate dEyoon, are given for the total energy range and for the
Compton energy range. The threshold for the bremsstrahlung photons is also mentioned.
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| A=532.1nm | Z=1 | {4, =0.00 cm | threshold = 0.100 MeV

E(GeV) | kmaz(GeV) | (F)*(Khz) | dET, (KeV) | (3)°"(Khz) | dEjg57. (KeV)
1. 0.034 0.363E-01 | 0.297E+00 0.249E-01 0.145E-01
2. 0.133 0.394E-01 | 0.609E+00 0.305E-01 0.552E-01
3. 0.290 0.413E-01 | 0.924E+00 0.337E-01 0.118E+00
4. 0.500 0.425E-01 | 0.124E+01 0.360E-01 0.201E+00
5. 0.757 0.435E-01 | 0.156E+01 0.376E-01 0.301E+00
6. 1.058 0.443E-01 | 0.187E+01 0.389E-01 0.417E+00
7. 1.399 0.450E-01 | 0.219E+01 0.400E-01 0.545E+00
8. 1.777 0.455E-01 | 0.251E+01 0.410E-01 0.686E+00

[A=532.1nm [ Z =1 [ t,, = 0.25 cm | threshold = 0.100 MeV

E(GeV) | kmaz(GeV) | (22)°/(Khz) | dEIG, (KeV) | (22)°"°(Khz) | dE§o2: (KeV)
1. 0.034 0.263E-01 | 0.221E+00 0.165E-01 0.121E-01
2. 0.133 0.286E-01 | 0.447E+00 0.221E-01 0.439E-01
3. 0.290 0.293E-01 | 0.673E+00 0.234E-01 0.913E-01
4. 0.500 0.308E-01 | 0.899E+00 0.260E-01 0.152E+00
5. 0.757 0.306E-01 | 0.113E+01 0.267E-01 0.225E+00
6. 1.058 0.314E-01 | 0.135E+01 0.283E-01 0.308E+00
7. 1.399 0.323E-01 | 0.158E+01 0.283E-01 0.401E+00
8. 1.777 0.329E-01 | 0.181E+01 0.296E-01 0.502E+00

[ A=5321nm | Z=1 | t,, = 1.00 cm | threshold = 0.100 MeV

E(GeV) | kmao(GeV) | (22)'(Khz) | dE,, (KeV) | (£2)°"9*(Khz) | dEjg0-, (KeV)
1. 0.034 0.139E-01 | 0.922E-01 0.924E-02 0.736E-02
2. 0.133 0.143E-01 | 0.177E+00 0.124E-01 0.224E-01
3. 0.290 0.150E-01 | 0.261E+00 0.135E-01 0.423E-01
4, 0.500 0.157E-01 | 0.344E+00 0.139E-01 0.664E-01
5. 0.757 0.162E-01 | 0.427E+00 0.140E-01 0.945E-01
6. 1.058 0.158E-01 | 0.510E+00 0.149E-01 0.126E+00
7. 1.399 0.161E-01 | 0.593E+00 0.145E-01 0.161E+00
8. 1.777 0.165E-01 | 0.676E+00 0.151E-01 0.199E+00

Table 21: Bremsstrahlung radiation for a 532 nm Laser. For various beam energies £ and thickness
absorber t,;, at 100y A for a 2.5 m residual vacuum of 102 Torr (mean Z=1). The rate dn/dt and
the deposited energy ina 100 ns gate d Fy oo, s are given for the total energy range and for the Compton
energy range. The threshold for the bremsstrahlung photons is also mentioned.
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| A=532.1nm | Z=6 | t,, = 0.00 cm | threshold = 0.100 MeV

E(GEV) | kmaz(GeV) | (22)°(Kh2) | dE5 (KeV) | (22)°9¢(Khz) | dE, 2 (KeV)
1. 0.034 0.603E+00 0.509E+01 0.410E+00 0.238E+00
2. 0.133 0.652E+00 0.103E+02 0.503E+00 0.908E+00
3. 0.290 0.681E+00 0.156E+02 0.556E+00 0.195E+01
4, 0.500 0.702E+00 0.208E+02 0.592E+00 0.332E+01
S. 0.757 0.718E+00 0.260E+02 0.620E+00 0.496E+01
6. 1.058 0.731E+00 0.313E+02 0.642E+00 0.686E+01
7. 1.399 0.742E+00 0.365E+02 0.660E+00 0.897E+01
8. 1.777 0.751E+00 0.418E+02 0.676E+00 0.113E+02

[ A=532.1nm | Z=6] tu, =0.25 cm | threshold = 0.100 MeV

E(GeV) | ks (GeV) | (2)7 (Khz) | dE gy, (KeV) | (Z) % (Khz) | dE 7 (KeV)
1. 0.034 0.417E+00 0.379E+01 0.271E+00 0.200E+00
2. 0.133 0.454E+00 0.756E+01 0.344E+00 0.723E+00
3. 0.290 0.475E+00 0.113E+02 0.384E+00 0.150E+01
4. 0.500 0.490E+00 0.151E+02 0.411E+00 0.251E+01
S. 0.757 0.502E+00 0.188E+02 0.431E+00 0.370E+01
6. 1.058 0.511E+00 0.226E+02 0.447E+00 0.508E+01
7. 1.399 0.519E+00 0.263E+02 0.460E+00 0.660E+01
8. 1.777 0.525E+00 0.301E+02 0.472E+00 0.827E+01

| A=532.1nm | Z=6 | ¢4, =1.00 cm | threshold = 0.100 MeV

E(GeV) | kmaz(GeV) | (3)*'(Khz) | dE,(KeV) | ()™ (Khz) | dE{ge,, (KeV)
1. 0.034 0.219E+00 0.157E+01 0.154E+00 0.121E+00
2. 0.133 0.233E+00 0.299E+01 0.189E+00 0.368E+00
3. 0.290 0.242E+00 0.438E+01 0.207E+00 0.696E+00
4. 0.500 0.247E+00 0.576E+01 0.217E+00 0.109E+01
5. 0.757 0.252E+00 0.714E+01 0.226E+00 0.156E+01
6. 1.058 0.255E+00 0.851E+01 0.231E+00 0.208E+01
7. 1.399 0.258E+00 0.988E+01 0.237E+00 0.265E+01
8. 1.777 0.260E+00 0.112E+02 0.241E+00 0.327E+01

Table 22: Bremsstrahlung radiation for a 532 nm Laser. For various beam energies E and thickness
absorber t,;, at 100u A for a 2.5 m residual vacuum of 10~ Torr (mean Z=1). The rate dn /dt and
the deposited energy ina 100 ns gate d Eyoon, are given for the total energy range and for the Compton
energy range. The threshold for the bremsstrahlung photons is also mentioned.
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7 Scattered electron detector

In a second step, in order to reduce the systematic error on the polarization measurement, we aim to
also determine the momentum of the scattered electron by measuring its deviation through the third
dipole magnet. This will be helpful at high energy, where the synchrotron rate seen by the photon
detector is very important.

7.1 Principle of the measurement

To reduce radiation damage from synchrotron radiation (Section 7.4), the detector will be located be-
tween dipole 3 and dipole 4. The final position (80 cm before dipole 4) is a compromise between the
maximum dispersion and the space left for the vacuum pipe to be used when the magnetic chicane is

not used.

Let L be the length of dipole 3 and [, the distance between the end of that dipole and the electron
detector (Fig. 20). For an electron with momentum p, the transverse deviation d at the electron
detector location is

d=R(1—cosf)+ [ . tan8, (89)
using
. 1 {0.3B(T)Ls(m) . _ p(GeV)
f = sin ( o(GeV) ) + Bm) = 03B - 0)

Electron trajectories for incident energy £ and for minimum Compton energy F..;. corresponding to
the maximum Compton - energy k.. are shown on figures (20) and (21) together with the location
of the proposed electron detector.

The electron detector must be kept out of the beam. A minimum safety gap d, = 5 mm seems
possible {done at the ALS : linear accelerator of Saclay). The corresponding energy E,,, will be the
maximal measured energy and fix the energy threshold on the scattered Compton ~.

To reduce the dependence of the electron energy measurement with the knowledge of the Dipole 3
Field map, it may be important to be able to measure the &/ point, i.e. to measure scattered electron
energy Ey corresponding to a zero asymmetry.

All these parameters (energies E, Eo, Er,in, and E,, and the corresponding deviations d, do, dmin
and d,,) are given in table (23).

To measure the gap between the electron beam and the electron detector, a beam position monitor

is necessary. It has to be closest of the electron detector.
Transverse deviations after dipole 4 are also given in table (23). The deviations d, and dj**" stand for

beam and minimum Compton energy.
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Figure 20: Scattered electron envelope at E. = 4 GeV . Trajectory for Beam energy (solid line) and

minimum scattered electron energy at k.,
Transverse deviation (cm) versus coordinate(m) along the beam axis starting at Dipole 3 entrance.
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Ls = Ls=1.00m D34=4.40 m
[. = 3.60m Gap d, = 5.0mm
[ X = 1064.2nm |
E GeV 1.0 20 3.0 40 5.0 6.0 7.0 8.0
B Tesla || 0.187 | 0375 | 0.562 | 0.750 | 0.937 | 1.125 | 1.312 | 1.500
Eq GeV || 0991 | 1965 | 2922 | 3.862 | 4.786 | 5.695 | 6.589 | 7.467
Erin GeV || 0982 | 1931 | 2.848 | 3.734 | 4.590 | 5.420 | 6.223 | 7.001
Egop GeV || 0979 | 1958 | 2937 | 3915 | 4894 | 5.873 | 6.852 | 7.831
d cm || -7.317 | -7.317 | -7.317 | -7.317 | -7.317 | -7.317 | -7.317 | -7.317
do cm || -7.110 | -6.904 | -6.697 | -6.490 | -6.284 | -6.077 | -5.871 | -5.664
dmin cm || -6.904 | -6.490 | -6.077 | -5.664 | -5.250 | -4.837 | -4.423 | -4.010
dgap cm || -6.817 | -6.817 | -6.817 | -6.817 | -6.817 | -6.817 | -6.817 | -6.817 |
[ dmin — dgap | cm || -0.087 | 0.326 | 0.740 | 1.153 | 1.566 | 1.980 | 2.393 | 2.807
rdo —dgap | cm [ -0.293 | -0.087 | 0.120 | 0.326 | 0.533 | 0.740 | 0.946 1.153J
dy cm || 0.000 | 0.000 | 0.000 ; 0.000 | 0.000 |} 0.000 | 0.000 | 0.000
apn cm 0544 | 1.088 | 1.632 | 2.177 | 2.721 | 3.265 | 3.810 | 4.355
[ A = 532.1 nm]
E GeV 1.0 2.0 3.0 40 50 6.0 7.0 8.0
B Tesla || 0.187 | 0375 { 0.562 { 0.750 | 0.937 | 1.125 | 1.312 | 1.500
Eq GeV || 0982 | 1931 | 2.848 | 3.734 | 4.590 | 5.420 | 6.223 | 7.001
Erin GeV || 0.966 | 1.867 | 2.710 | 3.500 | 4.243 | 4942 | 5.601 | 6.223
Eyap GeV || 0979 | 1958 | 2937 | 3915 | 4894 | 5873 | 6.852 | 7.831
d cm [ -7.317 | -7.317 | -7.317 | -7.317 | -7.317 | -7.317 | -7.317 | -7.317
do cm || -6.904 | -6.490 | -6.077 | -5.664 | -5.250 | -4.837 | -4.423 | -4.010
dmin cm || -6.490 | -5.664 | -4.837 | -4.010 | -3.182 | -2.355 | -1.527 | -0.698
dgap cm || -6.817|-6.817 | -6.817 | -6.817 | -6.817 | -6.817 | -6.817 | -6.817
Fim;,. —dgyep | cm | 0326 | 1.153 | 1.980 | 2.807 | 3.634 [ 4462 | 5.290 | 6.119 J
rdo — dgap cm || -0.087 | 0326 | 0.740 | 1.153 | 1.566 | 1.980 | 2.393 | 2.807
d4 cm || 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
apn cm 1.088 | 2.177 | 3.265 | 4355 | 5.444 | 6534 | 7.625 | 8.716

Table 23: Transverse deviations at electron detector location. For different beam energies E and
Laser wavelengths \. The transverse deviations for the incident energy E and for the minimum scat-
tered energy E..., are given by d and d,,;,,. The deviation dy stands for the scattered energy Eq where
the longitudinal asymmetry vanishes. The deviation dyop, = d + d, is the beam deviation with a se-
curity gap dg and corresponds to a scattered energy Egq,. The useful size of the detector is given by
dmin — dgap. The Ey point can be measured if dy — dg,p, is positive. After the dipole 4, the transverse
deviations for the incident energy E and for the minimum scattered energy E.,;,, are given by d, and

min
dmin,

76



‘ Lg = L4=1.00 m ” Dg4=4.40 mJ

| A = 1064.2nm [l = 3.60m | Gap d, = 5.0mm |

E GeV 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
kmaz MeV 17.5 68.9 | 152.4 | 266.5 | 409.6 | 580.3 | 777.3 | 999.4
B Tesla 0.187 | 0.375 | 0.562 | 0.750 | 0.937 | 1.125 | 1.312 | 1.500
[ Useful size cm -0.087 [ 0.326 | 0.740 | 1.153 | 1.566 | 1.980 | 2.393 | 2.807
<D> mm/% 2.408 | 2.450 | 2.492 | 2.535 | 2.577 | 2.620 | 2.662 | 2.705
<D> mm/MeV || 0.241 | 0.122 | 0.083 | 0.063 | 0.052 | 0.044 | 0.038 | 0.034

| 6k/k | %/mm | 23.692 ] 11.845 | 7.896 | 5.921 [ 4.737 | 3.947 | 3.383 | 2.960 |
[8d/(8B/B) | u/10~% [ 235.7 [ 239.9 [ 244.1[248.4]252.7 [ 257.1[261.5 [ 265.9 |

| A = 532.1nm || l. = 3.60m | Gap d; = 5.0mm |

E GeV 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
kmaz MeV 345 | 133.2]290.1 | 499.7 | 757.1 | 1058.2 | 1399.2 | 1776.8
B Tesla 0.187 | 0.375 | 0.562 | 0.750 | 0.937 | 1.125 | 1.312 | 1.500

| Useful size | cm 0.326 | 1.153 | 1.980 | 2.807 | 3.634 | 4.462 | 5.290 | 6.119 |

<D> mm/ % 2.450 | 2.5352.620 | 2.705 | 2.790 | 2.875 | 2.960 | 3.045
<D> mm/MeV || 0.245 | 0.127 | 0.087 | 0.068 | 0.056 | 0.048 | 0.042 | 0.038

[ ok/k %/mm || 11.845 | 5.921 | 3.947 | 2.960 | 2.367 | 1.972 | 1.690 | 1.479 |
[9d/(0B/B) | n/10~° || 239.9 | 248.4 | 257.1 | 265.9 | 274.9 | 2840 | 293.3 | 302.7 |

Table 24: Magnetic dispersion at electron detector location and energy resolution on the scattered
Compton photon. The mean dispersion < D > is given from d.,.;, to dgqp.

7.2 Proposed detector

The detector will consist of 3 planes of silicon strips (See Figure 22) in order to have a high efficiency
with a good rejection of accidental coincidences and non directional background.

The useful size of the electron detector d,,.;, — dyaqp is given in table (24). This size is maximal for
E = 8 GeV. Its value is 2.81 c¢m for the NdYAG Laser (A = 1064 nm) and 6.12 ¢m for the Argon
Laser (A = 532 nm). So a detector of 128 channels with a pitch of 250 um (size 3.2 ¢m) can be used
with the NdYAG Laser and a detector of 256 channels (size 6.4 ¢cm) with the Argon Laser. These sizes
are large enough to allow for a reduction of the safety gap d, if possible.

For a NdYAG Laser, the detector can be used only for electron incident energy above 1 GeV and cover
only the upper part of the energy range at 2 GeV'.

The k;, point can be measured if dy — d,,, is positive (Tab. 23). This is always the case with the Argon
Laser except at 1 GeV. For the NdYAG Laser, it is true only for £ > 3 GeV. Below this value, we
can try to reduce the safety gap or to increase the magnetic field (but this implies a bigger range of
deviations to be covered).

For the beam pipe, the maximum size dj“" — dy is reached after dipole 4 and for £ = 8 GeV. Its
value is 8.72 cm for the Argon Laser and 4.36 cm for the NdYAG Laser (Tab. 23). Scrapers may be

inserted in the beam pipe after the e~ detector if required.

Two thin scintillators will be added for triggering the silicon detectors.
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Figure 22: Scattered electron detector plane. The size in the dispersive direction is 3.2 cm. The strip
width is 200 um and the pitch is 250 um. The wafer thickness is 200 pum.
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7.3 Energy resolution and calibration specifications

The effects of the smearing due to the non perfect resolution have to be corrected and the errors on
the different parameters governing this resolution (beams interaction size and resolution on the mag-
netic dispersion) are translated into systematic errors. A bad calibration (which depends on the safety
gap measurement and on the magnetic dispersion estimation) would give an error on the theoretical
Compton asymmetry and so a systematic error on the polarization measurement. A detailed analy-
sis of these effects is done in appendix E.3 for the NdYAG Laser and determines some of the major
requirements for the electron detector and the magnetic chicane to keep the systematic effect on the
beam polarization P, measurement under the 1% requirement.
The resolution on the scattered « energy k, given by equation (256)

a(k) (po — k)° (po — k)
o(Ar) apok P o(a) ape
is fixed by the transverse size o( Az) of the interaction between the Laser beam and the electron beam.
This size, close to o(Az) = 100 um, gives a resolution for the maximal Compton energy k., rang-
ing from 1.2 % at incident energy po=2 GeV t0 0.3% at 8 GeV (line dk/k of Tab. 24). As shown
in appendix E.3.3, the transverse size o(Axr) of the interaction between the Laser beam and the
electron beam has to be known with a 50 um precision. Detailed studies of the electron and Laser
beam optics should give such a precision.
The second term of the equation comes from the resolution o () on the dispersion «. To have a
similar contribution to the one from the beam size, we need :
ola) o(Az)p -k  o(Az)p—Fk o(Az)
a @« E = o 0175p3 T a.0175pe(GeV)

With a dispersion of a ~ 2.3 mm/% (Tab. 24), thisgives o(a)/a ~ 310> necessary at E, = 8 GeV'.
It depends first on the design of the dipole and will be further affected by the power supply stability.
To have an idea of the sensitivity of the deflection with the power supply stability, we compute

g—g = —g— —14 cos® +sinftan b + L;iea)éa_g .
This corresponds for the ko point to 9d/%2 = 248 um/1072 (resp. 9d/%E = 266 pm/1073) at 4
GeV (resp. at 8 GeV). So a power supply stability of 4 10~* will give a contribution corresponding
to a resolution on the beam size of less than 107 um. The resolution is also affected by the Compton
scattering angle and the beam angular divergence but these effects are small.

As shown in appendix E.3.3, the resolution o(«) on the dispersion o has to be known at a 100%
level.

The more stringent problem comes from the necessary good accuracy required for the energy cal-
ibration of the detector. Appendix E.3.3 shows that the dispersion had to be known with a 0.5 % ac-
curacy. The dispersion can be deduced from field map measurement or measured to this level. But we
have to measure and control the safety gap (i.e. the energy threshold) within 50 um. So we need beam
position monitors with this accuracy precisely positioned wrt the electron detector. The calibra-
tion can be monitored on line by the gamma detector and also by the measurement of the k; point and
of the k,,., edge. The complementarity of the 2 detectors as well as the possibility to measure the ko
point will reduce the systematic effect.

A strip width of 250 um have been chosen to match the expected resolution of 200 um and gives
an energy width on the scattered Compton photon (line ék/k of Tab. 24) ranging from 3.0 % for
E, = 2GeV t00.7 % for E. = 8 GeV. Thus this width allow an energy bining better than the
10 % requirement even at 2 GeV .

The maximal Compton rate for a strip can be deduced from the total Compton rate (Tab. 27), the
energy threshold (Tab. 51) and the bin energy width (Tab. 50). It will be less than 30 kHz at 2 GeV
and decreases up to 6 kHz at 8 GeV'.

on

(92)
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E GeV 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0
B Tesla | 0.19 0.37 0.56 0.75 0.94 1.12 1.31 1.50
Power X, =-2.0cm | nW | 137.45 | 168.85 | 175.90 | 178.47 | 179.67 | 180.33 | 180.72 | 180.96
G~ 6.05 11.53 | 17.13 | 2275 | 28.39 | 34.03 | 39.67 | 45.30
Power X, =-2.1cm | nW | 8434 | 9799 | 100.89 | 101.93 | 102.42 | 102.68 | 102.83 | 102.92
Oy 6.95 13.45 | 20.05 | 26.67 | 33.30 | 3992 | 46.53 | 53.13

Table 25: Synchrotron power in the electron detector. For a beam of 100 u A and an electron detector
of size 3 cm * 3 cm located at a distance from downstream of Dipole 3 of 3.6 m. The detector center
is at —2.0 cm or — 2.1cm wrt the beam axis. 0~ is the mean polar angle weighted by the power.

7.4 Synchrotron radiation for the electron detector

The results on synchrotron radiation seen by the photon detector were obtained using a partial angular
dependence: the angle between the bending plane and the observation point. The angle with respect to
the electron trajectory was included in the integration along the electron path, assuming all the radia-
tion was emitted tangential to this path. Because the electron detector will be located in a place where
no direct synchrotron is observed, to compute the synchrotron radiation seen by the electron detector,
one needs to use the full angular dependence of the synchrotron radiation (Eq. 210 in appendix C) for
a piece Ad of the end of the dipole 3 of the magnetic chicane. We assume that the synchrotron photons
coming from the dipole 1 (directly viewed by the electron detector) and from the other dipoles are not
seen by the electron detector. We give here this full angular dependence (Eq. 210 of appendix C.2)

P P 3 1 1 | sin® @ cos? ¢
dpdcosd —  ° 8m ~* (1 — Bcosb)® ¥4(1 — B cos 6)?
’P p 392 [ (14 29%6%(1 — 2cos®9) + v16%)
dpdcosd ~ " ° x (1+ v262)° ’

where (Eq. 206)

P _ 2roemc.c® B'y* RAGO I,
0 3 R fBc e’

We integrate the full angular dependence over the electron path and over the polar coordinates of
the electron detector.

The synchrotron power seen by the electron detector, located 3.6 m downstream the end of dipole
3, and 5 or 6 mm away from the beam axis, is given in table (25). This power of order 180 nW is al-
most independent of the beam energy but varies quickly with the polar angle 8. This could be related
to the fact that the electron detector sees large synchrotron radiation angles 6+ > 10.9 at 4 GeV'. For
large synchrotron radiation angles, the power increases with energy as P ~ 1/p but the fraction seen
by the detector decreases as ' ~ 1./6*. The power seen by the detector is then P ~ 1./6*/p.
This power is located near the beam due to the factor 1./6* (Fig. 23).

For large synchrotron radiation angles, only low energy synchrotron photons are important (¢ < e,
where the critical energy €. (Eq. 208 and 209) can be found in Tab. 13). As a consequence, we might
hope that a thin absorber (beam pipe wall of 500 um) would attenuate this power by a factor at least
103 (resp. 20 and 10) at 4 GeV (resp. at 6 and 8 GeV).
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Figure 23: Synchrotron power versus position on the electron detector. At 4 GeV (solid line) and 8
GeV (dashed line). X is the dispersive direction
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E GeV | 1.0 20 3.0 4.0 50 6.0 7.0 8.0
Pmin GeV | 0.869 | 1.737 | 2.606 | 3.475 | 4.344 | 5.212 | 6.081 | 6.950
Pmaz GeV | 0979 | 1.958 | 2.937 | 3.915 | 4.894 | 5.873 | 6.852 | 7.831

rate Z= 1. | Khz | 0.007 | 0.007 | 0.007 | 0.007 | 0.007 | 0.007 | 0.007 | 0.007
rate Z=6. | Khz | 0.123 | 0.122 | 0.122 | 0.122 | 0.122 | 0.122 | 0.122 | 0.122

Table 26: Bremsstrahlung rate in the electron detector. For various beam energies E at 100 uA for
a 2.5 m residual vacuum of 1078 Torr withmeanZ =1 and 6 . The rate dn/dt (kHz) is given for the
energy range ([Pmin,Pmaz]) covered by the electron detector of size 3 cm with a safety gap of 5 mm
wrt beam.

[/\ = 1064.2nmJ
E GeV 10| 20 3.0 4.0 5.0 6.0 7.0 8.0
rate Khz | 00| 357.8 | 477.1 | 5443 | 581.8 | 604.1 | 613.0 | 621.8

Table 27: Compton rate in the electron detector. For various beam energies E at 100 uA . The rate
is given for the energy range ([pmin,Pmac]) covered by the electron detector of size 3 cm with a safety
gap of 5 mm wrt beam. The experimental parameters are those of table (8).

7.5 Bremsstrahlung for the electron detector

The bremsstrahlung seen by the electron detector is due to

e bremsstrahlung photons generated between the end of the dipole 3 and the electron detector. The
useful length is only L ~ 3.6 m and the photons are seen under an angle § > 1.4 mrad larger
than the characteristics bremsstrahlung angle 8;,.., ~ m/E < 0.25 mrad. So this background
is very weak compared to the Compton rate.

We also assume here that the photons generated between the end of the last dipole of the bending
arc and the first dipole of the magnetic chicane are not seen by the electron detector.

e clectrons having emitted a bremsstrahlung photon between the dipole 2 and 3 and with an en-
ergy in the energy range ([pmin,Pmaz]) covered by the electron detector. The useful length for
bremsstrahlung is the same (L ~ 2.5 m) than for the photon detector (Section 6.4).

Outgoing bremsstrahlung electrons are emitted with angles § ~ 1/4 = m/E (Appendix D.2).
These angles are small (§ < 0.25 mrad) and can be neglected : the corresponding deviation at
the electron detector is < 1 mm. So the electron detector will see the bremsstrahlung electrons
in the energy range covered by the sensitive area.

For computing the bremsstrahlung rate, we have used the Tsai cross section (Appendix D.1) in-
tegrated from k, = E — pmos to k;,,, = E — pmin. The energy threshold due to the safety gap
E,op = Pmaz 1S given in table (23). For pni», we have used an electron detector size of 3 cm.

Table (26) gives the energy integration range and the integrated bremsstrahlung rate. The rates are
given for a residual vacuum with a mean Z of Z = 1 and for a residual vacuum with a mean Z of
Z = 6 and a STP density po = 1.08 g/l. These rates of order of 0.1 kH z are independent of the
incident energy and had to be compared to the Compton rate in the same kinematic range (Tab. 27).
The compton rate reported in this table stands for the experimental parameters of table (8).
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8 Optical Cavity

8.1 Principle

The idea is to trap the Laser beam in a resonant Fabry-Perot cavity made of two highly reflective mir-
rors. Due to constructive interferences, the light power circulating in the cavity will be enhanced by
a factor G with respect to the power of the Laser. If the interaction region of the LASER with the
electron beam is located in this cavity, then the luminosity will have an amplification by the gain G.
Optical Cavities used with IR and visible Lasers with a gain of order G >~ 10000 are currently used for
experiments on gravitational waves detection by laser interferometry {13], [14] and by measurement
of photon-photon scattering parameters {15].

In this section, the resonance conditions for a Fabry-Perot cavity will be derived. The relation be-
tween the mirror quality and the gain of the cavity will be explained. The mirror specifications needed
to obtain a 10 000 gain will be listed. After a short presentation of the Laser that we plan to use, the
feed back system between the Laser and the cavity will be explained. More details of the various items
treated in this section, can be found in appendix G. The expected radiation rates on the cavity will end
this section.

8.2 Gaussian Beam and Fabry-Perot cavity

The complex electric field of a Gaussian beam propagating along the z direction at frequency w, in a
medium of refractive index n = ’—ff, at a wavelength A = lk’i is given by [21]:

d . ) ] - 22 442 ‘:2+ 2
E(2, Y, 2)mn = A—re= k2 givtilmint D¥(:) = R3R 05 e B0 [, (V2 ) Ho (V2=

d(z) d(z) ‘—1(7)) (93)

The waist spot size do, the beam size d(z), the phase ¥(z) and the radius of curvature R(z) are related
to the Rayleigh range zr which characterize the longitudinal evolution of the Gaussian beam by

/\ 2
d3 = Zzp, d(2) = doy[1+ =, 94)
T zZp

z

¥(z) = tan~! =, (95)
2R
2

R(z) = z(1 + i—’j). (96)

H,, and H, are Hermite Polynomials and m.n are two integers that define the transverse mode of
the Gaussian beam. The intensity profiles for different transverse modes are represented on figure 24.
One can see that the best focalisation is achieved for the lowest order transverse mode.

When a Gaussian beam is trapped in a resonator consisting of two identical mirrors with radius of
curvature Ras separated by a distance L, the following boundary conditions on the curvature radius
have to be fulfilled:

R(z=-L/2)=—-Rum ; R(z=L/2) = Rum.
Defining
L

=1- -, 97
g B 97)
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Transverse Hermite-gaussian Mode Patterns
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Figure 24: Transverse Hermite-Gaussian mode. Intensity Profile versus x /o and y/o, The highest
focalisation is obtained for the lowest mode T Eqq.
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the Rayleigh range and the beam waist size are:

L T+g AL [T+g
== &#=22 /2L
R=3 =g ' ®=73\1 -, (98)

The diameters of the beam on each mirror are (see figure 25):

A 1 2d?
=d:=2] =2 99
d=d ="l =1 (99)
The stability of the resonator requires that (See G.1.3)
-1<g<l (100)

To find out what are the allowed longitudinal medes in such a cavity, we request that the electric
field does not change in a round trip, i.e, that the phase 6(z) = kz — tan‘l(i) difference is 6(z;) —
0(z2) = nm (n = 1,2,3...). This gives the allowed frequencies (or longitudinal modes) in the cavity.

For the transverse mode defined by n, m the frequency of longitudinal mode [ must be:

1
- I+ > -H/Q-zzmhm
v(mn) = vrsg ( + 7r(m +n+1)cos g%); (101

where the Free Spectral Range of the cavity is given by

C
VFSR = 57k (102)

8.3 Gain and losses in a Fabry-Perot Cavity

In this section we gives the relations between the gain of the cavity and the cavity parameters: size of
the cavity, shape of the mirrors, reflectivity, absorption and scattering of the mirrors, ... We consider
here a cavity with 2 mirrors M; and M, with transmission and reflection coefficients ¢;, r;, ¢ = 1,2)
separated by a distance L (see Fig. 26).

The reflection r; and transmission ¢; coefficients of the mirrors are defined by [22]:
Er . Er
E; ~ E;
where E;, Er and E7 are the electric field of the incident, reflected and transmitted light. In terms of
energy, we define the reflectivity R and the transmission 7' of the mirror by :

r =

JR JT
= — T = —_—
R Ji Jr’
where Ji , (k = I, R, T'), the amount of energy per unit area per second, is proportional to | E|*:
R = |r? T = [tPZ
Q1

In the equation of the transmission T, g; is given for a Transverse Electric wave TE by (q, is for

initial and ¢, for final medium) :
€
g = [ —cosb;, (103)
V
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Symmetric Cavity with R=50cm mirrors
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Figure 25: Beam Shape in a symmetric cavity. d(z) versus position along the cavity axis z for sym-
metric mirrors with Im curvature radius and for a cavity length L=1.95,1.75,...,0.15m
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Figure 26: A 2 Mirrors Resonator. Incoming electric field Ey, circulating E;,., transmitted E,, ..,
and reflected E, ..

whereas for a Transverse Magnetic wave TM, g; is given by (r and ¢ being the ratio of amplitude of
magnetic and not electric field) :

g = | E cos 8. (104)
€;
In our case, the initial and final media are the same.
The round trip gain g,+(w) of a cavity for an incident light with frequency w relates the circulating
field inside the cavity just after mirror M, at time ¢, E.(t), to the circulating field just after mirror
M, one round trip earlier, at time t — 27 = ¢ — 2£. We have :

Ecirc(t) = ztlE‘I(t) + grt(w)Ecirc(t - 2T) (105)
In steady state, F;,.(t — 27) = E.,.(t) and thus [23]:
Egre =1t Er + grt(w)Ecirc; EEILQ = ﬁﬁm (106)

The round trip gain depends on medium absorption. We introduce o the electric absorption coefficient
of the medium inside the cavity, so that the electric field and power at z = [ are related to field and
powerat z = 0 by :

E(l) = E(0)e~>'  J(I) = J(0)e~2",
For a round trip [ = 2L, this gives an attenuation :
E(l)= E0)e 2™ L = B0)e~F  J(I) = J(0)e™* = L = J(0)e~, (107)

where 8y = 4a, L represents the round trip absorption of the cavity medium.

. . . . . . 6 .
Therefore the round trip gain includes medium absorption on a round trip (e~ 7), reflection on
. . . N ;2L ; .
mirror M, (r3), reflection on mirror M, (r,) and also a global phase e~*?L = ¢~ < = =27 (with
c the velocity of light in the material inside the cavity) according to :

Grelw) = rirpe™ Femi2LY, (108)
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Identically the transmitted field E;.,,, (after mirror M;) is given by (medium absorption on the

cavity length e~ ¥, global phase e~ = ¢~iL¥ and transmission through mirror M,):

[J rw
Etrans = it2e__‘Qe—tL?Ecirc, (109)
and thus
Etrans titre” FeiL% _ tt gre(w) (110)
EI 1— 7'17'26—'220'6_’.21'% \/ﬁl - grt(w) .

For a symmetric cavity r; = r, = r and t; = t; = ¢, one gets :

irc 1t Eransi t2e~
Eeire _ ! : trans _ ___ "€ - (111)

é .
E; 1 — r2e—Fo—i2L%

&
[u—y
|
-
~
4]
|
G
4]
|
-
~
(wy]
o€

In terms of power, this gives for the cavity gain G and for the cavity transmission 7" (with R = r? and
T = t2, at normal incidence):

ch'rc _ T T

G = = = .
Jr 1-— 2Rcos(%2L)e’i2°' + (Re'sz 2 (1= Re‘é‘z‘l)2 + 4Re~ % sinz(%QL) (112)
7, — Jtrana _ T2e—%0. — Tze—%o-

Jr T 1-2Rcos(22L)e~ % + (Re-%)? U~R€%V+M€%mﬂ%unn$

One sees that for frequencies such that “(2L) = (27,1 =1,2,3... 1.

wp = l% = [Awpsg or v = [AvFpsr, (114)

where
Awrsg = = 2 o Avpsp = = 115
WFSR = Wi41 — Wi = 57 or Avps = 37, (115)

is the axial mode interval, also called "free spectral range of the cavity”, the cavity has maximum gain
G; and transmission 7; :

G T 1-R—P . T?e % (1-=R—-P)*e %
1= = y L1 = = ’
(1—Re~%)? (1— Re~%#)2 (1— Re~%)? (1 - Re~%)? (116)

where we have used the energy conservation for the reflection on a mirror with transmission 7" = |¢]?,
reflectivity R = |r|?> = e~ and total loss P due to absorption (A = 1 — e~%¢) and scattering (D =
1 —e™%)

1=T+R+A+D; 1=T+R+P

T=1-R—A-D=~ 6 —(5,+35). i
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For high reflectivity mirrors (1 — R ~ ¢, < 1), negligible scattering and absorption on the mirrors
and negligible absorption in the cavity medium (44, 4,,d¢ < 6,), the maximum gain is

1 (1= ()
oL+ g)

Equations (112) and (113) can also be written:

Glﬁ

1
Glw) = G - , (118)
1+ —JR’;?—T sin? (7rA & )
(1-n8)
1
Tw) = T, - . (119)
1+ _______74}25‘:9 sin® (ﬂ'A w )
(I—Re"}) WFSR
Using the definition of the finesse of the cavity F,
F Re% V e~ [6+%] 1
- = 3 |~ T = 5 ) (120)
T 1-Re?| 1-¢[+3F &+ %
we get
Glw) =G ! T(w) =T !
= U 3 > =1y 2 .
¥ . w F . w
1+ (2;) sin’ (WAWF‘SR) 1+ (27) Sm2 (WAWF‘SR) (121)

The gain of the cavity is presented on figures 27 and 30 for various cavity parameters.
The bandwidth Aw,,, of the cavity is defined so that the gain G of the cavity or its transmission will
decrease by a factor 2 when the frequency will change from the resonance w = w; tow = w; = —A—%@l

and is related to the finesse by:

5
Seav 2 -1 (—’L) . (122)

For a cavity with high finesse this equation becomes:
Aeay 1 (123)
Awpsp ~ F

The higher the finesse, the smaller the bandwidth of the resonance peaks. On the other hand, the max-

imum gain G| at resonance is

F_1 T F 1 1-R-P| _ Fé&—(5+6)
~ ~ .

Gl = — =
”\/Re—%‘ll—Re‘%Q v Re- % 1 - Re~% m 67‘+§2Q

One can see (Fig. 27) the two main applications of a cavity with high finesse:

(124)

- High amplification for the circulating power inside the cavity, in which we are interested;

- Very precise frequency selection for the transmitted field.

89



Jorand s

1
2

\//Avl‘.sR

Figure 27: Circulating (up) and transmitted (down) power in a cavity. For reflectivity R=0.98, 0.95,
0.90, 0.70 and mirrors with no absorption and scattering 8, = 64 = 0 versus frequency in free spectral
range unit

L=1m|L=10cm
AvFsp = 57 150 MHz 1.5 GHz
F = 300 500 kHz 5 MHz
AVeqy = -}—AUFSR F = 3000 50kHz | 500kHz
F = 30000 5 kHz 50 kHz

Table 28: Typical Free spectral range Avrsr and bandwidth Av.,, fora L = 1m and L = 10cm
cavity with various finesse F.
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A(nm) | d,(ppm) | d4(ppm) | d,(ppm) | 4.(ppm) | G
1064 | 3 2 5 105 9070
633 |12 6 18 118 7182

Table 29: Specifications for the IPN Lyon Mirrors

8.4 High reflectivity, low absorption and scattering mirrors

Super-Mirrors available from industry [24] have now a good reflectivity (R ~ 99.97%), low trans-
mission (7" ~ 0.12%), and reasonable losses P < 100ppm. One can thus expect to reach a finesse of
F =~ 10000, and a gain of G; ~ 2000. This could be acceptable for our cavity, unfortunately these
Super-Mirrors have a too low maximum power density (1kW/cm?). For a Laser of 0.5 W, trapped
in a 1 meter cavity with ¢ = —0.95, i.e a beam diameter on the mirrors close to 1mm, with a gain
of G; = 2000 (resp. G; = 10000), the power density is 100kW (resp. 500kW). Such a power den-
sity is not yet available from industry, that’s why, J.M. Makowsky from IPNL at Lyon, the laboratory
responsible for the VIRGO mirror construction, will build and characterize our mirrors.

The mirrors [25] have the structure LL(H L)y HS where L (resp. H) stands for a A/4 layer of
low (resp. high) index material and S for the substrate. The mirrors that will be constructed for our
polarimeter are made of Ditantalium pentoxyde (7'a,Os) layer with (High) index n ~ 2.1, and Silica
(S10;) with (Low) index n ~ 1.47 deposited on a super polished silica substrate using the technol-
ogy of Ion beam sputtering. The diameter of the mirrors will be } inch (7.75mm). To minimize the
scattering, the layers are made of amorphous deposit. The reflectivity of the mirror is governed by the
design of the layers (See appendix G). We will use ( H L),4 mirrors with the following specifications:

- Residual transmission T’ =1~ R— A — D ~ 6, — (4§, + 64) ~ 100ppm,
- Scattering D ~ é; ~ 2ppm (resp. D ~ 6ppm) at 1064nm (resp. at 633nm),
- Absorption A ~ §, ~ 3ppm (resp. A ~ 12ppm) at 1064nm (resp. at 633nm).

The cavity medium will be vacuum to reduce absorption (e.g dp = 0, for comparison 50cm of air has
an absorption of 3ppm). We thus expect a maximum cavity gain

~ (5r - (5a + 5d))

G~ (5r N %)2 (125)

G ~ 9070 at 1064 nm and G ~ 7182 at 633 nm. To keep scattering very low one need to ma-
nipulates the mirror under laminar flux (velocity v = 0.5m/s), since one dust of 1um corresponds
to 1ppm. Perfect surface state is also mandatory, one needs to start with a super polished substrate
(with RMS roughness 0.5A ) and a peak/valley of 154 to end up after coating to a RMS roughness
of 0.3A and a peak/valley of 4A. The question of damage by irradiation (synchrotron light, neutron
background) will be discussed in section 8.10.2.
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8.5 The LightWave Series 126 NdYAG Laser

Solid-state Lasers [26] contain a lasing medium which consists of light emitting atoms, the dopant,
in our case Neodymium (Nd), fixed in a crystalline or glassy material, the host, in our case Yttrium
Aluminum Garnet (YAG). The laser crystal is pumped by a semiconductor diode laser. The resonator
for the 126 Series is a non planar ring oscillator (NPRO) promoting single unidirectional longitudinal
mode operation (TEMg,). The direction of oscillation is set by designing an “optical diode” into the
resonator, by applying a magnetic field to the crystal. The stability of the Series 126 is obtained on
one hand through a monolithic design: the mirrors of the laser cavity are the polished surfaces of the
crystal. On the other hand, using a laser diode for pumping gives an even greater stability due to the
stable output power of the diode. The optical layout of the laser head is shown on fig. 28. The laser
Ga-Al-Asdiode normally emitting at 810 nm is cooled by a Thermo-electric cooler (TEC) resulting in
a frequency drop of 0.3nm/°C to reach 808.5 nm, a highly efficient wavelength for NdYAG pumping.
There is two ways to tune the Laser frequency [26] :

¢ Slow Frequency Tuning.

By applying a voltage to a thermoelectric cooler under the laser crystal the temperature of the
crystal can be varied. Two primary effects of heating the crystal occur: the crystal physically
expands and the index of refraction of the NdYAG increases. The crystal expansion leads to a
longer cavity length, slightly decreasing the frequency of the Laser. The increase in the index of
refraction also makes the optical cavity length appear longer, and this lead to a further decrease
in the output frequency. This allows for a tuning range of tens of GHz with a relatively slow
time constant (1 to 10 s). The input impedance is 10 k{2 and the maximum design-case voltage
is + 10 V. Between mode hops, the tuning coefficient is +5.0 GHz/V, and averaged to include
mode hops effect, this coefficient is +1.6 GHz/V.

¢ Fast Frequency Tuning.
By applying a voltage to a piezoelectric bonded onto the crystal, the later is expanded or con-
tracted. This strains the crystal sufficiently to vary the frequency by tens of MHz at rates up to
30 kHz. The tuning coefficient is +3.2 MHz/V at 10 V DC, and +3.1 MHz/V at 10 Vpp AC
at SkHz. The piezo can operates at frequencies greater than 30 kHz, but the tuning coefficient
can vary substantially above 30 kHz.

The spectral distribution of the noise content of the laser (RIN, residual noise intensity) is given in
figure 29. For frequency above 20 MHz, the Laser is below the shot noise limit of most photo-diodes.
The major source of noise is the spike around 300 kHz due to relaxation oscillations, occurring because
of the noise of the pump diode. This noise is reduced by the noise reduction electronics. The rms noise,
i.e the amplitude modulation (AM) noise content integrated over 10Hz to 10 MHz is less than 0.1 %.
Some parameters of the laser are listed in table 30.
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Figure 28: Top View of the Series 126 Laser Head
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RIN(db)
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A
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0.01 0.1 1 10 100 Mhz

CW Power

Spatial Mode

AM noise [10 Hz, 10 MHz]
Line width, over 1ms
Coherence length
Frequency lJitter

Frequency Drift
Polarization

Waist Location

Waist diameter 1/e?vertical
Waist diameter 1/e2horizontal
Beam divergence Vertical
Beam divergence Horizontal

300 mW
TE My
<0.1 %

S kHz

1000 m

75 kHz/sec
50 MHz/hour
300:1

Scm outside
0.43 mm
0.54 mm
3.1 mrad
2.5 mrad

Table 30: Laser parameters
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8.6 Need for a feedback between the laser and the cavity

On top of the laser noise described in section 8.5, the main source of noise is the vibration of the cavity.
Indeed, assume that the laser frequency v, is tuned on a cavity mode so that

vy = (Tl + n)AVcau’

where 7 < 1. To keep the tuning at this level one has to guarantee that the cavity length is
A
= [ —_—
L=Lotnzz

Various mechanic noises can produce change in length greater than a fraction of % One thus have
to setup a feedback system that will change the laser frequency to follow the change in resonance fre-
quency of the cavity due to this noise.

8.7 Field Reflected by the cavity
The feedback system between the Laser and the cavity [27], [28], [29] is based on the analysis of the
phase of the reflected field E..; (see also appendix G). This field is given by [23] :

ER =n EI + itlEcircM- (126)

1

Using Eq. (106) this becomes :

Eg 1 gr(w) [ 1 gr(w) J
—_— =T — ————— =7 1 — T 127
E; ! 11— gre(w) ! 21 — gri(w) (127)

with the round trip gain given by:
gri(w) = rlrge‘ége_zi"“;s& . (128)

Let w be the frequency of the incident field and w. = nAwrsg the nearest resonance to the incident
field (bw = w — w,):

W — W ow
= A = =
w = (n+ €)Awpsg or |€ Aorsn ~ Roren ! (129)

where |¢| < 1, the detuning parameter, is the shift wrt the resonance in Free spectral range unit
(Awrsr). This can also be parametrized by the shift 7 wrt the resonance in bandwidth unit (w.,,) as
W — We 50) AwFSR AwFSR

= A cav = = = = ‘
w = nAwpsr + NAweay or 7 AWeay Awrsr Aweay ‘ Aweay o (130)

The round trip gain becomes as a function of the detuning parameter
8 .
grt(w) = riree™ 7 e~ HTE, (131)

The intensity reflection coefficient of the cavity R (cavity reflectivity) is deduced from the field
reflection coefficient p of the cavity given by :

Er 1—(r*+1t%) e~ F e~z
- -y

= — 132)
p E[ 1 - 7.26—%0'6—21'1\': (
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through the equation:

. s .
(ReT)e™F . 2
| (R4T) e_%q ,|1+4 (1_(R+T)e_§?_)2 sin” e
R(e)=pp" = R & } - (133)
1 — Re™7 1+4—8e = sin’rme
(I—Re— )
For vacuum &y = 0, introducing P the total losses of a mirror
P=A+D=1-(R+T), (134)
the cavity reflectivity reads
P? +4(1 — P)sin? we]
R(e)=R 135
(€) [(1—R)2+4Rsin27re (135)
and for small detuning parameter
P2
R(e) ~R|———| 136
The phase ®r of the field reflection coefficient
p=VRe", (137
is given by
% .
tan ®p(e) = - Te™2 sin2me - . (138)
1 —2Re™ 2 cos2me+ R(R+ T)e=% — Te™ 2 cos2me
For small detuning parameter we have
Te %
tan ®p(e) ~ 2me , (139)
1—2Re% + R(R+T)e=% — Te~ ¥
and in vacuum &g = 0, so that
tan @ p(e) :2wc{%}§} (140)

The phase and the module of the reflection coefficient are presented on figure 30 for various cavity

parameters.

For small detuning parameter, the phase of the Fabry-Perot is proportional to the detuning parame-
ter: tan @ o< ¢, and vary very rapidly around the resonance; so that a measurement of this phase may
be used to correct for the detuning. This is the idea of the Pound-Drever method used for the cavity

feedback system.
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Figure 30: Cavity Gain G, Phase ® p, Module of the reflection coefficient R and discriminator signal
from the Pound Drever Method for a 97.5 cm cavity, with g = —0.95 and maximum Gain 9497. The
Jfrequency modulation () is 700 kHz large compared to the cavity bandwidth w.,,, =4.9 kHz and small
wrt the free spectral range Awrsg = 0.15Ghz.

97



Beam Cavity

Splitter
® Q O, I
Phase /
Laser Modulator 1 ( )
'
1
1
Photodiode k (A/W)
Load R 0
i=Vv/ R0
Servo Oscillator R D
. Amplification
A Gq
Qo a,
v .
DC Dephasor | Mixer %
v
M,

Low Pass Filter

Figure 31: Pound Drever Method. The Laser frequency w is modulated at frequency Q). This modu-
lated field after reflection on the Fabry Perot Cavity is sent to a photodiode. The photodiode signal,
after amplification, is mixed with the Oscillator at frequency Q). After a low pass filter, this will be the
discriminator signal sent to the servo system.
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8.8 Getting the discriminator signal

In this section, the method to extract the phase of the reflected field, i.e the discriminator signal, is
presented. A schema is displayed on Fig. 31.

The Laser incident field E; at frequency v = { is phase modulated by an oscillator at frequency
(! and with a small phase modulation amplitude m.

EI — Eoeiwteim cos(ﬂ.t-{-@n). (141)

Using Bessel functions, it can be shown that a field at frequency w phase modulated at frequency 2
and amplitude m has a frequency spectrum given by wi = w+ k{2, each frequency component having
a strength given by the k** Bessel function J(m) and a phase given by k(% + ®q):

EI EO [JO m)ezwt Z Jk m) ( +¢n) zwk + ezk( Qn)eiw;t)} i (]42)

For small value of the amplitude of the phase modulation, the incident field is
E; ~ Ege™ [Jo(m) + (1) Jy (m)eti(+2a) 4 (z‘)Jl(m)e-"m“%)] . (143)

Using the cavity reflection coefficient p, the (complex) field reflected by the cavity can be expressed

Er ~ Ewe™ [ Jo(m)/R (w)e'?r™ (144)

+ (1) Ji(m)y R (w + Q)ePrl+M) +i(@t42q)

+ (1)Ji(m)y/R (w — Q)eitalDem(@2a) ],

Note that for a laser frequency w = (n + ¢)Awpsgr close to a cavity resonance frequency w. and a
modulation frequency

as

Awrsp € Q) € Awegy, (145)

we have /R (w £ Q) ~ 1 and ®p(w £+ Q) ~ 0, so that the electric field is

Er ~ Eoe™ [ Jo(m)y/R (w)e'®r™) (146)
+ (8)Jy(m)ett+ea)
+ (Z')Jl(m)ei(—ﬂi‘{‘@n) ] .

A fraction ['(1 — I') (T transitivity of the beam splitter) of the intensity of the reflected field is
directed through a photodiode with a conversion factor « in (A/W). The photodiode is not fast enough
to detect the intensity variation at frequency w and above, the current delivered by the photodiode is
thus

12

i = D= D)m|Eof? [ Ji(m)y/R ()
— 20o(m) Sy (m)y/R (w)y/R (w + Q) sin (U + Ba + Ba(w + Q) — Tx(w))
+ 2Jo(m)Ji(m)y/R (w)y/R (w — Q)sin (U + Bq — Pr(w — Q) + Br(w)) |
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(where E? is now expressed in Watt). The resulting voltage is
Va=TQ1 = [')Rolph, (147)

where R is the load resistance of the photodiode.

After amplification (gain G,), the photodiode voltage is mixed with an oscillator at frequency 2
(phase ®q) and amplitude V. At the mixer output, one gets the following voltage (x Mixer efficiency,
see appendix G):

1 2
§xVOGdRoF(1 — D)&|Eo|* [ JE(m)y/R (w) cos (0 + Dq,,)

+ m)V/R (w)y/R (w + Q)

[ sin (420 + ®q + Pr(w + ) — Pr(w) + Bq,,) +sin (+Pq — ®q,, + Pr(w + Q) — Pr(w)) |
+

[

Vg

I

m)y/R ()R (w — Q)

sin (=20t — ®q + Pr(w — Q) — Pr(w) — Bq,,) +sin (=P + Oq,, + Pr(w — N) — ®r(w)) | ].

This voltage is sent to a low pass filter, cutting all frequencies above (! resulting in a DC voltage

Voo = %xVoGdF(l—I‘)nRo|Eol2Jo(m)J1(m) R () (148)

\/_n(wfa‘ (®(w + Q) — @a(w) + (80 — q,,))
\/R(w—— @Rw Q ¢R(W)—(¢Q—¢QM))].

Again, for a laser frequency w = (n + €)Awrgr close to a cavity resonance frequency w. and a mod-

ulation frequency
Awrpsp € 1 € Awegy,

we have /R (w £ Q) >~ 1 and ®p(w £ ) = 0, so that the voltage after the low pass filter is

Vpe = cos (®q — ®a,,) xVoGaRol'(1 — )| Ep|* Jo(m)Ji (m)y/R (w) sin (B r(w)).
(149)

For small detuning parameter ¢, using Eq. (136) and (139), one gets :

1- P
Voo =~ cos (®gq — Bq,,) xVoGal'(1 — [')k|Eo|? RoJo(m)Ji(m)2me {\/_ 1 R- ok } )

(150)

or similarly using the finesse :

Ve = 2cos (®a — ®q,) xVoGaRol'(1 - T)s|| Eo|* Jo(m)Ji(m) Fe 1-R-F .
(1-R) (151)

The DC voltage is then a good discriminator signal proportional to the phase ®5 of the reflected
field (Eq. 149 or Fig 30b and 30d) and so to the detuning parameter ¢ x (w — w.). The electronic
servo that we will use in conjunction with this discriminator is discussed in appendix G.4.
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Figure 32: Preliminary design of the cavity mechanic

8.9 Mechanic of the Cavity

The mechanic of the cavity has to include the following parameters
e good vacuum
¢ Isolation from vibrations

good mechanical resistivity

e Crossing with the electron beam at small angle
e allow Laser and/or mirror alignment.

A preliminary design of the cavity mechanic is presented on figure 32. In this solution, the optical
alignment is obtained by moving the mirrors. An alternative solution, in which the mirrors are fixed,
and the Laser is aligned on the cavity optical axis is currently under study.
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8.10 Radiations for the cavity mirrors
8.10.1 Neutron radiation seen by the cavity mirrors

Neutrons originating from the interaction of the electron beam with the target in ESA will diffuse also
in the Compton Tunnel. Measurements performed in Hall C at a luminosity of £ = 153y A —g/cm? —
hr gave a dose of 8rem in the polarimeter tunnel. Careful shielding of the Polarimeter will thus be
very important.

8.10.2 Synchrotron radiation seen by the cavity mirrors

The radiation to be considered here are the synchrotron photons emitted by the end of the dipole 2 of
the magnetic chicane (B = 0.75T at 4GeVand L = 1m)).

We recall (see figures 33 and 34) that the cavity mirrors of diameter d,, = 8mm are centered on the
beam axis z in the dipole bending plane y, z and are distant of D,, = 1m from each other. In the
transverse plane z, z, the centers of the mirrors are at a distance of £10mm from the beam z axis. So
the angle with the z axis is a = 20 mrad and the safety distance between the edge of the mirrors and
the beam is d, = £6mm.

The cavity mirrors see a piece Aé (y,z plane) of the dipole of the chicane under an angle % (angle in
the x,z plane between the bending plane and the observation point). The synchrotron radiation is given
by equation 215 of section C

oP _ Py 21 g} L3 1
A 2m 32 (14 2y2)%? 71+ 7292
o(vy) ° 32 (1 + 42¢2)%/? 71+ y2?

where F, is given by
P - 2rocm.c? B*y* RAG I,
°- 3 R? (¢ e

The first (resp. second) mirror will be located at a distance [ = 0.65m (resp. D, = 1.65m)
from the end of the dipole, which corresponds to a 1y > 72.2 at 4 GeV (resp. ¥y > 28.4). As a
consequence of large angles, the synchrotron power seen by the mirrors is very small (See tables 31
and 32), i.e less than .02 W, and its mean energy ranges from .008 eV (155 zum) to 0.14 eV (8.8 um).
The power is almost independent of the beam energy. For large synchrotron radiation angles, the power
increases with energy as P ~ +°/p but the fraction seen by the mirrors decreases as F' ~ 1./43/~5.
The power seen by the mirrors is then P ~ 1./¢3/p.
Always due to large angles, the power on the mirrors is maximum on the edge of the mirror near the
electron beam as shown on figure 35.

Some data exists on the synchrotron radiation damage to T'a, 05/ 510, multi-layer mirrors{30},[31].
At the Super ACO accelerator at Orsay, the Free Electron Laser (FEL) is operated in the UV at A =
350nm using a cavity with 10m curvature radius, with losses P < 1% and transmission 7' ~ 51074,
The Super ACO FEL synchrotron radiation has a critical wave length A. = 71 A. In ultra-high vacuum
(UHV) (1078 to 107'° torr), a certain quantity of residual hydrocarbon gases exists, out-gassing from
the vacuum chamber walls. It is known[30] that the interaction between hydrocarbons and X-UV radi-
ation produces the cracking of the chemical bonds, and a subsequent progressive contamination of the
optic surface by carbon atoms. Measurements at Super-ACO have shown that a raise of mirror losses
of order of 0.5% per 40m Ah dose have to be expected.
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Figure 34: Cavity setup Side View (yz plane). Dipole 2 of magnetic chicane and cavity mirrors M1

and M2

This mirror degradation is for direct exposure, it is obvious that for mirror located a few mm off

the ondulator axis (this is the case for our cavity) the mirror degradation will be less important. A mea-
surement is anyway mandatory. This will be done at CEBAF by the "Laser backscattering Facility”
collaboration at CEBAF [32]. Procedures exist to partially recover the mirror losses by an RF oxygen
plasma cleaning apparatus [31] or baking at 300° C with oxygen (Air) atmosphere.
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E GeV 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

B Tesla | -0.19 | -0.37 | -056 | -0.75 | -094 | -1.12 | -1.31 | -1.50
Power | pW | 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.0012

N, |[10's=1{ 0935 | 0932 | 0928 | 0.926 | 0.923 | 0.921 | 0919 | 0917
<e> eV 0.008 | 0.008 | 0.008 | 0.008 | 0.008 | 0.008 | 0.008 | 0.008

Table 31: Synchrotron radiation seen by the first mirror. For a beam of 100 uA and a mirror of
diameter 8.0mm located at a distance from downstream of dipole 2 of magnetic chicane of 0.65m.
The mirror center is at 1.0cm wrt the beam axis (A8 = 6.1mrad).

E GeV 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
B Tesla | -0.19 | -037 | -0.56 | -0.75 | -094 | -1.12 | -1.31 | -1.50
Power | pW | 0.0196 | 0.0201 | 0.0202 | 0.0203 | 0.0203 | 0.0203 | 0.0203 | 0.0203
N, |10*s71] 0929 | 0.935 | 0935 | 0.933 | 0.932 | 0.930 | 0.929 | 0.928
<e€e> eV 0.131 | 0.134 { 0.135 | 0.136 | 0.136 | 0.136 | 0.137 | 0.137

Table 32: Synchrotron radiation seen by the second mirror. For a beam of 100 uA and a mirror of
diameter 8.0mm located at a distance from downstream of dipole 2 of magnetic chicane of 1.65m.
The mirror center is at 1.0cm wrt the beam axis (A8 = 2.4mrad).
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Figure 35: Synchrotron power seen by the first (left) and second (right) mirror versus position on
the mirror wrt beam position. At 1 GeV (solid line) and 8 GeV (dashed line).
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9 Laser Polarization

The measurement of the electron beam longitudinal polarization by Compton scattering requires a
source of longitudinal photons. The possibility to reverse frequently the sign of this polarization min-
imize the sensitivity of our measurement to the time variation of the experimental setup. The light
from the NdYAG laser is (vertically) linearly polarized at the 99.66 % level. This section describes
two possible ways to obtain and reverse circular polarization from the NdYAG Laser and the method
to measure the Laser polarization.

9.1 Getting circular polarization from linear polarization

The z axis is defined as the direction in which the electric field is pointing at the exit of the Laser. To
obtain a circular polarization, a quarter wave plate (birefringent crystal), with its slow axis at 45° from
the r axis could be used. In this case the ellipticity of the light after this plates is given by tan 8, where
is the angle between the quarter wave plate slow axis and the incident linear polarization direction [33].
“Newport” catalog reference for the quarter wave plate 10R P04 quotes a reflectivity R < 0.25%, a
maximum power density of 2M W/cm?.

9.2 Reversals of the Polarization

To reverse the polarization helicity, one can flip the linear polarization by a Pockels Cell, before en-
tering a quarter-wave plate. Or one can used directly the Pockels Cell as a quarter-wave. After a brief
introduction of the Pockels effect, these two possible methods will be detailed.

The Pockels effect is one of the possible electro-optical properties of matter. For any material with
an index ellipsoid defined by n;, the modification of the ellipsoid when an electric field is applied to
the materiel can be written [33]:

1 1 1
n?j(E) = ;Z(O) +A4 [E] : (152)
with
1
A [;ﬁ"] =rijxEx + Si;uEEr. (153)
ij

The linear electro-optic tensor (;;) describes the Pockels effect, whereas the quadratic electro-optic
tensor (5;;x) the Kerr effect. In what follows the Voigt notation will be used, reducing to a 6x3 matrix
(ri;) the original Pockels tensor (r;;x).

The Pockels coefficients (r;;) being very small (~ 107° to 107'2mV 1), the voltage to apply to
get a significant Pockels effect is important (a few hundred volts). In the IR range, K*DP (Potassium
dideuterium Phosphate) could be a good crystal candidate. When no field is applied, this is a uni-axis
crystal (index ng and n.). Let Z and X, Y be the principal axis of the crystal with zero electric field,
Z is the optical axis (with index n.), and X,Y have associated no index. Let Z’ = Z , X" and Y’ be
the new principal axis when an electric field is applied in the optical axis (Z’) direction. The indices
with non zero voltage are given by

1 3
ng = ng — —ngresk, (154)

2
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1
Ny = ng + §n3r63E, (155)

and thus the crystal is now bi-axis, with principal axis with field X', Y’ are 7 /4 rotated with respect
to the axis without field X, Y.

When propagating in the Y’ direction, light polarized in the X’ and Z’ directions will have a phase
difference after traveling a distance e in the Y’ crystal direction submitted to a voltage V' on a thickness
d given by

2m 2m 2m 1 |4
¢ = TeAn =€ (ny —ngy) = 5 (ne - ng + Engregg) e. (156)
If the length of the crystal e is a multiple of — this phase difference becomes
2m 1 5 2m_le
= TAne = Enorea-rvzl-. (157)

This phase-shift is equal to  for a voltage given by

v, =42

2 € TlgT'63

When propagating in the Z’ direction, light polarized in the X’ and Y” directions will have a phase
difference after traveling a distance e in the Z’ crystal direction submitted to a voltage V' on a thickness
d = e given by

2 2 2 |4 2
¢ = -/\lr-eAn = -—/\T—F—e (nyl —_— nzl) = —;r—- (ngTGBE) d= Tﬂ-ngr&gv (158)

This phase-shift is equal to /2 for a voltage given by

A
V%-—

= 3 y
4Tl0'f‘63

9.2.1 Transverse field design

For an applied voltage of V% , resulting in an electric field along the optical Z axis, transverse to the
light propagation direction, the cell is equivalent to a half-wave plate. Consequently, entering the cell
in the Y” direction with a linear polarization orthogonal to the X’ axis (e.g along Z) would result in
a polarization flip if the voltage V% is applied to crystal. If the Pockels cell is followed by a quarter-
wave plate, then according to the value of the voltage (0 or V% ), one then ends with light right or left
circularly polarized (See Fig. 36).

9.2.2 Longitudinal field design

For an applied voltage of V% , resulting in an electric field along the optical Z axis, parallel to the light
propagation direction, the cell is equivalent to a quarter-wave plate. Consequently, entering the cell
in the Z direction with a linear polarization at 7 to the slow axis (Y’ or X’ axis) would result in a
circular right or left polarization (See Fig. 37).
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linear + 7 linear + circular right
Polarization 1 Polarization Polarization

>
Pockels Cell
Laser V=0
Quater-wave plate
linear + 7 linear - circular left
Polarization ; Polarization Polarization

Laser Pockels Cell Quater-wave plate

V=V)J2

Figure 36: Getting right and left circular polarization from the linearly (vertically) polarized light of
the NdYAG Laser. If the Pockels cell voltage is set to zero (resp. V% ), the light after the quarter-wave
plate is circularly right (resp. left) polarized.
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linear +
Polarization

circular right
Polarization

Y’'(Slow)

Laser

X'(Slow)
circular left
Polarization

linear +
Polarization

YI

Figure 37: Getting right and left circular polarization from the linearly (vertically) polarized light
of the NdYAG Laser. If the Pockels cell voltage is set +V% (resp. -V, 3 ), the light is circularly right
(resp. left) polarized.
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9.2.3 Possible Technical Solution

The Lasermetrics LMA-1 (transverse field) or LMA-3 (longitudinal Field) modulators might be a pos-
sible choice [34]. The crystal is K*DP. They have 2.3 mm clear aperture diameter and a 1000: 1 typical
extinction ratio, with a 94 % transmittance and a rise time less than 5 ns. They must be used with a
8403 HV amplifier, which can drive the Pockels cell from DC to 24 kHz.

9.3 Polarization Measurement

The Laser light is linearly polarized at the 300/1 level (light Wave 126 Specifications). The light po-
larization P, is extracted from the measurement of the light polarization P, at the exit of the cavity,
assuming that the exiting light is a random sample of the cavity circulating light. To measure P,, we
plan to use the standard technique of linear polarization separation {35], where a small part of the cir-
cularly polarized light is sent by a canted glass window to a Wollaston Prism. This Wollaston Prism
splits the two perpendicular linear light, and one measures via Joule meters the intensity of the two
polarization I; and I,. From their ratio R = 7=, the polarization could be easily extracted.
This method could be explained by con51der1ng the electric field of an elliptic polarization light

acos(wt — kz) = /I cos(wt — kz)
E=| bsin(wt — kz) = \/I, sin(wt — k2)
0

Introducing the right (resp. left) handed circularly polarized electric field £y (resp E_):

os(wt — kz)
E, =e; [ sin(wto— kz) }

—sin(wt — kz)
0

with the number of right (resp. left) handed photons givenby Ny = 3 < E? >, N_ = 3 < EZ >
and the total number of photons given by N = Ny + N_ = B2(a® + b?) = B3b*(R + 1). So that the
coefficient of the elliptic field can be expressed in terms of the right and left handed field:

a=ey+e=B(/Ny+/N.)

b= ey — e = B/F — /)

+ cos(wt — kz)
E_=e_

eg
ab=+vRb¥ =N, — N_ (159)

and finally

N,-N_. 2VER
P, = = (160)
N,+N. 1+R

Using this technique the Compton polarimeter group at SLC has obtained a measurement of the light
polarization at the 2 % level [35].
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Detector Number of *“channels” Total | Base time
BPM 3 BPM x 2 (x,y) x 2 Voltage 12 Slow
~ Calorimeter 25 crystals (25 PM, 25 ADC) 25

EMCAI T Monitoring 6 thermal monitors x 1 Voltage 6 Slow
e~ detector 3 Silicon-Strip planes(128 channels) x 4PU (32bits) | 12

e~ detector trigger 2 plane of 6 Scintillators (6 PM, 6ADC) 12

Magnetic Chicane Power supply intensity 1 Slow
Laser Power 1 Slow
Cavity Pressure 1 Slow
Beam Pipe Pressure 1 Slow
Diode for reflected Light Intensity 1 Slow
Diode for transmitted Light | Intensity for the 2 polarization state 2 Slow

Table 33: Type of data for the Polarimeter Acquisition

10 Data taking

As explained in section 3, we expect counting rate of a few hundred kHz. Table 33 gives an idea of
the various data that will be written on tape.
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11 Systematic errors

Equations (30),(41) and (50) of section 2.3 give the relationships between the electron polarization P,
and the measured (Laser polarization P, and asymmetry of number of Compton events A.;,) or the-
oretical (Compton longitudinal asymmetry A;) quantities. For instance, equation (30) for one energy
bin of the differential method gives

Aezp (nt*—=n") 1

Po= 5 = ) BA (161)

where nt and n~ are the numbers of Compton events normalized to the same integrated luminosity
LT for the two measurements with parallel or anti parallel polarizations of the electron and Laser
beams. We will now look at the systematic effects limiting the precision on the P, measurement :
false asymmetry induced by the variation of some physical parameters between the two measurements,
systematic effects on the Laser polarization P, and on the theoretical Compton longitudinal asymmetry
A;. We will conclude this section with the study of the change of polarization between the interacting
point of the Compton polarimeter where the electron polarization is measured at the target interacting
point.

11.1 False asymmetry

Equations (30),(41) and (50) are a simplification of the relationships between the electron polarization
P. and the measured quantities. The measured numbers of Compton events are given by

nt = LYTt et ot (1+ PPFAY) = € (1+ P.PFAY), (162)

n~ = LT e o (1-PPA7) = € (1- PP 47), (163)

where £, the overall efficiency, stands for € = L T € 0.

To obtain equation (161), we have assumed that the integrated luminosity L7, the efficiency e,
the incident energies (which act on the unpolarized cross section o and on the Compton longitudinal
asymmetry A;) are the same for the two measurements with parallel or anti parallel polarizations as
we have assumed the same amplitude for the reversed polarization P,.

We will now take into account the variations of these quantities which can be parametrized by the
asymmetries of the overall efficiency A¢, Laser polarization Ap, and Compton longitudinal asymme-
try A,,, respectively

Et - & P‘?-“P‘y_

ey Ar

_ A=A
" Pr+ P

A =4t
£ A1++A1—,

Ay,

around the mean values of the overall efficiency £, Laser polarization P, and mean Compton longitu-
dinal asymmetry A,

_Er+e
==

The numbers of events can be rewritten as

_ Bt py

P _AF+ AT

A=

¢ 2 7 2

nt = 5[1 + Ag] + P PA [1 + (Ag + Ap., + AA,) + AgAp,y + AgAA, + AP7AA, + AgAP7AAl§164)
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and the electron polarization is now given by

P 1 Aezp — Ae €165)
< P A1+ AgAp7 + AgAA, + 14p7AAl — Aeszg - A”pAP7 - Aez:pAA, — Aexp445Ap7AAt

where A, = (nt —n~)/(n* + n~) is the measured asymmetry of the number of Compton events.
When the asymmetries A¢, Ap, and A,4, are small, the equation (165) can be expanded to first
order in the relative contributions of each effect :

ACIP 1 2 2
- er A Ae:r A .

P4 T EA (e + Aeey” Ar, + A An) (166)
Each term in the parenthesis is a correction to the simple expression in equation (161) and the
uncertainty translates into a systematic uncertainty in electron polarization P..

The required precision on the overall efficiency asymmetry AAg is then related to the required
precision on the electron polarization AP, / P, by

AP, AP,

< P ~—=
p, DHAfe="p
while the requirement on the Laser polarization (or Compton longitudinal asymmetry) asymmetry is
given by

P ~

AAE S Aexp ’ (167)

- AP, P,AP, AP. 1
A < c X A~ = )
Ap, < P,  A? P. Aesp

exrp

(168)

For this experiment, we have a Laser polarization P, = 100%, a Compton longitudinal asymmetry
which is given roughly as a function of the beam energy by /< A? > = 0.84 £ % (Table 2) and we
assume an electron polarization P, = 50%. Then for a 1 % measurement of the electron polarization
AP,/ P,, the requirements on the uncertainties of the asymmetries of the Laser polarization Ap ,
Compton asymmetry A4, and overall efficiency A are the following :

¢ uncertainty on the polarization asymmetry : AAp, < 2.4 | E(GeV),
o uncertainty on the asymmetry of the Compton asymmetry : AAy <24/ E(GeV),
¢ uncertainty on the overall efficiency asymmetry : AAg < 4107° E(GeV).

The first two requirements are quite large (30 % at 8 GeV') and can be disregarded. Only the last
requirement on the overall efficiency asymmetry can introduce sizeable systematic effects in our mea-
surement. We recall here the expression of this overall efficiency using the approximated formula of

the luminosity given by equation (69)
2 I PG A 1

= V2m e he? /o2 + o2 sin(a,)

where I., P and G are the electron beam intensity, the Laser beam power and the cavity gain, X is the
Laser wavelength, 0. and 0., are the electron and laser beam size at the interacting point and where
a. is the beam crossing angle and o the unpolarized Compton cross section. We will now distinguish
between asymmetry correlated or not with the Laser polarization reversals. The second one are con-
cerned by the general stability of each term of equation (169) and by a variation of the alignment of the
two beams. The effect of such uncorrelated asymmetry can be reduced by frequent Laser polarization
reversals while the correlated asymmetry had to be at the level given by equation (167).

E = LTeco

Teo, (169)
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11.1.1 False asymmetry not correlated with the Laser polarization reversals

The asymmetries which are not correlated with the Laser polarization can be reduced to an acceptable
level by high frequency polarization reversals and suitable randomization of polarization reversal.
Let’s the overall efficiency asymmetry As be zero with a fluctuation per unit of time dAg/dt. The
systematic and statistical (Eq. 78) errors on the polarization deduced from a pair of pulse of length At
are

AP 1 dAg

~ — At 1
P. Aezp dt ’ (170)
APC stat 1 1
—_— ~ . a171)
P. Aezp V2 Leo At
After N? pulse pairs, since the errors are uncorrelated, these equations become
AP, 1 At dA
~ £, (172)
P. Aezp /NP dt
AP, 1 1 1
~ (173)
Pc Ae:z:p \/Np At \/2 [:60'
giving a ratio a between systematic and statistical errors
AP.¥! dAs , 2
a = APC”‘” ~ — At? V2 Leo. (174)
Introducing the reversal frequency f = 3; and the Compton rate ‘%’fs = Leo, we get
AP,*¥ dAg 1 dN,
a = £ (175)

AP = @ g\ a

Then the level of systematic error wrt the statistical error can be reduced by higher frequency reversal
or by lower Compton rate (but with a longer time for the same statistical error). For systematic error
less than statistical one (a < 1), the fluctuation of the overall efficiency asymmetry per unit of
time dA¢ /dt must verify

(176)

Assuming the experimental conditions of section 3.4, the Compton rate is approximatively %ﬂ =
800k H > (Table 8) for a 100 A electron beam intensity and for a G = 10000 cavity gain . Then
the fluctuation of the overall efficiency As must be kept under dAs/dt < 810~*/s for a reversal
frequency f = 1Hz. For a reversal frequency f = 10Hz(100H z), this upper limit is increased to
dAg/dt <25107%/s (81071 /s).

For lower Compton rate, the limits are still increased. For example, for a 100 n A electron beam in-
tensity and a G = 1000 cavity gain (giving a Compton rate of 80H z), the required efficiency stability
for a reversal frequency f = 1 Hz decreases from dAg/dt < 8107*/s to dAg/dt < 8107%/s.

We can estimate the fluctuation of the overall efficiency A¢ by looking at the asymmetry between two
pulses of same Laser polarization. The expected statistical error, given by

dA = ——e. (177)



is the same than the error on the measured experimental asymmetry A.,,. Thus the final statistical
errors will be the same for the Compton asymmetry A.., from pulses of opposite polarization and for
asymmetry from pulses of same polarization. Thus the systematic error due to the fluctuation of the
overall efficiency A¢ can be controlled with the same accuracy than the statistical errors on the electron

polarization.

11.1.2 False asymmetry correlated with the Laser polarization reversals

For the asymmetries which are correlated with the Laser polarization, we need the previous limit on
the overall efficiency asymmetry (Eq. 167) between two pulses of opposite polarization i.e.
AP. AP,

P P,.,A(Pe ~ —P——

AAE S Aez:p

giving, for a 1 % measurement, an uncertainty on the overall efficiency asymmetry A A < 4107° E(GeV).
In the previous equation of the overall efficiency (Eq. 169), the electron beam intensity /., the electron
beam spot size o. and the efficiency e are not correlated with the Laser polarization.

The Compton cross section o (Eq.23), given at first order by 0 = w ry2a wherea = 1/(1 + ‘::—f),
depend on the energy k of the Laser beam and so can be correlated to the polarization reversal.

Taking into account only terms which may depend on the Laser polarization, the uncertainty on the
overall efficiency asymmetry can be expressed as

1
AAg = APL + AG— Aac —_— AO’.,H—UQ + A/\ + AO’
4FEk

4Ek + mz)' 178)

= AP, 4+ AG — Aa, — Aaql-i-% + AX1 +

2
75

This uncertainty depends on the asymmetries of the Laser intensity Pp, cavity gain G, crossing angle
a., Laser spot size 0., and Laser wavelength A. We have not include here the effect of a change of the
Laser beam position at the interacting point.

Each term of equation (178) has to be measured within the previous limit of 410~° E(GeV).

11.2 Photon beam polarization

The experimental electron polarization P, is proportional to the photon polarization P, (Eq. 161).
So the level of systematic in the photon polarization measurement has to be the same as the required
precision on the electron polarization i.e. 1%.

11.3 Longitudinal asymmetry

The term A, of equation (161) or (166) is in fact a more complicated function of the theoretical Comp-
ton longitudinal asymmetry. As shown in section 2.3, it has to be the mean value of the theoretical
Compton longitudinal asymmetry on the scattered energy range weighted by the unpolarized Comp-
ton cross section and by the detector efficiency (Eq. 29, 39 or 49). So it depends on the resolution and
on the calibration of the scattered particle detector. These effects are detailed in appendix E where ap-
proximated detector performances to reach the required precision are given. The final study of these
systematic effects will be done when experimental results on the detector characteristics will be avail-

able.
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Here we will only look at the effects due to the calibration of the incident beam energies. The mean
asymmetries used in equations (29), (39) or (49) are, in our kinematic range, roughly proportional to
the Laser and electron beam energies A; «x k E.

The required resolution on the Laser and electron beam energiesislow: ck/k ~ 1% andoE/F ~

1 %.

11.4 Precession of the Polarization in the Chicane

It is well known [36, 37] that the magnetic moment of an electron of spin s, (i = —g5=3), precesses
in a static magnetic field B perpendicular to the particle momentum by an angle 6p around B given
by
-2
Op = 0y, (179)

&<

where 6, is the electron trajectory rotation and g is the gyro-magnetic ratio for the electron,
-2
9—2— ~1.16 1072, (180)

Since our measurement of the electron beam longitudinal polarization is performed at a point followed
by magnetic elements of magnetic length [ Bdl , the electron trajectory will be rotated by a magnetic
angle 0,, = % J Bdl. The resulting change of the direction of the polarization g is then

~9
On=0p+0, =0, (79—2—— + 1). (181)

and gives for the longitudinal polarization at the target P},

P, = PJi cos 6p + P]} sinfp, (182)

€

where P and P[] are the measured longitudinal polarization and the transverse polarization at the
Compton interacting point. According to Eq. (182), the measurement of the longitudinal polarization
P}, of the transverse polarization P,} and of the polarizationrotation angle 0 are needed to determine

the polarization on the Target. The systematic uncertainty is given by

O'(Pgl]) = \/0-2(03) [—Pe’l'l‘ sinfr + P} cos 03]2 + o2(P7) sin®fp. (183)

The transverse polarization P} is not measured at the Compton interaction point. If the measured

longitudinal polarization PJj} is high (> 50 %), we can only assume 17:5;:; <1,(P%{ + le < 1) and
el

o(PL) = P,

Furthermore we plan to set to zero the magnetic rotation angle 8, of the elements after the Compton
interaction point within a measured accuracy ¢ (,,) close to the 0.5 mrad. For the resulting polariza-
tion rotation angle, this gives o(0r) between 1.6 mrad at 1 GeV and 9.6 mrad at 8 GeV'.

Then, assuming 0 ~ o(0r) << 1 and (P} ) = P}, Eq. 183 can be rewritten as

2 2
—_ iz _ e e tanZ 0
T o (HR) tan g + erﬁ + pm an‘“tp
pm’
< o8 =L
< JU (0r) {PJITILJ +

el ell
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2

ﬁl o%(0gr) (184)

i




. . o . Pm .
So even with a relative transverse polarization as high as &+ = 1, the systematic effect due to the
el

precession,

m
Pe.L

Fi

< V2 0(6R) , (185)

can be kept under the required precision if the electron trajectory rotation after the Compton interact-
ing point is small.
For a zero magnetic rotation angle 6,, within a measured accuracy o(6,,) = 0.5 mrad, the rela-

tive error on the polarization lies between ﬂ;{—) =0.2% at 1 GeV to 1.3% at 8 GeV.
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A CEBAF beam in Hall A

A.1 Beam Parameters

First estimates of the beam size at the Compton polarimeter location [38] in the normal mode (i.e.
achromatic mode) give a beam spot size approximately the same as that on the targeti.e. 4 0, = 1404.

In the dispersive mode, since the dispersion is quite large at this point (nearly 12m), the beam spot
size at the position of the Compton polarimeter will be quite large, roughly a little more than 1.2mm.

In the normal mode, 4 Quads (Q17, Q18, Q19 and Q20) are located upstream the Compton Po-
larimeter. They can easily be tuned so that the size of the electron beam at the Compton IP is close
to o. = 50 um. The question of the focalisation at the same time on the target (¢, = 35 um) has
been investigated by V. Lebedev from the accelerator division. After the Moller polarimeter commis-
sioning, there will be 10 m downstream the Compton polarimeter, 3 (and may be 4) Moller Quads
QA1HO1, QA1HO2 and QA1HO03 (QA1HO04). QA1HO1 is a standard Cebaf Quad, whereas QATH02
and QA1HO3 are 4” Quads. QA1HO1, QA1HO02 and QA1HO3 (but not QA 1HO04) will be used also as
beam line quads[39]. The study performed by V. Lebedev assumed a beam emittance of ¢; = ¢, =
10~® mrad and an energy dispersion épﬂ = 2.5107°. The four 30 cm upstream Quads (Q17,Q18,Q19
and Q20) were tuned to the field values 1.53 kG /cm, —0.92 kG/em, —2.31 kG/em and 2 kG /cm.
Downstream the Compton polarimeter, 4 Quads (Q23, Q24, Q25 and Q26) with 30 cm, 35.92 cm,
35.92 ¢m, and 35.92 ¢m length were used to refocus on the target in ESA. The field gradients were
1.05 kG/em, —0.91 kG/cm, —0,91 kG/cm and 1.05 kG/cm. As depicted on figure 38, (See also
table 34) the focalisation at the compton IP and at the target is o, = o, ~ 60um.

A.2 Beam Stability

An other important feature is the beam stability. V. Lebedev from the accelerator division states that the
beam stability in Arc 1 is about 100 i (for 10m) at 60 Hz. In one to two years time frame, a feedback
system will be installed to suppress the 60 Hz noise and reach a level of about 10-20 . (per 10m). At
any particular point (say, at Compton entrance), the feedback can be adjusted to be at least this level,
and maybe better for shorter distance.

A.3 Beam Requirements at the targetin ESA

The Physic division beam requirement to the accelerator division are summarized in table 35. The
beam emittance is quite good 0.4 10~°mrad < €,y = 05,0,y < 2.5107°mrad. The beam halo at
50 being only < 1 10~®0f total current, we are confident that the location of the mirrors cavity (Smm
away from the electron beam) is a safe position.

A.4 Beam Position Monitor Specifications

The BPM specifications are summarized in table 36. These specifications are in good agreement with
our requirements for beam direction and position localization at Compton IP.

A.5 Polarized source

The source[40] is a classic GaAs that is a first cousin of the Peggy II source at SLAC, but it will be en-
hanced considerably with the latest important change being an RF laser drive that produces the charge
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OptiM

8 CEBAF Hall A beam Line

Energy{MeV]=4050 Mass[MeV]=0.511 Hr{kG*cm]=13511
Emittance: ex{cm]}=le-07 ey{cm]j=le-07 DP/P=2.5e-05
Initial: BetaX{cm]}=1000 BetaY[cm]=1000

AlfaX~0 AlfaY=0

DispersX{cm]=0 DispersY[cm]=0

Dsp_PrimeX=0 DspPrimeY¥=0

X[{cml=0 Y[(cm]=0 2(cm]=0 S(cm]=0

tetaX(deg]=0 tetaY(deg]=0

L}

begin lattice. Number of periods=1

ola dMLALCO02 bel olb QAlLCOl 02 QAlC02 o3 QALCO3 o4da bel dMBN1C04 o4b
SANATCH

QA1C04 o5 QALCO05 o6 QALCO06 o7 QAlCO7 o8

SACHRO360

QF o9%9a SD o9b be dMBAIC be o9c QD o9a SF o9b be dMBALC be o9c
QF o9%9a SD o09b be dMBALC be o9c QD o092 SF 09 be dMBAIC be o9c
QF o%a SD o9b be dMBALC be o9c QD o%9a SF o9% be dMBALIC be o9c
QF o9a SD o9b be dMBAIC be o09c QD o%9a SF o9 be dMBALIC be

# Match and S-Harps

017 dsl 017a Q17 018 Q18 019

L Compton polarimeter focusing

Ql9 020 Q20

SCHICANE, 12 m

021 bp 023b bm 023c bm 023b bp

¢ Final Focus

023d 023e Q23 024 Q24 025 Q25 026 Q26 027

fodump

end lattice

begin list

o017 Licm]=60

dsl Llcm]=60 B(kG]=0

0l17a L{icm]=205

018 L{cm]=50

Q17 L{cm]=30 G[kG/cm]}=1.52901 Tiltl[deg]=0
Q18 L{cm]=30 G[kG/cm]=-0.92 Tilt[deg]~0
Q19 L(cm]=30 G[kG/cm]=-2.31 Tilt[deg]}~0
Q20 Licm])=30 G[kG/cm]=2 Tilt{deg]=0

019 L{cm]=490

020 L{cm]=50

021 Licm]=105.7

bp L{cm]=100 B[kG]=7.5 G[kG/cm]=0 Tilt{deg]=90
bm L{cm]=100 B[kG]}=-7.5 G[(kG/cm]=0 Tilt[deg]=90
023b L{cm]=440

023c L{cm]=230

023d Licm]}=250

023e L{cm] =495

Q23 L{cm}=30 G{kG/cm]=1.05 Tilt(deg]=0

024 L{cm}~87.04

Q24 Llcm]=35.92 G(kG/cm]=-0.91 Tilt{deg]=0
025 Licm]=54.08

Q25 L{cm]}=35.92 G(kG/cm]=-0.91 Tilt[deg}=0
026 Llicm]}=54.08

Q26 L{cm}=35.92 G[kG/cm}=1.05 Tilt{deg}=0
027 L{icm]=1512.04

odump L{cm]=5000

# Match and Arc drifts

ola Licm]=45

olb L(cm]=1200

o2 L{cm}=200

o3 L{cm]=200

o4a Licm]=1200

o4b Licm]=100

oS L{cm]=300

o6 L{cm}=700

o7 L{cm]=500

o8 L({cm}=580

o9%a Licm]=34.5

o9b Licm]=60.5

o9c L{cm]=80

# Match and Arc Dipoles
dMLAL1CO02 L{cm]=99 B(kG1=3.76786
dMBN1CO4 L{cm]=99 B[kG]~3.76786

bel Licm}=1 B{kG]}~=3.76786 G[{kG/cm]=-0.10524
Tilt{deg]=0

dMBALC Llcm]=~298 B{kG])=3.36557

be Licm]=1 B(kG]=3.36557 G[kG/cm]=-0.12598

Tilt{deg]=0
# QUADRUPOLES for Match

QAlCO1 L{icm]=30 G[kG/cm]=0.883351 Tilt{deg]=0
QAlC02 L{cm}=30 G[kG/cm]=-1.38964 Tilt[deg]=0
QAlCO3 L{cm]=30 G{kG/cm]=~0.883351 Tilt{deg]=0
QAL1CO04 L{cm]=30 G{kG/cm]=1.11014 Tilt[deg]=0
QAL1COS5 L{cm]=30 G(kG/cm]=-1.20162 Tilt[deg}=0
QALCO06 L{cm]=30 G{kG/cm]=1.05151 Tilt(deg]=0
QAlCO07 L{icm]=30 G[kG/cm]}=~-1.46159 Tilt[deg}=0
#QUAD VALS FOR 90 DEGREE ACHROMATIC ARC

QF L{cm]=30 G[kG/cm]=1.26988 Tilt{deg]=0
QD L{cm]=30 G{kG/cm]=-1.36836 Tilt{deg]=0
#$SEXTUPOLES FOR ARC TO ACHIEVE SECOND ORDER ACHROMAT
SD L{cm])~15 S(kG/cm/cm)}=-0.0082733

SF L{cm}=15 S{kG/cm/cm)]=0.0144618

end list of elements

Table 34: Beam line description from V. Lebedev, showing focalisation both at Compton IP and the
ESA target. 118
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Figure 38: Beam envelope from V. Lebedev, showing focalisation both at Compton IP and the ESA
target.
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Parameter Nominal value and Range Stability (hours)
RMS spot size | 20um < o, < 50um 25 % of value

lo 20um < g, < 50um 25 % of value
Angular divergence oz < 100ur 25 % of value

lo oy < 100ur 25 % of value
Beam Position Oum wrt optic axis 25 % RMS spot size

Beam Direction

Our wrt optic axis

25 % RMS angular divergence

Energy (average) 0.5-4 GeV 31074
Energy Spectrum (1o) og/E =5107° 25 % of value
Beam Halo < 110~%0f total current at So
Current 40nA < I. < 190uA +10%
Polarization > 35% bulk GaAs I, = 100uA | £10%

> 75% strained cathode I, = 30uA | £10%
Duty Cycle 90 %
rastering > 100um rastered beam spot size

< lem beam position stability

Table 35: Physic Division Beam requirements
Quantity Description Specification
Relative accuracy | lo 50 um

Absolute accuracy | 1o

Calibrate to < 50 um

Measurement time

1 s (8 msec required for Parity,
100us desired)

Time scale time over which the specifications must hold | 1 hour

Operating current 1-200 A
Operating position +5mm

X-Y coupling < 50pum per mmX

Table 36: BPM Specifications

bunches directly at the photo-cathode.

As for the characteristics of the beam - it will have the same (or possibly better) emittance, energy
spread etc as the standard” CEBAF beam, and the nominal helicity structure will probably be “flip-
ping” at 1/30 of a second (the usual randomized pattern with an equal number of groups with each
helicity so the average is zero). Other helicity flip rates can in principle be accommodated, but doing
it much faster than proposed here may cause difficulties that should be discussed.
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B Luminosity generalities

The total luminosity for the interaction of the laser and the electron beams is (eq. 61)

L=[[[ veapep dsdady, (186)

where the relative velocity of the two beams is v,.; = ¢ (1 +cos(a.)) with a, crossing angle and where
Pe, P are the electron and laser beam’s densities.

As already mentioned in the section 3.1, the beam density in beam frame (z',y’, 2’ where 2’ is
along the beam axis) (eq. 56) is taken as the product of two normalized gaussians in z’ and 3’ with a
normalization factor IV i.e.

1 z? 1 yr? )
I, I’ ! :N _—  ex - I AR , 187
P(z y,z ) 0 /_271’0'1,(2,) P ( 203(2,)) ,—271'0'!,(2') exp ( 20_!2’(2,) ( )
where 0.(z') and o, (2’) are the z’ and y’ beam sizes at 2’.
The evolution along 2’ of these beam sizes (Eq. 57) is characterized by the waist beam sizes o(0)
(taking the beam waist as the origin of the beam frame) and the angular divergence ¢ (parametrized by
the Rayleigh range 7).

2 2 zl?
0,,(2)=0;,0) |1+ R (188)
z,y
So that the waist size and the asymptotic angular divergence are
d(0) = 20(0) , tan(e) = 0(0)/Z . (189)

The normalization factors for the electron beam (intensity /) and for the Laser beam (power P, and
wavelength )) are deduced from :

dN, _ P _ No, [J] pydzdzdy No, [ dz _ No,cdt

= = = = N,
it hv dt dt dt oG (190)
dN. I. Noe [[[] pedzdzdy No. [ dz  No.cdt
dt e dt =@ - @ Mo (191)
leading to (also referenced as Eq. 60 and 59)
I, PL A
e = - 9 N = .
No ec & hc? (192)

B.1 Luminosity for zero beam crossing angle

When the crossing angle o, between the electron and Laser beams is zero, the electron and Laser
beam frames are the same. Assuming that the Laser and electron beam waists are the same and us-
ing 0;4(0) = 0,4, the differential luminosity is thus given by

dz‘;fdy = c¢(1+ cosa.) Ny, No,,

11 1 1 z? 1 1
5= exrp (—5 +
EP 2 2 2
Ze ~ Ze Z'Y -

2
1
L4ty 1 1 exp |—L L + . (193)
Imoeoy 1+—7"2 z2 2| oy 1422 y2 12
27 Vo S\ o\ Mg
9 ki 4



The differential luminosity along the beam axis z is obtained after integration over the transverse

coordinates z and y of the beam densities 2= = [ [ v, p. py dz dy giving:
% = 2c 1\/.0e No,y'zl?a:la_, 1 A \/2_; 1

2 k]

11 1 1 /o 1
2r oZoy 1+ 22 +2 1 + 1 ’
z3? 1+2v7 v2 2 2 2
hi o | 1+ Zg! a_‘; 14 —Z"TT
y

and finally
dc 1 1 1
— = 2¢N,, No, . (199)
dZ 27'[' T2 oz2 y2 y2 2 a.v2 0.92
afz+a§2+zz(§?+7:;,-) o +oy" +z2 (53,-;+E},->

Assuming now that the electron and Laser beams are symmetric in z and y (i.e. 0 = ¢¥ = o and
Z* = 7Y = 7), we obtain finally the differential luminosity along the beam direction % for zero
crossing beams

d 1 1
%L = %Mo, No, o — (195)
: 7 oovoi+a (G4 7)
The total luminosity L7 is given in this case (beams symmetric in z and y) by
ET = 2CN0¢ JV(),y 51; 0 1 ) f 12+ v] dz;
35_4_1} 2+%_
@) G
ET = 2C.’V0e AN.().y % (E;.j.:%.) c;+02 . (196)
zZ " 2% g
[E5)

Using equation (192) for the beam normalization, one gets for the total luminosity at zero crossing
angle and for beams symmetric in z and y

Ly = k . (197)

The partial luminosity £,( L) (luminosity for 2 beams crossing over a length L) can be written using
equation (195)

L(L) = 2cNo, Noy = ! /m ! d
P = C [Vo, Oy M (ﬁ+ﬁ) L2 z2+¢i§_ 2.
mn (#+3)
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The integration gives

tan~! (% A
\/(2;4.; )(03+cr?,) (%2'*"2—};)

L(L) = kBl 2 tan~! [ £ | 25|, (198)
i (343 ) "\ ($+3)

e Y

The interaction length L,,.(x) is defined as the length containing a fraction « of the total luminosity
(Eq. 197). This fraction is given by

£(L) _
K=—pr= (199)
so that one gets for the interaction length
ztA
Lint(k) = tan < 2y (200)

B.2 Luminosity for non zero beam crossing angle

When the crossing angle o, between the electron and Laser beams differs from zero, we define the z 2
plane of the laboratory frame as the crossing plane and the z axis as the mean beam axis. The angle
between the electron (resp. Laser) beam and the z axis is @ = a./2 (resp. -a). Thus the differential
luminosity is given by

dc
dzdz dy

= c(1 + cosa.) Ny, No,
1 1 _ rcosa+zsina)? _ rcosa—zsina)?
r ozoz CTP [ 2032 ] exp [ 2027

% v ezp [- Z (d—:, + a—‘,;)] (201)

In these equations, the beam sizes depend on the coordinates = and z according to

— sl a)? o+ )
03 - 02(0) (1. + ( zsmaZ-iz- zcosa) ) , 03 - 03(0) (1. + (zstna Zzzcosa) ) '

e
y
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The integration over y gives

dC
s = c(1 + cosa.) No. No, 2"—7—!; Vor /

; 2
1 _1 _ gzcoaa+zama } (zcosa—zsina D
2r ofo3 ezp[ 207 ] ezp[ 20% ’

djfia: = c(1 + cosac) No. No, #\/;_’Eﬂ_
L aglaf, exp [_ (zcoac;:fzaina)z] exp [ :r:coso;;zz.nna ]
L 1 1 1.1 22 .wn
e = c(1 + cosa.) No. No, 7\ T amie; €3P [ (a: + 57 )]
eTp [—5%%’25 (éz— + éf)] exTp [—-:czcosasina (a: 27 )] (202)

We assume now that the beam sizes ¥ are constant over the crossing length (i.e. the beam an-
gular divergences are small wrt to the crossing angle a.). This is the case in our experiment where
the beam angular divergences are < '100 urad (See appendix A) while the crossing angle is equal to

= 20 mrad.

The integration over the transverse coordinate z gives the differential luminosity along the beam
‘o dL
axis $=:
dz

L 22sin2a 1 1
E = C(l +COSQC ZV()e N0‘77§:1,—T———721ra—’a-$ exrp T(a—:-f-l- E;)]

2
2m er p[ 22sinla (”’2—”'112
1 1 2{ 0324032 oFt0Z?
cos’a(?+?) ( + )

where we have used

[ ezp(~az?) exp(~2bc) dz = \/g ezp (%) .

Finally one gets for the differential luminosity along the beam axis

dL 1+ cosa, l 22%sin’a
dz = T cosa No. N072 ol + ay2 o2 4+ aﬂ Tor? g aﬂ] (203)

124



The total luminosity is given by the integration over z

2 z2
— ltcosag L V 2 +a
L = € = cosa NOC NO‘Y 2n W ¢7"‘2+¢7"‘2 4‘""2
_ l+cosac
L = ¢ 2sinacosa Oe NO’Y V2r +¢77
L = ¢(1 + cosa.) No, No.,y— —!_7+ay prev

Using equation (192) for the beam normalization, one gets for the total luminosity

I. Pr, A (1 + cosa.) 1 1
ﬁ = ; h C2 /_271' 0_32 + 0_%;2 sinac' (204)

The differential luminosity (Eq. 203) can be rewritten as

€ L+ cosac 1+ cosac N
dz cosa No. 072 Z, a}f a’z + 032

where the gaussian width o7, related to the interaction length L., is given by

: \Jo%? + oz?
or = Lins _ L (205)

2 2sina

2
I

MN

Without the previous assumptions about the z evolution of the beam sizes, the differential luminos-
ity ff was obtained by the numerical integration of glven by equation (202). A second numerical
integration over z gives in this case the total lummosuy In our case, the results obtained with these
numerical integrations are well approximated (within 10~3) by the equations 203 and 204.
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C Synchrotron generalities

In this section devoted to the synchrotron radiation, we give, with the main characteristics of the radi-
ation, the angular and spectral power density. More precise information can be found in the article of
A. Hofmann [41].

C.1 Total Power

For an electron of energy £ and mass m on a circular trajectory of bending radius R(m) = p(eV')/cB(T),
the total power radiated by the electron is :

 2reem.? By

Py = 3 7 (206)
corresponding to a number of gamma per second dn., /dt of mean energy < € > given by
dn., P, 57‘0m362 2m 1347
NS = e == T T 2
dt <e>e 23 he R (207)
4 he +°
< €>= mz—ﬂ_ "'é" (208)
We can also define the critical energy as :
1
€ = —58_£ <€e> (209)
C.2 Full Angular Power Density
The full angular power density radiated by the electron is :
o*P 3 1 1 sin? 0 cos? ¢
=P — w73 |1 - ; (210)
O0¢0cosh 8r v* (1 — Bcosb) ¥%(1 — B cos§)?

where 8 and ¢ are the polar angles wrt beam direction. The total power radiated by the electron P,
the mean energy < ¢ > and the critical energy ¢, are given by equations 206, 208 and 209.

For the ultra relativistic case, we get approximatively :

o*P p 392 [ (1 +29%6%(1 — 2cos?¢) + v46*)
dpOcosh ~ ° rx (1 +7292)5 )

(211)

The figure 39 presents power densities for various ¢ range and the figures 40 and 41 for various 6y
range.
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dP/dQ(nW/sr) vs &y
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Figure 39: Full Power Density (nW/sr) at 4 GeV for various azimuthal angles ¢ (from0to r [2.).
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dP/dS2(nW/sr) vs ¢(rad)
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Figure 40: Full Power Density (nW/sr) at 4 GeV for various polar angles 6~ (from 0. to 1.9).

dP/dS2(nW/sr) vs ¢(rad)
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Figure 41: Full Power Density (nW/sr) at 4 GeV for various polar angles 0~ (from 0. to 20.).
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dP/dQde (WisrleV) vs ele,
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Figure 42: Partial Spectral Power Density for various angular range at 4 GeV.

C.3 Partial Angular Spectral Power Density

We use here a partial angular dependence : the angle ) between the bending plane and the vector
pointing from the particle to the observation point. The angle with respect to the electron trajectory was
included in the integration along the electron path, assuming all the radiation was emitted tangential
to this path.

The partial angular spectral power density radiated by the electron is :

62P Po €

where
Fz,9) = (2)° (2)" (1 ++%?), (213)
(1478 K3a(3 L+ 229 + 9% K (5 (14700

K are the modified Bessel functions .
The total power radiated by the electron F,, the mean energy < € > and the critical energy ¢ are given
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Figure 43: Partial Angular Power Density for various energy range at 4 GeV.
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Figure 44: Partial Angular Power Density for various energy range at 4 GeV.
by equations 206,208 and 209.

The behavior of equation 212 is a universal function of ¢y and ¢/, the power density is only modu-
lated by a factor 8%+ /p.

Figure 42 presents power density for various angular range and figures 43 and 44 for various gamma
energy range. We can see from these figures that for large angles, only gammas with small energies
are emitted.
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Figure 45: Partial Angular Power Density at 4 GeV.

C.4 Partial Angular Power Density

By integrating the partial angular spectral power density (Eq. 212) over the gamma energy, we obtain
the partial angular power density ( see figure 45 )

0P B2 __ o 57y
N 27 32 (14 y2p2)>/? [ Iy 2|’ (214
or
JoP _ 21 1 5 72,‘/)2
o(vy) Fo 32 (14 72¢2)5/2 [1 + 714422 (215)

The total power radiated by the electron F; is given by equation 206.
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Figure 46: Partial Spectral Power Density at 4 GeV.

C.5 Partial Spectral Power Density

By integrating the partial angular spectral power density (Eq. 212) over the i angle, we obtain the
partial spectral power density (Fig. 46 )

dP Po €

=% 5 19
or

9% B, S(%)

—a-:ic— = _Cc_ —C—_e:—, 217)
with

9v3 00

S(I) = 8_\7/1’_ T K5/3(u)du. (218)

K are the modified Bessel functions .
The total power radiated by the electron F, and the critical energy ¢, are given by equations 206 and
209.
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D Bremsstrahlung generalities

D.1 Tsai cross section

According to Y.S. TSAI[42], the bremsstrahlung cross section o}, for production of a photon of energy
k' by an electron of energy E in the field of an atom of charge Z is given by (See figure 47 ):

£ 2[4y +) (2 -2t 23000 )

dk' kK 3 3
+2 (1) (2 (Brlm) = dalom) + 2 (a(m) — pa(m)m 2)) |}

3 (
wherey = and Z is the charge of the medium. Using

_ 100mk’ C Loomk
= E(E _ k')Zl/s, N2 = E(E-k"Z21%)

s = (a Z)? (220)

The functions ¢,, ¢2, 91, 1, are given by

$i(z) = 20.863z —2In [1 + (0.558462)°] — 4 [1 — 0.6e7°% — 0.4e715%],  (221)
2 1

#ae) = Ale) =37 + 6.5z + 622’

r(z) = 28.340z —2ln [1 4+ (3.6212)"] —4[1 - 0.7e7% — 0.3¢72%]
2 1

Po(z) = ti(z) -

31 + 40z + 4002’

and the Coulomb correction by

1.0082>
—_— ~ —_— 2
f(z)=2 E n2 n z) 1.202z — 1.03692° + T3

(222)

For a total material with thickness L , with atomic number A whose density is po at normal pressure
Py = 760 Torr, the bremsstrahlung rate n, at pressure P is given by

(223)

dh L (, PN o
dk’ °P A dk'’

D.2 GEANT parametrization

S.M. Seltzer and M.J. Berger have given [43] a set of bremsstrahlung cross sections which have been
parametrized in the GEANT code. The parametrization for production of a photon of energy &’ by an
electron of energy F in the field of an atom of charge Z integrated above an energy cut off k. has the
form

o (B Z(Z +€)E? E-m]°
o= [ = FomGm M) FExy), (224)
where
X = ln(%) Y = In(%E) F(Z,X,Y) = Z Co X'Y7 + Z CL XYY

0,5 ; 7=0,5
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The parameters ¢, a, v, C; and C}; have been fitted for
Z = 6;13;29;47;74;92 10 KeV < (E—m) < 10TeV 10 KeV < k. < (E-m).

This parametrization gives results in good agreement (within 10 %) with the Tsai or the Seltzer Berger
results. Figure 47 shows the differential Tsai cross section and the total Tsai cross section integrated
from &’ to the incident energy E. Plotted as the function of the radiated photon energy &’ normalized
to the incident energy F, these cross section do not depend on the incident energy.

The angular dependence is contained mainly in the variable v = 0 with y = E/m. For a given
value of u, the dependence of the shape of do/dk’ /d{) is very weak. Thus the distribution is approxi-
mated by

f(u) = (ggfd) (u e + du 6“3‘“‘) , (225)
with
a = 0625 d=013 (08 + 42) (100 + &) (1 + &).

Figure 48 gives the angular distribution and shows the weak dependence on Z,E and k’. The angular
distribution is peaked around u = 48 ~ 0.5.
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Figure 47: Bremsstrahlung TSAI cross section for Z=1 and Z=6. The upper curves give the differen-
tial cross section do [dp where p is the radiated photon energy k' normalized to the incident energy E.
The lower curves give the total cross section o integrated from the energy threshold k! = 0.1 MeV
to the maximum energy E. For each curve, results for E = 8,6,4,2 GeV are superposed.
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Figure 48: Bremsstrahlung angular distribution for Z=1,6 and E=4,8 GeV. Each curve shows results
for k' = 0.1 MeV (solid line) and for k' = 1 GeV (dashed line) as a function of 0 where v = E /m.

136



E Effect of the detector resolution

In section 2.3, we have compared different methods (integrated or differential) to extract the electron
polarization from the experimental asymmetry. In particular, we have seen that the differential method
gives a better statistical error than the integrated method especially when the threshold p; on the scat-
tered Compton ~ energy is lower than ~ 0.5. For a higher threshold, the two methods give similar
precisions. These conclusions don’t take into account the response function of the detector.

In this section, we try to estimate the effect of resolution and calibration of the gamma or electron
detector. The results will be given for incident electron energy E in the range [1, 8] GeV and for
different values of the energy threshold p;.

E.1 Polarization measurement
E.1.1 Experimental asymmetry and polarization

The electron polarization P! measured in the scattered v energy p bin: of range [p; , pi+1] is deduced

from the experimental asymmetry A by

P, = e (226)
==X, By

In this equation

e p is the energy of the scattered gamma normalized to the maximum energy : p = k/kpqz.
e P, is the Laser beam polarization.

o A, the experimental asymmetry is a function of the normalized number of Compton events N}
(measured number of Compton events divided by the luminosity N} = n} /L.).
. N _i’_ —_ N'_ ) . piv1 do™
L=t th L= / —=
Al Nit N wi Ny 3 P dp (227)

where de / dp is the measured polarized Compton cross section.

e Ai, the theoretical asymmetry is a function of the longitudinal asymmetry A; and of the unpo-
larized Compton cross section do. / dp. The expression of A;, will be derived later.

These experimental polarizations P _ are then used to extract the final measured electron polariza-

€

tion according to the chosen method (integrated or differential) :
¢ For the integrated method, there is only one energy bin of range [pmin : pmac] and the final

experimental electron polarization P/M is given by
ACI
P = 15 (228)
Y

e For the differential method, the energy range [pmin : Pmaz) is divided into N bins [p; : p;4,] and
the final experimental electron polarization P2M is the weighted mean of the bin polarization
P, + dP;,

DM N Pi N 1
P = —E —_— 229
= = Lry | Lamy @

=1 i=1
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E.1.2 Response function of the detector

With a perfect detector (resolution and calibration), the measured polarized Compton cross section o'
is equal to the polarized Compton cross section

da* (p) ‘f;;:(p) (1 £ P,P. Aip)) with P. = electron polarization

(230)
Using equation 226, the experimental asymmetry leads to the electron polarization

P AL 1 Ni—Ni P,P. [t A d—”"‘dp P. it A & dp
= = AP, T AP, Nj N ﬂ,P G de ?h PG deaa)

provided that the theoretical asymmetry A:, be defined by

e A % dp
1 Pi dp

= (232)
th Pi+1 ddpg d D

Pi

In fact, the energy distribution of Compton events do./dp is first smeared with a resolution o(p)
due to the response of the detector. For instance for a Gaussian law, the smeared energy distribution
taking into account only the detector resolution becomes

do, [ldo. 1 - Lp_—aq;
= = | Z==£(p) ———— e 2907 { 233
dp, o dp P 2mo(p) P (233)
where the mean value of the smeared energy p, is equal to the incident energy p.
Moreover, the energy calibration of the detector gives the relation between the measured energy pn,

and the smeared energy p,, which at first order can be written

Ps = po t+ $pm (234)
and the measured energy spectrum do.,, / dp,, taking into account the detector resolution and
calibration is given in this case by

da m dam das

:{p:(pm) =S dps (pm) =S dp_, (p-’) (235)

This measured differential Compton cross section is no longer equal to the polarized Compton
cross section. This will introduce a systematic effect in the electron polarization measurement unless
we have only one energy bin covering the whole energy distribution since the smearing does not change
the total cross section. However, for the other cases (limited energy range, more than one energy bin),
this bias can be removed if the resolution and the calibration of the detector are perfectly known. In
this case, we can rcproducc for given electron and gamma polarizations (P and PS ) the distribution
of the number of events N3 and the experimental polarization P:, of equation 226 becomes

AI
t S _
PS = —_A‘ 5 p (236)
with the smeared theoretical asymmetry A:S defined by
; NS — N5 1
Aw’ = 5 (237)

N5 + NS PS PS

We use now the smeared theoretical asymmetry A} instead of the theoretical asymmetry A}, of equa-
tion 232 to extract the electron polarization P..
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E.1.3 Method to estimate systematic errors from detector calibration or resolution

Actually, the resolution or the calibration of the detector are only known within some errors and it
remains a residual bias. To study the systematic effect on P, measurement induced by these errors on
the knowledge of the resolution or of the calibration of the detector, we

e try to reproduce the experimental asymmetry A:_ for given electron and gamma polarizations
(P. and P,). For this, we use a simulation of the detector resolution to obtain the smeared Comp-
ton cross section . This simulation depends on a set of parameters P = [a, b, , ...].

Using now the calibration equation 234, we determine the measured Compton cross section o
by equation 235 and the number of events

;0 _ Ps da:i: _ P#l da';:n
Ni® = /,,; dp = /p;,“ 1 do (238)

from which we deduce the experimental asymmetry A _ by equation 227.

o compute the smeared theoretical asymmetry A; hs following equation 237 with simulated num-
ber of events given by

.S P::l daisz
N = —=d 239
+ /p . dp P (239)

which depends only of the smeared Compton cross section o where we have used an estimated
set of the resolution parameters PS = [a5, b%, , ..]]

o deduce the experimental polarization P,_fzs with equation 236 and the measured electron po-
larizations PIM and P2M with equations 228 and 229.

e compare the measured electron polarizations P/M and P2M with the initial electron polar-
ization P..

Using the same set of resolution parameters and a perfect calibration for the experimental and smeared
theoretical asymmetry, the measured and initial electron polarizations are the same since

doy doi S
P ” (set P = set P°)
pLo=pt ( per fect calibration )

For each detector (gamma or electron), we will now look at the difference when varying one of the
estimated parameters. Simple simulation of the response of the detectors have been used for this study
(see section E.2.1 and E.3.1 for the « and electron detectors).
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E.2 Effect of the Gamma detector resolution and calibration
E.2.1 Simulation of the v detector resolution

In order to study the effect of the detector resolution and calibration on the electron polarization mea-
surement, the Compton cross section do./dk has first to be smeared to give the smeared energy dis-
tribution do, / dk,. The usual parametrization of the overall resolution ¢’(k) for an electromagnetic
calorimeter has the standard form

/ ( k

——=a@ @k (240)

or using p = k/kmaz

a(p) _ = c_
p ®N/En::\/—®kma:p ®b @ @D

To simulate the response of the - detector, we have used here a thrce steps process following the
physical phenomena to combine the 3 terms of equation 240 and we have neglected the lead absorber
effect. More detailed procedure (GEANT based) will be done later when experimental results on the
+ detector used in this experiment will be available.

o For the deposited energy or light output in the crystal, the scattered y energy was distributed
according to a Gaussian law with a resolution o1(k). We consider here for the resolution the
following process :

- physics noise (fluctuation of the electron shower)
- shower leakage
- non uniformity of light response

We have assumed in this step that all these terms gives a resolution oy(k) = aj k, i.e. only
a contribution to the constant a’ term of the resolution. We neglect the irrelevant conversion
factors (y energy - deposited energy - light output) and express the distribution in term of de-
posited energy kg, i.e. we assume that the mean deposited energy was equal to the incident
energy kg4 = k. After integration over the scattered -y energy spectrum given by the Compton
cross section do./dk (Fig 49a), we obtain the deposited energy distribution (Fig 49b) :

og _ [ doe L ik
dkg ~ Jo dk 2raik

o This light output or deposited energy k, was then converted into a number of photoelectrons
distributed according to a Poisson law of mean value N.,,.(k4) proportional to the energy de-
posited in the crystal. These conversion contribute to the statistical term of the resolution 4’ and
can be written

dk (242)

N, (kqs) = ;‘;— with b12 Number of photoelectrons/GeV (243)
2

After integration over the deposited energy spectrum, we obtain the distribution of the number
of photoelectrons N, (Fig 49c) :
dN; [ do? Ny(kg)Ve e Nvelka)
dN, Jo dky N,!

dkq (244)
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e We have now to take into account the smearing due to the electronic noise contributing to the
linear term of the resolution ¢’. We add also a term for the one photoelectron resolution which
contributes to the statistical term b’ and which can not be neglected for low v energy. A Gaussian
law was used with a resolution

(ke = bEN.) = \/(chKmaz)? + (V3 ¥2)* ka (245)

where

— the electronic noise c¢; (photo detector and ADC noise,ADC non linearities, pedestals vari-
ations,..) was taken proportional to k.,

- the one photoelectron resolution was given by b';.
This resolution, expressed in term of number of photoelectrons becomes

o3(ka = b Ne)
¥

on(N.) = (246)

We integrate over the number of photoelectrons spectrum to obtain the final smeared number of
photoelectrons distribution N (Fig 49d where we can see the peaks corresponding to zero and
one photoelectron) :
o] 3 e — N)?
dN, dN; 1 = % dN.

dN — Jo dN. \2ro.(N.)

We use the number of photoelectrons rather than the electric charge at the exit of the PM or the
ADC channel neglecting here the irrelevant gain of the electronic chain.

To obtain the smeared cross section do, / dk, independent of the calibration of the detector, we
have only to convert this smeared number of photoelectrons into smeared energy k, with the
same conversion law of equation 243. In this case, the mean value of the smeared energy k; is
equal to the energy k of the incident . Figure 50 gives the cross section at 1,2,4 and 8 GeV

(247)

For this study, we have used conservative values for the different terms of the resolution (equation
240) for a PbW Oy crystal viewed by a photomultiplicator i.e.

a,=1% b, =3% =1% b, =50% (k in GeV) (248)

The statistical term b, = 3% corresponds to a number of collected photoelectrons of N, = 1.11/MeV'.
Table 37 gives the different terms contributing to the resolution in equation 241 and the resolution
for some values of p.
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E GeV | 1.00 [ 2.00 | 3.00 | 400 | 500 | 6.00 | 7.00 | 8.00
kmez | MeV | 17.5 | 68.9 | 152.4 | 2665 | 409.6 | 580.3 | 777.3 | 999.4
o(Pmaz) | % | 254|129 8.7 | 66 | 54 | 46 | 41 | 36
o(pmaz/2) | % 179|991 | 62 | 47 | 39 | 33 | 29 | 26
a(0) % | 10[10| 1.0 | 1.0 | 1.0 | 1.0 | 1.0 | 1.0

a % |10 | 10] 10 | 1.0 | 1.0 | 10 | 10 | 1.0

b % |253|128| 86 | 65 | 52 | 44 | 38 | 34

c % |10[10] 10| 10| 10| 10 | 1.0 | 1.0

Table 37: v detector resolution for the maximum, half and minimum energy p = pmaz » Pmaz/2 and
0. Contributions of the different terms of Eq. 241.

0.8

0.6

04

0.2

20

10

L 1 ] I 1 | ] T | I T T T ) l 1 i

C E=1GeV ]

-‘J [ ! ] [ | I 1 § [ | 1 7
0 0.5 1

Pt

F:r LER B I LI LR i ] TFT 1 I LB ] I LB { |4:

i]_u_dlljllllllllll -
-10 0 10 20 30

N

e

0.8

0.6

04

0.2

LIRSS ] LR DL | I LB L] l LB I L L I 1)

)

L i L l Al ) l,J | l LAl I L1t l )

©
Y

0" 2
1.75
15
125

0.75
0.5

0.25
() Ll 1.1 1,1 LA L l !

Illlllr11]11'lllllllllll'lllllllllllllll

LI I ] ' LER LI I LI I LR LA l LI

05 0 0.5 1

llllIlIIllllIl!llllllLlj]ljll‘lllllllll'

Ps

Figure 49: Energy distribution in the - detector : Compton cross section (up left). Energy deposited in
the crystal (up right). Number of photoelectrons (down left). Smeared Compton cross section (down
right). Incident electron energy is E = 1 GeV. Laser and electron polarizations are P, = 1. and
P.= +05

142



LI

.
R
[

-y
——d
-
-
-
-
—
-
-
-t
-4
v

0.75

0.5

0.25

Sy
llllllllllllllllll'll

m

i

—_

()

D

<
lJllIlIIllllll'lllll

-

it un
TTllIIlllIllll'llll'

[—}
&
th
[y
[—]
th
[y
[
un

0 I 1 1 1 il l 1 1 L 1 i 0

L) L) l T i ¥ ¥ 1 l I LI I L I I | I L L

W

0 1 L i b L L 1 1 1 [l L 0
0.5

1 ¥ I T ‘l

E=4GeV 0.8

0.75
0.6
0.5 0.4
0.25 0.2

0.75 0.75

05 0.5

0.25 0.25

ll'll[l'lllllllll[r

IIIIITII1TIIII_UTTT

k-

lllllllllljlllllllll

lllllllll‘llllllll

(—)
[y

0.5 1

IIIWIIIT1I

[y
th

-

IllllllllllIIlIITlT

=
o

0 L i I 1 1 l dd b i H 0

=
=
wn
ek
e — o powen
=
th
ek
llllllllllllllll_“ ull FUTWY FETE FENE FEWE W
wn

1] 1 — ri T F 1 ] T 1 L DL I @n f_l lllllllllllrlr
© C ] bo.s -
C E=8GeV ] C
075 | 1 oc
05 | 1 b
0.25 1 o2 [ &
0 C RN B . C l|11111 L4l

(—)
e
W
i
(—)
—

0.5 1

=
h

Py

©
[7)

Figure 50: Compton cross section (left) and smeared Compton cross section (right) for incident elec-
tronenergy E = 1, 2,3, 4 GeV. Laser and electron polarizationsare P, = 1. and P, = + 0.5

143



E.2.2 Energy bining, variation of threshold, calibration simulation

For the differential method, we have used 10 scattered v energy p bins of width w, = 0.1 except for
an incident energy of 1 GeV where we use only 5 bins of width w, = 0.2. These values have been
chosen to have a bin width at least equal to the mean resolution of the detector (see Table 37). The
first and last bins have been enlarged to cover the whole energy distribution.

The energy threshold p,,;,, follows the previous bining i.e.

¢ 10 values [-00,0.1,0.2,03,04,0.5,0.6,0.7,0.8,0.9] for E;,,. > 2 GeV
e 5 values [-00,0.2,0.4,0.6,0.8] for E;,. = 1 GeV

The calibration of the detector was parametrized following equation 234
Ps = Po + S pm

where p,, and p, are the measured and smeared energy. Having neglected the irrelevant conversion
factors (y energy - deposited energy - light output - electronic chain gain), a perfect calibration would
givepo=0and s = 1.

In order to have the same absolute error p; on the measured energy for all energy thresholds ¢, i.e.
Ps — Pm = pi, the parameter po of the previous equation varies with the threshold according to

po =p + (L—s)t (249)

E.2.3 Results and discussion

1. Error on the resolution

As expected for low vy energies, the resolution of the vy detector is dominated by the quadratic
term b’ (see table 37).

The main systematic effect on P, measurement due to the finite resolution comes from the knowl-
edge of this statistical term. The relative error on the electron polarization AP,/ P. fora +10 %
relative error on the knowledge of the statistical term b}, is given in tables 38,39,40 and 41 for re-
spectively (Differential method,—10 %), (Integrated method,—10 %), (Differential method,+10 %)
and (Integrated method,+10 %). Such an error would affect the P, measurement at a level less
than 1% for all thresholds and all energies except for an incident energy of 1 GeV where the res-
olution is worst. For this energy, the systematic effect would be 2 % for the differential method
(almost independent of the threshold) and 1 % for the integrated method (for a threshold p=0.5).
The integrated method is only sensitive to the smearing near the threshold since the upper thresh-
old has been enlarged to cover the whole upper part of the energy distribution. This method gives
lower systematic errors than the differential method where the smearing acts on all bins.

We are almost insensitive to an error on the constant (a}) or linear () terms. An error of
+10 % on these terms gives an relative error on the polarization below ép—fﬂ < 0.1 % as shown
in tables 42,43 and 44,45 for the constant and the linear term.

Measurement of the quadratic term of the resolution at a 5 % level have been achieved in tests
of calorimeter prototype of PWO crystal at v energies between 0.5 and 2 GeV [20]. Such an
error would give a systematic error on the electron polarization less than the required precision
of 1 %. We plan to extend these tests at lower energy on the electron beam at Mainz. Moreover
the electron detector can be used to control on line the variation of the resolution.
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Differential Method Smeared
E, = 1.17eV P. =0.500 quadratic term(%) = 2.70
E(GeV) 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
km(MeV) 17.5 68.9 1524 266.5 409.6 580.3 7713 999.4
P A% A% A% A% A% A% A% A%

0.00 1.66+0.72 | 0.56+0.34 | 0.23+0.22 { 0.12+0.17 | 0.074+0.14 | 0.0440.12 | 0.034+0.10 | 0.02+0.09
0.10 *akkkpokxkx | (0,5640.34 | 0.23+0.22 | 0.12+0.17 | 0.0740.14 | 0.0440.12 | 0.034+0.10 | 0.02+0.09
0.20 1.68+0.72 0.57+0.34 | 0.24+0.23 | 0.1240.17 | 0.07+0.14 | 0.0440.12 { 0.03+0.10 | 0.02+0.09
0.30 *xkkkpkxxk | (05640.34 | 0.2440.23 | 0.12+0.17 | 0.07+0.14 | 0.04+0.12 | 0.03+0.10 | 0.02+0.09
0.40 1.46+0.73 | 0.53+0.34 | 0.22+0.23 | 0.11+0.17 | 0.06+0.14 | 0.0440.12 | 0.03+0.11 | 0.02+0.09
0.50 *xkkpaxx | (0514034 | 0.214+0.23 | 0.10+£0.17 | 0.06+0.14 | 0.03+0.12 | 0.02+0.11 | 0.02+0.09
0.60 1.86+0.74 | 0.581+0.34 | 0.23+0.23 | 0.11+0.17 | 0.0610.14 | 0.044+0.12 | 0.0310.11 | 0.02+0.09
0.70 *xxkxpkxxx | () 794035 | 0.3240.24 | 0.16+0.18 | 0.09+0.15 | 0.06+0.12 | 0.04+0.11 | 0.03+0.10
0.80 2.00+0.85 | 0.99+0.39 | 0.50+0.26 | 0.28+0.19 | 0.1740.16 | 0.1140.13 | 0.08+0.12 | 0.06+0.10
0.90 *xkkkph¥xk | (0061+0.49 | 0.5940.33 | 0.40+0.25 | 0.29+0.20 | 0.2140.17 | 0.1620.15 | 0.134+0.13

Table 38: Relative error A on the electron polarization due to a — 10 % error on the quadratic term
of the resolution (b, = 3% , b,° = 2.7%). For the differential method, incident energies ranging
from 1 GeV to 8 GeV and thresholds from 0.0 to 0.9

Integrated Method Smeared
E, =1.17eV P. =0.500 quadratic term(%) = 2.70
E(GeV) 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
kn(MeV) 17.5 68.9 152.4 266.5 409.6 580.3 771.3 999.4
p A% A% A% A% A% A% A% A%
0.00 0.00+1.27 | 0.00£0.66 | 0.00+£0.46 | 0.004+0.35 | 0.00+0.29 | 0.00+0.25 | 0.0040.22 | 0.00+0.20
0.10 wxkkk ik | (0314059 | -0.14+0.41 | -0.084+0.32 | -0.05+0.26 | -0.04+0.23 | -0.03+0.20 | -0.02+0.18
0.20 -0.76+0.99 | -0.2610.52 | -0.132:0.36 | -0.08+0.28 | -0.05+0.23 | -0.04+0.20 | -0.03+0.18 | -0.024+0.16
0.30 *Rdxk ks | .0.15+£0.46 | -0.08+0.31 | -0.05+£0.24 | -0.03£0.20 | -0.024+0.17 | -0.02+0.15 | -0.02+0.14
0.40 0.39+0.80 | 0.00+0.41 | -0.01+0.28 | -0.01+0.21 | -0.01+0.18 | -0.01+0.15 | -0.01+0.13 | 0.00+0.12
0.50 *exkkprkkk | (0184037 | 0.0710.25 | 0.04:£0.19 | 0.02+0.16 | 0.02+£0.14 { 0.01+0.12 | 0.012-0.11
0.60 1.493+0.75 | 0.38+0.36 | 0.16:0.24 | 0.09+0.18 | 0.06+0.15 | 0.04+0.13 | 0.03+0.11 | 0.0210.10
0.70 wRdkkpekar | 0.61+0.36 | 0.2740.24 | 0.15+0.18 | 0.10+£0.15 | 0.07+0.13 | 0.054+0.11 | 0.0410.10
0.80 2.00+0.85 0.8310.39 | 0.42+0.26 | 0.25+0.19 | 0.16+0.16 | 0.11+0.13 | 0.08+0.12 | 0.07+0.10
0.90 kkkakp kx| (0.96+0.49 | 0.59+0.33 | 0.40+£0.25 | 0.29+0.20 | 0.21+0.17 | 0.16+0.15 | 0.131+0.13

Table 39: Relative error A on the electron polarization due to a — 10 % error on the quadratic term
of the resolution (b, = 3% , b,° = 2.7%). For the integrated method, incident energies ranging from
1 GeV to 8 GeV and thresholds from 0.0 to 0.9

145



Differential Method Smeared
E, =1.17eV P, =0.500 quadratic term(%) = 3.30
E(GeV) 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
km(MeV) 17.5 68.9 152.4 266.5 409.6 580.3 7713 999.4
P) A% A% A% A% A% A% A% A%

0.00 -1.641+0.74 | -0.611£0.34 | -0.26+0.23 | -0.14+0.17 | -0.08+0.14 | -0.054+0.12 | -0.03+0.10 | -0.03+0.09
0.10 whkkk ) kxkx | (0614034 | -0.26+0.23 | -0.1440.17 | -0.08+0.14 | -0.05+0.12 | -0.04+0.10 | -0.03+0.09
0.20 -1.65+0.75 | -0.63+0.34 | -0.274+0.23 | -0.1440.17 | -0.084-0.14 | -0.05+0.12 | -0.041+0.10 | -0.03+0.09
0.30 *kkekp kexk | _(0614+0.34 | -0.2710.23 | -0.144+0.17 | -0.08+0.14 | -0.05+0.12 | -0.04+0.10 { -0.031+0.09
0.40 -1.504£0.75 | -0.574+0.35 | -0.254+0.23 | -0.13+0.17 | -0.08+0.14 | -0.05+0.12 | -0.03+0.11 | -0.02+0.09
0.50 sksax it skxs | (0564035 | -0.234+0.23 | -0.12+0.17 | -0.0740.14 | -0.04+0.12 | -0.03+0.11 { -0.02+0.09
0.60 -197+0.77 | -0.66+£0.35 | -0.26+0.23 | -0.13+0.18 | -0.08+0.14 | -0.05+0.12 { -0.033-0.11 | -0.02+0.09
0.70 kkk ) kkkx | _(08840.36 | -0.37+0.24 | -0.19+40.18 | -0.11+0.15 | -0.07+0.12 | -0.05+0.11 | -0.04+0.10
0.80 -2.05+0.88 | -1.051+0.40 | -0.56+0.26 | -0.324+0.20 | -0.19+0.16 | -0.134+0.13 | -0.094+0.12 | -0.07+0.10
0.90 *kxkkpresx | _09940.49 | -0.61+0.33 | -0.424+0.25 | -0.31+0.20 | -0.234+0.17 | -0.18+0.15 | -0.14+0.13

Table 40: Relative error A on the electron polarization due to a + 10 % error on the quadratic term
of the resolution (b, = 3% , b,° = 3.3%). For the differential method, incident energies ranging
from 1 GeV to 8 GeV and thresholds from 0.0 to 0.9

Integrated Method Smeared
E, =1.17eV P, =0.500 quadratic term(%) = 3.30
E(GeV) 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
kn(MeV) 17.5 68.9 152.4 266.5 409.6 580.3 771.3 999.4
p A% A% A% A% A% A% A% A%
0.00 0.00+1.27 | 0.00+0.66 | 0.00+0.46 | 0.00+0.35 | 0.00+0.29 | 0.00+0.25 | 0.003+0.22 | 0.00+0.20
0.10 serkspkdk | 0334059 | 0.16+0.41 | 0.0940.32 | 0.06+0.26 | 0.04+0.23 | 0.03+0.20 | 0.03+0.18
0.20 0.75+0.97 | 0.29+0.52 | 0.141+0.36 | 0.084+0.28 | 0.06+0.23 | 0.04+0.20 | 0.03£0.18 | 0.02+0.16
0.30 *kkxxpassx | (0164045 | 0.09+0.31 | 0.05+0.24 | 0.04+0.20 | 0.03+0.17 | 0.02+0.15 | 0.02+0.14
0.40 -0.50+£0.81 | -0.01+0.41 | 0.01+0.28 | 0.01+0.21 | 0.01+0.18 | 0.01+0.15 | 0.01+0.13 | 0.014+0.12
0.50 **ekk x| 0.21+£0.37 | -0.08£0.25 | -0.041+0.19 | -0.02+0.16 | -0.02+0.14 | -0.01+0.12 | -0.011+0.11
0.60 -1.584+0.78 | -0.43+0.36 | -0.18+0.24 | -0.10+0.18 | -0.06+0.15 | -0.04+0.13 | -0.031+0.11 | -0.03+0.10
0.70 ]| ***s*pdxxx | (,68+0.36 | -0.30+0.24 | -0.17+0.18 | -0.11£0.15 | -0.08+0.13 | -0.0640.11 | -0.04+0.10
0.80 -2.05+0.88 | -0.89+0.40 | -0.47+0.26 | -0.27+0.20 | -0.1840.16 | -0.13+0.13 | -0.09+0.12 | -0.07+0.10
0.90 *hkkk ke | .0.99+0.49 | -0.61+0.33 | -0.4210.25 | -0.31£0.20 { -0.2310.17 | -0.184+0.15 | -0.14+0.13

Table 41: Relative error A on the electron polarization due to a + 10 % error on the quadratic term
of the resolution (b, = 3% b,° = 3.3%). For the integrated method, incident energies ranging from
1 GeV to 8 GeV and thresholds from 0.0 to 0.9
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Differential Method Smeared

E, =1.17eV P, =0.500 constant term(%) = 1.10

E(GeV) 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
km(MeV) 17.5 68.9 152.4 266.5 409.6 580.3 7713 999.4
P A% A% A% A% A% A% A% A%
0.00 0.00+0.73 { 0.00+0.34 | 0.00+0.22 | 0.00+0.17 | 0.00+0.14 | 0.00+0.12 | 0.00+0.10 | 0.00+0.09
0.10 oekxkpaksx | (00040.34 | 0.00+0.23 | 0.00+0.17 | 0.00+£0.14 | 0.00+0.12 | 0.00£0.10 | 0.00+0.09
0.20 0.00+0.73 0.00+0.34 | 0.00+£0.23 | 0.00+0.17 | 0.00+0.14 | 0.00+0.12 | 0.00+0.10 | 0.00+0.09
0.30 akexpxaxk | (0004034 | 0.00+£0.23 | 0.00+0.17 | 0.00+£0.14 | 0.00+0.12 | 0.00+0.10 | 0.00+0.09
0.40 0.00+0.74 | 0.00+£0.34 | 0.00+0.23 | 0.00£0.17 | 0.00£0.14 | 0.00+0.12 | 0.00+0.11 | 0.00%0.09
0.50 aaeaep ks [ ()0040.34 | 0004023 | 0.00+£0.17 | 0.004+0.14 | 0.00+0.12 | 0.00+0.11 | 0.00+0.09
0.60 0.00+0.75 | 0.00+0.35 | 0.00+0.23 | 0.00+0.18 | 0.00+0.14 | 0.00£0.12 | 0.00+0.11 | 0.00+0.09
0.70 *xkxxpxxxx | (00040.36 | 0.00:024 | 0.00+£0.18 | 0.00+0.15 | 0.00+0.12 | 0.00+0.11 | 0.00+0.10
0.80 0.00+0.86 | -0.01+0.40 | -0.014+0.26 | -0.01+0.19 | -0.01+0.16 | 0.00+0.13 | 0.00+0.12 | 0.00+0.10
0.90 *akkkpakkk | _001+049 | -0.011+0.33 | -0.014+0.25 | -0.01+0.20 § -0.01£0.17 | -0.01+0.15 | -0.01+0.13
Table 42: Relative error A on the electron polarization due to a 10 % error on the constant term of
the resolution (o), = 1% , a,° = 1.1%). For the differential method, incident energies ranging from
1 GeV to 8 GeV and thresholds from 0.0 to 0.9
Integrated Method Smeared
E, =1.17eV P, =0.500 constant term(%) = 1.10
E(GeV) 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
kn(MeV) 17.5 68.9 1524 266.5 409.6 580.3 7713 999.4
) A% A% A% A% A% 2% A% A%
0.00 0.00+1.27 | 0.00+£0.66 | 0.00+0.46 | 0.00+0.35 | 0.00+0.29 | 0.004£0.25 | 0.00+0.22 | 0.00+0.20
0.10 weexkpaexs | (0.00+0.59 | 0.00+0.41 | 0.00+0.32 | 0.00+0.26 | 0.00+£0.23 | 0.00+0.20 | 0.00+0.18
0.20 0.00£0.98 | 0.00+0.52 | 0.00+0.36 | 0.00+0.28 | 0.00+0.23 | 0.00+0.20 | 0.00+0.18 | 0.00+0.16
0.30 *xkdkxparks [ 0,0040.45 | 0.00£0.31 | 0.00£0.24 | 0.004+0.20 | 0.00£0.17 | 0.00+0.15 | 0.00+0.14
0.40 0.00+0.81 0.00+0.41 | 0.00£0.28 | 0.00+0.21 | 0.00+0.18 | 0.00+0.15 | 0.003+0.13 | 0.0040.12
0.50 shikxpxkxs [ 0,00+037 | 0.00+0.25 | 0.00+0.19 | 0.004+0.16 | 0.00£0.14 | 0.00-0.12 | 0.00+0.11
0.60 0.00+0.76 | 0.00+0.36 | 0.00+0.24 | 0.00+0.18 | 0.00+0.15 | 0.00+0.13 | 0.00+0.11 | 0.00+0.10
0.70 *xekkpaxss | 0004036 | 0.00+0.24 | 0.00£0.18 | 0.00+0.15 | 0.00+0.13 | 0.00+0.11 | 0.00+0.10
0.80 0.00+0.86 0.00+£0.40 | 0.00+0.26 | -0.01+0.20 | 0.00+0.16 | 0.00+0.13 | 0.00+0.12 | 0.00+0.10
0.90 kkakpaakk | _0.01£0.49 | -0.01£0.33 | -0.01+0.25 | -0.01+£0.20 | -0.01+0.17 | -0.01£0.15 | -0.01+0.13

Table 43: Relative error A on the electron polarization due to a 10 % error on the constant term of
the resolution (¢, = 1% , a!° = 1.1%). For the integrated method, incident energies ranging from 1
GeV to 8 GeV and thresholds from 0.0 to 0.9
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Differential Method Smeared
E, =1.17eV P, =0.500 linear term(%) = 1.10

E(GeV) 1.00 200 3.00 4.00 5.00 6.00 7.00 8.00
Fm (MeV) 175 689 152.4 266.5 4096 5803 K 9994
P A% A% A% A% A% A% A% A%
0.00 -0.01+£0.73 | -0.01+0.34 | -0.01+0.22 | -0.01+0.17 | -0.01£0.14 | -0.01£0.12 | -0.01+0.10 | -0.01+0.09
0.10 *exkxpaxxs | 001+0.34 | -0.01+0.23 | -0.01£0.17 | -0.01+0.14 { -0.014+0.12 | -0.014+0.10 | -0.01£0.09
0.20 -0.01+£0.73 | -0.01+0.34 | -0.01+0.23 | -0.01£0.17 | -0.01+0.14 | -0.01+0.12 | -0.014+0.10 | -0.01+£0.09
0.30 saxxpaxxx | 0014034 | -0.01+0.23 | -0.014+0.17 | -0.01£0.14 | -0.01+0.12 | -0.014+0.10 | -0.013+0.09
0.40 -0.01+£0.74 | -0.01+0.34 | -0.01+0.23 | -0.01£0.17 | -0.01+0.14 | -0.01+0.12 | -0.0110.11 | -0.01+£0.09
0.50 saxkxy kxxx | (0014034 | -0.01+0.23 | -0.01+0.17 | -0.01£0.14 | -0.01+0.12 | -0.01+0.11 | -0.013+0.09
0.60 -0.01+£0.75 | -0.01+0.35 | -0.01+0.23 | -0.01+0.18 | -0.01+0.14 | -0.01+0.12 | -0.01+0.11 | -0.01+0.09
0.70 xaxxkpkxxx | (0014036 | -0.0130.24 | -0.011+0.18 | -0.01+0.15 | -0.01+£0.12 | -0.01+0.11 | -0.01+0.10
0.80 -0.01+:0.86 | -0.01+0.40 | -0.01+0.26 | -0.01+0.19 | -0.01£0.16 | -0.01£0.13 | -0.014+0.12 | -0.01+0.10
0.90 *xexxy kkxx [ 00]110.49 | -0.01+0.33 | -0.01+£0.25 | -0.01+£0.20 | -0.01£0.17 | -0.01+0.15 | -0.02+0.13
Table 44: Relative error A\ on the electron polarization due to a 10 % error on the linear term of the
resolution (cdy = 1% , c'35 = 1.1%). For the differential method, incident energies ranging from 1
GeV to 8 GeV and thresholds from 0.0 to 0.9
Integrated Method Smeared
E, =1.17eV P, =0.500 linear term(%) = 1.10
E(GeV) 1.00 2.00 3.00 400 5.00 6.00 7.00 8.00
k;(MeV) 175 68.9 152.4 266.5 409.6 580.3 7773 999.4
P A% A% A% A% A% A% A% A%
0.00 0.00+1.27 0.00+0.66 | 0.00+£0.46 | 0.00+0.35 | 0.00+0.29 | 0.00+0.25 | 0.00+0.22 | 0.00+0.20
0.10 *axkprxs | (0004059 [ 0.00+£0.41 | 0.00+0.32 | 0.00+£0.26 | 0.00+£0.23 | 0.00+0.20 | 0.00+0.18
0.20 0.00+0.98 0.00--0.52 | 0.00+0.36 | 0.00+0.28 | 0.00+0.23 | 0.0040.20 | 0.00+0.18 | 0.00+0.16
0.30 xxxxkp x| (0004045 | 0.004+0.31 | 0.00+0.24 | 0.00+£0.20 | 0.00+0.17 | 0.00+0.15 | 0.00+0.14
0.40 -0.01+0.81 0.001+:0.41 | 0.00+0.28 | 0.00+0.21 | 0.00+0.18 | 0.00+0.15 ; 0.00+0.13 | 0.00+0.12
0.50 *xexxfxxx () 014+0.37 | -0.014+0.25 | -0.01+0.19 | -0.014+0.16 | -0.01+0.14 | -0.01+0.12 | -0.0110.11
0.60 -0.01£0.76 | -0.01+0.36 | -0.01+0.24 | -0.01£0.18 | -0.01£0.15 | -0.01+0.13 | -0.01+0.11 | -0.01+0.10
0.70 *xexxfaxxx | .00140.36 | -0.01+£0.24 | -0.01+0.18 | -0.01+0.15 | -0.01+0.13 | -0.013-0.11 | -0.01+0.10
0.80 -0.01+0.86 | -0.01+0.40 | -0.01+0.26 | -0.010.20 | -0.01£0.16 | -0.01+0.13 | -0.01+0.12 | -0.01+0.10
0.90 ek ek | .0.01+£0.49 | -0.01+£0.33 | -0.01+0.25 | -0.01+0.20 | -0.01+0.17 | -0.0140.15 | -0.02+0.13

Table 45: Relative error A on the electron polarization due to a 10 % error on the linear term of the

resolution (¢} = 1%
GeV to 8 GeV and thresholdsfrom 0.0t 0.9

= 1.1%). For the integrated method, incident energies ranging from 1
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2. Error on the calibration

The total number of Compton events above the threshold only depends on the resolution of the
detector and on the upper energy range. Having enlarged this upper limit to cover the whole
energy spectrum, this number is insensitive to the slope of the calibration. So an error on the
slope would not affect the experimental polarization measured by the integrated method (assum-
ing that the resolution and the threshold are known).

For the differential method, the relative error on the electron polarization AP./P, fora +1 %
relative error on the knowledge of the slope is given in tables 46 (—1 %) and 47 (+1 %). For an
energy threshold of p = 0.5, the systematic error should be close to 0.5 %. To reach a system-
atic error on the electron polarization less than the required precision of 1 %, the slope had to be
known at a 2% level.

The last parameter is the error on the measured energy at threshold p: of equation 249. Tables
48 and 49 show that the required precision would be close to 0.5 %. This requires an absolute
measurement of the v energy.

Such precisions in the calibration seem achievable thanks to the electron detector.
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Differential Method Smeared

E, =1.17eV P, =0.500 slope term = 0.99

E(GeV) 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
Frm(MeV) 175 689 152.4 266.5 409.6 5803 7773 999.4
? A% A% A% A% A% A% A% A%
0.00 0841072 | 1.1620.33 | 1.28£0.22 | 1.35£0.17 | 1.39£0.14 | 1.43£0.12 | 1.45£0.10 | 1.47£0.09
0.10 || =s*p=%%% | 1.00£033 | 1.112£0.22 | 1.1820.17 | 1.22%0.14 | 1.24£0.12 | 1.27£0.10 | 1.2820.09
0.20 0.612073 | 0.86£0.34 | 0.96£0.22 | 1.01£0.17 | 1.05£0.14 | 1.08£0.12 | 1.09£0.10 | 1.11£0.09
030 || *****L***= | 0.72+0.34 | 0.8120.23 | 0.8620.17 | 0.80+0.14 | 0.91+0.12 | 0.93£0.10 | 0.94+0.09
0.40 0362073 | 0.5720.34 | 0.65£0.23 | 0.69£0.17 | 0.7240.14 | 0.74£0.12 | 0.7620.10 | 0.77+0.09
050 || #****Lxw*= | 0412034 | 0.48+0.23 | 0.52+0.17 | 0.54£0.14 | 0.56+0.12 | 0.57%0.11 | 0.59+0.09
0.60 0.14£0.75 | 0.26£0.34 | 0.30£0.23 | 0.34+0.17 | 0.36£0.14 | 0.37+0.12 | 0.38£0.11 | 0.39£0.09
0.0 || ®****L*%*= | 0.13+0.36 | 0.16£0.24 | 0.18£0.18 | 0.19£0.15 | 0.20+0.12 | 0.2120.11 | 0.22£0.10
0.80 0.00£0.86 | 0.05+0.40 | 0.06:0.26 | 0.07£0.19 | 0.07£0.16 | 0.08£0.13 | 0.08£0.12 | 0.09£0.10
0.90 || #****L***= | 0.00£0.49 | 0.00£0.33 | 0.00£0.25 | 0.00£0.20 | 0.00£0.17 | 0.00£0.15 | 0.00£0.13

Table 46: Relative error A on the electron polarization due to a — 1 % error on the slope of the
calibration (s = 0.99). For the differential method, incident energies ranging from 1 GeV to 8 GeV

and thresholds from 0.0 to 0.9

Differential Method Smeared
E., =1.17eV P, =0.500 slope term = 1.01
E(GeV) 1.00 2.00 3.00 4.00 5.00 © 6.00 7.00 8.00
km(MeV) 17.5 68.9 152.4 266.5 409.6 580.3 7773 999.4
p A% A% A% A% A% A% A% A%

0.00 -0.85+0.74 | -1.1840.34 | -1.31+0.23 | -1.3940.17 | -1.44+0.14 | -1.484+0.12 | -1.51+0.10 | -1.53+0.09
0.10 *xkkxep s | 1024034 | -1.14+0.23 | -1.21+0.17 | -1.26+0.14 | -1.2940.12 | -1.31+0.10 | -1.33+0.09
0.20 -0.61+0.74 | -0.874+0.34 | -0.98+0.23 | -1.04+0.17 | -1.08+0.14 | -1.11£0.12 | -1.13+0.11 | -1.15+0.09
0.30 *xxkkfdexx | _(),734+0.34 | -0.82+0.23 | -0.88+0.17 | -0.91+0.14 | -0.94+0.12 | -0.96+£0.11 | -0.97+0.09
0.40 -0.36+0.74 | -0.584+0.35 | -0.66+0.23 { -0.7130.18 | -0.7440.14 | -0.76+0.12 | -0.78+0.11 | -0.79+0.09
0.50 ki dxrx [ (0414035 | -0.48+0.23 | -0.52+0.18 | -0.55+0.14 | -0.57+0.12 | -0.59+0.11 | -0.60+0.10
0.60 -0.144+0.75 | -0.264+0.35 | -0.314+0.23 | -0.3440.18 | -0.36+0.14 | -0.3840.12 | -0.39+0.11 | -0.40+0.09
0.70 exkkxfdxrk | _(0,1340.36 | -0.16+0.24 | -0.18+0.18 | -0.20+0.15 | -0.21£0.12 | -0.21+0.11 | -0.22+0.10
0.80 0.004+-0.86 -0.05+£0.40 | -0.06+0.26 | -0.07+0.19 | -0.08+0.16 | -0.08+0.13 | -0.08+0.12 | -0.09+0.10
0.90 *xxxkprxxx | 0001+0.49 | 0.00+0.33 | 0.00+0.25 { 0.0010.20 | 0.00+0.17 | 0.00+0.15 | 0.00+0.13

Table 47: Relative error A on the electron polarization due to a + 1 % error on the slope of the
calibration (s = 1.01). For the differential method, incident energies ranging from 1 GeV to 8 GeV

and thresholds from 0.0 to 0.9
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Differential Method Smeared
E, =1.17eV P, =0.500 threshold term =-1.00

E(GeV) 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

km(MeV) 17.5 68.9 152.4 266.5 409.6 580.3 777.3 999 .4

p A% A% A% A% A% A% A% A%
0.00 1.23+0.72 | 1.58+0.33 | 1.70+0.22 | 1.77+0.17 | 1.82+0.14 | 1.85+0.12 | 1.87+0.10 | 1.89+0.09
0.10 *akkkpraokk | ]1.5720.33 | 1.69+0.22 | 1.76+0.17 | 1.81+0.14 | 1.84+0.12 | 1.86+0.10 | 1.88+0.09
0.20 1.23+0.73 | 1.53£0.33 | 1.66+0.22 | 1.73£0.17 | 1.77+0.14 | 1.80+0.12 | 1.82+0.10 | 1.84+0.09
0.30 *akkkprkkk | ].5440.34 | 1.66+0.22 | 1.72+0.17 | 1.77+£0.14 | 1.80+0.12 | 1.82+0.10 | 1.83+0.09
0.40 1.30+0.73 | 1.59+0.34 | 1.71+£0.23 | 1.77+0.17 | 1.8240.14 | 1.85+0.12 | 1.87+0.10 | 1.88+0.09
0.50 *xekkprexk | 1.6210.34 | 1.75120.23 | 1.83+0.17 | 1.87+0.14 | 1.91+0.12 | 1.93+0.10 | 1.95+0.09
0.60 1.03+0.74 | 1.50+0.34 | 1.67+£0.23 | 1.76%0.17 | 1.82+£0.14 | 1.86+0.12 | 1.894+0.10 | 1.924+0.09
0.70 *akkkp ek | 1,2040.35 | 1.40+£0.23 | 1.51+£0.18 | 1.58+0.14 | 1.63+0.12 | 1.66+0.11 | 1.69+0.09
0.80 0.56+0.85 | 0.81+£0.39 | 0.97+0.25 | 1.094+0.19 | 1.17£0.15 | 1.22+0.13 | 1.26+0.11 | 1.29+0.10
0.90 *hkkkpress | 0454+0.47 | 0.4840.32 | 0.53+0.24 | 0.56+0.19 | 0.60+0.16 | 0.631+0.14 | 0.6510.12

Table 48: Relative error A on the electron polarization due to a — 0.01 error on the threshold of the
calibration (p, = 0.01). For the differential method, incident energies ranging from 1 GeV to 8 GeV
and thresholds from 0.0 to 0.9

Integrated Method Smeared
E, =1.17eV P, =0.500 threshold term =-1.00

E(GeV) 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

kn(MeV) 17.5 68.9 152.4 266.5 409.6 580.3 77173 999.4

P A% A% A% A% A% A% A% A%
0.00 0.00+£1.27 | 0.00+0.66 | 0.00+0.46 | 0.00+0.35 | 0.00+£0.29 | 0.00+0.25 | 0.00+0.22 | 0.00+0.20
0.10 *kdkkk ek | 1.8940.59 | 1.90+0.41 § 1.90+£0.32 | 1.91+£0.26 | 1.9240.23 | 1.93+0.20 | 1.93+0.18
0.20 1.83+£0.97 | 2.00+0.51 | 2.04+0.36 | 2.06+0.28 | 2.08+0.23 | 2.10+£0.20 | 2.12+0.17 | 2.14+0.16
0.30 kkkkpRakk | 19114045 | 1.9710.31 | 2.01+£0.24 | 2.04+0.20 | 2.07+0.17 | 2.09+£0.15 | 2.12+0.14
0.40 1.43+0.80 | 1.71+£0.40 | 1.78+0.28 | 1.831+0.21 | 1.86+0.18 | 1.8940.15 | 1.92+0.13 | 1.9540.12
0.50 *Hkkkprxkk | 1464037 | 1.5440.25 | 1.58+0.19 | 1.61+0.16 | 1.64+0.14 | 1.67+0.12 | 1.70+0.11
0.60 0.94+0.76 | 1.19+0.35 | 1.2740.24 | 1.31+0.18 | 1.3540.15 | 1.37+0.13 | 1.40+0.11 | 1.4240.10
0.70 *okdokkpakkk | 0924036 | 1.01+£0.24 | 1.06+0.18 | 1.09+0.15 | 1.11+£0.12 | 1.13£0.11 | 1.15+0.10
0.80 0.56+0.85 | 0.66+0.39 | 0.754+:0.25 | 0.80+0.19 { 0.8440.15 { 0.87+0.13 | 0.89+0.11 | 0.91+0.10
0.90 *akkxprxkk | (0.454£0.47 | 0.48+0.32 | 0.53+0.24 | 0.56+0.19 | 0.60+0.16 | 0.63+0.14 | 0.65+0.12

Table 49: Relative error A on the electron polarization due to a — 0.01 error on the threshold of the
calibration (p, = 0.01). For the integrated method, incident energies ranging from 1 GeV to 8 GeV

and thresholds from 0.0 to 0.9
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E.3 Effect of the Electron detector resolution and calibration

The scattered vy energy k is here measured by the deviation of the scattered electron through the first
dipole magnet. Using the dispersion of this dipole, the transverse deviation from the beam axis is
related to the difference between the electron momentum p and the electron beam momentum p, and
so to the  energy k = po — p.

E3.1 Simulation of the electron detector resolution

The total transverse deviation d for an electron of momentum p after a dipole (length L, field B) and
a drift (length /) is for a perfect dipole and neglecting the incident electron angle

L [

1+ cosé t cos 0) (250)

where the characteristics of the helix describing the electron trajectory in the dipole, deviation angle
8 and radius of curvature R, are

03B P
sm0-—p—L y R—-m ’

For small deviation angle , the transverse deviation can be approximated by

d~sm0(L+l> 03BL<L 1):5 with A:0.3BL(—L—+I)
P 2 P 2

d=R(1—cosf)+[tanf = Rsinb tan(g)+l tan0=sin0(

Rsing = L (251)

(252)

The displacement Az for an electron of momentum p from the beam of momentum py is given

by
Ap

Ar=d—dp=~2EZP _ (253)
Po P p
and depends on the dispersion o
Az A 03B L
o= ~ o2 L(-+l) (254)
Ap/p Po Po 2

The energy & of the scattered photon is then measured by the displacement Az of the scattered
electron (momentum p = po — k) through equation 253 with Ap = p — po = —k

Az
k = ———
Po Az — a (255)
The resolution on the vy energy k, given by
o(k) _ o(po) (po — k)
= Ar) — 256
B 28 gy p(an) 22 gy ooy B2 256)

is due to
o the energy resolution of the beam o (po) which can be neglected here: o(pg) = 0.

o the transverse size of the interaction between the Laser beam and the electron beam o(Axz). This
size will be close to o(Az) = 100 .

o the resolution on the dispersion o(a) which includes higher order magnetic effects neglected
in the parametrization of the dispersion (Eq. 254), angular divergence of the electron beam and
scattering angle of the Compton electron. For this preliminary study, we have takeno(a) /o = 1%
a very conservative value for magnetic system.
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E GeV | 1.00 | 2.00 | 3.00 | 400 | 5.00 | 6.00 | 7.00 | 8.00
B Tesla | 0.19 | 037 | 0.56 | 0.75 | 094 | 1.12 | 1.31 1.50
o’ cm/% | 0.230 | 0.230 | 0.230 | 0.230 | 0.230 | 0.230 { 0.230 | 0.230
kmaz MeV | 175 | 689 | 152.4 | 266.5 | 409.6 | 580.3 | 777.3 | 999.4
kgap MeV | 212 | 425 | 63.7 | 849 | 106.2 | 127.4 | 148.,6 | 169.9
kend MeV | 131.8 | 263.7 | 395.5 | 527.4 | 659.2 | 791.1 | 922.9 | 1054.8
0(pmaz) % 258 | 1.52 | 1.22 | 1.09 | 1.02 | 097 | 094 | 091
0(Pmaz) % 239 | 1.17 | 0.77 | 057 | 0.45 | 037 | 0.31 0.27
Oa(Pmaz) % 098 | 097 | 095 | 093 | 092 | 090 | 0.89 | 0.88
o(Pgap) % 265 | 1.35 | 091 | 0.70 | 057 | 0.48 | 0.42 | 037
0z(pgap) % 237 | 1.21 | 0.82 | 0.62 | 0.51 | 043 | 037 | 0.33
0a(Pgap) % 1.19 | 0.60 | 0.41 | 031 | 025 | 0.21 | 0.19 | 0.17
< Ap> % 0.00 | 297 | 198 | 1.49 | 1.19 | 099 | 0.85 | 0.74

Table 50: Contribution to the electron detector resolution for an electron detector of size D. = 3 cm
with a safety gap of d; = 5 mm after a dipole (L = 1 m, B) and a drift length (| = 3.6 m). Maximal
Compton -y energy kpya.. 7y energy range [kgap , kena | covered by the electron detector. Resolution
o(p) on p = k/kmay for scattered y energy k.. and kyop,. 0, gives the contribution coming from the
beam position resolution o(Az) = 100 p while o, gives the contribution coming from the resolution
on the dispersion o(a)/a = 1%. Bin width Ap for the mean energy (kyop + kmaz )/ 2. and for a silicon
detector pitch of 250 . :

The scattered v energy was distributed according to a Gaussian law with a resolution o (k) given
by equation 256. After integration over the scattered v energy spectrum given by the Compton cross
section do./dk, we obtain the smeared energy distribution :

do, kmaz do, 1 _(bka)®
8Ya _ — e eI dk 257
dk, /o dk ro(k)k (27

The electron detector of size D, = 3 cm has to be set out of the electron beam. A safety gap of
d, = 5mm prevents the detector from the beam. The energy range covered by the electron detector
[kgap ; kend] is given in table SO for incident electron energies E ranging from 1 to 8 GeV. These ener-
gies have been deduced from equation 255 with Az = d; and Az = dy+ D.. The magnetic dispersion
(Eq. 254) stands for a L = 1 m dipole, a drift length [ = 3.6 m and the magnetic field given in the
second line of table 50.

The gap energy k., has to be lower than the maximal Compton 7y energy kmq. to allow Compton
cross section measurements. From the table, we see that polarization measurements with this electron
detector are only feasible for £ > 2 GeV.

This table gives also the resolution on p = k/kupqz for k. and kyqp with the contributions coming
from the beam size o(Az) = 150 x and from the resolution on the dispersion o(a)/a =1 %.

Finally, the bin energy width Ap for the mean detected energy is quoted for a silicon detector pitch
of 250 . This width is about twice the resolution.

The figure 51 gives the smeared cross section dos / dk, for incident energies £ = 2,4,6 and 8 GeV
as well as the threshold due to the safety gap.
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Figure 51: Compton cross section (left) and smeared Compton cross section (right) for incident elec-
tronenergy E = 2,4, 6, 8,GeV. Laser and electron polarizations are P, = 1. and P, = +0.5
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E (GeV) 1.00 2.00 3.00 4.00 500 | 600 | 7.00 | 8.00
Number of bins 0 13 15 16 16 16 20 19

ps(1) xkkxk | (0,616 | 0.418 | 0.319 | 0.259 | 0.220 | 0.191 | 0.170

ps(2) **kxkx [ 0,646 | 0.459 | 0.365 | 0.310 | 0.273 | 0.238 | 0.220

ps(3) *¥kkkx | 0,676 | 0.499 | 0.412 | 0.360 | 0.326 | 0.284 | 0.269

ps(4) **kxk 1 (0,706 | 0.540 | 0.458 | 0.410 | 0.378 | 0.329 | 0.317

ps(5) **kkx | (0,736 | 0.580 | 0.504 | 0.459 | 0.430 | 0.375 | 0.365

ps(6) *kkkx | (0.766 | 0.620 | 0.549 | 0.508 | 0.481 | 0.419 | 0.412

ps(7) *xkkkx | (0,796 | 0.660 | 0.594 | 0.556 | 0.532 | 0.463 | 0.458

ps(8) **kkx | (0,826 | 0.700 | 0.639 | 0.604 | 0.582 | 0.507 | 0.504

ps(9) **kkx | (0,855 | 0.740 | 0.684 | 0.652 | 0.632 | 0.550 | 0.550

ps(10) *kkkk [ 0885 { 0.779 { 0.728 | 0.699 | 0.681 | 0.593 | 0.595

ps(11) *kkxx | 0915 | 0.818 | 0.772 | 0.746 | 0.730 | 0.636 | 0.639

ps(12) *kkkx 1 0944 | 0.858 | 0.816 | 0.793 | 0.778 | 0.678 | 0.683

ps(13) *xkkx | 0974 | 0.897 | 0.860 | 0.839 | 0.826 | 0.719 | 0.726

ps(14) *kkkx [ 3826 { 0.935 | 0.903 | 0.884 | 0.873 | 0.760 | 0.769

ps(15) *dokkx | kkkkk | (0974 | 0.946 | 0.930 | 0.920 | 0.801 | 0.812

ps(16) *kckkx | kkkkk | D 505 1 0.989 | 0.975 | 0.966 | 0.841 | 0.853

ps(17) dokkkk | okkdokk | kkkkk | 1979 | 1.610 | 1.363 | 0.881 | 0.895

Ps(18) S ok ok %k %k ok %k %k %k Xk ok %k %k %k %k ko ok ok sk ok ok ok %k 5k ok %k K ok k 0_921 0.936

ps(lg) ek ke kk e sk ok ok ok sk ok ok kok skkkkok kokkkk 4 ok ke ke ok 0.960 0.976

p3(20) e o ok ke k ok %k %k ok ok %k % ok %k %k ok ok % ok sk ok ok k k3 ok ok ok 0.999 1.055

ps(21) e o ek ok % o % %k ok ok o ok Kk ok Seokkk ok sk kK k ok sk ok ok ke ok 1.187 S ok o ok
E GeV 100 | 200 { 300 { 400 | 500 | 6.00 | 7.00 | 8.00

Number of thresholds 0 4 6 7 7 8 8 8

Pt ~ 0.2(» koK kk e koK ok ok ok ok kok sk ok sk k ek ok k 0.220 0.191 0'170
Pt ~ (0.300 | *¥*x¥ | kkkkx | okkkkk | (0319 | 0.259 | 0.326 | 0.284 | 0.317
Pt ~ 0.400 | ****x | *xkkx | 0418 | 0.412 | 0.410 | 0.378 | 0.419 | 0.412
Pt ~ (0.500 [ ****x | *xxkx | (0499 | 0.504 | 0.508 | 0.481 | 0.507 | 0.504
Pt ~ 0.600 | *¥**x** | 0616 | 0.580 | 0.594 | 0.604 | 0.582 | 0.593 | 0.595
Pt ~ 0.700 | *¥*x*xx | 0706 | 0.700 | 0.684 | 0.699 | 0.681 | 0.719 | 0.683
Pt ~ (0.800 | ***** | 0796 { 0.818 | 0.816 | 0.793 | 0.778 | 0.801 | 0.812
Pt ~ (0.900 | *¥***x 1 0915 | 0.897 | 0.903 | 0.884 | 0.920 | 0.881 | 0.895

Table 51: Energy bin range. Energy threshold values.

E.J3.2 Energy bining, variation of threshold, calibration simulation

The energy bins are fixed by the safety gap d, = 5 mm and the width of the silicon strips d, = 250 p.
We have in fact used larger bins d, = n, d, in order to have energy bins of order dk* ~ .05 k0. All
bins above k... have been also grouped. The smeared energy k, corresponding to a perfect calibra-

tion is then (Eq. 255)

k; = Po

Azt
Azt — «

with

A'z = d, + (i — 1) ds

The perfect calibration means that the safety gap and the dispersion are perfectly known.
Due to the errors d,. on the measured safety gap d,, = d,+d, and da/a on the measured dispersion
am = a(l + da/a), the measured energy k., is

ATt

)
m Azt — ap

k

The energy thresholds are the bin energy closest to some predefined values p;:

Pt =

155

| d
with Az, =d, +dy+ (i~ 1)dy and ap = a(l + —)

«a

[0..0.1,02,03,04,05,06.07,08, 09]

(258)

(259)




The number of bins and the bin range are listed in table 51. Also are given the number and the val-
ues of the useful thresholds. We have only given the smeared energy p, independent of the calibration.

E.3.3 Results and discussion

1. Error on the resolution
We have seen that the resolution on the v energy k (Eq. 256) was mainly due to the transverse
size of the interaction region and to the resolution on the dispersion. The contributions of these
terms in the resolution are quite similar as seen in table 50.
We will now look at the systematic effects induced by an error on the knowledge of these pa-

rameters :

e the transverse size of the interaction between the Laser beam and the electron beam o (Axz)
whose expected value has been taken as o(Az) = 100 .
The relative error on the electron polarization AP,/ P. for a +50 % relative error on the
knowledge of the beam size is given in tables 52 and 53 for respectively the differential
method and the integrated method. Such an error would affect the P, measurement at a
level less than 0.25 % for all thresholds and all energies.

e the resolution on the dispersion o(«) takenas o(a) /a =1 %
The relative error on the electron polarization AP,/ P. for a +50 % relative error on the
knowledge of the dispersion is given in tables 54 and 55 for respectively the differential
method and the integrated method. The systematic effect on the P. measurement is less
than 0.1 % for all thresholds and all energies.

The systematic effects due to the kwnoledge of the resolution are small. This comes from the
fact that the resolution is good (better than 2%) inducing a weak smearing. A relative precision
of 50 % on both the interaction size and the resolution on the dispersion ensures systematic
effects less than 0.25 %. Such precision can be easily reached.

2. Error on the calibration
The calibration of the electron detector (Eq. 259) depends on 2 parameters :

e the error d, on the measured safety gap d.. = d;, + d; which differs from the real one
dy, =5 mm.
The relative error on the electron polarization AP, / P, forad, = £50 u error on the safety
gap is given in tables 56, 57,58 and 59 for respectively d, = —50 y (differential and inte-
grated method) and d, = 50 u (differential and integrated method). The systematic effect
is close to 1 %.
So we have to measure and control the safety gap between the beam and the electron
detector with an absolute precision better than 50 .. Beam position monitors associated
to the electron detector will have to give this precision.

e the error da on the estimated dispersion a,, = a + da which differs from the true disper-
sion a.
The relative error on the electron polarization AP,/ P, for a +50 % relative error on the
knowledge of the dispersion is given in tables 60,61,62 and 63 for respectively da/a =
—50 % (differential and integrated method) and da/a = +50 % (differential and inte-
grated method). The systematic effect is close to 1 %.
We have then to know the dispersion with an relative precision better than 0.5 %.
There is no peculiar problem to reach this level for magnetic system.
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Differential Method Smeared :

E, =1.17¢V P, =0.500 o, = 150.0x |

E(GeV) 2.00 3.00 4.00 5.00 6.00 7.00 8.00
ky(MeV) 68.9 152.4 266.5 409.6 580.3 7713 999.4
p A% A% A% A% A% A% A%

0‘20 *****i**** *****i**** *****i**** *****i**** _00]:&0.]2 _O'OI:EO']O 0.00:tOOg
0.30 Rrkk ok | kokkkk kx| 0.0210.17 -0.01+0.14 | -0.01+0.12 | -0.01£0.10 | 0.00+£0.09
0.40 *rekxprekx | 0.024022 | -0.02+0.17 | -0.01+0.14 | -0.01+0.12 | -0.0140.10 | 0.00+0.09
0.50 ooekk Rk | .0.02+0.22 | -0.02+£0.17 | -0.01+£0.14 | -0.01+0.12 | -0.01+0.10 | 0.00+0.09
0.60 -0.06+£0.33 -0.02+0.22 -0.02+0.17 -0.01+0.14 | -0.01+0.12 | -0.01+0.11 | 0.00+0.09
0.70 -0.06+0.34 | -0.03+0.23 -0.02+0.17 | -0.01£0.14 | -0.01+0.12 | -0.01+0.11 | 0.00+0.09
0.80 -0.08+0.36 -0.04+0.25 -0.03+0.19 | -0.01+0.15 | -0.01+0.13 | -0.01+0.11 | 0.00£0.10
0.90 -0.151+0.49 -0.05+0.31 -0.04+0.24 | -0.02+0.18 | -0.01+0.18 { -0.01+0.13 | -0.01+0.13

Table 52: Relative error A on the electron polarization (differential method) due to a + 50 % relative
error on the beam size (o(Ax) = 100 p | (U(A.’L‘))S = 150 u).

Integrated Method Smeared:  E, =1.17eV P, =0.500 o, = 150.0y |

E(GeV) 2.00 3.00 4.00 5.00 6.00 7.00 8.00

km{MeV) 68.9 152.4 266.3 409.6 580.3 7713 999.4

p A% A% A% A% A% A% A%
0.20 dkdok | kkkk dedk ok kokkk dekkokokf dokkok dek ek k| okodkok OOO:t019 0.00+0.18 0.00+0.17
0.30 RRkkkpRkkk | dkkkkprkxx | .0,0110.24 0.00+0.21 0.00£0.17 | 0.00£0.16 { 0.00+0.13
0.40 ek prkik | .0.0240.27 | -0.01+0.21 -0.01+0.17 | 0.00+0.16 | 0.00+0.13 | 0.00+0.12
0.50 *rrkkp kx| 0,02£0.25 | -0.01+0.19 | -0.01+0.16 | -0.01+0.14 | 0.00+0.12 | 0.00£0.11
0.60 -0.05+0.34 | -0.02+0.24 | -0.01%£0.18 | -0.01+0.15 | -0.01+0.13 | 0.004+0.11 | 0.00%0.10
0.70 -0.06+0.34 | -0.03+0.23 | -0.01+0.18 | -0.01+0.15 | -0.01+0.12 | -0.01£0.11 | 0.0040.10
0.80 -0.07+0.36 | -0.03+0.26 | -0.02+0.19 | -0.01+0.15 | -0.01+0.13 | -0.01+0.12 | 0.00+0.10
0.90 -0.13£0.49 | -0.05+0.31 -0.03+0.24 | -0.02+0.18 | -0.01+0.18 | -0.01+0.13 | -0.01+0.13

Table 53: Relative error A on the electron polarization (integrated method) due to a + 50 % relative
error on the beam size (oc(Az) = 100 p , (o(Ax))° =150 ).

Differential Method Smeared:  E, = 1.17eV P, =0.500 0, /a = 1.5% |
E(GeV) 2.00 3.00 2.00 5.00 8.00 7.00 500
kn(Me V) 68.9 1524 266.5 409.6 580.3 777.3 999 .4
P A% A% A% A% A% A% A%

0_20 *****i**** *****i**** *****i**** *****i**** O'mio.lz _0'02:t0'10 0-00:t0~09
0.30 roookk kx| okkxkpdrkx | () 01+0.17 0.00+0.14 0.00+0.12 | -0.02+0.10 | 0.00+0.09
0.40 *okkkkf kkokk 0.00+0.22 -0.01+0.17 0.00+0.14 0.001+0.12 | -0.0240.10 | 0.00+0.09
0.50 *ookkok 4 kkokok 0.00+0.22 -0.01+0.17 0.00+0.14 0.014+0.12 | -0.01+0.10 | 0.00+0.09
0.60 0.00+0.33 0.00+0.22 -0.01+0.17 0.00+0.14 0.00+0.12 | -0.024+0.11 | 0.00+0.09
0.70 -0.01+0.34 -0.011+0.23 -0.0240.17 0.00+0.14 0.00+0.12 | -0.02+0.11 | 0.00+0.09
0.80 -0.024+0.36 -0.0240.25 -0.04+0.19 -0.024+0.15 | -0.01+0.13 | -0.04+0.12 | -0.02+0.10
0.90 -0.08+0.49 -0.064:0.31 -0.08+0.24 -0.05+0.18 | -0.0610.18 | -0.07+0.13 | -0.05+0.13

Table 54: Relative error A on the electron polarization (differential method) due to a + 50 % relative
error on the dispersion (o(a)/a=1% , (o(a)/a)’ = 1.5 %).

Integrated Method Smeared:  E, =1.17eV P. =0.500 0, /a = 1.5% |

E(GeV) 2.00 3.00 4.00 5.00 6.00 7.00 8.00

kn(MeV) 68.9 152.4 266.5 409.6 580.3 777.3 999.4

P) A% A% A% A% A% A% A%
020 *****i**** *****i**** *****i**** *****i**** 00]i019 OOO:tO]S 000i0]7
0.30 ook okkokk [ ockkok paokkk | ().0140.24 0.01+0.21 0.01£0.17 | 0.01+0.16 | 0.01£0.13
0.40 ko pakxk | 0.00+0.27 0.004:0.21 0.00+0.17 0.01£0.16 { 0.00£0.13 | 0.00+£0.12
0.50 whakkpexkx | (0,00+£0.25 0.00+0.19 0.00+0.16 0.00£0.14 | 0.00£0.12 | 0.00£0.11
0.60 0.001:0.34 0.00+0.24 0.00+0.18 0.00+-0.15 0.00+0.13 | 0.0040.11 | 0.00£0.10
0.70 -0.011+0.34 -0.01£0.23 -0.01£0.18 -0.01+£0.15 | -0.01£0.12 | -0.01+0.11 | -0.01+0.10
0.80 -0.021+-0.36 -0.03+0.26 -0.03+0.19 -0.02+0.15 | -0.02+0.13 | -0.02+0.12 | -0.02+0.10
0.90 -0.07+0.49 -0.05+0.31 -0.06+0.24 -0.041:0.18 | -0.07£0.18 | -0.04+0.13 | -0.05+0.13

Table 55: Relative error A\ on the electron polarization (integrated method) due to a + 50 % relative
error on the dispersion (d(a)/a =1% , (o(a)/a)’ = 1.5%).
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| Differential Method Smeared:  E, = 1.17eV P, =0.500 dz = -50.0 |

E(GeV) 2.00 3.00 4.00 5.00 6.00 7.00 8.00

kn(MeV) 68.9 152.4 266.5 409.6 580.3 7713 999.4

p A% A% A% A% A% A% A%
0.20 *****i**#* *****i**** *****i**** ####*i##** 042:t012 0.37:|:0]O 031:t009
0.30 kkRkpRRkR | kkkxkphkkk | () 5810.17 0.4610.14 | 0.42+0.12 | 0.37£0.10 | 0.31+0.09
0.40 *rekeprrrs 1 (0.7940.22 0.60x0.17 0.47+0.14 | 0.4240.12 | 0.38+0.10 { 0.3240.09
0.50 *xkxEprrkx | (0.811+0.22 0.61+0.17 0.49+0.14 | 0.44+0.12 { 0.391+0.10 | 0.33+0.09
0.60 1.1940.33 0.79+0.22 0.60+0.17 0.4710.14 | 0.4440.12 | 0.38+£0.10 | 0.33+0.09
0.70 1.06+0.33 0.69+0.23 0.54+0.17 0.42+0.14 | 0.40%0.12 | 0.35+0.11 | 0.30+0.09
0.80 0.87+0.36 0.51+0.25 0.40+0.19 0.36+0.15 | 0.33+0.13 | 0.28+0.11 | 0.20+0.10
0.90 0.55+0.49 0.4240.31 0.32+0.24 0.28+£0.18 | 0.2040.18 | 0.20+0.13 | 0.12+0.13

Table 56: Relative error A on the electron polarization (differential method) due to a d, = —50 p
error on the safety gap (d, = 5 mm , d,° = 4.95 mm,).

Integrated Method Smeared:  E, = 1.17eV P, =0.500 dz = -50.04 |

E(GeV) 2.00 3.00 4.00 5.00 6.00 7.00 8.00

kn(MeV) 68.9 152.4 266.5 409.6 580.3 7773 999.4

p A% A% A% A% A% A% A%
0'20 t****i*t*# *****:I:***# *****:I:**** *****:I:**** 0_43:|:0_]9 0.43:!:0-]8 0_43:*:0.17
0.30 xepkk pakak | kdexspheex | (0,.6010.24 0.63+0.21 0.411+0.17 | 0.43+0.16 | 0.42+0.13
0.40 xexukgkrek | (0,71+£0.27 0.55+0.21 0.37+0.17 | 0.39+0.15 | 0.38+0.13 | 0.19+0.12
0.50 wkreeprrks | (0.6310.25 0.481+0.19 0.32+0.16 | 0.344+0.14 | 0.33+0.12 | 0.3440.11
0.60 0.741+0.34 0.541+0.24 0.4010.18 0.40+£0.15 | 0.29+0.13 | 0.2840.11 | 0.1440.10
0.70 0.61+0.34 0.424+0.23 0.3410.18 0.22+0.15 | 0.2340.12 | 0.2240.11 | 0.2440.10
0.80 0.501+0.36 0.32+0.25 0.25+0.19 0.18+0.15 | 0.1940.13 | 0.18+0.12 | 0.09+0.10
0.90 0.37+0.49 0.20+0.31 0.20+0.24 0.21+0.18 | 0.13+0.18 | 0.15+£0.13 | 0.07+0.13
Table 57: Relative error A on the electron polarization (integrated method) due to a d, = —50 u
error on the safety gap (d, = 5 mm , d,° = 4.95 mm).
Differential Method Smeared:  E, = 1.17eV P, =0.500 dz = 50.0y |
E(GeV) 2.00 3.00 4.00 5.00 6.00 7.00 8.00
kn(MeV) 68.9 152.4 266.5 409.6 580.3 7773 999.4
P A% A% A% A% A% A% A%

0.20 *****i**** *****:I:**** *****i**** *****i**** _0.42&_.0.]2 _0_35:|:0'10 _0.3]i0.09
0.30 ARk RkRk | kkkx ek | 0.63120.17 -0.48+0.14 | -0.424+0.12 | -0.354+0.10 | -0.314-0.09
0.40 kkpkprkrx | _(0.854+0.23 -0.651+0.17 -0.50+0.14 | -0.434+0.12 | -0.36+0.11 | -0.32+0.09
0.50 *kkekprkrx L 0.8710.23 -0.671+0.17 -0.52+£0.14 | -0.44+0.12 | -0.374+0.11 | -0.334+0.09
0.60 -1.224+0.33 -0.86+0.23 -0.651+0.17 -0.51+£0.14 | -0.4440.12 | -0.3740.11 | -0.3240.09
0.70 -1.09+0.34 -0.76+0.23 -0.60+0.18 -0.46+0.14 | -0.40+0.12 | -0.31+0.11 | -0.30+0.10
0.80 -0.90+0.37 -0.60+0.26 -0.46+0.19 -0.38+£0.15 { -0.344-0.13 | -0.261+0.12 | -0.261-0.10
0.90 -0.621+0.49 -0.461+0.31 -0.35+0.24 -0.25+0.18 | -0.214+0.18 | -0.244+0.13 | -0.21+0.13

Table 58: Relative error A on the electron polarization (differential method) due to a d, = 50 u error
on the safety gap (d, = 5mm , d,® = 5.05 mm,).

Integrated Method Smeared:  E, = 1.17eV P, =0.500 dz = 50.0y |
E(GeV) 2.00 3.00 2.00 5.00 6.00 7.00 8.00
kn(MeV) 68.9 152.4 266.5 409.6 580.3 777.3 999.4
’ A% 2% A% A% A% A% A%

0.20 *****:I:**** *****:I:**** *****:I:**** *****:I:**** _0'64:|:0.19 _0.43i0.18 _0.43:|:0']7
0.30 REER kAR | wkrRxprerr | 0.6110.24 -0.42+0.21 | -0.41+0.17 | -0.434+0.16 | -0.4240.13
0.40 rexkpris | (0.72+£0.227 -0.5540.21 -0.56+0.18 | -0.39+0.16 | -0.38+0.13 | -0.39+0.12
0.50 Frkkk paokk 1 0.6410.25 -0.48+0.19 -0.48+£0.16 | -0.34+0.14 | -0.33+0.12 | -0.1740.11
0.60 -0.761+0.35 -0.55+0.24 -0.41-£0.18 -0.27+0.15 | -0.294+0.13 | -0.2940.11 | -0.29+0.10
0.70 -0.63+0.35 -0.43+0.23 -0.34+0.18 -0.22+0.15 | -0.23+0.12 | -0.2240.11 | -0.12+0.10
0.80 -0.51+0.37 -0.33+0.26 -0.25+0.20 -0.27£0.15 | -0.1940.13 | -0.18+0.12 | -0.184+0.10
0.90 -0.371+0.49 -0.27+0.31 -0.20+£0.24 -0.1410.18 | -0.13+0.18 | -0.07+0.13 | -0.14+0.13

Table 59: Relative error A on the electron polarization (integrated method) due to a d, = 50 p error
on the safety gap (d; = 5mm , d;5 = 5.05 mm).
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Differential Method Smeared ;

E, =1.17eV P, =0.500 da/a = -0.5% |

E(GeV) 2.00 3.00 4.00 5.00 6.00 7.00 8.00
km(MeV) 68.9 152.4 266.5 409.6 580.3 777.3 999.4
P A% AT A% A% A% A%, A%

0.20 *****:t**** *****:t**** *****:t**** *****:t**** 074i0.‘2 0.8%0.10 0_79&0_09
0.30 Fokdokkfokkkk | okokkkkfokkokk 0.80+0.17 0.80+0.14 0.75+0.12 { 0.80+0.10 | 0.81+0.09
0.40 FAkRkf koK k 0.82+0.22 0.8240.17 0.8240.14 0.76+0.12 | 0.83+0.10 | 0.82+0.09
0.50 FRFRR L KRk ok 0.834:0.22 0.8310.17 0.8310.14 0.78+0.12 | 0.8440.10 | 0.84+0.09
0.60 0.84+0.33 0.82+0.22 0.8240.17 0.8240.14 0.78+0.12 { 0.834+0.10 | 0.83+0.09
0.70 0.761+0.34 0.7610.23 0.77+0.17 0.761+0.14 | 0.72+0.12 | 0.75+0.11 | 0.78+0.09
0.80 0.64+0.36 0.6410.25 0.60+0.19 0.6610.15 0.62+0.13 | 0.64+0.11 | 0.62+0.10
0.90 0.4440.49 0.5310.31 0.451+0.24 0.5240.18 0.40+0.18 | 0.51+0.13 | 0.4910.12

Table 60: Relative error A on the electron polarization (differential method) due to a da/alpha =

—0.5 % relative error on the dispersion.

Integrated Method Smeared :  E, = 1.17eV P, =0.500 da/a = -0.5% |

E(GeV) 2.00 3.00 4.00 5.00 6.00 7.00 8.00

kn(MeV) 68.9 1524 266.5 409.6 580.3 77173 999.4

p A% A% A% A% A% A% A%
020 *****:t**** *****:t**** *****i**** *****:t**** 0.2]i0.]9 0.2]:t0']8 02]i0]7
0.30 Rkkkkpokkokk | okkkkkpkekk | (204+0.24 0.424+0.21 0.213+0.17 | 0.21+0.16 | 0.21+0.13
0.40 *Exkky kxkk | ()3640.27 0.36+0.21 0.37+0.17 | 0.391+0.15 | 0.38+0.13 | 0.394-0.12
0.50 *hrkk pkakx | (0.471+0.25 0.32:+0.19 0.3240.16 | 0.51+0.14 | 0.33+0.12 | 0.5140.11
0.60 0.37+0.34 0.41+0.24 0.4040.18 0.40+£0.15 | 0.43+0.13 | 0.43+0.11 | 0.43+0.10
0.70 0.41+0.34 0.3240.23 0.341+0.18 0.33+£0.15 | 0.35+0.12 | 0.33+0.11 | 0.36+0.10
0.80 0.334+0.36 0.32+0.25 0.331+0.19 0.27+0.15 | 0.374+0.13 | 0.36+0.12 | 0.27+0.10
0.90 0.241-0.49 0.26+0.31 0.26+0.24 0.351+0.18 | 0.26+0.18 | 0.29+0.13 | 0.2840.13

Table 61: Relative error A on the electron polarization (integrated method) due to a da [alpha =

~0.5 % relative error on the dispersion.

Differential Method Smeared:  E, = 1.17eV P, =0.500 da/a = 0.5% |
E(GeV) 2.00 3.00 4.00 5.00 6.00 7.00 8.00
km(MeV) 68.9 1524 266.5 409.6 580.3 777.3 999.4
p A% A% A% A% A% A% A%

020 *****:t**** *****:t**** *****:t**** *****:t**** _08]:t0]2 _079:t0]0 _079:t009
0.30 FhRkk pokkkk | okkkkkporkkk | (0 8240.17 -0.811+0.14 | -0.82+0.12 | -0.80+0.10 | -0.81+0.09
0.40 rhkkxprkek ) (0.8710.23 -0.84+0.17 -0.83+0.14 | -0.83+0.12 | -0.82+0.11 | -0.824+0.09
0.50 rhxkxprkxk | (0.88+0.23 -0.85+0.17 -0.85+0.14 | -0.85+0.12 | -0.83+0.11 | -0.84+0.09
0.60 -0.79+0.33 -0.87+0.23 -0.84+0.17 -0.83+0.14 | -0.85+0.12 | -0.83+0.11 | -0.83+0.09
0.70 -0.741+0.34 -0.80+0.23 -0.79+0.18 -0.78+0.14 | -0.80+0.12 | -0.74+0.11 | -0.79+0.10
0.80 -0.6610.37 -0.68+0.26 -0.68+0.20 -0.69+0.15 | -0.684+0.13 | -0.653+0.12 | -0.66+0.10
0.90 -0.47+£0.49 -0.53+0.31 -0.574+0.24 -0.55+0.18 | -0.414+0.18 | -0.55+0.14 | -0.57+0.13

Table 62: Relative error A on the electron polarization (differential method) due to a do/alpha =

+0.5 % relative error on the dispersion.

Integrated Method Smeared:  E, = 1.17eV P, =0.500 da/a = 0.5% |
E(GeV) 2.00 3.00 4.00 5.00 6.00 7.00 8.00
kn(MeV) 68.9 152.4 266.5 409.6 580.3 7773 999.4
p A% A% A% A% A% A% A%

0.20 *****:t**** *****:t**** *****:t**** *****:t**** _0.43:t0.]9 _0‘21i0‘18 _0’2]:t0‘17
0.30 Rk fokkokk | ockaokk kkkx () 4040.24 -0.21+£0.21 | -0.414+0.17 | -0.4340.16 | -0.42+0.13
0.40 IRk oRxkk 0 -0.361+0.27 -0.37+0.21 -0.37+0.17 | -0.39+0.16 | -0.383+0.13 | -0.39+0.12
0.50 *rEkkpRxkx | _0.3210.25 -0.48+0.19 -0.48+0.16 | -0.34+0.14 | -0.331+0.12 | -0.34+0.11
0.60 -0.384+-0.35 -0.41+0.24 -0.41+0.18 -0.41+0.15 | -0.434+0.13 | -0.434+0.11 | -0.43+0.10
0.70 -0.310.34 -0.32+0.23 -0.3440.18 -0.334£0.15 | -0.35+0.12 | -0.334+0.11 | -0.36+0.10
0.80 -0.34+0.37 -0.24+0.26 -0.33+0.20 -0.36x0.15 | -0.38+0.13 | -0.364+0.12 | -0.36+0.10
0.90 -0.31+£0.49 -0.334+0.31 -0.27+£0.24 -0.29+0.18 | -0.26+0.18 | -0.3040.13 | -0.29+0.13

Table 63: Relative error A on the electron polarization (integrated method) due to a da/alpha =

+0.5 % relative error on the dispersion.
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E.4 Conclusions

In order to measure the electron polarization with a 1 % systematic error due to the resolution and the
calibration of the detector, we have to control

¢ the v detector resolution at the 5 % level.
Tests of a 5*5 matrix of PbW O, crystal (section 20¥20 mm,length 23 cm) viewed by XP1911
photomultiplicators is planned at Mainz for electron energies below 800 MeV. Further studies
can be done with the Compton polarimeter using the electron detector for the tagging of the
electron energy.

¢ the v detector calibration at the 1 % level.
This calibration can also be done with the Compton polarimeter using the electron detector.

¢ the position of the relative electron detector and beam position with a 50 » accuracy.
For this, we have to measure the absolute position of the electron detector wrt the beam monitor
positions with this precision. We have also to use beam position monitors giving this required
precision. Mechanical studies have still to be done.

o the dispersion of the dipole at the 0.5 % level
This needs field map measurement of the first dipole. Measurements with the beam position
monitors of the beam deviation for various incident energies of the Cebaf beam can be used to
confirm the field map information.
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| SET UP | ELEMENT | Z(m) [ Length(m) || X(cm) ] Ycm) ]
OPTICAL CAVITY -40.5 2. 0. 0.
Mirror 1 -41. 0. 1.
Mirror 2 -40. 0. -1.
MAGNETIC CHICANE -31.5 12.0 0. 0.
~ Dipole 1 -36.85 1. 0. 0.
Dipole 2 -32.25 1. 0. -25.89
BPM -31.5 0.2 0. -25.89
Dipole 3 -30.75 1. 0. -25.89
Dipole 4 -26.15 1. 0. 0.
+ DETECTOR -33.15 0.5 0. 0.
Thick absorber || -33.375 0.05 0. 0.
Thin absorber || -33.35125 | 0.0025 0. 0.
Crystal -33.235 0.23 0. 0.
| e DETECTOR | I 3315 | 005 [ 0. [[-21.33;-2433]]

Table 64: Alternative Compton polarimeter positioning wrt Hall A target center. Optical cavity be-
fore the first dipole of the magnetic chicane

F Comparison with optical cavity before the first dipole

The optical cavity with its 2 associated beam position monitors could also be installed before the first
dipole of the magnetic chicane. In this case, the gamma detector would be located before the dipole 2.
The electron detector would be also located before the dipole 2 and its beam position monitor between
the dipoles 2 and 3. For this study, space have been left for some extra quadrupoles and beam position
monitor. Therefore the length available for the chicane was reduced from 15.1 m (with the optical
cavity) to 11.7 m (without the optical cavity).

This alternative layout of the magnetic chicane is shown on Fig. 52 while the positioning of the
critical elements of the Compton polarimeter is given in Table 64.

F.1 Magnetic Chicane

For the 2 setups, the magnetic chicane consists of 4 identical dipole magnets with magnetic length
L; = 1m running with a magnetic field B;. The field scales with incident energy up to 8 GeV where
the saturation field of 1.57 is reached. This gives bending angles §; = 3.222deg = 0.056rad, bending
radii R; = 17.79m and transverse deviation h; = 2.81¢m. In this case, we have the same energy lost
by synchrotron radiation in the magnetic chicane (see Table 13 and Fig. 14).

For the alternative setup, the total available length is 11.7m and we keep a distance of 0.5m be-
tween dipoles 2 and 3 for a beam position monitor (i.e. D23 = 0.5m). So the remaining drift length
Dy2 = D34 = 3.6m are smaller than for the chosen setup (resp. D2, = D3y = 4.4m) as well as
the transverse deviation Hy; = Hzq = 20.27cm (resp. Hi; = Hzy = 24.77¢m) and the maximal
deviation d,,,,, = 25.89 cm (resp. dpaz = 30.40 cm).

For the 2 setups, the beam crossing between the electron beam and the laser beam have to be
tune with the beam correctors before the cavity.
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Z(m)

Figure 52: Alternative setup (Side View). From Left to right: 1 magnets (1 m); electron and ~ detec-
tors; 1 magnet (1 m); Beam position monitor; 2 magnets (1 m). The gap between Dipole | and 2 or
dipole 3 and 4 is 3.6 m. The gap between Dipole 2 and 3 is 0.5 m. '
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Figure 53: Alternative Setup : Useful angle A0 of the electron trajectory for the synchrotron radi-
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ation seen by the photon detector of radius r., at a distance d., from entrance of Dipole D1.

[ Li = Ly=1.00m || D1,=3.60m | D, = 7.15m |

[ = 1064.2nm |

E GeV 1.0 20 | 30 ] 40 | 50 | 60 | 70 | 80
B, Tesla 0.187 [ 0.375 | 0.562 | 0.750 | 0.937 | 1.125 | 1.312 | 1.500
| kmaz | MeV ] 175 | 689 |152.4]266.5 [ 409.6 | 580.3 | 777.3 | 999.4
ko MeV 8.8 | 35.1 | 78.2 | 137.8 | 213.5|304.9 | 411.5 | 533.0
o ko/kmez | 0.504 | 0.509 | 0.513 [ 0.517 | 0.521 | 0.525 | 0.529 | 0.533
r®mm | pmin =po | 3.654 | 1.827 [ 1.218 [ 0.913 | 0.731 | 0.609 | 0.522 | 0.457
re MM | pmin =0.10 || 11.058 | 5.577 | 3.750 | 2.836 | 2.288 | 1.922 | 1.661 | 1.465
re MM | pmin =0.20 | 7.372 | 3.718 | 2.500 | 1.891 | 1.525 | 1.281 | 1.107 | 0.976
Te MM | pmin =0.30 || 5.631 | 2.840 | 1.909 | 1.444 | 1.165 | 0.979 | 0.846 | 0.746
re MM | pmin =0.40 || 4515 12277 | 1.531 [ 1.158 [ 0.934 [ 0.785 | 0.678 | 0.598
re MM | pmin =0.50 || 3.686 | 1.859 | 1.250 | 0.945 | 0.763 | 0.641 | 0.554 | 0.488

Table 65: Alternative Setup

: Photon detector collimator size as a function of the threshold energy.
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F.2 Photon detector

For the alternative setup, the photon detector will be located between dipoles 1 and 2 of the magnetic
chicane near dipole 2 where the available transverse deviation of the beam is sufficient. A layout of
the photon detector setup is displayed on Fig. 53.

The distance from the interacting point increases from D., ~ 5.80m to D., ~ 7.15m so we would
have to use a larger gamma detector collimator. This size is given in Table 65 which had to be
compared with Table 14.

F.2.1 Synchrotron Background for the photon detector

The radiation to be considered here are the synchrotron photons emitted by the first dipole of the mag-
netic chicane instead of by the dipoles 2 and 3 of the magnetic chicane. We neglect the radiation due
to the last dipole of the bending arc whose magnetic field is weaker than the chicane field by a factor
2. This gives a factor 2 on the number of synchrotron photons and on the mean photon energy i.e. a
factor 4 on the total power. Furthermore, due to lower energy, the photons will be more absorbed in
the lead absorber.

As a collimator we will use a 1 cm thick lead foil with a hole of radius r, at the entrance of the
photon detector. The hole radius varies with incident energy to match the Compton angular distribution
and is given in Table 65 without the 2 mm of safety. In front of this hole, the thin absorber will be a
2.5mm lead foil.

The alternative setup gives slightly lower synchrotron radiation since we have only contribution
of dipole 1 (neglecting the last dipole of the bending arc) while dipole 2 and 3 contributes in the other
setup . This gives a factor 2 which is reduced later by the smaller size of the collimator in the chosen
setup. So the synchrotron rate in the gamma detector would be reduced by a factor 1.3 for the
alternative setup.

The new values of the number % and mean energy < e > of synchrotron photon corresponding
to the power P, for a hole radius r., corresponding to A#d for the first dipole are listed in Tables 66, 67
and 68. These numbers have to be compared with those of Tables 16, 17 and 18.

Fig. 54 gives the synchrotron rate at 4 and 8 GeV for a lead absorber thickness of 0, 2.5 and 10
mm (to be compared with Fig. 17).

F.2.2 Bremsstrahlung for the photon detector

The bremsstrahlung seen by the photon detector is generated

o for the alternative setup, between the end of the last dipole of the bending arc and the first dipole
of the magnetic chicane. The useful length for bremsstrahlung is then of order L ~ 15.25m.

o for the chosen setup, between the dipole 2 and 3 of the magnetic chicane. The useful length for
bremsstrahlung is then of order L ~ 2.5m.

Bremsstrahlung photons are emitted with angles § ~ 1/y = m/FE similar to Compton photons
(see section D.2). Therefore these photons are fully seen by the photon detector. The thin absorber
will cut the low energy (k' < 0.5 MeV) part of the spectrum. For computing the bremsstrahlung rate,
we have used the Tsai cross section (section D.1) with a conservative threshold of k. = 0.1 MeV'.

The chosen setup gives lower bremsstrahlung radiation since the length between dipole 2 and 3 is
only 2.5 m while the length between the last dipole of the bending arc and the dipole 1 is 15.25 m. This
gives a factor 6. For the alternative setup, the results of Tables 19,20,21,22 and Fig. 18,19 have to be
multiplied by this factor. In conclusion, the bremsstrahlung rate in the gamma detector would be
enhanced for the alternative setup by a factor 6. Nevertheless this rate remains weak compared to
the Compton rate.
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E B To A8 P dn/dt <€> Yy E/100ns
GeV| T cm | mrad w 51 KeV GeV/100ns
1. [0.19 | 1.306 | 3.26 | 0.258E-03 | 0.418E+14 | 0.386E-01 | 0.639E+01 | 0.161E+00
2. 10370758 | 1.89 | 0.240E-02 | 0.485E+14 | 0.308E+00 { 0.741E+01 | 0.150E+01
3. 10.5610.575 | 1.44 | 0.922E-02 | 0.552E+14 | 0.104E+01 | 0.844E+01 | 0.575E+01
4, 10.75|0.484 | 1.21 | 0.245E-01 | 0.620E+14 | 0.247E+01 | 0.946E+01 | 0.153E+02
5. 109410429 1.07 | 0.530E-01 | 0.687E+14 | 0.482E+01 | 0.105E+02 { 0.331E+02
6. 1.12 1| 0.392 | 098 | 0.101E+00 | 0.754E+14 | 0.833E+01 | 0.115E+02 | 0.628E+02
7. 1.31 | 0.366 | 0.92 | 0.174E+00 { 0.821E+14 | 0.132E+02 | 0.125E+02 | 0.109E+03
8. 1.50 { 0.346 | 0.87 | 0.281E+00 | 0.888E+14 | 0.197E+02 | 0.136E+02 | 0.175E+03

Table 66: Alternative Setup : Synchrotron radiation without absorber. For various beam energies
and magnetic field at 100uA. The power and rate seen by the v detector located at d., = 400 cm from

Dipole DI entrance,are given for a collimator radius r., i.e. for A9 . The column v~y indicates the
angular range seen by the detector.

E B Ty Ab P dr/dt <€> Yy E/100ns
GeV| T cm | mrad W 571 KeV GeV/100ns
1. 10.19]1.306 ] 3.26 | 0.225-131 | 0.108-116 | 0.130E+02 | 0.639E+01 | 0.140-128
2. 103710758 | 1.89 | 0.196E-32 | 0.230E-18 | 0.532E+02 | 0.741E+01 | 0.122E-29
3. 105610575 1.44 | 0.839E-14 | 0.697E+00 | 0.752E+02 | 0.844E+01 | 0.524E-11
4. 10.75)0.484 | 1.21 | 0.534E-08 | 0.408E+06 | 0.818E+02 | 0.946E+01 | 0.334E-05
5. 1094 |0.429 | 1.07 | 0.830E-06 | 0.570E+08 | 0.909E+02 | 0.105E+02 | 0.518E-03
6. 1.12 | 0.392 | 0.98 | 0.307E-04 | 0.118E+10 | 0.163E+03 | 0.115E+02 | 0.192E-01
7. 1.31 | 0.366 | 0.92 | 0.603E-03 | 0.161E+11 | 0.234E+03 | 0.125E+02 | 0.376E+00
8. 1.50 | 0.346 | 0.87 | 0.481E-02 { 0.107E+12 | 0.281E+03 | 0.136E+02 | 0.300E+01

Table 67: Alternative Setup : Synchrotron radiation with a 2.5 mm lead absorber. For various beam

energies and magnetic field at 100uA. The power and rate seen by the v detector located at d., =
400 cm from Dipole D1 entrance are given for a collimator radius r., i.e. for A8 . The column 1~y
indicates the angular range seen by the detector.

E | B | r, | A9 P dn/dt <e> o E/100ns
GeV| T cm | mrad W 51 KeV GeV/100ns
1. 10.191.306 | 3.26 | 0.298-211 | 0.453-197 | 0.410E+02 | 0.639E+01 | 0.186-208
2. 103710758 | 1.89 | 0.159E-47 | 0.123E-33 | 0.807E+02 | 0.741E+01 | 0.994E-45
3. 1056|0575 ] 1.44 | 0.439E-22 | 0.319E-08 | 0.858E+02 | 0.844E+01 | 0.274E-19
4, |1 0.751]0.484 | 1.21 | 0.139E-15 | 0.789E-02 | 0.110E+03 | 0.946E+01 | 0.869E-13
5. 10940429 | 1.07 | 0.561E-10 | 0.134E+04 | 0.261E+03 | 0.105E+02 | 0.350E-07
6. 1.12 1 0.392 | 0.98 | 0.132E-06 | 0.262E+07 | 0.314E+03 | 0.115E+02 | 0.823E-04
7. 1.31 1 0.366 } 0.92 | 0.135E-04 | 0.233E+09 | 0.361E+03 | 0.125E+02 | 0.840E-02
8. 1.50 | 0.346 | 0.87 | 0.268E-03 | 0.408E+10 | 0.410E+03 | 0.136E+02 | 0.167E+00

Table 68: Alternative Setup : Synchrotron radiation with a 1 cm lead absorber. For various beam
energies and magnetic field at 100uA. The power and rate seen by the v detector located at d., =
400 cm from Dipole D1 entrance are given for a collimator radius r., i.e. for A0 . The column 1~y
indicates the angular range seen by the detector.
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Figure 54: Alternative Setup : Synchrotron rate in the photon detector. For 100u A at 4 GeV (up)

and 8 GeV (down) with an lead absorber of thickness 0 mm (solid line), 2.5 mm (dashed line) and 10
mm (dotted line).

166



(L, = L,=1.00m | Diz=3.60m |

| A = 1064.2nm [ . = 3.20m | Gap d, = 5.0mm ]

E GeV 1.0 2.0 3.0 4.0 5.0 6.0 70 8.0
kmaz MeV 17.5 68.9 | 152.4| 266.5 | 409.6 | 580.3 | 777.3 | 999.4
B Tesla 0.187 | 0.375 | 0.562 | 0.750 | 0.937 | 1.125 | 1.312 | 1.500
[ Useful size cm -0.127 | 0.246 | 0.619 | 0.992 | 1.365 | 1.738 12.111 ! 2.4841
<D> mny % 2.178 | 2.216 | 2.254 | 2.293 | 2.331 | 2.369 | 2.408 | 2.446
<D> mm/MeV || 0.218 | 0.111 | 0.075 | 0.057 | 0.047 | 0.039 | 0.034 | 0.031

[ ok/k %/mm [ 26.194 [ 13.096 | 8.730 [ 6.547 [ 5.237 [ 4.364 | 3.740 [ 3.272 |
| 0d/(0B/B) | p/10~% ] 212.7 | 216.5 [220.3 [ 2242 ] 228.1 [ 232.0 | 235.9 [ 239.9 |

| A = 532.1nm || l. = 3.20m | Gap d, = 5.0mm |

E GeV 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
kmaz MeV 345 | 133.2]290.1 | 499.7 | 757.1 | 1058.2 | 1399.2 | 1776.8
B Tesla 0.187 | 0.375 | 0.562 | 0.750 | 0.937 | 1.125 | 1.312 | 1.500

[ Usefulsize | cm || 0.246 | 0.992 [ 1.738 | 2.484 | 3.231 | 3.978 | 4725 | 5.473 |

<D> mm/% 2216 | 2293 | 2.369 | 2.446 | 2.523 | 2.600 | 2.677 | 2.754
<D> mm/MeV || 0.222 | 0.115 | 0.079 | 0.061 | 0.050 | 0.043 | 0.038 | 0.034

| 6k/k | %mm [ 13.096 | 6.547 [ 4364 [3.272]2.617 | 2.181 | 1.869 | 1.635 |
| 8d/(0B/B) | p/10~° [ 216.5 | 224.2[232.0]239.9]248.0 | 2563 | 264.7 | 273.2 ]

Table 69: Alternative Setup ; Magnetic dispersion at electron detector location and energy resolu-
tion on the scattered Compton photon. The mean dispersion < D > is given from dmin 10 dyop.

F.3 Scattered electron detector

To reduce radiation damage from synchrotron radiation (see section 7.4), the detector will be located

o for the chosen setup, between dipole 3 and dipole 4. The final position (80 cm before dipole 4)
is a compromise between the maximum dispersion and the space left by the vacuum pipe.

o for the alternative setup, between dipole 1 and dipole 2. The final position (40 cm before dipole
2) is a compromise between the maximum dispersion and the effect of the magnetic field of
dipole 2.

The drift length between the end of the last dipole before the electron detector and the electron
detector is then reduced from 3.6 m to 3.2 m. So the dispersion at the electron detector location is
reduced of 20 % for the alternative setup.

The new relevant parameters (energies £, Eq, £,,;, and E,,, and the corresponding deviations
d,dy, dmin and d,,,) are given in Tables 69 and 70. Transverse deviations between dipoles 2 and 3
are also given in Table 70. The deviations d»3 and dj5" stand for beam and minimum Compton en-
ergy. These values differ slightly from the previous ones (Tables 24 and 23) since the dispersion at the
detector location varies only of 20 %. So the results obtained with the electron detector described in
section 7 and related to the magnetic dispersion (useful size, energy threshold, ko point measurement,
effects of the resolution and of the calibration on the P, polarization measurement, beam pipe size) are
similar. So are the requirements on the knowledge of the size of the interaction between the 2 beams,
of the magnetic dispersion and of the position of the detector wrt the electron beam and on the power
supply stability.

Due to the higher energy threshold, the Compton rate in the electron detector are lower for the
alternative solution. This rate given in Table 71 have to be compared with those of Table 27.
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L] = L2=1.00 m Dlz=3.60m
[ = 3.20m Gap d;, = 5.0mm
[)\ = 1064.2nm |
E GeV 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
B Tesla || 0.187 | 0375 | 0562 | 0.750 | 0.937 | 1.125 | 1312 | 1.500
E, GeV ] 0991 [ 1965 | 2922 | 3862 | 4.786 | 5.695 | 6.589 [ 7.467
E i GeV || 0982 | 1931 | 2.848 | 3.734 | 4590 | 5.420 | 6.223 | 7.001
Eyep GeV || 0977 | 1.953 | 2930 | 3.907 | 4883 | 5860 | 6.836 | 7.813
d cm | -20.829 [ -20.829 | -20.829 [ -20.829 [ -20.829 [ -20.829 | -20.829 | -20.829
do cm || -21.015 | -21.202 | -21.388 | -21.574 | -21.761 | -21.947 | -22.134 | -22.320
drmin cm || -21.202 | -21.574 | -21.947 | -22.320 | -22.693 | -23.067 | -23.440 | -23.813
dgap cm || -21.329 | -21.329 | -21.329 [ -21.329 | -21.329 | -21.329 | -21.329 | -21.329
[ dmin —dgap | cm ]| 0.127 | -0.246 | -0.619 [ -0.992 | -1.365 | -1.738 | -2.111 | -2.484 |
| do—dgp | cm [ 0314 ] 0.127 [ -0.059 | -0.246 | -0.432 | -0.619 | -0.805 | -0.992 |
da3 cm || -25.894 | -25.894 | -25.894 | -25.894 | -25.894 | -25.894 [ -25.894 | -25.894
dzm cm | -26.357 | -26.820 | -27.284 | -27.748 | -28.211 | -28.675 | -29.139 | -29.603
[ A = 532.1nm |
E GeV 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
B Tesla | 0.187 | 0375 | 0.562 | 0.750 | 0937 | 1.125 | 1.312 | 1.500
Eq GeV [ 0982 [ 1931 | 2.848 | 3.734 | 4590 | 5.420 | 6.223 | 7.001
Frin GeV | 0966 | 1.867 | 2.710 | 3.500 | 4243 | 4942 | 5601 | 6.223
Egap GeV [ 0977 | 1953 | 2930 | 3.907 | 4883 | 5.860 | 6.836 | 7.813
d cm || -20.829 [ -20.829 | -20.829 | -20.829 | -20.829 | -20.829 | -20.829 | -20.829
do cm || -21.202 | -21.574 | -21.947 | -22.320 | -22.693 | -23.067 | -23.440 | -23.813
dumin cm || -21.574 | -22.320 | -23.067 | -23.813 | -24.560 | -25.307 | -26.054 | -26.802
dyap cm | -21.329 | -21.329 | -21.329 | -21.329 | -21.329 | -21.329 | -21.329 | -21.329
[ dmin —dgap | cm [ 0246 | -0.992 | -1.738 | -2.484 [ -3.231 | -3.978 | -4.725 [ -5.473 |
| do—dyap | cm [ 0127 | -0246 | -0.619 [ -0.992 | -1.365 | -1.738 [ -2.111 | -2.484 |
days cm | -25.894 | -25.894 [ -25.894 | -25.894 | -25.894 | -25.894 | -25.894 [ -25.894
dmm cm || -26.820 | -27.748 | -28.675 | -29.603 | -30.531 | -31.459 | -32.388 | -33.317

Table 70: Alternative Setup ; Transverse deviations at electron detector location. For different beam
energy E and Laser wavelength \. The transverse deviations for the incident energy E and for the min-
imum scattered energy E.,., are given by d and d...;,,. The deviation dy stands for the scattered energy
Eo where the longitudinal asymmetry vanishes. The deviation dy,, = d — d; is the beam deviation
with a security gap d, and corresponds to a scattered energy E,,,. The useful size of the detector is
given by dyop — dpnin. The Eg point can be measured if dy — d,., is negative. Between the dipole 2
and the dipole 3, the transverse deviations for the incident energy E and for the minimum scattered
energy E.... are given by d3 and ™.
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{ A =1064.2nm ]

E GeV 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
rate Khz | 0.0 | 308.8 | 458.1 | 516.5 | 561.4 | 585.4 | 599.6 | 611.7

[ A =532.Inm ]

E GeV 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
rate Khz | 171.7 | 282.3 | 317.5 | 327.3 | 301.9 | 241.7 | 208.8 | 187.4

Table 71: Alternative Setup ; Compton rate in the electron detector. For various beam energies F at
100uA . The rate is given for the energy range ([Pmin,Pmaz]) covered by the electron detector of size
3 cm with a safety gap of 5 mm wrt beam. The experimental parameters are those of Table 8.

E GeV 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0
B Tesla | 0.19 0.37 0.56 0.75 0.94 1.12 1.31 1.50
Power X, =-2.0cm | nW | 102.02 | 120.42 | 124.40 | 125.84 | 126.51 | 126.87 | 127.08 | 127.21
Oy 6.72 1292 | 19.23 | 25.57 | 3192 | 3826 | 44.60 | 50.92
Power X, =-2.1cm | nW | 61.70 | 69.58 | 71.21 | 71.79 | 72.06 | 72.20 | 72.28 | 72.32
Oy 775 .| 1510 | 2253 | 2998 | 37.44 | 4488 | 52.31 | 59.72

Table 72: Alternative Setup ; Synchrotron power in the electron detector. For a beam of 100 u A and
an electron detector of size 3.cm * 3.cm located at a distance from downstream of Dipole 1 of 3.2m.
The detector center is at —2.0cm or — 2.1cm wrt the beam axis. 0+ is the mean polar angle weighted
by the power.

F.3.1 Synchrotron radiation for the electron detector

To compute the synchrotron radiation seen by the electron detector, one uses the full angular depen-
dence of the synchrotron radiation integrated over the electron path and over the polar coordinates of
the electron detector for a piece A8 of

e for the alternative setup, the end of the first dipole of the magnetic chicane.

e for the chosen setup, the end of the dipole 3 of the magnetic chicane. We assume that the syn-
chrotron photons coming from the dipole 1 are not seen by the electron detector.

For the alternative setup, the synchrotron power seen by the electron detector, located 3.2 m down-
stream the end of dipole 1 and 5 or 6 mm away from the beam axis, is given in Table 72. This power
of order 130 nWW had to be compared with the power of 180 nW/ obtained for the chosen setup (elec-
tron detector located 3.6 m downstream the end of dipole 3). The lower synchrotron power (factor
1.4) for the alternative setup is explained by the bigger angles 8., seen by the electron detector. But
these bigger angles give also a higher energy threshold and lower Compton rate (Table 71).
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E GeV | 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Prmin GeV | 0.857 | 1.713 ) 2.570 ) 3.426 | 4283 | 5.140 } 5.996 | 6.853
Pmaz GeV | 0977 | 1.953 | 2.930 | 3.907 | 4.883 | 5.860 | 6.836 | 7.813

rate Z=1. | Khz | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045
rate Z= 6. | Khz | 0.739 | 0.735 | 0.734 | 0.734 | 0.733 { 0.733 | 0.733 | 0.733

Table 73: Alternative Setup ; Bremsstrahlung rate in the electron detector. For various beam ener-
gies E at 100uA for a 15.25 m residual vacuum of 10~8T orr. The rate dn/dt (kHz) is given for the
energy range ([Pmin,Pmaz]) covered by the electron detector of size 3 cm with a safety gap of 5mm
wrt beam. The mean Z of the residual vacuum is also given.

F.3.2 Bremsstrahlung for the electron detector

The bremsstrahlung seen by the electron detector is due for the alternative setup (resp. chosen setup)
to

¢ photons generated between the end of the dipole 1 (3) and the electron detector. The useful
length is only L ~ 3.2 (3.6) m and the photons are seen under an angle § > 1.6 (1.4) mrad
larger than the characteristics bremsstrahlung angle fyrem, ~ m/E < 0.25mrad. So this back-
ground is very weak compared to the Compton rate.
We assume here that the photons generated between the end of the last dipole of the bending arc
and the first dipole of the magnetic chicane are not seen by the electron detector.

e electrons having emitted a bremsstrahlung photon between the end of the last dipole of the bend-
ing arc and the first dipole of the magnetic chicane (between the dipoles 2 and 3) and with an
energy in the energy range ([pmin,Pmaz]) covered by the electron detector. The useful length for
bremsstrahlung is the same (L ~ 15.25 (2.5) m) than for the photon detector (see section F.2.2).

Qutgoing bremsstrahlung electrons are emitted with angles § ~ 1 /vy = m/F (see section D.2).
These angles are small (f < 0.25 mrad) and can be neglected : the corresponding deviation at
the electron detector is < 1 mm. So the electron detector will see the bremsstrahlung electrons
in the energy range covered by the sensitive area.

For computing the bremsstrahlung rate, we have used the Tsai cross section (section D. 1) integrated
fromk, = E ~ ppmos t0 k., = E — ppin. The energy threshold due to the safety gap Fqp = prmaz is
given in Table 70 (23). For p,.;., we have used an electron detector size of 3 em.

Table 73 gives the new energy integration range and the new integrated bremsstrahlung rate. The
chosen setup gives lower bremsstrahlung radiation since the length between dipole 2 and 3 is only
2.5 m while the length between the last dipole of the bending arc and the dipole 1 is 15.25 m. The
bremsstrahlung rate would be increased for the alternative setup by a factor 6.1 which is later
slightly reduced by the lower energy threshold. Nevertheless this background remains very weak com-
pared to the Compton rate (Table 71).
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E GeV 1.0 2.0 3.0 40 5.0 6.0 70 8.0
B Tesla | 0.08 | 0.17 | 025 | 033 | 0.42 | 050 | 058 | 067
Power | uW |0.7872 | 1.9497 | 2.4384 | 2.6538 | 2.7634 | 2.8258 | 2.8645 | 2.8901
N, [10'%s T ] 0575 | 0.811 | 0.879 | 0.906 | 0.919 | 0.925 | 0.929 | 0.932
<e>| eV | 8548 | 15.007 | 17.307 | 18.282 | 18.776 | 19.060 | 19.240 | 19.363

Table 74: Alternative Setup ; Synchrotron radiation seen by the first mirror. For a beam of 100 u A
and a mirror of diameter 8.0mm located at a distance from downstream of last arc dipole of 11.4m.
The mirror center is at 1.0cm wrt the beam axis (A = 0.35mrad).

E GeV 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
B Tesla 0.08 0.17 0.25 0.33 0.42 0.50 0.58 0.67

Power | pW | 0.8529 | 2.3428 | 3.0320 | 3.3468 | 3.5094 | 3.6028 | 3.6610 | 3.6995
N, [10%s71{ 0.537 | 0.791 | 0.869 | 0.900 | 0.915 { 0.923 | 0.927 | 0.930
<€e> eV 9.908 | 18.495 | 21.786 | 23.219 | 23.951 | 24.374 | 24.642 | 24.823

Table 75: Alternative Setup ; Synchrotron radiation seen by the second mirror. For a beam of
100 nA and a mirror of diameter 8.0mm located at a distance from downstream of last arc dipole
of 12.4m. The mirror center is at —1.0cm wrt the beam axis (Af = 0.32mrad).

F.4 Synchrotron radiation seen by the cavity mirrors

The radiation to be considered here would be the synchrotron photons emitted by the end of the last
dipole of the arc (B = 0.33T at 4 GeV and L = 3m ) instead of the synchrotron photons emitted by
the end of the dipole 2 of the magnetic chicane (B = 0.75T at4GeVand L = 1 m ).

The first (resp. second) mirror will be located at a distance D, = 11.4m (resp. D; = 12.4m) from
the end of the arc, which corresponds to a ¢y > 4.1 at 4 GeV (resp. v > 3.8). As a consequence of
large angles, the synchrotron power seen by the mirrors is very small (See Tables 74 and 75), i.e less
than 3.7u W, and its mean energy ranges from 8.54 eV (145 nm) to 24.8 eV (50 nm). The power is
almost independent of the beam energy.

For the chosen setup, the first (resp. second) mirror are located at a distance D, = 0.65 m (resp. D, =
1.65 m) from the end of the dipole, which corresponds to a 1oy > 72.2 at 4 GeV (resp. ¢y > 28.4).
Due to smaller angles for the alternative setup, the synchrotron power in cavity mirrors would be
increased by a huge factor : 2400 for mirror 1 and 180 for mirror 2 (see Tables 31 and 32). More-
over the mean energy of the synchrotron photon would also be increased from .008 eV to 20 eV for
mirror 1 and from .14 eV to 20 eV for mirror 2. It will be more difficult to reduced these photons by

an absorber. '
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F.5 Conclusions

The comparison between the setup described in this report with the optical cavity between the dipoles
2 and 3 of the magnetic chicane with an alternative setup where the optical cavity would be located
before the first dipole shows that the chosen setup (optical cavity between dipoles 2 and 3) presents
over the alternative one :

¢ some major advantages

— we can use a smaller gamma detector collimator.
- the bremsstrahlung rate in the gamma and electron detector is reduced by a factor 6.

- the synchrotron power in cavity mirrors is reduced by a huge factor : 2400 for mirror 1 and
180 for mirror 2.

~ the dispersion at the electron detector location is enhanced by 20 % giving slightly lower
energy threshold and higher Compton rate in the electron detector.

— larger transverse deviation but this is due only to the larger length of the magnetic chicane
(no extra quadrupoles in the chosen geometry).

¢ some minor advantages

— the synchrotron rate in the gamma detector is increased by a factor 1.3.

~ the synchrotron rate in the electron detector is enhanced by a factor 1.4 but with a higher
Compton rate.

¢ while
— the energy lost by synchrotron radiation in the magnetic chicane are the same.

Moreover, the chosen setup has also practical and mechanical advantages since the gamma detector
has not to be removed when the chicane is not used. Only some points not yet studied (focusing of the
electron beam on the cavity center, general beam line optics) can change the previous conclusions.
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G Optical Cavity for Photon Flux Amplifier

This appendix is a detailed version of section 8 devoted to the Laser-cavity system. Basics of Gaussian
beams and standard optical resonators are given. It is explained how high reflectivity can be obtained
using quarter-wave multi-layer dielectric mirrors. The time responses of the cavity are derived, and
it is shown that the measurement of the emptying time of the cavity is a convenient way to access its
reflectivity. The way to extract a discriminator signal for the feedback system between the laser and
the cavity is detailed, along with a possible associated electronic servo.

G.1 Gaussian Beams and Resonators
G.1.1 Gaussian Beams

Electromagnetic fields in free space (or in any uniform and isotropic medium) obey the scalar wave
equation:
[A? + k?| E(z,y,2) =0,

where E is the complex electric field. For wave propagating along z, we look for solution
E =u(z,y,2)e"*, e.g
0w Ou  O%u Ou

- 2tk— =0.
oct T oy T~ R, =0
In the paraxial approximation (valid for field description close to the z axis),
0*u du
2k—
50| < 2652,
Al
022 O0x?"
|82u' < l82u|
022 ay?"
this equation becomes
v J*u Ou
4 4wk =0.
522 + By? + uzkaz 0

Solutions to this equation have been given in Eq. (93), (95), (94) and (96).
The evolution equation for the beam size d(z) and the radius of curvature R(z) can be packed
together, introducing the “complex radius of curvature”, ¢(z), following the simple propagation law

qz) =q+z ; go = 1ZR,
1 _ 1,
q(z)  R(z) “wd%(z)

In term of intensity, the field of Eq. (93) gives (r? = 2% + y?):

I(r)= %E%z exp (_Qd_:(_;j) . (260)

Since

/02" d¢/0°° rdrl(r) = 1,
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e Free space region index n¢ length L :

e Thin lens with focal f ;

1 0]
1
-7 1
e Curved mirror with radius R : .
1 0
-% 1

For a Gaussian beam incident on a optical device with initial complex curvature radius ¢; and final
complex curvature radius gy, it can be shown that [21]:

Ag;+ B
=21 268
U= CutD (268)
A B|. . . . . . .
where c DI the ray matrix of the optical device. Consider now our cavity, the ray matrix cor-
responding to a round trip is :
AB) [1 0)[1L)[1 0][1L
=1 = - , (269)
& o]-[aollo LR o]l 1)
and for N round trips, the ray matrix R will be
A_[4a B
“|{C D)

so that the ray displacement r and slope r; after N round trips are given by

KR
TN T,

requesting that rn and 7, stay finite gives the stability condition given in equation (100) :

0<qig < L (270)

G.1.4 Reflectivity of a quarter-wave multi layer dielectric mirror

The purpose of our cavity is to allow the LASER light to perform a maximum number of round trips
N,:. This means that one needs to use mirrors with high reflectivity, low absorption and low scattering.
The high reflectivity is obtained using multi layer ”A/4 ” mirrors, that we now introduce.
Let F be the amplitude of the incident electric field £; on a mirror with incident angle 6, at fre-
quency w.
E = E]ei(“’t—kz).

The mirror extends from z = 0 to 2 = z;, and Fr and E7 are the amplitudes of the reflected and
transmitted electric field. The optical index of the medium (See Fig. 55) before the mirror z < 0

(resp. after z > z;) are defined by ny = |/€;u; (resp. n; = /epur).
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this is a normalized intensity. If we compare with the usual Gaussian distribution

1 r2
[(T) = e 242
2o

we see that the beam diameter d( z) is related to the standard o (=) via

d(z) = 20(z). (261)

G.1.2 Gaussian beam inside a Resonator

To trap a Gaussian beam in a resonator consisting of two mirrors with radius of curvature R; and R,,
located at z; and z,, with a separation length L = z; — 2z, (See Fig. 26), we have to fulfill the boundary
conditions: R(z = z;) = —R; and R(z = z;) = R,, where R(z) is given by equation (96). Defining

L
gi=1—-R—'_,i=l,2, (262)
these boundary conditions lead to [23]
a1(l —g) 92(1 —g1)
Z9 = L, z,=- L, 263
T g+ 9220192 YT g+ 92— 29192 (263)

for the mirror location;

1-—
_ V9192 9192)L, 4 264

ZR =
a+9— 2049

for the Rayleigh range;

./ 1—
£ = AV 9192( 9192)L, (265)

T T +9:-20i102

for the beam waist; and finally for the beam size on each mirror

\ % A g1
d2 = =d’== —_—L, d(z = =dj =~ ———L.
(z==)=d WW F=)=d ﬂm (266)

G.13 Ray Optics and Cavity Stability

In geometrical optic, light propagation is described in terms of ray [21]. For light nearly unidirectional
propagating in the z direction, in a medium of index n, the radius r in the transverse plane and its
derivative r'(z) = n(z)% follows linear evolution with z:

r(z2) = AR(z) + Br'(z),
r'(22) = CR(z) + Dr'(z);

rz) | _| A B r(z1)
[r’(zz) ] = {c D ] [r’(zl) ] : (267)

This matrix is called ABCD matrix or ray matrix. For the following standard optical device we have:

or in matrix notation
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Using the formalism of characteristic matrices one can show [22] that if

m m

M = 11 12 @71
ma; Ma2

is the characteristic matrix of the mirror evaluated at z = z;, the reflection and transmission coeffi-

cients of that mirror can be expressed as:

(m11 + mi2q) @1 — (ma1 + maaqr)
(mu1 + mq) @ + (ma1 + maaqr)’
2q
(m11 + mpq) 1 + (may + ma2qr)’

where g, and ¢; obey Eq. (103, 104). So all the needed information to compute these coefficients
is included in the characteristic matrix of a multi layer mirror. For a mirror consisting of N pairs of
quarter-wave films, i.e with thicknesses given by h; = %% and h; = I\Fl; and indices n, and n,, the

characteristic matrix, for normal incidence is [22]:

o0 V() o
M=[ Iz ‘J] =[( )N]; 272)

so that the reflectivity of our mirror with a layer structure (n,, n3, 7z, n3, ..., g, n3) is :

2N 2

42 ()™

One can also have mirrors of the type (n2, n3, ns, ns, ..., ng, n3, n3 ), where the reflectivity is given by:

2N 2
- ()
R2N+1 = ( nl n' n3 2N) . (274)
L4222 ()

An example of reflectivities that can be obtained is given on figure (56).

G.2 Filling and Emptying time of the cavity
G.2.1 Filling time of the cavity

We have seen that the time evolution of the amplitude of the electric field circulating in the cavity is

given by (Eq. 105):
Ecire(t) = 1 E(t) + grt(w) Ecire(t — 27), .

with
T = L . (275)
C
Using Laplace transformations, this equation becomes
Eire(s) = itEy(s) + gre(w)e ™ Evire(s). (276)
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Figure 55: A mirror defined by two planes z = 0 and z = z,, with permeability and susceptibility
p(z) and €(2).

1-R
1
-1 _———
10 E  TTTTeeeell .
-2
10 n
-3
10
n,=2.1 (Ta,0,)
-4
10 n,=1.47 (Si0,)
-5
10 n=1.47
1 7 8 9 10

3 4 5 6
Number of pairs of layers HL

Figure 56: Transmission §, = 1 — R = T, for (HL)n and (H L)y H versus number N of layers
(HL). High index dielectric is T a,Os and low index dielectric is S10,
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Thus the Laplace transforms of the circulating field is given by :

A 1

Ere(s) = itEI(s)l A= (277

Assuming the Laser is switched on at time ¢ = 0, so that the incident field £(?) is a step function of
value E starting at time ¢ = 0 i.e. Ef(t) = Eju(t). The Laplace transforms of the incident field is
thus E(s) = ££, and Eq. (277) becomes

R 1
Ecirc(s) =itE . 2
(3) L IS (1 - grt(w)e—Tra) ( 78)
Using a Taylor expansion, Eq (278) gives :
. 00 e—2‘rns
Epe(s) =itEr Y. gl (279)
n=0
We can now easily perform an inverse Laplace transform, since the inverse Laplace transform of £
is a step function starting at time ¢t = 27n, we get the time evolution of the circulating field
Ere(t) =1tEr Y ghu(t — 2rn). (280)
n=0
Therefore for 2n <t < 27 (n + 1), the circulating field is
. 2 n - 1- g;’-lt+l
Erc(t) =1tEy [1 +9rt+ 95, + ...g,,] = ztEIl—; for 2rn <t <2r(n+1).
- grt (28 1 )
We then get the amplitude ratio of circulating and incident field
FEurc(t) it n
B~ 1-an (1 - grt“) ; for 2rn <t <2r(n+1). (282)
We note G the gain (in intensity) in steady state (introduced in Eq. (112))
T
G(t=o0)=G = (283)

(1- Re‘%"')2 +4Re~? sin2(w‘r).

The time evolution of the gain of the cavity is thus

* ; n+1 . n+l
T

G(t) =G [1 _ (Rn+1e—(n+l)§2n.e_2i(n+l)wr)] [1 . (Rn+l e—(n+1)%ﬂ-6_21-(n+l)w"_)j|m7
G(t) =G [1 — (Rn+le—(n+1)%‘le—2i(n+1)wr>] [1 _ (Rn+1e-(n+1)ﬁge+2;(n+1)w>] ,

2
G(t)=G [1 — R e~ (nHD) % (oo 2(n+1)wr)+ (Rn+1e—(n+1)ﬁ2n> ] ’
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2
G(t) =G [(1 _ Rn+1e-(n+1)i§l) + 4311+1e-(n+1)f§l sin? ((n + 1)w7')] ’

and with the time ¢ givenby ¢t = (n + 1)7,

i~

¢ 9 2 t t 4
Git)=G [(1 - R e'?'g) +4R7e 77 sin? (wt)] ,

G(t)=G [(1 - e‘f(“‘%"%’*))2 + 2e+(F-losR) 2 (wt)J -

Using T} (that will be shown to be the decay time of the cavity)

1 1
Tao=1 =T~ , (284)
(2 -logR)  (%+6)
or equivalently
Re% — ¢ Ta| (285)

the evolution of the cavity gain reads

Git)=G [(1 - e—%«;)2 + 4e” T sin? (wt)} ,

Git)=G [1 — 2774 cos (2wt) + e_”'d%] ! (286)

For the transmitted field, again using Eq. (105)
Er(t) = itze~te B (t — 1),

we get for the ratio of transmitted and incident intensities:

T(t) = Te"%QG(t -7)=T|l- 9%¢”Ta cos Quw(t—T1))+ e Tas | | (287)
(t)

G.2.2 Emptying time of the cavity

Assuming now that the Laser is switched on at time ¢ = 0, and latter switched off at time ¢ = ¢, so
that the incident field is E/(t) = Ey(u(t) — u(t —t.)). The Laplace transforms of the incident field
is thus £;(s) = E;*=<, and Eq. (277) becomes

- 1 —e**

circ = .
E (S) t EIS (1 _ grt(w)e—%'s)’

(288)
whose inverse Laplace transform is

E..(t) = itE; (Z gru(t —2mn) = > ghu(t — 2rn — tc)) .
n=0

n=0
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Let t. = 27p, so that
Bur(t) = itEy (z g (t—27n) — 3> ghu(t— 27 (n + p))) .
n=0 n=0

After the laser has been switched off, i.e, for time ¢t > ¢.,and 2nr < ¢ < 2(n + 1)7, withn > p, the
circulating field is thus

. 1—gitt 1-git-? tE =t &
Eec(t) = itE; ( I _ = ! (gn" -9 ) :
1 -9 1— g 1—gn

Thus the gain in intensity is
G(t)=G (gn" - 9% ) (grf' - 9% ) :

Introducing ¢’ = ¢ — ¢, , so that we start when the laser is switched off,
G(t ) = G 9rt — Grt grt — Grt y

and assuming ¢, — 00, e.g the cavity had sufficient time with laser on to reach a steady state, we then
it

can get the evolution of the cavity gain after the laser was switched off. Indeed, g,.>” goes to zero
when t. — oo and thus

G(t') = Glgn|*F,

G(t') = Ge™Ta |, (289)

with the cavity decay time given by Eq. (284).
Using the definition of the cavity Finesse (Eq. 120), we get

F 6—7; Td 1

— T e———— PN l_\_l
244

(290)

T l—eTa T
So that measuring the decay time of the cavity is a convenient way to measure the cavity finesse.
For a cavity with mirror reflectivity 6, = 100ppm, in vacuum, §, = 0, the decay time is Ty =
30us.

G.3 LASER cavity feedback

As explained in section 8.7, the Laser light is phase modulated and the discriminator signal is obtained
by demodulation of the signal of a photodiode measuring the reflected field (See Fig. 31).

In this section, the phase modulation principle is first recalled, after what it is shown why the de-
modulated signal of the photodiode is a good discriminator for a feedback system between the Laser
and the cavity.
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G.3.1 Phase Modulation

The Laser incident field E; at frequency v = $ will be phase modulated by an oscillator at frequency
() and with phase modulation amplitude m.

E; = Eqcos (wt + m cos(t + ®q)), (291)
EI E eiwt im cos(ﬂt+¢n) (292)
Using
cos(mcos ) = E Jzk cos(2k9),
sin(m cos §) = 2 E J2k+1 cos((2k + 1)),

=0

cos(msinf) = Jo(m) + 2 Jox cos(2k8),
k=1

sin(msin0) = 2 ) Jaks1 cos((2k + 1)9),
k=0
where J;. are the Bessel functions, the modulated incident field can be written

E; = Epe™t [Jo(m) +2 i(—l)ngk cos (2k(t + ®q)) + 2 i(—l)kJ2k+l cos ((2k + 1)(ut + ‘DQ))] .
k=1 k=0

Leading to the following frequency spectrum

Er = E, [JO zwt + Z t(wt+k(ﬂt+09)) + Z m)ei(wt—k(ﬂt+09)):l )

k=1 (293)

In summary a field at frequency w phase modulated at frequency 2 and amplitude m has a frequency
spectrum given by wii = w2k, each frequency component having a strength given by the k** Bessel
function Ji(m) and a phase given by k(3 + ®q).

E; = Eo [JO zwt + Z Jk ( +¢n) zwkt + eik(%—@n)eiw;t)] ) (294)
For small value of the amplitude of the phase modulation, one can use
(3m)*
J}(nz):: 2k!

G.3.2 Reflection by the cavity of the Laser Phase Modulated field

Using the cavity reflection coefficient p = v/Re'®®, the (complex) field reflected by the cavity can be
expressed as

ER — EO JO( zwt + Z Jk ( +0n)p(w;}-)eiw:t + eik(%-@n)p(w;)eiw;t)}
(295)
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and the real reflected field isv

En = Eo [Jo(m) R (@) cos (wi+®r (w))
+2Jk m)y/R (wk)cos (w;:t+*I>R (wk) +k(2 +(I>Q))
+3° Ji(m)y/R (w7 ) cos (w;t+<1>R (wi) + (-2- - %))} .
k=1
The reflected intensity, that will be measured by a photodiode, is thus
Ip = E} [Jo(m) R (w) cos (wt+Pr (w))

+ Z Ji(m (wk ) cos (w}:t+(I>R (w ) +k (g + q’n))

£ i \/ o) o (10 (o) 4 (3 - 00))

leading to the lengthy sum

I = B2 [J3(m)R (w) cos? (wt+®r (w))

+3 Jim Jk(m\/R (w?) \/’R wit)

kk'=1

cos (w;"t+(I>R (w;") +k (g + QQ)) cos (w;"t+*I>R wk +k ( + ®q )
(w&)

£ 3 Jme(m)y/R (w7) R (o

kk'=1

cos (w;t+(I>R (wk) + k <§ - QQ)) cos (wk t+®Pp (wk ) + k (5 - QQ))
+2§2Jo(m Jr(m) \/W\/ wk

cos (wt+Pp (w)) cos (w;*t+<I>R ( ) ( Al (I)Q))

+2 Z Jo(m m)\/"_?,—(_)v ( )
cos (wt+®p (w)) cos (“’k t+®r ( k) +k (E - (I)Q))

123 Ji(m)Ju(m \/’R w,j)\/R (wi)

k,k'=1

oo (ttrn (02) 4k (3 + 0a) oo (sztrn (o) + ¥ (5 - 2) )
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By linearisation, we get

In = B2 [J(m)R () 5 [cos (2t+28n (w)) + 1]
4 f; m)Ji(m) R ()[R ()

%[cos ((w,j+w,j,)t+¢>R (w,t)+<1>n( ,t) (k + k') +(k+k)<I>n)
cos((w,j—w,j,) t+®r (W} ) ~Br (W) + (k —K) T + (k - k)%)]

r(w
f: Jk(m Ji(m) \/7 wk \/”R, wk

s (o +5) 8 () 90 o) 54 81T 64 905)
cos ((wk - wk,) t+®p (wk )—(DR (wk,) + (k- k) g —(k=K) Qg)]

+2 kf; Jo(m)Ju(m)y/R (@)y/ R (w})

% [cos < w+ w,f) t+®p (w)+®Pr (w,f) +k (12[ + q)ﬂ)) +

cos ((w wk) t+®r (w)—Pr (wl-:) -k (g + q’“))]
+2 ,,2:: Jo(m)Ju(m)y/R (wh/R (w;)

os (o +f) 8 ()40 () + & (5 - 90)) +
(o ax) 43
+2kk§:1Jk m)Jy(m) \/R (wf)\/g(w;r)

—;— [cos ((w,:' + wk‘,) t+®r (w,':)+(I>R (wk ) + (k+ ¥ ) + (k—-K) Qn) +

cos ((wf —wp) t+@n (w}) ~8n (wp) + (k= K) T +(k+k’)<1>9)]].

N —
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Using wf = w + kN, the reflected intensity reads

Ir=E? [Jg(m)R (w) 1 [cos (2wt+2®R (w)) + 1]

+fij( )i (m \ﬁtw+k9\/’Ru+k’Q)

k,k'=1

[cos (20 -+ (k4 K) 0 64-@n (w0 + KD+ (w + KD) + (k+ ) T + (k + F) @n) +

[3V0 W

cos (+(k ~ ¥) 0+ 8 (w + k)~ @a (w + KD + (k— K) T + (k= k') €a)

+ 3 Jk(m)Jk((m)\/E (w — k)R (w - k')

[cos ((Zw ~ (k4 K)Q) t+0 (@ — k) +8p(w = KD) + (k+K) T = (k +K) @n) +

N =

cos (— (k = k) Qt+0p (w = k) =@r (o = K) + (k= K) § — (k= k) 8a

+2 Z Jo(m)Ji m)\/’R VR (w + k)

[cos ((2w + kQ) t40p () +Br (w + kQ) + k (g + %)) +

cos ((—kQ) t+@r (w)—®r (w + k) — k (% + Qn))]

N | -

+2 fj Jo(m)Je(m)y/R (w)y/R (w — k)

[cos ((2w — kQ)t+Pp (w)+Pr(w — k) + & (— - Qg))

cos (( k) t40 5 (w)— g (w — kD) — (5 - on))}
+2 fj Je(m)Jp(m)/R (w + kQ)/R (w — k'Q)

k,k'=1

% [cos ((zw + (k= K) Q) t48p (w + k) +n (@ = KD) + (k + ) T+ (k — ¥ @n) +

[

cos (((k +K) Q) t48p (@ + E)~Bp (w ~ KD) + (K~ K) 7+ (k + ¥ on)” . (297)

A fractionT'(1—-T) (" transmitivity of the beam splitter) of the intensity of the reflected field is directed
through a photodiode (with a conversion factor «) by a beam splitter. The photodiode is not fast enough
to detect the high frequencies (w,w + k) of the reflected intensity /5. Indeed if 7 is the integration
time of the photodiode, for an intensity i(t) = cos(wt + ¢), what will actually be measured is

I(t) = ! /:H.T i(t)dt' = %/;H.T cos(wt’ + @) = — [sm(wt + @)t

T

Ii(t) = 2 cos(%z) sin(wt + ¢ + %)

wT
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If the photodiode integration time T is large wrt 1 /w the detected intensity is zero. Thus the reflected
intensity seen by the photodiode will give the following photo current

ing = D(1 - D)z B[ J2(m)R ()

+ Y Ji(m)Je(m)y/R (W + kQ)\/R (w + k'Q)
cos <+ (k = K)Qt+@p (w + k) —Bn (w0 + KR) + (k= K) 2 + (k= ¥) %)

+ 3 Je(m)Ju(m)y/R (w - kn)\/ﬁ(w—kfn)

cos (_ (k — K) Qt+8p ( — k)= 0p (w — KR) + (k — k) = (k= F) <1>Q)

o2

+2 Y Jo(m)Ji(m)y/R (w){/R (w + k)

k=1

cos (~kQt+ @ (w)~r (w + k) — k (7 + 2a)

+2§j Jo(m) Je(m)y/R (w){/R (w — kR)

cos (+th+‘I>n (w)—®p(w— k) —k (-72: - ‘Pn))

o2

2 Y Ji(m)Ju(m)y/R (w+ kQ)YR (w - k'Q)

k,k'=1

cos ((k + k) Qt+@x (@ + k)~ 0r (w — KQ) + (k= K) 2+ (k + ¥) @n) I.

After amplification (gain G), the photodiode signal is mixed with the oscillator at frequency 2. Mix-
ing is equivalent to multiplying the amplified photo-current by V; cos (Ut + ®g,,). After the mixer,
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one gets the following voltage:
1
Vra = EdeROF(F — 1)k EZ cos (U + ®q,,) [ JE(m)R (w)

£ Y J(m)du(m)R (@ + )R (w + B9)

k,k'=1

cos (+ (k = K) Qb+ (w + kQ)=Bp (w + KR) + (k = K) 7 + (k = ¥) @n)

+ io: Jk(m)Jk:(m)\/’R (w — kﬂ)ﬁ(w _ k’Q)

k,k'=1

cos <- (k — K) Q485 (w — k0)~@r (0 — K) + (k — K) 2 — (k— k' %)

x

+2 3 Jo(m)Ju(m)y/R (w)y/R (w + kRQ)
k=1

cos (—kﬂt+<I>R (w)—Pr(w+kQ) -k <'72£ + ‘I’Q))

+2 fj Jo(m)Jk(m)y/R (w)y/R (w — kR)
k=

1

cod (+th+<I>R ()~8n(w~ k) & (3 - 2a))

+2 i Jk(m)Jk:(m)\/’R (w+ kQ)\/’R (w—KQ)

k,k'=1

cos ((k +K) Q4 0r (w + k) —Bp (0 — KQ) + (k — K) 7+ (k+K) %) I.
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Leading to
1
VR4 = 5deR0I‘(I‘ ~ D&E3 [ JE(m)R (w) cos (U + @g,,)
1 oo}
+5 2 Je(m)Je(m)y/R (w + Q)R (w + K'Q)
k=1

[ cos ((+ (k ~ K) + 1) Q64+ (w + k2)—Bn (w + K') + (k= ¥) 7.+ (k ~ ¥) 8q + %M) +

cos ((+ (k- k') — 1) Qt+0g (w + kQ) B (w + K'Q) + (k — k') % + (k- k) ®q — <1>9M) ]

2 3 Jm)(m)y/R (@ — kDR (@~ F9)

kk'=1

[ cos ((- (k = K) + 1) Qt+®p (w — k)~ (w — KQ) + (k — ¥) T — (k — ¥) &a + @nM) +

cos ((— (k = ¥) = 1) 2+ @p (w — k)~ Ba (w = K) + (k = k) T = (k — k) &0 - %M) ]

+ gj Jo(m)Je(m)y/R (w){/ R (w + k)
[ cos ((“k +1) QU+ Pp (w)—~Pr (w+ k) ~ k (g + ‘I’n) + ‘DQM) +
cos ((—k = 1) Qt+85 (<) ~8n (v + k) ~ & (5 + 8a) ~ @a,, ) |

+ g) Jo(m)Jk(m)y/R (w)y/R (w — k)

[cos ((+ +1) Qt+8p (w)~Br (w — k) ~ & (g - %) . %M) +

cos <(+k — 1) Qt48p (w)—Br (w — kQ) — k (g - <I>n) - %M) ]

+ 5 (melm)/R o+ )R~ kD)

k

cos (((k +K +1) Q) t4@r (w + k) ~Bn (0 = KD) + (k — K) 7 + (k+ ) 8a + %M) +

cos (((k + K = 1) 0) t+0r (w + kD)~ Ba (w - k') + (k — K) 7. + (k + K) 82 — a,, ) ].
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This signal is sent to a low pass filter, cutting all frequencies above {2, therefore

Vi = 2XGdROF(F —1)kE] |
%g Je(m) i1 (M) R (w + k)R (w + (k + 1)Q)
Or(w+ kQ)—Pr(w+ (k+ 1)Q)—g—®n+q’nu)

—

o0

%ij( )i-1(m)yR (w + kQ) YR (w + (k — 1))

k

os (®r (w + kQ) @R(w+(k_1)n)+g+q>ﬂ-q>ﬂu)

%ZJk )Ji-1(m)y/R (w — kQ)y/R (w —

QR QR(w—(k—l)Q)-i-g—@Q'i'@ﬂM)

08

%,f; Je(m) kg1 (m)y/R (w — k)R (w — (k +1)Q)
cos (@R (w — kQ)—®r (w — (k+ 1)) — 5 + g — <I>9M>
+Jo(m)Jy(m)y/ R (w)y/ R (w + )
cos (<I>R (w)—Pr(w+ Q) — % — & + %M) +
+Jo(m)Jy (m)y/ R (@)y/ R (w — )
cos (@R (@) =@ (w - 0) - T +8q - QQM) l. (298)

(=

(
Y
o
|

And at first order in the modulation amplitude

Vig = —deRow — 1)xE |

—;-Jo(m)Jl(m)\/’R (@)/R (@ + 9) cos (@R ~@p(w+0)~ T~ B+ QQM) +

T

m)\/'k(w)\/'R(w+Q ) cos (QR —®r w+Q)—§—q’n+@nM)
)

%Jo(m)Jl(m)\/’R (w) \/’R (w— ) cos (QR —®r(w-Q) - L oq — ®g,,

[ VR (W)/R(w + Q) sin (Br () - @R(w+Q)—((I>g—-<I>QM))+
VR(@)/R (@ — Q)sin (g (w)—Br (w — Q) + (Bq - QQM))] (299)

This voltage will be used as the discriminator signal for the Servo system mastering the laser fre-
quency.
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Figure 57: Principle of the PVLAS servo The Discriminator @ is followed by a pure Gain K, three
Integral Proportional Correctors C,C, C' and an integrator for the Fast F and Slow S control of the
Laser. )

G.4 Principle of the PVLAS Feedback Loop

We plan to use a servo inspired by the one used by the PVLAS experiment [15]. A description of this
servo follows.

As explained in section 8.8, the error signal (discriminator), proportional to the difference between
the laser frequency vz, and the cavity resonant frequency v, is given by the modulated laser light re-
flected from the cavity, measured by a photo diode and sent through a mixer for demodulation. As
depicted on Fig. 57 and Fig. 60, for the PVLAS experiment Servo, this error signal is first amplified,
K, and then integrated by three integral proportional correctors C'(p), C(p), and C’(p). There is two
different branch F(p) and S(p) that command the two different inputs (fast and Slow) of the Laser
actuator (See section 8.5). The feedback loop is thus realized by the system cavity, diode and mixer.

In this section, the various elements used to build the discriminator signal are first presented, then
the servo is detailed in order to demonstrate the stability of the feedback control.

G.4.1 Elements to produce the Discriminator Signal

Frequency response of the discriminator The cavity being a central part of the discriminator, one
has to study its frequency response. One can show [15] that the cavity is a first order system, with

cut-off requency given by
Av,g

2

Veut =

Photodiode Voltage
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Figure 58: Photodiode equivalent circuit.S1123 Hamamatsu PIN photodiode response function

o Photodiode characteristics

We use a S1123 Hamamatsu PIN photodiode (2.2mm x 2.8 mm), whose equivalent circuit is
represented on figure 58. Iy, is the current generated by the incident light and is proportional to
the amount of incident light. There is a junction capacity C;. The diode has a voltage Vp and a
current Ip (photodiode reverse saturation current /).

Ip = Is (e%VF - 1) (300)

There is a shunt resistance R, with current I’ and a serie resistance R,. The output is done on
a load resistance Rj.qq and is defined by the voltage V; and the current /o, given by :

Io=1L—1'—1D=1L—1'—15<e°—3‘—1) (301)
The open circuit voltage is the voltage when the output current is zero Ip = 0, thus

kT Ip-Tr
Voc=vD=—e—lOg<LIS +1)

The short circuit current is the output current when the load resistance is zero Rj,q.q = 0 and the

output voltage is also zero Vp = 0, thus

RS I SC
Rsh

since R, is several 2 and R, is 107 to 10'!. When used with a reverse voltage, the photodiode

has a shorter response time. This response time is defined by the time needed to go from 10 %
to 90 % of the maximum peak current, and is given by

t, = 2-2CtRloa.d

eRslsc

I,C=IL-—IS(e =y —1)— ~ I
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Figure 59: Gain and Reflectivity with modulation at 40 kHz for a 97.5 cm cavity with g=-0.95 and a
cavity width of 5SkHz

where C} is called the terminal capacity, including the junction capacity and the package capac-
ity. Applying a reverse voltage results in a larger depletion zone, and thus in a smaller junction
capacity. With a 20V reverse voltage, the terminal capacity is C; = 10pF'. At the same voltage,
the dark current is 0.2n A and increases with the reverse voltage. The S1123 PIN has a short
circuit current of 6.2 A for 100 z?, e.g 12.4uA/(mW/cm?).

The light reflected by the cavity is directed to the photodiode using a beam splitter. generating
a Photodiode current i p, the voltage at the 1 k(2 resistance (Rpy,) is thus Vpy, = Rppips.

¢ Photodiode output
When searching a resonance of the cavity, a triangle voltage (typically 10 Vpp at a few Hz) and
the modulation (a few mV at a few hundred kHz) are applied to the fast control of the Laser
resulting in a frequency change of a few MHz (typically 30 MHz). This is not sufficient to cover
the Free spectral range (typically 150 MHz for a 1 m cavity), so one also have to use the slow
control of the Laser. On expect to see on the Rp;, resistance a voltage similar to figure 59.

Vi Derivator and first order passive high pass filter The photodiode current separates through
resistance Ry and self L :

di,

tpp=1t1+1; ;Vo=Rpy; V= LTﬁ- = 1 Lwiq.
Therefore v v v . .
Ph L L
Pr L V= Ve
Rp, Ry + 1Lw L Ph Rpy, RLL' + :_I%J
i.e .

Ve - Rpp 1 +2'wﬁL—L‘

2200 Iz = 1 mW/cm?
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This is thus a derivator in cascade with a first order high pass filter with gain

G =2 _ 10 (204B)
Rps

and cut off frequency
RL

we = T = 333kHz and v, =53kHz:.
When the frequency w < w,, the amplitude is equivalent to +6dB/Oct with a 90° phase, whereas for
w > w,, the amplitude is 0d B/Oct and the phase is 0° (See Fig. 61-a).
The goal of this filter is to eliminate the DC level from the diode signal.

V[ First amplification stage Once the DC level from the diode signal has been removed, the signal
is amplified, at the input of the first ampli we have :

. ) Vi
VoeVe=Ve=Rii; Vb=(Ri+Ry)i= (R + Rz)‘é{;'

& — (Rl + R2)
VL R
This is a pure gain
_(Ba+ Ry)  100Q +1kQ

G="—p—="qn = | (1.04dB).

Mixer Input The signal is then sent to one of the two input channels of the double balanced mixer.
If Zps is the mixer impedance, than

VL'=(;.-01-;+ZM)1' ; i=%ﬁu—zg
moreover,
Vv =2Zpmi= VLIE?—Z‘;.
Thus .
Var = Vor—s 1 _ w?ZM .
worg T 1 1+4wCZy

If the mixer input impedance is purely resistive, than this is a passive high pass filter with cut off fre-

quency given by:
1

~ RuC

We
(See Fig. 61-a).

Mixer We use the ZP-10514 Mixer from Mini-circuit. This circuit (See fig. 62) allows a maximum
of 7dbm (500mV’) for the the LO (local Oscillator) input and 1dbm (25m V) for the RF input.

G.4.2 Elements of the Servo

Operational Amplifiers The PVLAS servo uses two types of Operational Amplifier from National
semiconductor : a wide band LF356 and a wide band decompensated LF357. They both requires +
18 V supply voltage.
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Figure 61: Various Filters used in error signal builder and Servo: a) Self Vi, (w. = 53k H z ) and Mixer
input Vg [Vir(w. =??kHz) ; b) Fast derivative part(w. = 40kHz) ; c) Fast integration part(w. =
0.16Hz) ; d) 3 integration levels AB(w. = 7.2kHz),BC(w, = 7.2kHz),C D(w. = 3.2kH z))
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Lo RF

Figure 62: Double balanced Mixer. The Signal from the photodiode is applied to the RF input,
whereas the demodulation is applied to the LO input.

K : Active amplification and inversion V,  After M’ the first amplifier is only a "follower”. We
than have an inversion with amplification:

Vp = R3i 3 VA = -—R4i

Ry
Va=-Vp—.
A PR3
The gain is thus L0
R, 22
G= T I 22 (26.85dB)

and the phase is ¢4 = —180°.

C(p), C(p), C'(p) Three Integral Proportional Correctors V5,V;,Vp Between A and B, B and
C and C and D we have, three gain —1 when the Capacity switch is off. When the capacity is on, the
following relations hold:

- _ ; . V. = B
Vout = [RC + iwC,—] t; Vin Rﬂ
Thus ;
R 1
‘/ou = ""/:n"_c 1+ :
‘ R, [ in’CC,-]
The resistances are selected so that R = RZ, resulting in an unit Gain G = 1 (0dB). So after an
inversion ¢ = —180°, we have an integration, with cut off frequency
1
We = ——.
R, C;

When the frequency w < w., the amplitude is equivalent to —6dB/Oct with a —90° phase, whereas
for w > w,, the amplitude is 0d B and the phase is 0° (See Fig. 61-d). For B and C level the cut off
frequency is

1
= ———  =45kHz; dv.=17.
We = oo T 45kHz; and v, =T7.2kHz,
whereas for C level
1
= —--—— = 20.6kHz; d v, =3. )
We 5ok 05.9nF 20.6kHz; and v.=3.2kH:z
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v ] [0,0.16 Hz] | [0.16Hz,3.2 kHz] | [3.2 KHz, 7.2 kHz] | [7.2kHz,40 kHz] | [40kHz,00]
Apa | 0dB/Oct 0dB/Oct 0dB/Oct 0dB/Oct 0dB/Oct
Aap | -6dB/Oct -6dB/Oct -6dB/Oct 0dB/Oct 0dB/Oct
Apc | -6dB/Oct -6dB/Oct -6dB/Oct 0dB/Oct 0dB/Oct
Acp | -6dB/Oct -6dB/Oct 0dB/Oct 0dB/Oct 0dB/Oct
Abg | 0dB/Oct -6dB/Oct -6dB/Oct -6dB/Oct -6dB/Oct
A3; | 0dB/Oct 0dB/Oct 0dB/Oct 0dB/Oct +6dB/Oct

ALest 7 18dB/Oct |  -24dB/Oct -18dB/Oct “6dB/oct 0dB/Oct

Table 76: Amplitude for the various part of the Fast Servo at the Output of the Mixer

F(p) Integration level for the Fast Output

: . Re
Vp = Ry; VE—-(E+Z)1, Z—m
R¢
Ve =-Vp ———R’ 1 THiRCu
R
_ Rc+ R 1 . RR¢
Ve = Vo T T T iRoCw [1+’R'+RCC“’ '
This is thus a Gain R;;+R’ LMQ 4+ 40
G=—f = 4mq B
and a low pass filter, with cut off frequency
we L ! =1Hz; v.=0.16Hz,

=~ RcC ~ IMQIuF
for which, when the frequency w < w,, the amplitude is equivalent to 0d B with a 0° phase, whereas
forw > w,, the amplitude is —6dB/Oct and the phase is —90°(See Fig. 61-c). This low pass filter is
followed by a derivator, with cut off frequency

1

R'R¢
R'+Rc

= 250kHz; v.=40kHz-z.

We =

When the frequency w < w,, the amplitude is equivalent to 0d B with a 0° phase, whereas forw > w,,
the amplitude is +6dB/Oct and the phase is +90°(See Fig. 61-c). The Bode plot for the fast Servo is
represented on figure 63, whereas the Nyquist plots are given in figure 64

S(p) Integration level for the Slow Output

1

Vpb=Ri and Vp, = ———
1Cw
ﬁ _ 1
Vo iRCw

This is a pure integrator with unit gain and cut off frequency
we=RC =1MQIuF =1Hz and v.=0.16Hz

The amplitude is —6d B/oct and the phase is —90°.
given in figures 65 and 66.

Bode and Nyquist Plots for the Slow output are
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v | [0,0.16 Hz] | [0.16Hz,3.2 kHz] | [3.2 kHz, 7.2 kHz] | [7.2kHz,40 kHz] | [40kHz,00]
bra -180° -180° Z180° -180° -180°
5 -180° -180° -180° -180° -180°
op -90° -90° -90° 0° 0°
%0 -180° -180° -180° -180° -180°
Psc -90° -90° -90° 0° 0°

e -180° -180° -180° -180° -180°
oL p -90° -90° 0° 0° 0°
25 -180° -180° -180° -180° -180°
ébp 0° -90° -90° -90° -90°
. 0° 0° 0° 0° +90°
Fast 90° -180° 290° +90° -180°

Table 78: Amplitude Gain for the various part of the Fast and Slow Servo at the Output of the Mixer

Table 77: Phase for the various part of the Fast Servo at the Output of the Mixer

Apa | 26.85dB Aps | 26.85dB
Aus 0dB Asp 0dB
A BC 0dB A BC 0dB
Acp 0dB Acp 0dB
Ape | 46dB Apr | 0dB
GEast 172.85dB | | G32», | 26.85dB

v | [0,32kHz] | [3.2 kHz, 7.2 kHz] | [7.2kHz,00]
Apa | 0dB/Oct 0dB/Oct 0dB/Oct
Aap | -6dB/Oct -6dB/Oct 0dB/Oct
Apc | -6dB/Oct -6dB/Oct 0dB/Oct
Acp | -6dB/Oct 0dB/Oct 0dB/Oct
App | -6dB/Oct -6dB/Oct -6dB/Oct

ASlew 1~ 24dB/Oct -18dB/Oct ~6dB/Oct

Table 79: Amplitude for the various part of the Slow Servo at the Output of the Mixer
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Figure 63: Bode plot for the Fast output of the Servo (Starting at the Mixer output and ending at the
adder input of the fast output)
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Figure 64: Nyquist plot (dB) for the F ast output of the Servo (Starting at the Mixer output and ending
at the adder input of the fast output)
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Figure 65: Bode plot for the Slow output of the Servo (Starting at the Mixer output )
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Figure 66: Nyquist plot (dB) for the Slow output of the Servo (Starting at the Mixer output )
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v | [03.2kHz] | [3.2 kHz, 7.2 kHz] | [7.2kHz,00]
dpa | -180° “180° -180°
0p | -180° -180° -180°
Sp -90° -90° 0°
e | 180 -180° -180°
bhe -90° -90° 0°
%y | -180° -180° -180°
oLy -90° 0 0°
&p | -180° -180° -180°
obp -90° -90° -90°
Slow | _180° -90° +90°

Table 80: Phase for the various part of the Slow Servo at the Output of the Mixer

Actuator of the Laser LightWave 126-1064-300 As explained in section 8.5, the Laser actuator is
realized for :

¢ Slow Frequency control
By applying a voltage to a thermoelectric cooler under the laser crystal, this allows for a tuning
range of tens of GHz with a relatively slow time constant (1 to 10 s). The input impedance is 10
k(2 and the maximum design-case voltage is + 10 V. Between mode hops, the tuning coefficient
is +5.0 GHz/V, and averaged to include mode hops effect, this coefficient is +1.6 GHz/V.

e Fast Frequency control.
By applying a voltage to a piezoelectric bonded onto the crystal,this allows to vary the frequency
by tens of MHz at rates up to 30 kHz. The tuning coefficient is +3.2 MHz/V at 10 V DC, and
+3.1 MHz/V at 10 Vpp AC at SkHz. The piezo can operates at frequencies greater than 30
kHz, but the tuning coefficient can vary substantially above 30 kHz.

G.4.3 Stability of the feedback Control

The stability of the system can be studied by looking at the total gain when the feedback loop is open
Go L:

GEL(0) = T (0)GErnn@)Ar(w) 5G3,w) =

dv (w)Gfervo (W)AS(W), (302)

where j—; is the slope of the error signal, the gain of the servo is given by

Glervo (@) = KC(W)C(w)C'(W)F(w) ;G3pio(w) = KC(W)C(W)C'(w)S(w),  (303)

servo

and Afr and Ags are the fast and slow actuator of the Laser. The system will be stable if the open loop
gain G5 (w) reaches 0d B at a frequency where the phase is ¢(w) < —180°.
The response of the closed loop feedback to a step function e(t) = v.u(t) being given by

. 1
lim v, — v,

Faret T 1+ [Gor(0)]

one wants to work with the highest possible static gain |Gor(0)| that will keep the system stable.
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H Magnet Specifications

The chicane will consist of four type C dipole magnets whose specifications [44] are listed in table 81
and whose dimensions are summarized on figure 67.

The magnetic circuit of the proposed magnets is made of very soft iron. The iron is rolled. A Magnet
is composed of two blocks. The 8 iron blocks will come from the same casting. The amount of Carbon
will be less than 0.06%. The magnetic permeability [45] is given by figure 68.

The coils are made hollow conductor (Copper), with resistivity less than 1.7 10~2 Q/m and insulated
with glass fiber. The proposed power supply is a high stability current regulated power supply. The
four magnets will be fed in serie. The power supply specifications are listed in table 82. The power
supply is locally controlled and can be remotely controlled. -

Each dipole will dissipate 24 V x 365 A = 8.76kW. The Cebaf water pressure (100 pst ~ 0.69
Mpa) and flow (30 gallons/min) is adequate for the proposed magnet (0.6 Mpa and 13 I/s ~ 3.5
gallon/min) requirement. We expect an increase in temperature of 17 F.

The SIGMAPHI commercial proposal is
1. 4 C type dipole magnets : 637 kF
2. 1 current regulated Power Supply with its 120 m cable : 221 kF
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Type C Polarimeter Dipole Magnets Type C Polarimeter Dipole Magnets

180 mm 210 mm
D D e

1000 mm

10cm |
s | :

Figure 67: Dimensions for a C type Dipole Magnet. Entrefer 25.4 mm

Main Trajectory Radius (m) 17.79
Deviation angle (o) 3.2
Entrance face inclination angle (o) 0
Exit face inclination angle (o) 32
Rectangular pole shape yes
Air gap length (mm) 25.4

Pole width excluding the desaturating profile (mm) | 150
Pole width including the desaturating profile (mm) | 180
Maximum magnetic induction (T") 1.5
Pole length (mm) 1000
Effective length dispersion between dipoles(%) <0.1
Maximum fault of parallelism of the air gap(mm) | + 0.02

Homogeneous radial width(mm) 40
Fault of homogeneity in this width(%) + 0.01
Maximum current intensity(A) 365
Maximum voltage drop per dipole(V) 24
Water flow rate per dipole(l/min) 13
Water pressure drop (M pa) 0.6
Approximate Mass (kg) 2400

Table 81: Dipole magnet specifications
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Magnetic permeability of the proposed magnetic circuit, as measured by SIGMAPHI

Output Voltage Oto115V

Output Current 410375 A

Current intensity adjustment by 10 turns potentiometer
Current reading by 3.5 digit DVM
Voltage reading by 3.5 digit DVM
Current stability at maximum current | 2104

for a £10% line variation

Table 82: Dipole magnet Power Supply specifications
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I Consideration on the light collection for Pb WO, crystal

We recall that for light falling on a boundary between two homogeneous media, the laws of reflection
and refraction led to :

o The angle of reflection 6§, wrt the direction normal to the boundary is related to the incident angle
0,’ by

9, =7 — 6. (304)

e The angle of the transmitted light 8; from the incident medium, with index n, to the transmission
medium with index n, is

n, siné; = n, sin 6. (305)

o The reflectivity R (resp. transmitivity 7), defined as the ratio of the incident and reflected (resp.
transmitted) intensity are

_ tan®(6; —6,)

R.L'— my T.Lzl_R.L’ (306)
sin? (6; — 6,)
1= a2 (@, 50, M=l R (307)
At normal incidence, this becomes
(n— 1)’
=|—=1, =1-R, 0
R ((n 1) T (308)

where n = ﬁf For PbWOQ,, the refractive index is n, ~ 2.2, thus the reflectivity between air
and the crystal is R ~ 14%.
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