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ABSTRACT

This report describes the design of the^Compton polarimeterjfor the Cebaf/electrön beam in End Station
A. The method of Compton polarimetryTsTnrstIntroduced. 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 4He [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 Q2 [4]

- •• • [5]

Some of these experiments will need beam polarization measurement and monitoring with an accuracy
as low as APe/Pe < 4% [1],[3],[4] with beam currents ranging from 1 to lOOfiA.

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.

1.2 Principle of electron Polarization measurement by Compton Scattering

The longitudinal polarization of the electron beam Pe with respect to the z axis (See Fig. 1) is defined
by

where Nf is the number of electrons with their spin s\ — ± | . For a total number of electron Ne, one
has the following relations

N± = ^(l±Pe). (2)

In a Compton Polarimeter, the longitudinal polarization Pe of the electron beam is extracted from the
measurement of the experimental asymmetry Aexp in the scattering of a circularly polarized (giving a
polarization P7) photon beam (from a LASER) on the electron Beam (see Fig. 2):

+ — n~n+ — n

where n+ (resp. n~) is the number of Compton scattering events before (resp. after) a reversal of the
laser polarization {P1 -» —P-y). This experimental asymmetry Aexp is related to the known theoretical
asymmetry Ai for Compton scattering for electron and photon with spin parallel <r^ and anti-parallel
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through the relation

n+ -n- nAex = = PeP At. (5)
n+ + n~

Indeed if one computes the number of Compton scattering events n*, one needs to know what is the
mean cross-section < a > for an electron beam with polarization Pe and a photon beam with polar-
ization Py.
Identically to the electron case, we define iV* the number of photon with their spin s^ = ±1 related
to the total number of photons 7V7 through the relations

*-£< . ± *> .
We note that

i

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

<*>= j ^ [(N+N+ + N;K) < + (;v-JV+ + N+N;) < ] .

Introducing the unpolarized cross-section

a° = ^ 2 ^ ' (7)

yields to

(8)

Using Eq. (2),(6),(8), one gets for the cross-section

< a > = <70 [1 + PeP^At), (9)

and thus for the counting rate before and after the laser polarization reversal (P7 -> - P 7 )

n± = £ ± 7 * < a > = £ ± T ± <T0 [1 ± PeP7A/], (10)

where £ ± 7 1 ± 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)

A e x p - " , " " - PeP-yA,. (11)
n"1" -f- n

Aexp and Py are measured quantities and At 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 Pe. 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:

% = L±T± irP
 e{p) v ± WMP)) . 02)

In these equations,

• p is the scattered photon energy (normalized to the maximum scattered photon energy)

• dao/dp is the unpolarized Compton scattering cross section (See section 2.2)

• c(p) is the acceptance of the polarimeter
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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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(E,p,O)

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 scattering e 7 ->• e 7

We note (Fig. 3)

• Incident electron e with energy E and momentum p = (0,0, p) along (Oz) axis,

• Incident photon 7 with energy k , incident angle ac with respect to (Oz) and momentum k =
(0, — k sin ac, —k cos QC),

• Scattered electron e' with energy E', scattering angle 6e with respect to (Oz) and momentum
p> = (p' sin 8e sin 0,p' sin 8e cos <f>,p' cos 9e),

• Scattered photon 7 ' with energy k', scattering angle 07 with respect to (Oz) and momentum
k' = (k' sin 0-y sin <f>, k' sin #7 cos <f>, k' cos 07).

In this 2-body kinematic where the initial state is known, only one parameter (with the non rel-
evant angle (f> 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 07 by :

u_k E + pcosac

E + k — pcos 07 + «cos(ac — 07)

For photon incident angle ac = 0, this equation can be simplified, using 7 = Ejm, leading to

1 ^ TT3P- (14)

where

1 + ^ 1 + ^

The maximum scattered photon energy k'max, corresponding to the minimum scattered electron
energy E'min, is reached for 07 = 0.,

k'max = \aW = \ak—2, (16)

,-n = E - k'max + k = E- 4ak^ + k~E- 4ak^, (17)max ^ ^

while the minimum scattered photon energy k'min, corresponding to the maximum scattered electron
energy E'max, is for 07 = w,

Cn = *, (18)

E'max = E-k'mtn + k = E. (19)

The photon scattering angle at which k' = k'max/2 is

^-yl/2 = jp /- ~ 7=- (20)

The scattered electron momentum p' is related to the scattered electron angle 0e by a second
order equation:

pl2(C2 - B2) - 2ABP' + m2C2 - A2 = 0,

, _ ± C ^ A 2 - m2(C2 -
P = C2 - B2 '

where

A = m2 + Ek + kp cos ac,
5 = p cos 6e — k cos(0e — QC),
C = £ + A;.

The maximum electron angle is obtained for A2 = m2(C2 — B2). For small photon incident angle
and energy, one gets :

m
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Laser: ac = 20.0 mrad k = 1.
E(GeV)

a

k'maAMeV)
E'mtn{GeV)

6™ax{nrad) 1

1.
0.982

18.
0.982
515.5
4.56

2.
0.966

69.
1.931
260.0
4.56

165 eV A = 1064.2 nm
3.

0.949
152.

2.848
174.8
4.56

4.
0.933
266.

3.734
132.2
4.56

5.
0.918
410.

4.590
106.7
4.56

Laser: ac - 20.0 mrad k = 2.330 eV A = 532.1 nm
E(GeV)

a
k'max{MeV)
E'min(GeV)
dll/2(nrad)
0?ax(nrad)

1.
0.966

34.
0.966
520.0
9.12

2.
0.933
133.

1.867
264.5
9.12

3.
0.903
290.

2.710
179.2
9.12

4.
0.875
500.
3.500
136.6
9.12

5.
0.849
757.
4.243
110.9
9.12

Laser: ac - 20.0 mrad k = 5.000 eV A = 248.0 nm
E{GeV)

a
*La*(MeV)
ELn(GeV)
6-yi/2(l*rad)

6™x(nrad)

1.
0.929

71.
0.929
530.2
19.57

2.
0.867
266.
1.734
274.4
19.57

3.
0.813
560.
2.440
188.9
19.57

4.
0.765
938.
3.062
146.0
19.57

5.
0.723
1384.
3.616
120.2
19.57

6.
0.903
580.
5.420
89.6
4.56

7.
0.889
777.

6.223
77.4
4.56

8.
0.875
999.

7.001
68.3
4.56

6.
0.824
1058.
4.942
93.8
9.12

7.
0.800
1399.
5.601
81.6
9.12

8.
0.778
1777.
6.223
72.4
9.12

6.
0.685
1889.
4.111
102.9
19.57

7.
0.651
2443.
4.557
90.5
19.57

8.
0.620
3039.
4.961
81.1
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) andk = 5.0 eV (down, UVKrF).

These kinematic parameters are listed in table (1) for a LASER with energy k = 1.16 eV (resp.
k = 2.33 eV, k = 5.0 eV) or wavelength A = 1064 nm (resp. A = 532 nm, A = 248 nm). The
relationships between the energies (k' or E') and the angles (07 or 9e) of the scattered 7 or e~ are
shown on figure (4).

One can see (Fig. 4) that scattered electrons and photons (with k'/k'max > 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 ac is equal to 0., the differential unpolarized cross section is [10],[l 1] (Fig. 5)

da
(22)- = 2nroa

where

• the classical electron radius r0 is given by r0 = achc/mc2 = 2.817 10~13 cm,

• p = k'/k'max is the scattered 7 energy normalized to the maximal energy (Eq. 16),

• a a kinematic parameter given by Eq. 15: a = 1/(1 + ^ r ) -

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

2 ( -1 - 14 a + 16 a2 - 2 a3 + a4 + 2 ln(a) - 12 ln(a)a - 6 ln(a)a2)
a = 7T r0

2a- -^ ^ ', (23)

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

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

f\i — — -3 I I — u\ X ~T Cb} I I 1 —

(24)

The longitudinal asymmetry is maximum for p = 1, i.e fc' = k'max (high energy scattered photon)
or £" = ^ i n (low energy scattered electron):

Amax _ ( l - q ) ( l + q)
Al - (l + fla) ' ( 2 5 )

and is thus almost proportional to 4£A; (Tab. 2 and Fig. 6).

We note that the asymmetry A\ (Fig. 5) is negative at low scattered photon energy, positive at
higher energy and vanishes for p0 = 1/(1 + a), i.e for

(26)
m
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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 ac = 0.
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2.3 Consideration on the experimental measurement of the electron polariza-
tion

The longitudinal polarization Pe 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 C+ (£_) during a time T+ (T_), will be
later normalized to the same integrated luminosity. According to possible experimental performances
of our setup, we consider now 3 possibilities.

• 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 7 or e energy
in Nb bins. From the asymmetry of these numbers, a measurement of the polarization P* is per-
formed for each energy bin. The weighted mean of PI gives the electron polarization.

• Integrated Polarization Measurement
Without energy measurement for the scattered particles, only the numbers of compton scattering
events integrated over the energy range N+ and AL 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.

• 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 E+ and £L. 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 C+T+ - C-T_ = C T/2 (where C is
the mean luminosity and T is the total time of the measurements) and the same differential efficiency
e+(p) = e_(p) = t(p). The release of these assumptions will be studied in section 11.

23.1 Differential Polarization Measurement

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

n\ = C+ T+ T + 1 dp e+{p) ^(p) (1 + P.R,A,(P)), (27)
Jp, dp

/

Pt+i do

dp e_(p) —(/>) (1 - PeP-yMp)), (28)
dp

where j-p{p) is the unpolarized differential Compton cross section (Eq. 22) and Ai(p) the differential
asymmetry (Eq. 24).

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

ni - n{ f dpe f- At
A* = _J: z. — P P dp — p p < A, •>. ~ p p 4*

Aexp ni + nL ~ e " fdpc % ~ e 7 <Al>t ~ Fe^ A"
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
At At

P7 < Ai >t P7 A]

is then almost independent of the detection efficiency and have an absolute error dP%
e given by

dPjj2

=
2 2n\ (PPA))2'

f (PeP.A})2 2n\ (PePyA))

2n> (P 7 A|) 2

where n\ is the total number of events for the bin i
fp'+i du

n\ = n' + nl_ = CT dp e —(p) = CT a1.
Jp, dp

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

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 Nt for an energy threshold pmin

Nt = Yn\ = £T f1 dp t ^-{p) = CT at with <rt = t dp t ^-(p) (32)
t = 1 Jpm,n dp Jpm.n dp

is given by

J f J - rT P* T ^ = CT P2 2

7 t (PPA)2 7

jp \ - 2

are I CT P2P2

\Pe J
where the mean value < Af > stands for

XL

~ CT
— L1

\ _

The needed time to to achieve an accuracy APe/Pe is then

t'1 - r (^Pe\ P2P2 n A* - - C (^Pe\ P2P2 rr <r A2 ->
tD ~ c \~P7J PeP- at <\-P2P2A2>-C \ pe)

 PeP- at <A< >

and corresponds to a total number of events

N? = CtDat ~ ——2 . (36)
( f ) ^^2 < ̂  >

We note that the needed time to as well as the square of the error are proportional to the inverse
of< Af>.

27



2.3.2 Integrated Polarization Measurement

The numbers of compton scattering events integrated over the energy range N+ and Ar_ are

N+ = £+ T+ f1 dp e+(p) ^-(p) (1 + P^Atip)), (37)

JV_ = C- T. f dp e_(p) ^(p) (1-P^Mp)). (38)
Jpm,n dp

The experimental integrated asymmetry is related to the electron polarization by

A - N+ ~ N~ - p p ^ aA< - Pp < A l > (39)
exp ~ N+ + N.~ e i \ t a ~ e 7 < A l > ( 3 9 )

where the mean value < At > stands for

f1 dp dp) %-(p) Ai(p)

Thus the measured electron polarization

p -

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

_ <A,>
' CT P'P-> * i j » i » < i 4 > > 1 ( 4 2 )

where at and Nt are given by equation (32).

The needed time ti to achieve an accuracy &Pe/Pe is then

(IT) (43)
corresponding to a total number of events

Nf = CtKTt ~ — — 2 . (44)

We note that the needed time t j as well as the square of the error are proportional to the inverse of
< Ai >2 . We have seen (Fig. 5) that the asymmetry Ai 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 t(p) of the detection and a threshold pmin=Q, the mean longitudinal (weighted
by the cross section) asymmetry is :

< Al > ~ rl J - do ~ C da

a)) [l - J^Z^

l> ~ ~

J-l j da r da

o dP Tp i TP

(-5 + 7 a - 3 a 2 + a3 - 2 ln(a) - 2 ln(a)a) (-1 + a)
(-1 - 14 a + 16 a2 - 2 a3 + a4 + 2 ln(a) - 12 ln(a)a - 6 ln(a)a2)'

2.3.3 Energy weighted Polarization Measurement

The integrated energy E+ and E_ over the energy range and over the time t are given by :

E+ = C+T+ £ dp E e+(p) j^(p) (l + PeP^A,(p)), (46)

E- = C-T- C dp E c_(p) -f(p) (1 - PEP^Ai{p)), (47)
Jpmin ",p

with a statistical error dE± due to the fluctuation of the unmeasured number of events dN±
dp

dE2
± = C^ f dp E2 e±{p) ^-(

£ Jpmin Op
(48)

(50)

The experimental integrated energy asymmetry is related to the electron polarization by

A - £+ ~ E~ - pp ft<TEAi - pp < E A i >

exp ~ E+ + £_ " e 7 JeaE ~ ^ < E > '

Thus the measured electron polarization

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 pmin-

The absolute and relative errors on the experimental integrated asymmetry are

El dEl + El dE\
dA 4

1 (Je*E2)(feaEf + Pe
2P7

2 [ (/ e ^ 2 ) (/ taEA,)2 - 2 (/ ecr.g) (/ ecrEAt) (/

CT (U<rE)4

Aex

>2
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where at is given by equation (32) and the mean value *<$> by

< EA, >2

(52)

These errors will have to be estimated since we don't measure the number of scattered events.
The needed time ts to achieve an accuracy APe/Pe is then

pe ) e 1 a% < E2 > I I pipi (<EAi>2 2<EA'><E2A'>}

corresponding to a total number of events

Nt
E = CtEat ~ -o • (54)

(±£Y P2D2 <EAi>* V '

23.4 Conclusions

The needed time or the total number of events to achieve an accuracy APe/Pe is given by

tmeth =

where, according to the method (differential, integrated, energy weighted), A2
m(ith stands for (See Eq.

34,40 and 52)

A2 A 2 <EAl>
2

<A> : <Al> : TE^T
with the relation

<At>2 < <£2> < <A2>.

The integrated unpolarized cross section (Eq. 32) is shown on figure (7).
The needed time for an accuracy APe/Pe = 1%, a luminosity £ = Ifibarn^s'1 = 1066arn~1s"1,

a detection efficiency t — 100%, an electron polarization Pe = 50% and a Laser polarization P7 =
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 m t n ~ 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 (~< Ai > or < EA\ > / < E >) with the energy threshold for

these 2 methods (as well as \j< Af >). Around pmin ~ 0.65 a variation of 1 % on p gives a 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
Pe = 50% ), we need a luminosity of order of 2.103 to 2.104 barn^s'1 according to the laser energy.
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Pe = 50% and P7 = 100% . 3 1



Laser : k - 1.165 eV A - 1064.2 nm

E
(GeV)j
1.00
2.00

3.00

4.00
5.00
6.00
7.00
8.00

a

0.982

0.966
0.949

0.933
0.918

0.903

0.889
0.875

a
(barn)
0.654
0.643
0.632
0.622
0.612 j

0.603
0.594
0.585

(MeV)
17.5

68.9
152.4

266.5
409.6

580.3

777.3
999.4

(MeV)

8.8
35.1
78.2

137.8
213.5

304.9
411.5
533.0

1%7
1.77
3.51 J
5.21

6.88
8.53
10.14

11.72
13.27

<( i)>
0.43

0.85
1.24

1.60
1.95

2.28

2.59
2.89

V<w >

0.88
1.74
2.57

3.38
4.16

4.93
5.67
6.39

<Ai >e

0.88
1.72
2.53
3.31
4.06
4.78

5.48
6.14

ti
(s)

3243.
870.
415.

250.
171.

127.

100.
82.

tD

(s)
790.
207.

96.
56.
38.
27.

21.
17.

tE
(s)

1118.

295.
139.
82.
56.
41.

32.
25.

Laser

E
(GeV)

1.00
2.00
3.00
4.00
5.00

6.00
7.00
8.00

k-2 .330 eV

a

0.966

0.933
0.903

0.875
0.849
0.824
0.800

0.778

a
(barn)
0.643
0.622
0.603
0.585

0.569
0.554
0.540
0.527

A - 532.1 nm

(MeV)

34.5
133.2
290.1
499.7
757.1
1058.2
1399.2
1776.8

(MeV)

17.5
68.9
152.4

266.5

409.6
580.3
777.3
999.4

3.51
6.88
10.14
13.27

16.27
19.16
21.94

24.60

/Of \

0.85
1.60
2.28

2.89
3.43

3.91
4.33
4.70

V<(%) >

1.74

3.38
4.93
6.39
7.78

9.09
10.33

11.51

< At >e

1.72

3.31
4.78
6.14

7.40

8.55
9.61
10.58

ti
(s)

870.
250.
127.

82.
60.
47.
40.
34.

tD
(s)

207.
56.
27.
17.

12.
9.
7.

6.

tE

(s)
295.
82.
41.
25.
18.
14.
11.

10.

Laser

E
(GeV)

1.00

2.00

3.00
4.00
5.00

6.00
7.00
8.00

k - 5.000 eV

a

0.929
0.867

0.813

0.765
0.723
0.685

0.651
0.620

<r
(barn)
0.619
0.580

0.548
0.520
0.495
0.474

0.455

0.438

A - 248.0 nm

kmax
(MeV)
71.1

265.7
560.5

938.0
1384.5
1889.0
2443.0

3039.3

ko
(MeV)

36.9
142.3

309.1

531.3
803.5
1121.0

1479.7
1876.1

7.37

14.16

20.39
26.11

| 31.33
36.11
40.47

44.46

<At>

1.71

3.05
4.10

4.89
5.49
5.91

6.19
6.36

v/< AJ >

3.61

6.81
9.64

12.16
14.40
16.39
18.17

19.76

<At >e

3.53
6.52
9.03

11.11
12.84

14.25

15.39
16.31

ti
(s)

221.
74.
44.

32.
27.
24.

23.

23.

to
(s)
50.

15.

8.

5.
4.

3.
3.

2.

tE
(s)
73.

23.

13.
9.
1-

6.
5.
5.

Table 2: Cross section, kinematic parameters, maximal asymmetry, mean asymmetries (< Ai >,
< A] > 0 5 , < EAi > / < E >) and needed time to obtain an accuracy APe/Pe = 1% on the electron
polarization. For a luminosity C = 1. nbarn~ls~l, an electron polarization Pe = 50%, a Laser
polarization P~, = 100% and with an energy threshold pmin = 0. For different electron beam energies
E and for a LASER ofk = 1.16 eV (up, IR NdYAG), k = 2.33 eV (middle, Green Argon) ami 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 APe/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;

• the luminosity , i.e. the shapes of the electron and Laser beams and of the crossing angle ac 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 ac 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 ac=Q. 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 eV) with an intensity /7 = 1O20 7/5. 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 7 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 ac ~ 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 (x,y,z where z is along the beam axis) is taken as the product of
two normalized gaussians in x and y with a normalisation factor No

p(x,y,z) = N0 I — e * p ( - o . J 2 / _ J 1 1 IK-. ,.^ exP[~

where &x(z) and cry(z) are the x and y beam sizes at z.
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Figure 8: Beam shape. Waist d, angular divergence t and Rayleigh range ZR .

The evolution along z of these beam extensions is characterized (Fig. 8) by the waist beam size
and the angular divergence e (parametrized by the Rayleigh range Z)

ax,y\z) = <7X)S/
2(0) (• (57)

So that the waist size and the asymptotic angular divergence are

d(0) = 2(7(0),

tan(e) = <r(0)/Z. (58)

The normalization factor No for the Laser beam (power PL and wavelength A) is deduced from:

dNy _ PL _ ./V07 / / / p^dzdxdy _ N^ J dz _ N^cdt _ |vr

~dT ~"hu~
so we have:

dt

PL

dt

A

dt

^ ~ h u c ~ h e 2 '

The normalization factor No for the electron beam (intensity Ie) is deduced from:

dNe U NOe fff pe dz dx dy NOe f dz NOe c dt

(59)

dT dt dt dt
so we have:

1^
ec

(60)

We will assume now that

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

• the electron and Laser beam are symmetric in x and y i.e.

Gx{z) = <Ty(z) = (T*
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3.2 Luminosity and interaction length

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

C = J J J vrei pe p^ dz dx dy (61)

where vrei, the relative velocity of the two beams, is vrei — c (1 + cos(ac)) with ac crossing angle
and pe, p-y are the electron and Laser beam's densities (see appendix B).

3.2.1 Luminosity for zero crossing angle

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

1. Differential luminosity given by

dC0 f f , , Ie PL A 1 1d£0 f f , , U
-d7 = J J vrel pe Pl dx dy =- he /i 1.2 I .21 i . 2 M « 1 l I

dCo h PL A 1 1
dz e

(62)

The differential luminosity depends on 4 parameters (ae, ee, &-,, ^)- For constant beam emit-
tance S — at, the width of this distribution (related to the interaction length which will be de-
fined later) decreases when increasing the angular divergences.

2. Total luminosity given by

Co = J J J Vre[ Pe p-y dz Ie
dx dz = —

e he2

(63)

The total luminosity depends only on 3 parameters: the emittance of the beams (£e = aete, f7 =
CT-yty) and the beam shape matching (Ze/Z7).

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

L/2 dC
j -j-dz = K Co,-L/2 dz

(K) = 2 tan [^- frf- (64)

As already mentioned for the differential luminosity, the interaction length decreases when in-
creasing the angular divergences and depends on 4 parameters.
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4. Beam optimal matching
The maximum of luminosity C™ax is reached for Ze = Zn, i.e. by matching the electron and
Laser beam shapes.

U PL A 1
£ 0 = — -7—r- 7 ; with Ze = Z 7 . (65)

e /ic2 (<re€e + (T7e7)

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 (<re, ee) or to the Laser beam (<T7 , e^), is fixed
by the relations

4" W = 2 tm ( f ) i - 2 *» ( f ) ^ = 2 *„„ (=) Z, = 2 «„„ (=) Z,.

3.2.2 Luminosity for non zero crossing angle

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

• Differential luminosity, Interaction length

- ~ c (1. + cos(ac)) - ^ - -^-^ exp ̂  ^ - J • (67)

The differential luminosity distribution is gaussian, so the interaction length for K = 0.68 cor-
responding to ±1<T is

:*nt ~ 2 V . . , . (68)

Thus the interaction length is reduced by smaller beam spot sizes or by bigger crossing angle.

• Total luminosity

£ ~ c (l. + aw(ac)) /— , .ininy

. + cos(ac)) U PL± 1 1 ( 6 9 )
e he2 Ja2 + a2 sin(ac)'

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):

e he2 (<reee +
with Ze = Z~.

The emittance of the electron beam of CEBAF is negligible (~ 10 9 m rad) in comparison with the
Laser emittance which is limited to \/4/n for a perfect Laser. Thus in this case the maximal emittance
is independent of the Laser wavelength and is given by

£™* = 4n - pr = 131.7 lO^cm-V1 (Ie(fiA) PL(W))
e tier
= 131.7 barn-'s-1 (Ie(fiA) PL(W)). (70)

For an electron intensity of 100 JJ.A and a Laser power of 1 W, we obtain a luminosity
C = 1.3 1028 cm~2s~l. In the best case (Argon Laser of power 0.5 W with emittance A/4/TT, 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 /e-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.lnm Ie = 100.00^A PL = 0.50W ac = 0.0 mrad

S-y - A/4/TT - 0.4234E-07 m rad, <re - 140.0 fim
cr-y fim

C barn^s'1

Ltnt cm
Time mn

911.
6433.
7211.

43.

49.
2158.

62.
129.

87.
3482.
125.
80.

144.
4713.
250.
59.

220.
5555.
500.
50.

£1 - A/4/TT - 0.4234E-07 m rad, ae - 52.1 /iin

£ frames"1

Ltni cm
Time mn

339.
6433.
1000.

43.

77.
5455.

62.
51.

115.
5985.
125.
46.

166.
6265.
250.
44.

238.
6395.
500.
43.

325.
6040.
1000.
46.

470.
6292.
2000.

44.

674.
6406.
4000.

43.

961.
6432.
8000.

43.

1371.
6383.
16000.

44.

339.
6433.
1000.
43.

484.
6395.
2000.

43.

694.
6265.
4000.

44.

1005.
5985.
8000.

46.

1490.
5455.
16000.

51.

£y - 2 A/4/TT - 0.8469E-07 m rad, . at - 140.0 urn

<Xy fim

C barn~1s~l

Ltnt cm
Time mn

1288.
3254.
7211.

85.

87.
1741.
63.
160.

144.
2357.
125.
118.

220.
2779.
250.
100.

325.
3023.
500.
92.

470.
3153.
1000.
88.

£y-2 A/4/TT - 0.8469E-07 m rad, ae - 52.1 /xm

<r7 fxm
C barn'^^s'1

Ltnt cm
Time mn

480.
3254.
1000.
85.

114.
2995.

62.
93.

166.
3139.
125.
89.

237.
3211.
250.
87.

338.
3245.
500.
86.

672.
3218.
2000.

86.

956.
3247.
4000.

86.

1358.
3254.
8000.

85.

1929.
3241.
16000.

86.

480.
3254.
1000.
85.

682.
3245.
2000.

86.

970.
3211.
4000.

87.

1389.
3139.
8000.

89.

2011.
2995.
16000.

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 fiA and emittance 10~9 m rad and for
a Laser beam of power 0.5 W and emittance A/4/TT or 2A/4/7T. Interaction length is for K=0.683.

Needed time are given at4GeV 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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A = 1064.2nm Ie = 100.00/M PL = 0.50W ac = 0.0 mrad

£y - A/4/TT - 0.8469E-07 m rad , ae - 140.0 ^m

£ barn^s" 1

Lmt cm
Time mn

1288.
6508.
7211.
144.

87.
3482.

63.
270.

144.
4714.
125.
199.

220.
5558.
250.
169.

325.
6046.
500.
155.

£7 - A/4/TT - 0.8469E-07 m rad, ae - 52.1 fim

<T7 fim

C 6arn"1s"1

Lmt cm
Time mn

480.
6508.
1000.
144.

114.
5991.

62.
157.

166.
6277.
125.
150.

237.
6423.
250.
146.

338.
6489.
500.
145.

470.
6306.
1000.
149.

672.
6436.
2000.
146.

956.
6495.
4000.
145.

1358.
6508.
8000.
144.

1929.
6483.
16000.

145.

480.
6508.
1000.
144.

682.
6489.
2000.
145.

970.
6423.
4000.
146.

1389.
6277.
8000.
150.

2011.
5991.
16000.
157.

£7 - 2 A/4/TT - 0.1694E-06 m rad, ae - 140.0 ^m
<r-y fim

C barn^s'1

Lmt cm
Time mn

1822.
3273.
7211.
287.

144.
2357.

62.
399.

220.
2779.
125.
338.

325.
3024.
250.
311.

470.
3155.
500.
298.

671.
3222.
1000.
292.

£7 - 2 A/4/TT - 0.1694E-06 m rad, ae - 52.1 ^m
<77 fim

C barn^s'1

Ltnt cm
Time mn

679.
3273.
1000.
287.

166.
3140.

62.
299.

237.
3215.
125.
292.

337.
3252.
250.
289.

479.
3268.
500.
288.

955.
3255.
2000.
289.

1355.
3270.
4000.
287.

1920.
3273.
8000.
287.

2721.
3267.
16000.
288.

679.
3273.
1000.
287.

962.
3268.
2000.
288.

1365.
3252.
4000.
289.

1942.
3215.
8000.
292.

2779.
3140.
16000.
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 eV) and for various Laser beam sizes.
Luminosities are given for an electron beam of intensity 100 fiA and emittance 10~9 m rad and for
a Laser beam of power 0.5 W and emittance A/4/?r or 2A/4/7T. Interaction length is for K=0.683.

Needed time are given at4GeV 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):

£max=£ 0 e he2 (creee +
with Ze = Z1 .

For a low electron intensity of 100 n A and a Laser power of 80 W, we have a luminosity of
£ = 1.102r cm~2s~l assuming a perfect Laser of emittanceA/4/7r. For the differential method with-
out energy threshold, the time needed for a 1 % measurement of the electron polarization zxAGeV (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/TT, 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 Ze = Z^.
As seen in table (5), for an electron beam with a spot size of 140. /xm which is the expected nominal
CEBAF spot size at the Compton interaction point and with an emittance of 10~9 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 nA). To
have an idea on the effect of the Laser emittance, we note that if the UV Laser had a worst emittance
of 2A/4/TT , then the time to get 1 % error on Pe 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™1 ~ a\. If we would
have a focalisation of the electron beam to have an electron spot size of 52.1 /jm, 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 \irad. 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.
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I A = 248.0nm Ie = 0.10/M PL = 80.00 W ac = 0.0 mrad

£7 - A/4/rr - 0.1973E-07 m rad, ae - 140.0 /xm
<x7 urn

C barn^s'1

Ltnt cm
Time mn

622.
1003.
7211.

86.

24.
175.
62.
489.

46.
326.
125.
263.

83.
535.
250.
160.

137.
736.
500.
117.

212.
876.
1000.
98.

£7 - A/4/TT - 0.1973E-07 m rad, ae - 52.1 fim
a7 nm

C barn^s'1

Ltnt cm
Time mn

232.
1003.
1000.
86.

48.
709.
62.
121.

74.
860.
125.
100.

110.
947.
250.
91.

161.
990.
500.
87.

314.
956.
2000.

90.

456.
994.
4000.

86.

657.
1003.
8000.

86.

947.
986.

16000.
87.

232.
1003.
1000.
86.

334.
990.
2000.

87.

486.
947.
4000.

91.

723.
860.
8000.
100.

1128.
709.

16000.
121.

€y - 2 A/4/TT - 0.3947E-07 m rad, at - 140.0 /*m

C barn~1s~1

Lint cm
Time mn

880.
514.

7211.
167.

46.
163.
63.
526.

83.
267.
125.
321.

137.
368.
250.
233.

212.
439.
500.
195.

313.
480.
1000.
179.

S-y - 2 A/4/TT - 0.3947E-07 m rad , <xe - 52.1 ^m

<77 /j,m

C barn~ls~1

Lmt cm
Time mn

328.
514.
1000.
167.

74.
431.
63.
199.

110.
476.
125.
180.

160.
499.
250.
172.

229.
511.
500.
168.

328.
514.
1000.
167.

454.
502.
2000.
171.

650.
511.
4000.
168.

928.
514.
8000.
167.

1325.
509.

16000.
168.

468.
511.
2000.
168.

671.
499.
4000.
172.

974.
476.
8000.
180.

1448.
431.

16000.
199.

Table 5: Luminosity, interaction length and needed time for a 1 % measurement of the electron
polarization with UVKrF high power pulsed Laser (k = 5.0 eV) and for various Laser beam sizes.
Luminosities are given for an electron beam of intensity 100 nA and emittance 10~9 m rad and for
a Laser beam of power 80 W and emittance A/4/TT or 2A/4/TT. 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 3 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 ac ~ 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):

(l. + cos(ac)) U PL A 1 1

\/27r e he2 Ja2 + a* sin(ac) '

If we can neglect the Laser spot size (CT7 < < cre), we obtain the maximal luminosity at non zero
crossing angle for a cavity of gain G

2 lt PLG A 1

n e he? ae sin(ac)

C-^8-36 10'WV (A hi,A)PL(W)G\,
\ae ac(rad) J

to be compared with the case at zero crossing angle for a perfect Laser (Eq. 70)

C%ax = 131.7 l O ^ c m - V 1 (

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

G > W Qc(rad) T = 0315 X• (72)

For the nominal spot size of the CEBAF electron beam (ae = 140 urn), 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 Ie = 100
nA and 4 GeV requires 590 ran 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 Ie = 100 //A, these needed times are less than 1 mn. The interaction length
(Eq. 68) for negligible Laser spot size,

"I e
ac sin(ac) sin(ac) '

is small (1.4 cm) in these conditions (electron spot size <re = 140 \im and ac = 20 mrad).
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MIRROR MIRROR
M2,R2

Figure 9: Beam shape inside a symmetric resonator. Spot sizes at waist do and at mirrors positions
di/2 and Rayleigh range ZR .

• 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 (ovy < <
ae). The angular divergence of the electron beam is very small (< 100 firad). 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
x and y on 2 parameters for instance the size at the waist d0 and the Rayleigh range ZR (or the
angular divergence e).
If the Laser beam is trapped inside a cavity consisting of 2 curved mirrors Mi and M2 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 i?2- The beam shape parameters can be expressed in terms of the
resonator # parameters (see section 8 and appendix G) defined as

9i = 1 -
Ri'

(73)
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A = 1064.2nm

9
(77(0) fim

<T1(L/2) fim
ZJI mm
e mrad

A = 532.1nm

9
cr-y(O) fim

a^(L/2) fim
ZR mm
e mrad

1 = 1
-0.999
30.8
1376.
11.2

2.752

Om

-0.990
54.8
775.
35.4
1.546

L = 1.0m
-0.999
21.8
973.
11.2
1.946

-0.990
38.7
548.
35.4
1.093

-0.980
65.2
652.
50.3
1.298

-0.980
46.1
461.
50.3

0.918

-0.970
72.3
590.
61.7
1.172

-0.970
51.1
417.
61.7

0.828

-0.960
77.8
550.
71.4
1.089

-0.960
55.0
389.
71.4
0.770

-0.950
82.3
521.
80.1
1.028

-0.950
58.2
368.
80.1

0.727

-0.940
86.3
498.
87.9

0.981

-0.940
61.0
352.
87.9

0.694

-0.930
89.8
480.
95.2

0.943

-0.930
63.5
339.
95.2

0.667

-0.920
93.0
465.
102.1
0.911

-0.920
65.7
329.
102.1
0.644

Table 6: Beam shape parameters. For a symmetric resonator of length L = 1m as a function of the
resonator g parameter for beams of wavelength A = 1064 nm and A = 532 nm.

For a symmetric resonator (Z?i = R2 — R i.e. g\ — g2 = g), we have for the spot sizes at waist
do, the spot size at mirrors positions di/2, the Rayleigh range ZR and the angular divergence e:

L
2 * \

L

/ I

/ l

I1

+

+

9

9

9

A
7T

ZR,

A
7T

1 ~ 9
1 + 5

(75)

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 [-l.,-0.92] and for a cavity of length L-lm. Laser
beam spot size less than 100 fim can be obtained in this range of g. The angular divergence are
closed to 1 mrad to be compared to the crossing angle ac = 20 mrad. So small corrections
(< 10%) to the luminosity must be expected.

The spot size on the mirrors for ^—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 ac = 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 /e=100 nA remains valid.
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A = 1064.2nm Ie = 0.

<re - 140.0 ̂ m

9
(77 /iJTl

£ 6arn~15~1

Ltnt cm
Time mn

-0.999
30.8
1552.
1.43
605.

cre = 52.1 /iin

fir
<r7 \im

Lm< cm
Time mn

lO^A 1

-0.990
54.8
1480.
1.50
635.

\ = 0.5(

-0.980
65.2
1441.
1.54
652.

)W G--

-0.970
72.3
1412.
1.58
665.

= 10000.

-0.960
77.8
1389.
1.60
676.

ac = 20.0rorad

-0.950
82.3
1370.
1.62
686.

-0.940
86.3
1353.
1.64
695.

-0.930
89.8
1338.
1.66
702.

-0.920
93.0
1324.
1.68
710.

-0.999
30.8
3675.
0.61
256.

-0.990
54.8
2942.
0.76
319.

-0.980
65.2

2664.
0.84
353.

-0.970
72.3
2497.
0.89
376.

-0.960
77.8
2376.
0.94
395.

-0.950
82.3

2283.
0.97
412.

-0.940
86.3

2207.
1.01
426.

-0.930
89.8

2143.
1.04
439.

-0.920
93.0

2087.
1.07
450.

A = 532.1nm Ie = 0.10/iA P1

cre - 140.0/xm

9
<T7 fim

C barn~xs~l

Unt cm
Time mn

-0.999
21.8
785.
1.42
354.

ae " 52.1 nm

9
<r7 fim

C barn^s-1

Ltnt cm
Time mn

-0.990
38.7
766.
1.45
363.

, = 0.501

-0.980
46.1
755.
1.47
368.

N G =

-0.970
51.1
746.
1.49
372.

10000.

-0.960
55.0
740.
1.50
376.

ac = 20

-0.950
58.2
734.
1.52
379.

Omrad

-0.940
61.0
728.
1.53
381.

-0.930
63.5
724.
1.54
384.

-0.920
65.7
719.
1.55
386.

-0.999
21.8
1969.
0.56
141.

-0.990
38.7
1713.
0.65
162.

-0.980
46.1
1598.
0.70
174.

-0.970
51.1
1524.
0.73
182.

-0.960
55.0
1468.
0.76
189.

-0.950
58.2
1423.
0.78
195.

-0.940
61.0
1386.
0.80
200.

-0.930
63.5
1354.
0.82
205.

-0.920
65.7
1326.
0.84
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 nA,for a Laser beam of power
0.5 W trapped in a cavity of gain G =10000. Interaction length isforn=0.683. Needed time are given
at4GeV 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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33.4 Conclusions on the choice of the laser

• 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.

• NdYAG 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 Ie = 100 nA
and <re - 100 \im

- 98 mn for a UV Laser of power PL = 80 W and for a perfect emittance. This time corre-
sponds to an interaction length (K = 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 PL = 0.5 W with a cavity of gain (3=10000 and a res-
onator g parameter #=-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 Ie - 100fj, A and polarization Pe = 50 % crosses the Laser beam with
a crossing angle ac - 20 mrad and a spot size <re - 140 /xm.

The Laser beam of power PL - 0.5 W and polarization P7 - 100 % is trapped inside an optical
cavity of length L - l m having a resonator g parameter g - -0.95. The Laser spot size is a1 - 82 \xm.
The cavity gain G increases the luminosity £ by a factor G - 10000.

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

£ (76,dp dt dp

where p = k' /k'max is the scattered 7 energy normalized to the maximal energy.

For a zero energy threshold, we obtain the total counting rate

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

We recall the approximated formula for the luminosity C 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.

c 2 U PLG A 1
e

where the variation of the Laser beam size <ry with the cavity parameters is

2 = h. A l + 9
7 2 Air V 1 - 9 '

The needed time for a 1 % measurement of the electron polarization has the general form

1 1 1
*meth —

metH

where, according to the method (differential,integrated,energy weighted), the mean longitudinal asym-
metry A2

meth stands for

^ . , < EA, >2

<Af> <E2>

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

N = C tmeth a . (79)
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A = 1064.2nm PL = 0.5W G = 10000. g = -0.950 ay = 82.3/im Py = 100.0%
/e = lOO.OOfiA ae = U0.0fj.rn Pe = 50.0% ac = 20.0mrad

EGeV
C fibarn~1s~1

a barn
rate Khz

y/<A]> %
Time s

Events 106

1.0
1.372
0.654
896.5

0.880
576.2
516.6

2.0
1.372
0.643
881.3

1.736
150.6
132.8

3.0
1.372
0.632
866.8

2.567
70.0
60.7

4.0
1.372
0.622
852.9

3.376
41.1
35.1

5.0
1.372
0.612
839.5

4.163
27.5
23.1

6.0
1.372
0.603
826.7

4.928
19.9
16.4

7.0
1.372
0.594
814.4

5.671
15.2
12.4

8.0
1.372
0.585
802.6

6.394
12.2
9.8

A = 532.1nm PL = 0.5W G = 10000. # = -0.950 cr7 = 58.2/zm P7 = 100.0%
h = lOO.OOfxA at = 140.0/xm Pe = 50.0% ac = 20.0mrad

EGeV
C nbarn~ls~l

a barn
rate Khz

^/<Af> %
Time s

Events 106

1.0
0.734
0.643
471.7

1.736
281.5
132.8

2.0
0.734
0.622
456.5

3.376
76.8
35.1

3.0
0.734
0.603
442.5

4.928
37.2
16.4

4.0
0.734
0.585
429.6

6.394
22.7
9.8

5.0
0.734
0.569
417.7

7.781
15.7
6.6

6.0
0.734
0.554
406.6

9.092
11.8
4.8

7.0
0.734
0.540
396.3

10.333

9.4
3.7

8.0
0.734
0.527
386.7

11.506

7.7
3.0

Table 8: Luminosity, total cross section, counting rate, mean asymmetry, needed time and number
of events for al % 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 fiA and of beam spot size 140 y.m and for a Laser
beam of power 0.5 W and of beam spot size 82 /xm. 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 kHz at the
maximum electron beam intensity for a IR Laser. Needed time varies from 12 s at 8 GeV to 517 s at
iGeV.

With a non zero energy threshold, the counting rates are reduced in the ratio at/a where at 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
EGeV

a barn

<Tt/(T pmin = 0 . 0 0

<Tt/<T Pmin = 0 . 1 0

<T«/<7 pmin = 0 . 2 0

(JijO Pmin =0.30
<Tt/<T Pmin = 0 . 4 0
(TtjO pmin =0.50
Vt/o Pmin =0.60
<7*/<T /9m ,n = 0 . 7 0

otja pmin =0.80
<T,/<7 Pm,n = 0 . 9 0

: = 20.0mrad
1.0

0.654

1.000
0.864
0.751
0.657
0.575
0.498
0.422
0.341
0.247
0.136

2.0

0.643

1.000
0.864
0.751
0.656
0.573
0.497
0.421
0.340
0.247
0.136

A = 532. Inm ac = 20.0mrac/
EGeV

a barn

CTt/cr Pmin = 0 . 0 0

<7t/<T /9 m t n = 0 . 1 0

<r*/<r Prnin = 0 . 2 0

Ot/<7 Pmin = 0 . 3 0
<Tt/<T p m i n = 0 . 4 0

ffi/o" Pmin = 0 . 5 0
<rt/o- pmin =0.60

<y«/0" Pmin =0-70

Vt/O" Pmin =0.80
Vt/V Pmin =0.90

1.0

0.643

1.000
0.864
0.751
0.656
0.573
0.497
0.421
0.340
0.247
0.136

2.0

0.622

1.000
0.863
0.750
0.654
0.571
0.494
0.418
0.338
0.246
0.135

3.0

0.632

1.000
0.863
0.750
0.655
0.572
0.495
0.420
0.339
0.246
0.135

4.0

0.622

1.000
0.863
0.750
0.654
0.571
0.494
0.418
0.338
0.246
0.135

5.0

0.612

1.000
0.863
0.749
0.653
0.569
0.493
0.417
0.337
0.245
0.135

6.0

0.603

1.000
0.863
0.749
0.652
0.568
0.491
0.416
0.336
0.245
0.135

7.0

0.594

1.000
0.863
0.749
0.652
0.567
0.490
0.415
0.335
0.244
0.135

8.0

0.585

1.000
0.863
0.748
0.651
0.566
0.489
0.414
0.334
0.244
0.135

3.0

0.603

1.000
0.863
0.749
0.652
0.568
0.491
0.416
0.336
0.245
0.135

4.0

0.585

1.000
0.863
0.748
0.651
0.566
0.489
0.414
0.334
0.244
0.135

5.0

0.569

1.000
0.863
0.748
0.650
0.565
0.487
0.412
0.333
0.243
0.135

6.0
0.554

1.000
0.863
0.748
0.649
0.563
0.486
0.410
0.331
0.242
0.135

7.0

0.540

1.000
0.863
0.747
0.648
0.562
0.484
0.409
0.330
0.242
0.134

8.0

0.527

1.000
0.864
0.747
0.648
0.561
0.483
0.408
0.329
0.241
0.134

Table 9: Variation of the integrated cross section with the energy threshold pmin - k'min/k'max. a
is the total unpolarized cross section while at is the differential unpolarized cross section integrated
from the energy threshold to the maximum energy.
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A = 1064.2nm ac - 20.0mrad \

EGeV

<At>=y/<Aj> %
<Ai>t/<Ai> pmin =0.00
< At >t 1 < Ai > pmin =0.10
< Ai >t 1 < Ai > pmin =0.20
< Ai >t 1 < Ai > pmin =0.30
<Ai>t 1 <At> pm t n=0.40
< Ai >t 1 < Ai > pmin =0.50
< Ai >t 1 < Ai > pmin =0.60
< A, >t 1 < Ai > pmin =0.70
< Ai >t 1 < Ai > Pmin =0.80
<Ai >t/<Ai> />min=0.90

1.0

0.880

1.000
1.075
1.148
1.218
1.294
1.387
1.503
1.636
1.772
1.899

2.0

1.736

1.000
1.075
1.148
1.219
1.295
1.388
1.505
1.639
1.778
1.907

3.0

2.567

1.000
1.075
1.148
1.220
1.296
1.390
1.507
1.643
1.784
1.915

4.0

3.376

1.000
1.075
1.149
1.220
1.297
1.390
1.508
1.646
1.789
1.923

5.0

4.163

1.000
1.075
1.149
1.221
1.298
1.391
1.510
1.649
1.794
1.930

6.0

4.928

1.000
1.075
1.149
1.221
1.298
1.392
1.511
1.652
1.799
1.938

7.0

5.671

1.000
1.075
1.150
1.222
1.299
1.393
1.512
1.654
1.804
1.945

8.0

6.394

1.000
1.075
1.150
1.222
1.299
1.393
1.513
1.657
1.808
1.951

A = 532.Inm ac = 20.0mrad \

EGeV

< Ai >= yj< A] > %
<Ai>t/<Ai> />mtn=0.00
< Ai >t 1 < Ai > pmin =0.10
<Ai>t 1 <At> pmin =0.20
< Ai >t 1 < Ai > Pmin =0.30
< Ai >t 1 <A[ > pmin =0.40
< A, >t 1 < Ai > pmin =0.50
< Ai >t 1 < Ai > Pmin =0.60
<Ai >t 1 <Ai > pmin =0.70
< Ai >t 1 < Ai > pmin =0.80
<A, >t/<Ai> pmin =0.90

1.0

1.736

1.000
1.075
1.148
1.219
1.295
1.388
1.505
1.639
1.778
1.907

2.0

3.376

1.000
1.075
1.149
1.220
1.297
1.390
1.508
1.646
1.789
1.923

3.0 [ 4.0

4.928

1.000
1.075
1.149
1.221
1.298
1.392
1.511
1.652
1.799
1.938

6.394

1.000
1.075
1.150
1.222
1.299
1.393
1.513
1.657
1.808
1.951

5.0

7.781

1.000
1.075
1.150
1.223
1.300
1.394
1.515
1.661
1.817
1.964

6.0

9.092

1.000
1.075
1.150
1.224
1.301
1.395
1.516
1.664
1.824
1.977

7.0

10.333

1.000
1.075
1.150
1.224
1.301
1.395
1.517
1.667
1.831
1.988

8.0

11.506

1.000
1.075
1.150
1.224
1.301
1.395
1.517
1.669
1.837
1.999

Table 10: Variation of the mean asymmetry with the energy threshold pmtn = k'min/k'max. < Ai > is
the mean asymmetry for a zero energy threshold (< A] > for the differential method) while < Ai >t

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 (-41 m to -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 (/ 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 ac = 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 cm) 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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SETUP

MAGNETIC CHICANE

OPTICAL CAVITY

7 DETECTOR

e~ DETECTOR

ELEMENT

Beam Corrector
Valve

Dipole 1
Dipole 2
Dipole 3
Dipole 4

BPM
Mirror 1
Mirror 2

BPM

Thick absorber
Thin absorber

Crystal

BPM

Z(m)

-33.2
-41.66
-41.05
-40.25
-34.85
-31.55
-26.15
-33.2

-34.05
-33.7
-32.7
-32.35
-27.10
-27.375

-27.35125
-27.205

-27.45
-27.65

Length(m)

15.1
0.2
0.1
1.
1.
1.
1.
2.

0.2

0.2
0.6
0.05

0.0025
0.23

0.20
0.2

X(cm)

0.
0.
0.
0.
0.
0.
0.
0.
0.
-1.
1.
0.
0.
0.
0.
0.
0.
0.

Y(cm)
0.
0.
0.
0.

-30.40
-30.40

0.
-30.40
-30.40
-30.40
-30.40
-30.40
-30.40
-30.40
-30.40
-30.40

[-6.82;-3.82]
-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 7 energy k of about <j(k)/kmax < 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 :

The electron detector gives an intrinsic good resolution cr(k)/kmax < 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 7. This
detector can be used efficiently only for E > 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.

The gamma detector can be used at low incident energy. But the synchrotron rate for E > 6Ge V
is high and it is not sure that this problem can be solved for these energies. The resolution for
low energy 7 can be high and in this case has to be precisely measured as well as the calibration.
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I « * t l« I I ,1 1 , 1 1

0 10 12 14

Z(m)
Figure 10: Proposed setup (Side View). From Left to right: dipoles Dl andD2 (I 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 (I m). The gap between Dipole 1 and 2 or dipole 3 and 4 is AA 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 5 , will be used.

5.1 Beam translation

We note (Fig. 13)

• Li: magnet length of dipole i,

• Ri: Bending radius for dipole i: /fc(m) = p{GeV)/0.3/Bi(T),

• 0i: bending angle for dipole i: sindi = Li/Ri,

• hi: horizontal deviation for dipole i: /&, = #, (1 — cos 0;),

• Dij : drift between dipole i and dipole j ,

• Hij: horizontal deviation between dipole i and dipole j : H^ = D^ tan 0<,

• dmax : maximal horizontal deviation,

• dtot '• total horizontal deviation .

For beam optics reasons, we want a chicane as symmetrical as possible and at least with the same
first 2 dipoles Dl and D2 (i.e. L\ — L2) and with the same last 2 dipoles D3 and D4 (i.e. L3 = Z-4)
running with the same magnetic fields i.e. Bx = —B2 and —B3 = B4 (Fig. 13). In this case, we have
the following relations:

Ri = -R2, RA = -Rz , (80)

sin 6i = - sin 92 = -^- , sin#4 = - s i n 0 3 = ^ , (81)

hl = h2 = Ri (1 - cos 0X), h3 = h4 = R3 (1 - cos 03) , (82)

#12 = Di2 tan 0i, #34 = 1)34 tan 93 . (83)

C = hx + # 1 2 + /i2 = 2i?i (1 - cos 00 + £>12 tan 6l ~ #i0? + £>i20i • (84)

So that:

dmax ~ 0.3— ^ (Li + Du). (85)

The setup that we propose in the tunnel of the Hall A consists of 4 identical magnets, with a mag-
netic length Li = 1 m. The total available length for the magnetic chicane is 15.1 m(15.5mofthe
Compton polarimeter region minus 0.4m for the external coils of dipolesl and 4). We keep a distance
of 2.3 m between dipoles 2 and 3 for the optical cavity (i.e. D23 = 2.3 m). So the remaining drift
length are Dl2 = D34 = 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 0, = 3.222 deg = 0.056 rod, bending
radii Ri = 17.79 m, and transverse deviations /i, = 2.81 cm and Hi2 = 24.77 cm. The maximal
deviation is then dmax = 30.40 cm (Tab. 12).
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'12 34

Figure 13: Chicane geometry, hi is the deviation in each dipole with magnetic length Li and Hij is
the deviation between dipole i andj separated by a distance Dij.

Lx = L2-1.00m L3 = L4-1.00 m Di2-4.40 m D23-2.30 m D34=4.40 m

E

B2 = B\
R\ == i?2
02 = 01
hi = h2

Bz = B4
Rz — RA

03 — 04

h3 = h4

H12

Hz4

dtot

0tot

GeV

Tesla
m

mrad
cm

Tesla
m

mrad
cm
cm
cm
cm
cm

mrad

1.0

0.19
17.79
56.24
2.81
0.19
17.79
56.24
2.81

24.77
24.77
30.40
0.00
0.00

2.0
0.37
17.79
56.24
2.81
0.37
17.79
56.24
2.81

24.77
24.77
30.40
0.00
0.00

3.0

0.56
17.79
56.24
2.81
0.56
17.79
56.24
2.81

24.77
24.77
30.40
0.00
0.00

4.0
0.75
17.79
56.24
2.81
0.75
17.79
56.24
2.81
24.77
24.77
30.40
0.00
0.00

5.0
0.94
17.79
56.24
2.81
0.94
17.79
56.24
2.81

24.77
24.77
30.40
0.00
0.00

6.0
1.12
17.79
56.24
2.81
1.12
17.79
56.24
2.81
24.77
24.77
30.40
0.00
0.00

7.0

1.31
17.79
56.24
2.81
1.31
17.79
56.24
2.81
24.77
24.77
30.40
0.00
0.00

8.0

1.50
17.79
56.24
2.81
1.50
17.79
56.24
2.81
24.77
24.77
30.40
0.00
0.00

Table 12: Deviations in the magnetic chicane. For different beam energies and magnetic field, hi is
the deviation in each dipole, Hij is the deviation between dipole i and dipolej separated by a distance
Dij. dmax is the maximal deviation. dtot 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).

5.2.2 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 / Bdl measured and the magnetic length will be adjusted so that / Bdl = 0. The
four magnets will be fed in serie.

5.23 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"4.

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.

• The beam spot size at the Compton interacting point must have a < 100 y.m to match the laser
beam size. This acts on the luminosity.

• 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.

• 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.

• 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 fim 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 0 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 9m) and of the ratio between transverse and longitudinal polarization. For a zero ratio, a
bending angle 9m < 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 9m < 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 /* ) on the frequency / of the Laser
polarization reversal that we can achieve. Assuming a reversal frequency of / = 10 Hz, the
maximum relative variation of the luminosity per unit of time is dAc/dt = 2.5 10~2 /s. Extract-
ing from the expression of the luminosity (Eq. 69) the terms depending on the electron beam

(86)

we obtain

d d£ _ dh da1_±_ _ A A 1 g

Thus the relative stability of the beam intensity and beam spot size must be ^jf- < 2.51Q~2 /s
and %*- < 5. 10"2 Is.

at — '

For a reversal frequency of / = 1 Hz, these upper limits are divided by a factor 103'2 ~ 30.
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E

Power
N,

< e >
dE

<7(dE)

GeV

KeV
KeV
KeV

1.0

0.029
4.615
0.039
0.178
0.172

2.0

0.456
9.231
0.308
2.848
1.927

3.0

2.310
13.846
1.041

14.416
7.995

4.0

7.300
18.462
2.468
45.562
21.955

5.0

17.822
23.077
4.820

111.235
47.828

L_ 6.0
36.955
27.693
8.329

230.656
90.556

7.0 j
68.464
32.308
13.226

427.319
155.810

8.0

116.797
36.923
19.743

728.987
248.251

Table 13: Characteristics of the synchrotron radiation in the magnetic chicane. Radiated power P,
mean number of radiated photons N1, mean energy of the radiated photons < e >, energy lost by the
incident electron dE and dispersion of the energy lost a(dE).
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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.I) 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=l m , magnetic field B). Figure (14) shows the energy distribution of
the radiated photons for different incident energies.
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lx = L2=1.00m I Z)12=4.40 m II D1 = 5.80m

E
Bx

Po
r° mm
rc mm
rc mm
rc mm
rc mm
rc mm

GeV
Tesla
MeV

MeV

™O / ™maz

Pmin = PO

Pmin =0.10

Pmin =0.20

Pmin =0.30
Pmin =0.40
Pmin =0.50

1.0
0.187

17.5

8.8
0.504
2.964

8.970
5.980
4.567
3.662
2.990

A =
2.0

0.375

68.9

35.1
0.509
1.482
4.524
3.016
2.304
1.847
1.508

= 1064.
3.0

0.562

152.4
78.2

0.513
0.988
3.042
2.028
1.549
1.242
1.014

2nm

4.0
0.750

266.5

137.8
0.517
0.741
2.301
1.534
1.172
0.939
0.767

5.0
0.937

409.6
213.5
0.521
0.593
1.856
1.237
0.945
0.758
0.619

6.0
1.125j

580.3

304.9
0.525
0.494
1.559
1.039
0.794
0.637
0.520

7.0
1.312

777.3
411.5
0.529
0.423
1.347
0.898
0.686
0.550
0.449

8.0
1.500

999.4

533.0
0.533
0.370
1.188
0.792
0.605
0.485
0.396

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

6 Scattered photon Calorimeter

6.1 Set up

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 ft, increases (Fig. 4). Then the high energy Compton photons (i.e. with pmin = k'ylk'max > 0.1)
are emitted with small angles ft, < 2mrad which gives a size for the Compton photons of rc < 1 cm
for a detector located at a distance Dy ~ 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 r7 = rc + 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 0 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 A0 of the figure (15) is high. A thin absorber of radius r1 is used to decrease this background.

We will first list the specifications of the 7 detector leading to a fully active calorimeter. Then
we will look at the synchrotron rate since it is the main problem of the 7 detector. This will fix the
thickness of the thin absorber. Finally we will study the bremsstrahlung background.
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Density Q/cm3)
Radiation Length (cm)

Moliere radius (cm)
Decay time (ns)

Fast
Slow

Nal(Tl)
3.67
2.59
4.5

250

BGO
7.13
1.12
2.4

300

BAF2

4.89
2.05
3.4

0.7
600

CsI(Tl)
4.53
1.85
3.8

1000

Csl

4.53
1.85
3.8

10,36
1000

PbWO4

8.28
0.85
2.19

2.2,10
39

CeF3

6.16
1.68
2.63

9
32

Table 15: Properties of some inorganic scintillators

6.2 Photon detector specifications

The main requirements for the photon detector are :

• a high signal rate that we plan to reach (850 kHz for a cavity with G = 10000).

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

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

• the resolution on the energy measurement a(k)/kmax < 10% and which has to be known to 5%
(Appendix E.2.3).

• 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), PbWO4 [ 17] seems a good candidate apart may be the low light yield.

• The decay time allows to collect 85 % of the charge in 25 ns and makes PbWO\ suitable for
high rate experiment.

• 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.

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

• Tests performed at 7 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 7 energies in the range [10 : 1000] MeV before a definitive decision. Part of these tests are
dedicated to optimize the light collection (Appendix I). Also are planned tests on CeF3 which
can be an alternative solution.

• 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 7 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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Dipole 2 Drift Dipole 3

Lead Crystal

Figure 15: Useful angle A0 of the electron trajectory for the synchrotron radiation seen by the pho-
ton detector of radius r7 at a distance dn 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 = 0.75 T at 4 GeV and L = 1 m ).

The photon detector sees a piece A0 of the e~ trajectory in the dipoles of the magnetic chicane
under an angle tp (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 V>7-
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 7 de-
tector with radius r7, then we have (Fig. 15)

where A 0 is the angle of the electron trajectory of synchrotron radiation seen by the a photon detector

- h r7 - R(l - cos A6)
tan(A0) =

— Rs'mAd

At first order

(88)
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E
GeV

1.
2.
3.
4.
5.
6.
7.
8.

B
T

0.19
0.37
0.56
0.75
0.94
1.12
1.31
1.50

r7

cm
1.097
0.652
0.504
0.430
0.386
0.356
0.335
0.319

A0
mrad
3.94
2.34
1.81
1.54
1.38
1.28
1.20
1.14

P
W

0.312E-03
0.297E-02
0.116E-01
O.313E-O1
0.685E-01
0.131E+00
0.228E+00
0.371E+00

dn/dt
s~l

0.504E+14
0.600E+14
0.696E+14
0.791 E+14
0.887E+14
0.982E+14
O.1O8E+15
0.117E+15

< e >
KeV

0.386E-01
O.3O8E+OO
0.104E+01
0.247E+01
0.482E+01
O.833E+O1
0.132E+02
0.197E+02

V>7

0.400E+01
0.476E+01
O.552E+O1
0.628E+01
0.704E+O1
0.780E+01
O.855E+O1
0.931E+01

E/lOOns
GeV/100ns
0.195E+O0
0.185E+01
0.724E+01
0.195E+02
0.427E+02
0.818E+02
0.142E+03
0.232E+03

Table 16: Synchrotron radiation without absorber. For various beam energies and magnetic field at
100 fj,A. The power and rate seen by the 7 detector located at d^ = 695 cm from Dipole D2 exit and
d7 = 465 cm from Dipole D3 entrance are given for a collimator radius r7 i.e. for A0 . The column
0 7 indicates the angular range seen by the detector.

E
GeV

1.
2.
3.
4.
5.
6.
7.
8.

B
T

0.19
0.37
0.56
0.75
0.94
1.12
1.31
1.50

r7

cm
1.097
0.652
0.504
0.430
0.386
0.356
0.335
0.319

A0
mrad
3.94
2.34
1.81
1.54
1.38
1.28
1.20
1.14

P
W

0.271-131
0.242E-32
0.106E-13
0.682E-08
0.107E-05
0.400E-04
0.791E-03
0.636E-02

dn/dt
s-1

0.130-116
0.284E-18
0.878E+OO
0.521E+06
0.736E+08
O.153E+1O
0.211E+11
0.141E+12

< t >

KeV
0.130E+02
0.532E+02
0.752E+02
0.818E+02
0.909E+02
0.163E+03
0.234E+03
O.281E+O3

07

0.400E+01
0.476E+01
0.552E+01
O.628E+O1
0.704E+01
0.780E+01
O.855E+O1
0.931E+01

E/lOOns
GeV/100ns
0.169-128
0.151E-29
0.660E-11
0.426E-05
0.669E-03
0.250E-01
0.494E-KX)
0.397E-+O1

Table 17: Synchrotron radiation with a 2J mm lead absorber. For various beam energies and mag-
netic field at lOO^A. The power and rate seen by the 7 detector located at dn — 695 cm from Dipole
D2 exit and dy = 465 cm from Dipole D3 entrance are given for a collimator radius r7 i.e. for A0 .
The column 0 7 indicates the angular range seen by the detector.

E
GeV

1.
2.
3.
4.
5.
6.
7.
8.

B
T

0.19
0.37
0.56
0.75
0.94
1.12
1.31
1.50

cm
1.097
0.652
0.504
0.430
0.386
0.356
0.335
0.319

A0
mrad
3.94
2.34
1.81
1.54
1.38
1.28
1.20
1.14

P
W

0.359-211
0.197E-47
0.552E-22
0.178E-15
0.725E-10
0.172E-06
0.177E-04
0.354E-03

dn/dt
5 " 1

0.546-197
0.152E-33
0.402E-08
0.101E-01
0.173E+04
0.341 E+07
0.306E+09
0.539E+10

< 1 >

KeV
0.410E+02
0.807E+02
0.858E+02
0.110E+03
0.261 E+03
0.314E+03
0.361E+03
0.410E+03

07

0.400E+01
0.476E+01
0.552E+01
0.628E+01
0.704E+O1
0.780E+01
O.855E+O1
0.931E+01

E/lOOns
GeV/100ns
0.224-208
0.123E-44
0.345E-19
0.111E-12
0.452E-07
0.107E-03
0.110E-01
0.221E+00

Table 18: Synchrotron radiation with a 1 cm lead absorber. For various beam energies and magnetic
field at WOpA. The power and rate seen by the 7 detector located at d^ = 695 cm from Dipole D2
exit and d^ = 465 cm from Dipole D3 entrance are given for a collimator radius r7 i.e. for A9 . The
column rp^f 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 r7 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 ̂  and mean energy < e > of synchrotron photon corresponding to the power
P7 are listed in tables (16),(17) and (18) for a hole radius r7 corresponding to the useful angle A0 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 cm 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 r = 100 ns, this gives 0.052 synchrotron photon
with energy close to 80 KeV. Compared with the Compton photons range: 0 < k' < 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 KeV for a gate of r = 100 ns.
The 2.5 mm absorber would result in a 1.5 GHz synchrotron rate with 0.16 MeV photon energy. For a
r = 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 lcm of lead).
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Figure 17: Synchrotron rate in the photon detector. For 100/J, 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).

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 r = 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
a r = 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 < k' < 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 = 10~8 Torr.

Bremsstrahlung photons are emitted with angles 9 ~ 1/7 = m/E 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

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 tabs = 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 a mean Z of Z = 1 and a STP density
p0 — 0.09 g/l. Table (20) is for the same laser wavelength but for a residual vacuum with a mean Z of
Z = 6 and a STP density p0 = 1.08 g/l. Tables (21) and (22) are for a laser wavelength A = 532 nm.

For a NdYAG Laser (A = 1064 nm), in the worst case (E = 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 for a G = 10000 cavity). The energy in a 100 ns gate varies from 0.1 KeV
for E = 1 GeV to 4.9 KeV for E = 8 GeV and had to be compared with the mean Compton energy
9 MeV for E = 1 GeV to 1 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 100 \i A. Bremsstrahlung rate is for 2.5 m vacuum at 10~8 Torr. Compton
rate is for a Laser of power P = 0.5 W with a cavity oflm length and g = —0.95 and with a gain of
G = 10000.
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Figure 19: Integrated bremsstrahlung rate versus threshold. AtAGeV and 8 Ge V and at 100/x A for
2.5 m vacuum at 10~8 Torr.
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A = 1064.2 nm Z = 1 tabs = 0.00 cm threshold - 0.100 MeV
E(GeV)

1.
2.
3.
4.
5.
6.
7.
8.

kmax(GeV)
0.018
0.069
0.152
0.266
0.410
0.580
0.777
0.999

/ UTI \totSTfl\*w\
1 *j— 1 1|\. n 7.)
0.363E-01
0.394E-01
0.413E-01
0.425E-01
0.435E-01
0.443E-01
0.450E-01
0.455E-01

dE%ns(KcV)
0.297E+00
0.609E+00
0.924E+00
0.124E+01
0.156E+01
0.187E+01
0.219E+01
0.251E+01

(^)ran*e(Khz)
0.221E-01
0.278E-01
0.312E-01
O.335E-O1
O.353E-O1
0.367E-01
0.379E-01
0.389E-01

<f£[S££(KeV)
0.740E-02
0.290E-01
0.637E-01
0.110E+00
0.169E+00
0.237E+00
0.316E+0O
0.403E+00

E(GeV)
1.
2.
3.
4.
5.
6.
7.
8.

A = 1064.2 nm Z - 1 tabs = 0.25 cm threshold - 0.100 MeV
kmax(GeV)

0.018
0.069
0.152
0.266
0.410
0.580
0.777
0.999

(f)tot(Khz)
0.263E-01
0.286E-01
0.293E-01
O.3O8E-O1
0.306E-01
0.314E-01
0.323E-01
0.329E-01

dE&JJteV)
0.221 E+00
0.447E+00
0.673E+00
0.899E+00
0.113E+01
0.135E+01
0.158E+O1
0.181E+01

(f)ran5e(Khz)
0.142E-01
0.189E-01
0.217E-01
0.243E-01
0.251E-01
0.255E-01
0.269E-01
0.282E-01

rf^SSK(KcV)
0.630E-02
0.237E-01
0.503E-01
0.854E-01
0.128E+00
0.178E+00
0.235E+0O
0.299E+00

A = 1064.2 nm Z - 1 tabs - 1.00 cm threshold = 0.100 MeV
E(GeV)

1.
2.
3.
4.
5.

6.
7.
8.

kmax(GeV)
0.018
0.069
0.152
0.266
0.410
0.580
0.777
0.999

(^)4ot(Khz)
0.139E-01
0.148E-01
0.150E-01
0.157E-01
0.162E-01
0.158E-01
0.161E-01
0.165E-01

d£%'Ons(KeV)
0.922E-01
0.177E+00
0.261 E+00
0.344E+00
0.427E+00
0.510E+00
O.593E+OO
0.676E+00

( | ) r a n j e (Khz)
0.815E-02
0.104E-01
0.127E-01
0.133E-01
0.134E-01
0.143E-01
0.141E-01
0.147E-01

d£ioonS
e(KeV)

0.407E-02
0.132E-01
0.252E-01
0.399E-01
0.570E-01
0.766E-01
0.985E-01
0.123E+00

Table 19: Bremsstrahlung radiation for a 1064 nm Laser. For various beam energies E and thick-
ness absorber tat,a at 100 fiAfor a 2.5 m residual vacuum of10~8 Torr (mean Z=l). The rate dn/dt
and the deposited energy in a 100 ns gate dEioons 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 - 1064.2 nm Z - 6 tabs = 0.00 cm threshold = 0.100 MeV
E(GeV)

1.
2.
3.
4.
5.
6.
7.
8.

Aw(GeV)
0.018
0.069
0.152
0.266
0.410
0.580
0.777
0.999

(f)^(Khz)
0.603E+00
0.652E+00
0.681E+00
0.702E+00
0.718E+00
0.731E+00
0.742E+00
0.751E+00

<^ O n s (KeV)
0.509E+01
0.103E+02
0.156E+02
0.208E+02
0.260E+02
0.313E+O2
0.365E+02
0.418E+02

(f)ran«e(Khz)
0.363E+00
0.458E+00
0.513E+00
O.552E+OO
O.581E+OO
0.604E+00
0.624E+00
0.641 E+00

dE^tiKcV)
0.122E+00
0.477E+00
0.105E+01
0.182E+01
0.277E+01
0.390E+01
0.519E+01
0.663E+01

A-1064.2 nm Z - 6
E(GeV)

1.
2.
3.
4.

5.
6.
7.
8.

kmax(GeV)
0.018
0.069
0.152
0.266
0.410
0.580
0.777
0.999

tabs = 0.25 cm threshold - 0.100 MeV

(£)**(Khz)
0.417E+00
0.454E+00
0.475E+00
0.490E+00
0.502E+00
0.511 E+00
0.519E+00
0.525E+00

dEl&ns(KcV)
0.379E+01
0.756E+01
0.113E+02
0.151E+02
0.188E+O2
0.226E+02
0.263E+02
0.301E+02

(f)ro^(Khz)
0.233E+00
0.310E+00
0.353E+00
0.381 E+00
0.403E+00
0.420E+00
0.435E+00
0.446E+00

d^S5C(KeV)
0.104E+00
0.390E+00
0.828E+00
0.140E+01
0.211E+01
0.293E+01
0.387E+01
0.491E+01

A - 1064.2 nm Z = 6 tabs = 1.00 cm threshold - 0.100 MeV
E(GeV)

1.
2.
3.
4.
5.
6.
7.
8.

kmax{GeV)
0.018
0.069
0.152
0.266
0.410
0.580
0.777
0.999

(trochz)
0.219E+00
0.233E+00
0.242E+00
0.247E+00
0.252E+00
0.255E+00
0.258E+00
0.260E+00

0.157E+01
0.299E+01
0.438E+01
0.576E+01
0.714E+01
0.851E+O1
O.988E+O1
0.112E+02

(£)"»*e(Khz)
0.132E+00
0.174E+00
0.194E+00
0.205E+00
0.214E+00
0.221 E+00
0.227E+00
0.231 E+00

dE[a
QZ(KeV)

0.669E-01
0.217E+00
0.415E+00
0.656E+00
0.938E+00
0.126E+01
0.162E+01
0.202E+01

Table 20: Bremsstrahlung radiation for a 1064 nm Laser. For various beam energies E and thick-
ness absorber tabs at 100 fiAfor a 2.5 m residual vacuum of 10~8 Torr (mean Z=6). The rate dn/dt
and the deposited energy in a 100 ns gate dEioons 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 - 532.1 nm [ Z - 1 tabs = 0.00 cm | threshold = 0.100 MeV
E(GeV)

1.
2.
3.
4.
5.
6.
7.
8.

kmax{GeV)
0.034
0.133
0.290
0.500
0.757
1.058
1.399
1.777

(*i)*°t(Khz)
0.363E-01
0.394E-01
0.413E-01
0.425E-01
0.435E-01
0.443E-01
0.450E-01
0.455E-01

dE%ns{KtV)
0.297E+00
0.609E+00
0.924E+00
0.124E+01
0.156E+O1
0.187E+01
0.219E+01
0.251E+01

( f )ran^(Khz)
0.249E-01
O.3O5E-O1
0.337E-01
0.360E-01
0.376E-01
0.389E-01
0.400E-01
0.410E-01

dE[wnes(K.eV)
0.145E-01
0.552E-01
0.118E+00
0.201E+00
0.301E+00
0.417E+00
0.545E+00
0.686E4O0

A = 532.1 nm Z = 1 tabs = 0.25 cm threshold = 0.100 MeV
E(GeV)

1.
2.
3.
4.
5.
6.
7.
8.

Aw(G'eV)
0.034
0.133
0.290
0.500
0.757
1.058
1.399
1.777

(fr(Khz)
0.263E-01
0.286E-01
0.293E-01
0.308E-01
0.306E-01
0.314E-01
0.323E-01
0.329E-01

d£{&ns(KeV)
0.221E+00
0.447E+00
0.673E+00
0.899E+00
0.113E+01
0.135E+01
O.158E+O1
0.181E+01

(fpe(Khz)
0.165E-01
0.221E-01
0.234E-01
0.260E-01
0.267E-01
0.283E-01
0.283E-01
0.296E-01

d£[SSE(KeV)
0.121E-01
0.439E-01
0.913E-01
0.152E-KX)
0.225E400
0.308E4O0
0.401E+O0
0.502E+O0

A - 532.1 nm Z = 1 fo6s = 1.00 cm threshold = 0.100 MeV
E(GeV)

1.
2.
3.
4.
5.
6.
7.
8.

kmax{GeV)
0.034
0.133
0.290
0.500
0.757
1.058
1.399
1.777

(fr(Khz)
0.139E-01
0.148E-01
0.150E-01
0.157E-01
0.162E-01
O.158E-O1
0.161E-01
O.165E-O1

0.922E-01
0.177E+00
0.261 E+00
0.344E+00
0.427E+00
0.510E+00
0.593E+00
0.676E+00

(§)ra"*e(Khz)
0.924E-02
0.124E-01
0.135E-01
0.139E-01
0.140E-01
0.149E-01
0.145E-01
0.151E-01

dE^KeV)
0.736E-02
0.224E-01
0.423E-01
0.664E-01
0.945E-01
0.126E+O0
0.161E+00
0.199E+00

Table 21: Bremsstrahlung radiation for a 532 nm Laser. For various beam energies E and thickness
absorber taf,, at WOfi A for a 2.5 m residual vacuum of10~8 Torr (mean Z-l). The rate dn/dt and
the deposited energy in a 100 ns gate dEioons 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 = 532.1 nm Z - 6 tabs = 0.00 cm threshold - 0.100 MeV
E(GeV)

1.
2.
3.
4.
5.
6.
7.
8.

kmax{GeV)
0.034
0.133
0.290
0.500
0.757
1.058
1.399
1.777

(f)^(Khz)
0.603E+00
0.652E+00
0.681E+00
0.702E+00
0.718E+00
O.731E+OO
0.742E+00
0.751E+00

0.509E+01
0.103E+02
0.156E+02
0.208E+02
0.260E+02
0.313E+02
0.365E+02
0.418E+02

(f)ranse(Khz)
0.410E+00
0.503E+00
0.556E+00
0.592E-KX)
0.620E+00
0.642E+00
0.660E+00
0.676E+00

0.238E+00
0.908E+00
0.195E+01
0.332E+01
0.496E+01
0.686E+01
0.897E+01
0.113E+02

A - 532.1 nm Z = 6 tabs = 0.25 cm threshold = 0.100 MeV
E(GeV)

1.
2.
3.
4.
5.
6.
7.
8.

kmax(GeV)
0.034
0.133
0.290
0.500
0.757
1.058
1.399
1.777

(^) to t(Khz)
0.417E+00
0.454E+00
0.475E+O0
0.490E+00
0.502E+00
0.511E+00
0.519E+00
0.525E+00

d£j$,nj(KeV)
0.379E+01
0.756E+01
0.113E+02
0.151E+02
0.188E+02
0.226E+02
0.263E+02
0.301E402

(^) r anse(Khz)
0.271E+00
0.344E+00
0.384E+00
0.411E+00
0.431E+00
0.447E+00
0.460E+00
0.472E+00

d££J2£(KeV)
0.200E+00
0.723E+00
0.150E+01
0.251E+01
0.370E+01
0.508E+01
0.660E+01
0.827E+01

A - 532.1 nm Z - 6 tabs - 1.00 cm threshold = 0.100 MeV
E(GeV)

1.
2.
3.
4.
5.
6.
7.
8.

kmaX(GeV)
0.034
0.133
0.290
0.500
0.757
1.058
1.399
1.777

(f)^(Khz)
0.219E+00
0.233E+00
0.242E+00
0.247E+00
0.252E+00
0.255E4O0
0.258E+00
0.260E+00

dE{°^ns(KeW)
0.157E+01
0.299E+01
0.438E4O1
0.576E+01
0.714E+01
O.851E+O1
0.988E+01
0.112E+02

(£)ran'e(Khz)
0.154E+00
0.189E+00
0.207E+00
0.217E+00
0.226E+00
0.231E+00
0.237E+00
0.241 E+00

<f£[°2£(KeV)
0.121E+00
O.368E+OO
0.696E+00
0.109E+01
0.156E+01
0.208E+01
0.265E+01
0.327E+01

Table 22: Bremsstrahlung radiation for a 532 nm Laser. For various beam energies E and thickness
absorber tabs at 100n A for a 2.5 m residual vacuum of10~8 Torr (mean Z=l). The rate dn/dt and
the deposited energy in a 100 ns gate dEioons 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 Z/3 be the length of dipole 3 and le 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{\ -cos0) + / e tan0, (89)

using

0.3B(T)L3(m)\ p(GeV)

P(GeV) ) ' R(m) = T

Electron trajectories for incident energy E and for minimum Compton energy Emin corresponding to
the maximum Compton 7 energy kmax 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 dg = 5 mm seems
possible (done at the ALS : linear accelerator of Saclay). The corresponding energy Egap will be the
maximal measured energy and fix the energy threshold on the scattered Compton 7.

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 k'o point, i.e. to measure scattered electron
energy Eo corresponding to a zero asymmetry.

All these parameters (energies E, Eo, Emin and Egap and the corresponding deviations d, do, dmin
and dgap) 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 d4 and d™'n stand for
beam and minimum Compton energy.
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Figure 20: Scattered electron envelope at Ee = 4GeV. Trajectory for Beam energy (solid line) and
minimum scattered electron energy at k~, = 1.16 eV (dotted line) and fc7 = 2.33 eV (dashed line).
Transverse deviation (cm) versus coordinate(m) along the beam axis starting at Dipole 3 entrance.
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Figure 21: Scattered electron envelope at Ee = 8 Ge V. Trajectory for Beam energy (solid line) and
minimum scattered electron energy at k-, = 1.16 eV (dotted line) and fc7 = 2.33 eV (dashed line).
Transverse deviation (cm) versus coordinate(m) along the beam axis starting at Dipole 3 entrance.
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do — dgap

d4

d™n

GeV
Tesla
GeV
GeV
GeV

cm
cm
cm
cm
cm
cm
cm
cm

GeV
Tesla

GeV
GeV

LGeV
cm
cm
cm
cm
cm

cm

cm
cm

1.0
0.187

0.991
0.982
0.979
-7.317
-7.110
-6.904
-6.817

-0.087

-0.293

0.000
0.544

1.0
0.187
0.982
0.966
0.979
-7.317
-6.904
-6.490
-6.817
0.326

-0.087

0.000
1.088

2.0
0.375

1.965
1.931
1.958

-7.317
-6.904
-6.490
-6.817

0.326

-0.087

0.000
1.088

>
2.0

0.375

1.931
1.867
1.958
-7.317
-6.490
-5.664
-6.817

^L153

0.326

0.000
2.177

3.0
0.562
2.922
2.848
2.937
-7.317
-6.697
-6.077
-6.817

0.740

0.120

0.000
1.632

1 = 532
3.0

0.562
2.848
2.710
2.937
-7.317
-6.077
-4.837
-6.817
1.980

0.740

0.000
3.265

4.0
0.750
3.862
3.734
3.915
-7.317
-6.490
-5.664
-6.817

1.153

0.326

0.000
2.177

Anm |
4.0

0.750
3.734
3.500
3.915
-7.317
-5.664
-4.010
-6.817
2.807

1.153

0.000
4.355

5.0
0.937
4.786
4.590
4.894
-7.317
-6.284
-5.250
-6.817

1.566

0.533

0.000
2.721

5.0
0.937

4.590
4.243
4.894
-7.317
-5.250
-3.182
-6.817
3.634

1.566

0.000
5.444

6.0
1.125
5.695
5.420
5.873
-7.317
-6.077
-4.837
-6.817
1.980

0.740

0.000
3.265

6.0
1.125
5.420
4.942
5.873
-7:317
-4.837
-2.355
-6.817
4.462

1.980

0.000
6.534

7.0
1.312

6.589
6.223
6.852
-7.317
-5.871
-4.423
-6.817

2.393

0.946

0.000
3.810

7.0
1.312

6.223
5.601
6.852
-7.317
-4.423
-1.527
-6.817

5.290

2.393

0.000
7.625

8.0
1.500
7.467
7.001
7.831
-7.317
-5.664
-4.010
-6.817

2.807

1.153

0.000
4.355

8.0
1.500

7.001
6.223
7.831

-7.317
-4.010
-0.698
-6.817

6.119

2.807

0.000
8.716

Table 23: Transverse deviations at electron detector location. For different beam energies E and
Laser wavelengths A. The transverse deviations for the incident energy E and for the minimum scat-
tered energy Emin are given by d and dmtn. The deviation d0 stands for the scattered energy Eo where
the longitudinal asymmetry vanishes. The deviation dgap = d + dg is the beam deviation with a se-
curity gap d3 and corresponds to a scattered energy Egap. The useful size of the detector is given by
dmin — dgap. The EQ point can be measured if do — dgap is positive. After the dipole 4, the transverse
deviations for the incident energy E and for the minimum scattered energy E
dmin

are given by d4 and
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= £4=1.00 m Z)34=4.40 m

A = 1064.2nm

E
k
"-max

B
Useful size

<D>
<D>
Sk/k

dd/(dB/B)

GeV
MeV
Tesla
cm

mm/%
mm/MeV

%/mm

1.0
17.5

0.187

-0.087

2.408
0.241

23.692

235.7

le = 3.60m
2.0

68.9
0.375
0.326

2.450
0.122

11.845

239.9

3.0
152.4
0.562
0.740

2.492
0.083

7.896
244.1

Gap dg — 5.0mm
4.0

266.5
0.750

1.153

2.535
0.063

5.921

248.4

5.0
409.6
0.937
1.566

2.577
0.052

4.737

252.7

6.0
580.3
1.125

1.980

2.620
0.044

3.947

257.1

7.0
777.3
1.312

2.393

2.662
0.038

3.383

261.5

8.0
999.4
1.500
2.807

2.705
0.034

2.960

265.9

E
k
""max

B
Useful size

<D>
<D>

Sk/k
dd/(dB/B)

A =
GeV
MeV
Tesla
cm

mm/%
mm/MeV

%/mm

/VIC"3

532.1nm
1.0

34.5
0.187

0.326

2.450
0.245
11.845

239.9

2.0
133.2
0.375

1.153

2.535
0.127
5.921

248.4

3.60m
3.0

290.1
0.562
1.980

2.620
0.087
3.947

257.1

Gap
4.0

499.7
0.750

2.807

2.705
0.068
2.960

265.9

dg = 5

5.0
757.1
0.937
3.634

2.790
0.056
2.367

274.9

.Omm
6.0

1058.2
1.125

4.462

2.875
0.048
1.972

284.0

7.0
1399.2
1.312

5.290

2.960
0.042
1.690

293.3

8.0
1776.8
1.500

6.119

3.045
0.038
1.479

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 dm{n to dgap.

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 dmin — dgap is given in table (24). This size is maximal for
E = 8 GeV. Its value is 2.81 cm for the NdYAG Laser (A = 1064 nm) and 6.12 cm for the Argon
Laser (A = 532 nm). So a detector of 128 channels with a pitch of 250 fim (size 3.2 cm) 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 dg 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'o point can be measured if d0 — dgap 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 E > 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 d™m — d4 is reached after dipole 4 and for E = 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 y.m and the pitch is 250 y.m. The wafer thickness is 200 (im.
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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 Pe measurement under the 1 % requirement.

The resolution on the scattered 7 energy k, given by equation (256)

~T~ = ^ ' on k ® <7(Q) ~^n '
K OC po K Oi po

is fixed by the transverse size <r( Ax) of the interaction between the Laser beam and the electron beam.
This size, close to a( Ax) — 100 /j,m, gives a resolution for the maximal Compton energy kmax rang-
ing from 1.2 % at incident energy po=2 GeV to 0.3% at 8 GeV (line 8k/k of Tab. 24). As shown
in appendix E.3.3, the transverse size a(Ax) of the interaction between the Laser beam and the
electron beam has to be known with a 50 fxm 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 a (a) on the dispersion a. To have a
similar contribution to the one from the beam size, we need:

_ / \ _ / A _ \ _ 1L _ / A _ \ ~ 1 _ / A _ \

a ~ a k ~ a .0175pg ~ a .0175po(GeV) ' V '

With a dispersion of a ~ 2.3 mm/% (Tab. 24), this gives a(a)/a ~ 310"3 necessary at Ee = 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

. (92)

This corresponds for the A;o point to dd/^- - 248 /im/10~3 (resp. dd/^§- = 266 /^m/lO"3) at 4
GeV (resp. at 8 GeV). So a power supply stability of 4 10~4 will give a contribution corresponding
to a resolution on the beam size of less than 107 \im. 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 a (a) on the dispersion a 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 \im. 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 k0 point and
of the kmax edge. The complementarity of the 2 detectors as well as the possibility to measure the kQ

point will reduce the systematic effect.
A strip width of 250 pm have been chosen to match the expected resolution of 200 /im and gives

an energy width on the scattered Compton photon (line 8k/k of Tab. 24) ranging from 3.0 % for
Ee = 2 GeV to 0.7 % for Ee - 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.
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Power Xc =-2.0cm
0 7

Power Xc =-2. lcm

0 7

GeV
Tesla

nW

nW

1.0
0.19

137.45
6.05

84.34
6.95

2.0
0.37

168.85
11.53

97.99
13.45

3.0
0.56

175.90
17.13

100.89
20.05

4.0
0.75

178.47
22.75

101.93
26.67

5.0
0.94

179.67
28.39

102.42
33.30

6.0
1.12

180.33
34.03

102.68
39.92

7.0
1.31

180.72
39.67

102.83
46.53

8.0
1.50

180.96
45.30

102.92
53.13

Table 25: Synchrotron power in the electron detector. For a beam o/lOO // 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. #7 is the mean polar angle weighted by the power.

1A 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)

d2P 3_ 1_

d(j)dcos6 ~ ° 8TT 7 4 (1 -(3 cos Of
1 -

sin2 6 cos2 4>

72(l-/?cos0)2_

d2P
d&dcosO

= Po
37

2

7T

27
202(1 - 2cos2</>) + 7

4 0 4 )

where (Eq. 206)

Po =
2rocmec

2 / ? 4
7

4 R&8 U

3 R2 13c 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 0. This could be related
to the fact that the electron detector sees large synchrotron radiation angles #7 > 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 F ~ 1./04. The power seen by the detector is then P ~ l./64/p.
This power is located near the beam due to the factor 1./0* (Fig. 23).

For large synchrotron radiation angles, only low energy synchrotron photons are important (e < ec

where the critical energy ec (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 /j,m) 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
Pmin

Pmax
rateZ= 1.
rate Z= 6.

GeV
GeV
GeV
Khz
Khz

1.0
0.869
0.979
0.007
0.123

2.0
1.737
1.958
0.007
0.122

3.0
2.606
2.937
0.007
0.122

4.0
3.475
3.915
0.007
0.122

5.0
4.344
4.894
0.007
0.122

6.0
5.212
5.873
0.007
0.122

7.0
6.081
6.852
0.007
0.122

8.0
6.950
7.831
0.007
0.122

Table 26: Bremsstrahlung rate in the electron detector. For various beam energies E at 100 fiAfor
a 2.5 m residual vacuum of10~8 Torr with mean Z =1 and 6. The rate dn/dt (kHz) is given for the
energy range ([pmin,pmax]) covered by the electron detector of size 3 cm with a safety gap ofb mm
wrt beam.

EGeV
rate Khz

1.0
0.0

2.0
357.8

A =
3.0

477.1

1064.2nm

4.0
544.3

5.0
581.8

6.0
604.1

7.0
613.0

8.0
621.8

Table 27: Compton rate in the electron detector. For various beam energies E at 100 pA. The rate
is given for the energy range ([pmin,Pmax]) covered by the electron detector of size 3 cm with a safety
gap ofb 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

• 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 9 > 1.4 mrad larger
than the characteristics bremsstrahlung angle 9\)Tem — 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.

• electrons having emitted a bremsstrahlung photon between the dipole 2 and 3 and with an en-
ergy in the energy range ([pmin,Pmax]) 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 0 ~ 1/7 = m/E (Appendix D.2).
These angles are small (9 < 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.I) in-
tegrated from k'c = E - pmax to k'max = E - pmin. The energy threshold due to the safety gap
Egap - pmax is given in table (23). For pmin, 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 kHz 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 a;, in a
medium of refractive index n = ^?, at a wavelength A = ^ is given by [21]:

E(x,y,z)mn = A^.e-^e^e
d(z)

The waist spot size dQ, the beam size d(z), the phase V(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

d\ = - z f l , d(z) = /
* V ZR

V(z) = tan"1 —, (95)
ZR

R(z) = z{\ + ̂ ) . (96)

Hm and Hn 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 RM separated by a distance L, the following boundary conditions on the curvature radius
have to be fulfilled:

R(z = -L/2) = -RM ; R(z = L/2) = RM.

Defining

g=l--jj-, (97)
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Figure 24: Transverse HermUe-Gaussian mode. Intensity Profile versus x/a and y/a, The highest
focalisation is obtained for the lowest mode TE00.
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the Rayleigh range and the beam waist size are:

L /1+g XL /TT7
d° ~ TT 2 1 (98)

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

The stability of the resonator requires that (See G. 1.3)

(99)

(100)

To find out what are the allowed longitudinal modes in such a cavity, we request that the electric
field does not change in a round trip, i.e, that the phase 9(z) = kz — tan~x(^-) difference is 0(z{) —
6(z2) = nn (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:

ui(mn) = l + - (m + n + 1) cos 1 ; I = 0,1,

where the Free Spectral Range of the cavity is given by

UFSR = TL

(101)

(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 M2 with transmission and reflection coefficients U, r,, (i — 1,2)
separated by a distance L (see Fig. 26).

The reflection r, and transmission t( coefficients of the mirrors are defined by [22]:

r =
ER

EI
t =

where Et, ER and ET are the electric field of the incident, reflected and transmitted light. In terms of
energy, we define the reflectivity R and the transmission T of the mirror by:

T =
JT

JI'

where Jk , {k = / , R, T), the amount of energy per unit area per second, is proportional to |£fc|2:

R = |r|2 T = \t\2^.

In the equation of the transmission T, qt is given for a Transverse Electric wave TE by (<?i is for
initial and q2 for final medium):

; = J—cos$i,
V

(103)
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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 lm curvature radius and for a cavity length L=I.95,1.75,...,0.15m
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Figure 26: A 2 Mirrors Resonator. Incoming electric field E\, circulating Ecirc, transmitted Etrans

and reflected Ereji.

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

qi = . fa-cos 9i. (104)
y £{

In our case, the initial and final media are the same.
The round trip gain grt(co) of a cavity for an incident light with frequency u relates the circulating

field inside the cavity just after mirror Mx at time t, EciTC(t), to the circulating field just after mirror
Mi one round trip earlier, at time t — 2T = t — 2^. We have:

Ecirc{t) = ihE^t) + grt(uj)Ecirc(t - 2r). (105)

In steady state, Ecirc(t - 2r) = Ecirc(t) and thus [23]:

Edrc = itxEi + grt(u)Ecirc- ^ = ^ ^ y . (106)

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

E{1) = E{0)e-ao1 «/(/) = J(0)e-2ao ' .

For a round trip / = 2L, this gives an attenuation :

E(l) = £(0)e~2 ao L = E(Q)e-6f J(l) = J(0)e~4 a° L = J{O)e~s\ (107)

where £0 = 4Q 0 L represents the round trip absorption of the cavity medium.
Therefore the round trip gain includes medium absorption on a round trip (e""^), reflection on

mirror M2 (r2), reflection on mirror Mx (rO and also a global phase e~tk2L = e~tuJ~ = e~""2T, (with
c the velocity of light in the material inside the cavity) according to :

grt(u>) = n r a e - ^ e " ' 2 ^ . (108)
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Identically the transmitted field Etrana (after mirror M2) is given by (medium absorption on the
cavity length e~"*\ global phase e~tkL = e~lL* and transmission through mirror M2):

:Ecirc, (109)

and thus

Ei l

For a symmetric cavity rx = r2 = r and ti =t2 = t, one gets :

Ecirc it Etrans

(110)

(111)

In terms of power, this gives for the cavity gain G and for the cavity transmission T (with R = r2 and
T = t2, at normal incidence):

7 T T

•y- "trans

One sees that for frequencies such that ^(2L) = 12n, / = 1,2,3... i.e

where

u>i = I— = IAUJFSR or i/i = IAVFSR, (114)

— or AUFSR = — , (115)

is the axial mode interval, also called "free spectral range of the cavity", the cavity has maximum gain
Gi and transmission Ti:

T

(l-Re-'ty

1 -

( 1 -

R-

Re-

P

^ ) 2 (1

r 2
e -^

-.Re-^)2

( 1 -

(1

R-P

-Re~

f
2

5 2

) 2 (116)

where we have used the energy conservation for the reflection on a mirror with transmission T — \t\2,
reflectivity R = |r|2 = e~Sr and total loss P due to absorption (A = 1 — e~5a) and scattering (Z) =

l = T + R + A + D; l = T + R+P
T=\-R-A-D~ Sr-(Sa + Sd).
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For high reflectivity mirrors (1 - R ~ Sr < 1), negligible scattering and absorption on the mirrors
and negligible absorption in the cavity medium (Sj, 5a, SQ <£ Sr), the maximum gain is

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

G(u) = Gi

-WO)

1 + 4Re-

(,-»-•)•

7 » = Tr
4Re'1 +

Using the definition of the finesse of the cavity T,

JFSR

(118)

(119)

we get

' 1 + (~

T
IT

! ^ \ 2

* J

slR^
" 1 - #e"^

1

l - e~ l

) ' T

2 J T ~"l

f, ,\ T1,

l + (

2

2^V
1

1

sin2

(120)

( (121)

The gain of the cavity is presented on figures 27 and 30 for various cavity parameters.
The bandwidth Aucav 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 u = ui to u = ui ± Aa^<">

and is related to the finesse by:

For a cavity with high finesse this equation becomes:

AwM1,

(122)

(123)

The higher the finesse, the smaller the bandwidth of the resonance peaks. On the other hand, the max-
imum gain Gi at resonance is

(124)
7T

1

/Re" f- 1

T

-Re-%

T
IT rz

L 1 -R -P

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

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

- Very precise frequency selection for the transmitted field.
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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 8a — Sj = 0 versus frequency in free spectral
range unit

^" = 300
Aucav = jrAvpsR T = 3000

T = 30000

i - l m
150 MHz
500 kHz

50 kHz
5kHz

L= 10 cm
1.5 GHz
5MHz

500 kHz
50 kHz

Table 28: Typical Free spectral range
cavity with various finesse T.

and bandwidth &vcavfor a L = lm and L = 10cm
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A(nm)
1064
633

<Uppm)
3
12

Sdippm)
2
6

^p(ppm)
5
18

^r(ppm)
105
118

G
9070
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 (T ~ 0.12%), and reasonable losses P < lOOppm. One can thus expect to reach a finesse of
T cz 10000, and a gain of Gi ~ 2000. This could be acceptable for our cavity, unfortunately these
Super-Mirrors have a too low maximum power density (lkW/cm2). For a Laser of 0.5 W, trapped
in a 1 meter cavity with g = —0.95, i.e a beam diameter on the mirrors close to lmm, with a gain
of Gi = 2000 (resp. Gt = 10000), the power density is lOOkW (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{HL)NHS where L (resp. H) stands for a A/4 layer of
low (resp. high) index material and 5 for the substrate. The mirrors that will be constructed for our
polarimeter are made of Ditantalium pentoxyde (Ta2O^) layer with (High) index n ~ 2.1, and Silica
(SiO-2) 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 (HL)i4 mirrors with the following specifications:

- Residual transmission T — 1 — R — A — D ~ 5r — (5a + Sj) cz lOOppm,

- Scattering D ~ 8d ~ 2ppm (resp. D ~ 6ppm) at 1064nm (resp. at 633nm),

- Absorption A ~ 6a ~ Zppm (resp. A ~ \2ppm) at 1064nm (resp. at 633nm).

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

(*r - (Sa + Sd)) (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 1/im corresponds
to \ppm. Perfect surface state is also mandatory, one needs to start with a super polished substrate
(with RMS roughness 0.5^4 ) and a peak/valley of 15A to end up after coating to a RMS roughness
of 0.3A and a peak/valley of A A. 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 (TEMoo)- 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-As diode 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 kS7 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 +32 MHz/V at 10 V DC, and +3.1 MHz/V at 10 Vpp AC
at 5kHz. 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 lOHz 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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Figure 29: Residual Noise Intensity of the Series 126 Laser Head

CW Power
Spatial Mode
AM noise [10 Hz, 10 MHz]
Line width, over lms
Coherence length
Frequency Jitter
Frequency Drift
Polarization
Waist Location
Waist diameter l/e?vertical
Waist diameter 1 /e2'horizontal
Beam divergence Vertical
Beam divergence Horizontal

300 mW
TEMm

<0.1 %
5kHz
1000m
75 kHz/sec
50 MHz/hour
300:1
5cm 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 ui is tuned on a cavity mode so that

VL = (n + rf)Aucav,

where 77 <̂C 1. To keep the tuning at this level one has to guarantee that the cavity length is

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 Eref (see also appendix G). This field is given by [23]:

Using Eq. (106) this becomes :

ER t\

EI Vl r^l-gniu)
1 r —

r\ 1 - grt(u).

with the round trip gain given by:

grt(u) = 2 e - 2 t 1 I "

(126)

(127)

(128)

Let u be the frequency of the incident field and wc = n AUFSR the nearest resonance to the incident
field {5u = u — UJC):

ui = (n + e)Au;p>sR or
ui —

f zzz (129)

where |e| < 1, the detuning parameter, is the shift wrt the resonance in Free spectral range unit
). This can also be parametrized by the shift 77 wrt the resonance in bandwidth unit (tocav) as

+ or 77 =
u> - uc

= e= = e
Aucav AUFSR Aucav Aucav

The round trip gain becomes as a function of the detuning parameter

_
(130)

(131)

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

_ER_

El
(132)
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through the equation:

= pp* =
1 - Re~*

1+4

1+4
(,-*-*)

r sin2 TTC

For vacuum So = 0, introducing P the total losses of a mirror

the cavity reflectivity reads

U(e) = R
'P2+4(1-P) sin2 ire

and for small detuning parameter

The phase $ A of the field reflection coefficient

p =

is given by

tan $R(e) =
Te~ 2 sin27re

R(R COS2TTC

For small detuning parameter we have

tan

and in vacuum 80 = 0, so that

^ _

R(R + T)e-S° -

(133)

(134)

(135)

(136)

(137)

(138)

(139)

(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 $/j oc e, 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 $R, Module of the reflection coefficienfR. and discriminator signal
from the Pound Drever Method for a 97.5 cm cavity, with g = —0.95 and maximum Gain 9497. The
frequency modulation 0, is 700 kHz large compared to the cavity bandwidth ujcav =4.9 kHz and small
wrt the free spectral range ALJFSR = O.l5Ghz.
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Figure 31: Pound Drever Method. The Laser frequency u is modulated at frequency Ct. 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 0. 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 Ej at frequency v = ^ is phase modulated by an oscillator at frequency
ft and with a small phase modulation amplitude m.

£/ = £;0e^e
imcos(at+*«). (141)

Using Bessel functions, it can be shown that a field at frequency u phase modulated at frequency ft
and amplitude m has a frequency spectrum given by u£ = uj±kft, each frequency component having
a strength given by the kth Bessel function Jk{m) and a phase given by fc(| ± $n):

£7 = EQ \jQ(m)eiwt + £ Jk{m) (eik(*+*«)e'<"*+t + e ' * ( f - * « ) e ^ j . (142)

For small value of the amplitude of the phase modulation, the incident field is

£7 ~ Eoe
iu/t [jo(m) + (z')Ji(m)e+i(m+*n) + (i)J1(m)e-'^t+^] . (143)

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

ER ~ Eoe^lJoWJniuiW**^ (144)

Note that for a laser frequency u; = (n + t) AUFSR close to a cavity resonance frequency u;c and a
modulation frequency

< ft < Aa;cav, (145)

we have i77£ (w ± ft) ~ 1 and $R(W ± ft) ~ 0, SO that the electric field is

ER ~ Eoe^[Jo(m)y/n(u)e^R^ (146)

A fraction F(l — F) (F transitivity of the beam splitter) of the intensity of the reflected field is
directed through a photodiode with a conversion factor K in (A/W). The photodiode is not fast enough
to detect the intensity variation at frequency u and above, the current delivered by the photodiode is
thus

iph ~ I

ft) sin {fit + $ n + $R{U + ft)

ft) sin (ft* + $ f i - $R{u - ft)
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(where E% is now expressed in Watt). The resulting voltage is

vd = p (147)

where RQ is the load resistance of the photodiode.
After amplification (gain Gd), the photodiode voltage is mixed with an oscillator at frequency ft

(phase $n) and amplitude Vo. At the mixer output, one gets the following voltage (x Mixer efficiency,
see appendix G):

VM. = \ - T)K\E0\
2 { J^ cos(ft*

sin n + $fl(w + ft) - sin (u; + ft) - $R(

[ sin (-2JW - $n + $fl(w - ft) - $fl(cj) - $nM) + sin ( - $ n + $nM + ^fl(w - ft) - $*(

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

VDC * \ (148)

- ft) sin ($

Again, for a laser frequency u; = (n + e)AcoPSR close to a cavity resonance frequency wc and a mod-
ulation frequency

ft

+ ft) -

- ft) - $R(u>) - ($n -

we have JK(U) ± ft) ~ 1 and $H(O; ± ft) ~ 0, so that the voltage after the low pass filter is

- r)«|^|V0(m) J!(m)y/n (u;) sin (*«(«)).
(149)

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

(150)

or similarly using the finesse

1-fl-P

(15l)

The DC voltage is then a good discriminator signal proportional to the phase $ R of the reflected
field (Eq. 149 or Fig 30b and 30d) and so to the detuning parameter e oc (u — uc). 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

• good vacuum

• Isolation from vibrations

• good mechanical resistivity

• Crossing with the electron beam at small angle

• 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 C = 153// A — g/cm2 —
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 4 GeV and L = lm).
We recall (see figures 33 and 34) that the cavity mirrors of diameter dm = 8mm are centered on the
beam axis z in the dipole bending plane y, z and are distant of Dm = \m from each other. In the
transverse plane x, 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 da = ±6mm.
The cavity mirrors see a piece A# (y,z plane) of the dipole of the chicane under an angle ift (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

dP Po 21 7 I + 5_ 7
2 0 2

2TT 32 (i+72^,2)5/2 |_ 71+7
2V>2

dP _ 21 1 L , 5 7 V
32 ( 1 + ^ 2 ) 5 / 2 [ 71+7

2V>2J

where Po is given by
_ 2rocmec

2 /?4
7

4 RA0 U
° ~ 3 B? (5c e

The first (resp. second) mirror will be located at a distance Di = 0.65 m (resp. D2 = 1.65 m)
from the end of the dipole, which corresponds to a 07 > 72.2 at 4 GeV (resp. 07 > 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/i W, and its mean energy ranges from .008 eV (155 fj.m) to 0.14 eV (8.8 fim).
The power is almost independent of the beam energy. For large synchrotron radiation angles, the power
increases with energy as P ~ 75//> but the fraction seen by the mirrors decreases as F ~ l./rp3/^5.
The power seen by the mirrors is then P ~ l./ip3/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 Ta2O^SiO2 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 T ~ 510~4.
The Super ACO FEL synchrotron radiation has a critical wave length Ac = 71 A. In ultra-high vacuum
(UHV) (10~8 to 10~10 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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DIPOLE DRIFT Ml Ml

Figure 33: Cavity setup Top View (xz plane). Dipole 2 of magnetic chicane and cavity mirrors Ml and
M2

DIPOLE DRIFT Ml M2

Figure 34: Cavity setup Side View (yz plane). Dipole 2 of magnetic chicane and cavity mirrors Ml
andM.2

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
B

Power
Ny

< e>

GeV
Tesla

I O 1 2 * - 1

eV

1.0
-0.19

0.0012
0.935
0.008

2.0
-0.37

0.0012
0.932
0.008

3.0
-0.56

0.0012
0.928
0.008

4.0
-0.75

0.0012
0.926
0.008

5.0
-0.94

0.0012
0.923
0.008

6.0
-1.12

0.0012
0.921
0.008

7.0
-1.31

0.0012
0.919
0.008

8.0
-1.50

0.0012
0.917
0.008

Table 31: Synchrotron radiation seen by the first mirror. For a beam of 100 n A and a mirror of
diameter 8.0mm located at a distance from downstream ofdipole 2 of magnetic chicane of 0.65m.
The mirror center is at 1.0cm wrt the beam axis (AO = 6.lmrad).

E
B

Power
N,

GeV
Tesla
ixW

lO12*"1

eV

1.0
-0.19

0.0196
0.929
0.131

2.0
-0.37

0.0201
0.935
0.134

3.0
-0.56

0.0202
0.935
0.135

4.0
-0.75

0.0203
0.933
0.136

5.0
-0.94

0.0203
0.932
0.136

6.0
-1.12

0.0203
0.930
0.136

7.0
-1.31

0.0203
0.929
0.137

8.0
-1.50

0.0203
0.928
0.137

Table 32: Synchrotron radiation seen by the second mirror. For a beam of 100 n A and a mirror of
diameter 8.0mm located at a distance from downstream ofdipole 2 of magnetic chicane of 1.65m.
The mirror center is at 1.0cm wrt the beam axis (A0 = 2.4mrad).

1.2 1.4 -1.4 -1.2 -1 -0.8 -0.60.6 0.8

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).

104



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 x 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 x axis could be used. In this case the ellipticity of the light after this plates is given by tan 0, where 0
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 10/2P04 quotes a reflectivity R < 0.25%, a
maximum power density of 2MW/cm2.

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 n2j, the modification of the ellipsoid when an electric field is applied to
the materiel can be written [33]:

( p\ — (n\ i A r'l^O^

ntJ TltJ Ln«jJ

with

r i l
(153)

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

The Pockels coefficients (rij) being very small (~ 1O~10 to \Q~l2mV~l), 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 n0 and ne). Let Z and X, Y be the principal axis of the crystal with zero electric field,
Z is the optical axis (with index ne), and X,Y have associated n0 index. Let Z' = Z ,X' and V be
the new principal axis when an electric field is applied in the optical axis (Z1) direction. The indices
with non zero voltage are given by

nxi — n0 — -n^r^E, (154)
2
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1
ny> = n0 + -n0r63E, (155)

1
and thus the crystal is now bi-axis, with principal axis with field X', Y' are TT/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

2n 2TT 2TT / 1 3 V \
<f> = —-eAn = — e [nzi — nxi) = — I n e — no + 77nor63~7 ) e.

A A A v 2 a J

If the length of the crystal e is a multiple of ( n ^ n o ) , this phase difference becomes

2TT 1 o 2?r e
(f> = ~ r A n e = 9 n o r 6 3 - r - ^ ^ - (157)

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

d X

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

2TT A 2TT , x 2TT / 3 V \ , 2TT
0 = — e A n = -r-e(ny i — n r / j = -r- I nQr^— I a — -r-nor63V (158)

A A A \ a J A

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

A

9.2.1 Transverse field design

For an applied voltage of VA , 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 VA 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 VA , 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 ± | to the slow axis (Y' or X' axis) would result in a
circular right or left polarization (See Fig. 37).
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Polarization

Quater-wave plate
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linear +
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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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Figure 37: Getting right and left circular polarization from the linearly (vertically) polarized light
of the NdYAG Laser. If the Pockets cell voltage is set +V\ (resp. -V\), 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 F7 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 lx and /„. From their ratio R = jf-, the polarization could be easily extracted.

This method could be explained by considering the electric field of an elliptic polarization light

E =

— kz) = \/T^cos(u>t — kz)

— kz) — JIysm(ut — kz)

0

Introducing the right (resp. left) handed circularly polarized electric field E+ (resp £"_):

cos(u;t — kz)
-kz)

0

- = e_

— kz)
— kz)

with the number of right (resp. left) handed photons given by N+ = (3 < E\ >, AL = /3 < El >
and the total number of photons given by N = N+ + N_ = ^ | ( a 2 + b2) = P\b2(R + 1). So that the
coefficient of the elliptic field can be expressed in terms of the right and left handed field:

b = e+- e. =

e-g

and finally

ab = VRb2 = N+-N.

N+ - AL
7 ~ N+ + N.

2VR
TTR

(159)

(160)

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
BPM
7 Calorimeter
EMCA1 T Monitoring
e~ detector
e~ detector trigger
Magnetic Chicane
Laser
Cavity
Beam Pipe
Diode for reflected Light
Diode for transmitted Light

Number of "channels"
3 BPM x 2 (x,y) x 2 Voltage
25 crystals (25 PM, 25 ADC)
6 thermal monitors x 1 Voltage
3 Silicon-Strip planes( 128 channels) x 4PU (32bits)
2 plane of 6 Scintillators (6 PM, 6ADC)
Power supply intensity
Power
Pressure
Pressure
Intensity
Intensity for the 2 polarization state

Total
12
25
6
12
12
1
1
1
1
1
2

Base time
Slow

Slow

Slow
Slow
Slow
Slow
Slow
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 Pe

and the measured (Laser polarization P~, and asymmetry of number of Compton events Aexp) or the-
oretical (Compton longitudinal asymmetry A{) quantities. For instance, equation (30) for one energy
bin of the differential method gives

_ Aexp _ (n+ - n~) 1
e ~ P1 A, ~ (n++n-) P1 At '

 K >

where n+ and n~ are the numbers of Compton events normalized to the same integrated luminosity
CT 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 Pe measurement:
false asymmetry induced by the variation of some physical parameters between the two measurements,
systematic effects on the Laser polarization P7 and on the theoretical Compton longitudinal asymmetry
Ai. 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
Pe and the measured quantities. The measured numbers of Compton events are given by

n
+ = T+ e+ a+ (1 + PeP+Af) = S+ (1 + PeP+Af) , (162)

n~ = CTT-Co- {\-PeP;Aj) = £~ {\-PeP;Aj), (163)

where S, the overall efficiency, stands for S = C T t a.
To obtain equation (161), we have assumed that the integrated luminosity CT, the efficiency e,

the incident energies (which act on the unpolarized cross section a and on the Compton longitudinal
asymmetry Af) are the same for the two measurements with parallel or anti parallel polarizations as
we have assumed the same amplitude for the reversed polarization P7.

We will now take into account the variations of these quantities which can be parametrized by the
asymmetries of the overall efficiency As, Laser polarization Ap7 and Compton longitudinal asymme-
try AAt, respectively

p+ _ p- P+ — P~ 4+ _ A-
A — C A — 1 1 A — ' '

A A A£++£-' * P+

around the mean values of the overall efficiency £, Laser polarization P7 and mean Compton longitu-
dinal asymmetry Ai,

c g+ + £ P _K +p; , M
t - ^ ' ^ ~ 2 ' ' " 2

The numbers of events can be rewritten as

= £[l ± Af] ± SPeP-.Ai \l ± {A£ + AP^ + AAl) + A£Ap^ + A£AAl + APyAA, ±
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and the electron polarization is now given by

P1Ai 1 + A£APy + A£AAl + APyAAl - AexpA£ - AexpAPy - AexpAAl - AexpA£APyAAl

where Aexp = (n+ — n~)/(n+ + n~) is the measured asymmetry of the number of Compton events.
When the asymmetries A£, Apy and AAl are small, the equation (165) can be expanded to first

order in the relative contributions of each effect:

/iajp X / O O \
^J r\j I _ _ _ _ _ _ _ I _ _ /% _ I y^ * /4 _ I \ * >J A I I I f\%\ I

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 Pe.

The required precision on the overall efficiency asymmetry AA£ is then related to the required
precision on the electron polarization APe/Pe by

AD

" Aexp , (167)
- D T"i- e — p

•* e -Te

while the requirement on the Laser polarization (or Compton longitudinal asymmetry) asymmetry is
given by

A D D A D AP 1

AAPy < — l-z— ~ — — . (168)

For this experiment, we have a Laser polarization P7 = 100%, a Compton longitudinal asymmetry

which is given roughly as a function of the beam energy by y < Af > = 0.84 E % (Table 2) and we
assume an electron polarization Pe = 50%. Then for a 1 % measurement of the electron polarization
APe/Pe, the requirements on the uncertainties of the asymmetries of the Laser polarization AP.t,
Compton asymmetry AAl and overall efficiency A£ are the following:

• uncertainty on the polarization asymmetry : AAPy < 2.4 / E(GeV),

• uncertainty on the asymmetry of the Compton asymmetry : AAAl < 2.4 / E(GeV),

• uncertainty on the overall efficiency asymmetry : AA£ < 410~5 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 h PLG X 1 m

£ = CTea ~ - = - -±— . , . Tea, (169)
y/2ir e hc2 y<xe

2 + <J2 sin{ac)
where Ie, PL and G are the electron beam intensity, the Laser beam power and the cavity gain, A is the
Laser wavelength, <re and <r7 are the electron and laser beam size at the interacting point and where
ac is the beam crossing angle and a 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).
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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 dAs/dt. The
systematic and statistical (Eq. 78) errors on the polarization deduced from a pair of pulse of length At
are

Pe Aexp y/2CcaAt

After Np pulse pairs, since the errors are uncorrelated, these equations become

APe'
yst 1 At dAe

Pe Aexp y/W dt
Apstat l j j

Pe Aexp \/Np At v 2 Ce<y

giving a ratio a between systematic and statistical errors

APe
syst dAt

APe
stat dt

Introducing the reversal frequency / = ^7 and the Compton rate ^ = Cea, we get

APe
syst dAt

(172)

(173)

(174)

APe
3tat ~ dt f\

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 dAs/dt must verify

dAs ' ' " * (176)
dt

Assuming the experimental conditions of section 3.4, the Compton rate is approximative^ ^ =
800kHz (Table 8) for a 100 \iA electron beam intensity and for a G = 10000 cavity gain . Then
the fluctuation of the overall efficiency As must be kept under dAs/dt < 810~4/s for a reversal
frequency / = IHz. For a reversal frequency / = 10Hz(100Hz), this upper limit is increased to
dAs/dt < 2 .510~7s (810~7s) .
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 ofSQHz), the required efficiency stability
for a reversal frequency / = IHz decreases from dAs/dt < 810~4/s to dAs/dt < 810~2 /s .
We can estimate the fluctuation of the overall efficiency As by looking at the asymmetry between two
pulses of same Laser polarization. The expected statistical error, given by

dA = . 1 (177)
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is the same than the error on the measured experimental asymmetry Aexp. Thus the final statistical
errors will be the same for the Compton asymmetry Aexp 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 As 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.

AAS < - ^ PyAtPe ~ - ^ Aexp
Pe

giving, for a 1 % measurement, an uncertainty on the overall efficiency asymmetry AAs < 410 5 E(GeV).
In the previous equation of the overall efficiency (Eq. 169), the electron beam intensity /e, the electron
beam spot size ae and the efficiency e are not correlated with the Laser polarization.
The Compton cross section a (Eq.23), given at first order by a = TT r0

2 a where a = 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

AA£ = APL + AG - Aac - Acr7 -^ + AA + Acr

1 AEk
^ ) . (178)

This uncertainty depends on the asymmetries of the Laser intensity PL, cavity gain G, crossing angle
ac, Laser spot size CT7 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 410~5 E(GeV).

11.2 Photon beam polarization

The experimental electron polarization Pe is proportional to the photon polarization P7 (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 Ai 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\ oc k E.
The required resolution on the Laser and electron beam energies is low: ahjk ~ 1 % and aE/E ~
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, (jl = —g-^s), precesses
in a static magnetic field B perpendicular to the particle momentum by an angle 9p around B given
by

9-2
OP = emr-

where 9m is the electron trajectory rotation and g is the gyro-magnetic ratio for the electron,

9-2
~ 1.16 10- 3

(179)

(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 9m = — / Bdl. The resulting change of the direction of the polarization 9R is then

= 9

and gives for the longitudinal polarization at the target Pjj

Pj\\ = P%\ cos 0R + PJ1 sin 9R,

(181)

(182)

where jPe
m and Pe™ are the measured longitudinal polarization and the transverse polarization at the

Compton interacting point. According to Eq. (182), the measurement of the longitudinal polarization
PJfJ, of the transverse polarization Pe"[ and of the polarization rotation angle OR are needed to determine
the polarization on the Target. The systematic uncertainty is given by

sin29
R. (183)

The transverse polarization P™L is not measured at the Compton interaction point. If the measured
prn

longitudinal polarization Pe™ is high ( > 50 %), we can only assume - ^ < 1, (Pe
2
x + P^ < 1) and

pm
— -re±-

«ll

Furthermore we plan to set to zero the magnetic rotation angle 0m of the elements after the Compton
interaction point within a measured accuracy cr(9m) close to the 0.5 mrad. For the resulting polariza-
tion rotation angle, this gives a(9R) between 1.6 mrad at 1 GeV and 9.6 mrad at 8 GeV.
Then, assuming 9R ~ cr(9R) « 1 and cr(P^l) = P^_, Eq. 183 can be rewritten as

Pi
— tan 9R + eX

Dm
rei. tan2 9R

D m D m

(184)
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So even with a relative transverse polarization as high as -fit = 1, the systematic effect due to the
=11

precession,

Pl <
D m

(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 6m within a measured accuracy a($m) = 0.5 mrad, the rela-
tive error on the polarization lies between ^ff^ = 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 target i.e. 4 <re = 140//.

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 ae = 50 \xm. The question of the focalisation at the same time on the target (cre = 35 /j,m) 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
QA1H01, QA1H02 and QA1H03 (QA1H04). QA1H01 is a standard Cebaf Quad, whereas QA1H02
and QA1H03 are 4" Quads. QA1H01, QA1H02 and QA1H03 (but not QA1H04) will be used also as
beam line quads[39]. The study performed by V. Lebedev assumed a beam emittance of tx = cy —
lO~9mrad and an energy dispersion^ = 2.510"5. The four30 cm upstream Quads (Q17.Q18.Q19
and Q20) were tuned to the field values 1.53 kG/cm, -0.92 kG/cm, -2.31 kG/cm and 2 kG/cm.
Downstream the Compton polarimeter, 4 Quads (Q23, Q24, Q25 and Q26) with 30 cm, 35.92 cm,
35.92 cm, and 35.92 cm length were used to refocus on the target in ESA. The field gradients were
1.05 kG/cm, -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 ax = ay ~ 60/jm.

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 n (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 /i (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 target in ESA

The Physic division beam requirement to the accelerator division are summarized in table 35. The
beam emittance is quite good 0.410~9mrad < eXyV = crx,ycrx>ty' < 2.5 10~9mrad. The beam halo at
5er being only < 110~6of total current, we are confident that the location of the mirrors cavity (5mm
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
> CEBAF Hall A beam Line
Energy[MeV]-4050 Mass[MeV]-0.511 Hr (kG'cm]-135U
Emlttance: ex[cm]-le-07 ey[cm]-le-07 DP/P-2.5e-05
I n i t i a l : BetaX[cm)-1000 BetaY[cm]-1000
AlfaX-0 AlfaY-0
DispersX[cm]-0 DispersY[cm]-0
D3p_PrimeX-0 DspPrimeY-0
X[cm]-0 Y[cm]-0 Z[cm]-0 S[om]-0
tetaX[deg]-0 tetaY[deg]-0
i
begin lattice. Number of periods-1
Ola dMLAlC02 bel olb QA1C01 o2 QA1C02 o3 QA1C03 o4a bel dMBNlC04 o4b
•AMATCH
QA1C04 o5 QA1C0S 06 QA1C06 o7 QA1C07 08
•ACHRO360
QF o9a SD o9b be dMBAlC be o9c
QF o9a SD o9b be dMBAlC be o9c
QF o9a SO o9b be dMBAlC be o9c
QF O9a SD O9b be dMBAlC be o9c
I Match and S-Harps
017 dsl O17a Q17 018 Q18 019
t Compton polarimeter focusing
Q19 020 Q20
•CHICANE, 12 m
021 bp 023b bm 023c bm 023b bp
• Final Focus
O23d O23e Q23 024 Q24 025 Q25 026 Q26 027
todump
end lattice

QD
QD
QD
QD

o9a
o9a
o9a
o9a

SF
SF
SF
SF

O9b
o9b
o9b
o9b

be
be
be
be

dMBAlC
dMBAlC
dMBAlC
dMBAlC

be
be
be
be

o9c
o9c
o9c

• -
begin list
017
dsl
017a
018
Q17
Q18
Q19
Q20
019
020
021
bp
bm
023b
023c
023d
O23e
Q23
024
Q24
025
Q25
026
Q26
027
odump
• Match and
ola
olb
o2
o3
o4a
o4b
o5
06

o7
08

o9a
o9b
o9c
1 Match and
dMLAlC02
dMBNlC04
bel
Tilt[deg]-0
dMBAlC
be
Tilt[deg]-0

L[cm]-60
Ucm]-60
L[cm]-205
L[cm]-50
L(cm]-30
L(cm]-30
L(cm]-30
Hcm]-30
L(cm]-490
L(cm]-50
L[cm]-105.7
L(cm]-100
L[cml-100
L(cm]-440
L[cm]-230
Ltcm]-25O
Hcm]-495
Mcml-30
L[cml-87.04
L[cm]-35.92
L[cm]-54.08
L[cm)-35.92
L[cm)-54.08
L[cmJ-35.92
L[cm]-1512.'
L[cm]-5000
Arc drifts
L[cm)-45
L[cmJ-1200
L[cml-200
L[cm]-200
L[cm]-1200
L[cm]-100
L[cm]-300
L[cm]-700
L[cm]-500
L[cm]-580
L[cml-34.5
L(cm]-60.5
L[cm]-80
Arc Dipoles
L[cmJ-99
Mem]-99

B[kG]-0

G[kG/cm]-l.52901 Tilt[degJ-0
G[kG/cm]--0.92 Tilt[deg]-0
G[kG/cm]--2.31 Tilt[deg)-0
G[kG/cm]-2 Tilt[deg]-0

B[kG]-7.5 G[kG/cm)-0 Tilt[deg]-90
B[kGJ--7.5 G[kG/cm]-0 Tilt[deg]-90

G[kG/cml-1.05 Tilt[deg]-0

G[kG/craJ—0.91 Tilt[degJ-0

G(kG/cm]--0.91 Tilt[deg]-0

G[kG/cm]-1.05 Tilt(deq)-0
04

B[kG]-3.76786
B[kG]-3.76786

L[cm]-1 B[kGJ-3.76786 G[kG/cm]--0.10524

L[cm]-298 B(kG]-3.36557
L[cm]-1 B[kG]-3.36557 G[kG/cm]--0.12598

• QHADROPOLES for Match
QA1C01
QA1C02
QA1C03
QA1C04
QA1C05
QA1C06
QA1C07

Mcml-30
L[cm]-30
L[cm]-30
L[cm]-30
L[cm]-30
L[cm]-30
L[cm]-30

G[kG/cm]-0.883351 Tilt[deg]-0
G[kG/cml--l.38964 Tilt[deg]-0
G[kG/cm]-0.883351 Tilt[deg]-0
G[kG/cm]-1.11014 Tilt[deg]-0
G[kG/cm]--l.20162 Tilt[deg]-0
G[kG/cm]-1.05151 Tilt[deg]-0
G[kG/cml--l.46159 Tilt[deg)-0

IQDAD VALS FOR 90 DEGREE ACHROMATIC ARC
QF L[cm]-30 G[kG/cm]-l.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]-lS S[kG/cm/cm)I-0.014461S
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
RMS spot size '
1<T

Angular divergence
Iff
Beam Position
Beam Direction
Energy (average)
Energy Spectrum (lcr)
Beam Halo
Current
Polarization

Duty Cycle
rastering

Nominal value and Range
20/im < ax < 50/im
20fim < cry < 50fim

cx. < 100/xr
(jy, < 100//r

Ofjim wrt optic axis
0/zr wrt optic axis

0.5-4 GeV
aE/E = 510"5

< 110~6of total current at 5a
40nA < Ie< l90fiA

> 35% bulk GaAs Ie = lOO^A
> 75% strained cathode Ie — 30/i A

90%
> lOO^m rastered beam spot size

< lcm beam position stability

Stability (hours)
2 5 % of value
2 5 % of value
2 5 % of value
25 % of value
25 % RMS spot size
25 % RMS angular divergence
310"4

2 5 % of value

±10%
±10%
±10%

Table 35: Physic Division Beam requirements

Quantity
Relative accuracy
Absolute accuracy
Measurement time

Time scale
Operating current
Operating position
X-Y coupling

Description
la
la

time over which the specifications must hold

Specification
50 fim
Calibrate to < 50 ^m
1 5 (8 msec required for Parity,
100/is desired)
1 hour
1-200 n A
±5mm
< 50/im •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)

C = I I I vrel pe py dz dx dy , (186)

where the relative velocity of the two beams is vrei = c (1 + cos(ac)) with QC crossing angle and where
pe, p-y are the electron and laser beam's densities.

As already mentioned in the section 3.1, the beam density in beam frame (x\ y', z' where z' is
along the beam axis) (eq. 56) is taken as the product of two normalized gaussians in x' and y' with a
normalization factor No i.e.

p(x', y', z') = No
1

exp\ -
XI2 1

exp I — (187)

where ax(z') and <ry(z') are the x' and y' beam sizes at z'.
The evolution along z' of these beam sizes (Eq. 57) is characterized by the waist beam sizes <r(0)

(taking the beam waist as the origin of the beam frame) and the angular divergence e (parametrized by
the Rayleigh range Z).

I #2 \

<rly(z') = alJO) [l. + iL-J . (188)

So that the waist size and the asymptotic angular divergence are

d(0) = 2<r(0) , tan(e) = <r(0)/Z . (189)

The normalization factors for the electron beam (intensity /e) and for the Laser beam (power Pi and
wavelength A) are deduced from:

PL_ _ Npy / / / p^dzdx dy
hu~dt dt dt dt

NOe fff pedzdxdy = NOe / dz = NOecdt

"

dt e dt
leading to (also referenced as Eq. 60 and 59)

NOe = ±

dt dt
= NOe c,

(190)

(191)

ec he2 '
(192)

B.I Luminosity for zero beam crossing angle

When the crossing angle ac 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 a»,»(0) = crx<y, the differential luminosity is thus given by

j i_
27T <7?<7

1 1
2ir <7?

exp

exp (193)
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The differential luminosity along the beam axis z is obtained after integration over the transverse
coordinates x and y of the beam densities ^ = / / vrei pe py dx dy giving :

£ =

and finally

l
• (194)

Assuming now that the electron and Laser beams are symmetric in x and y (i.e. crx = ay = a and
Zx = Zy = Z), we obtain finally the differential luminosity along the beam direction ^ for zero
crossing beams

(195)

The total luminosity CT is given in this case (beams symmetric in x and y) by

2cNo.No, i T ^ 7 :

\

(196)

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

(197)

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

CP(L) =
1 1
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The integration gives

CP(L) = 2cNOeNo, £ tan - 1 L

e he? tan -1 k (198)

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

K =
2
 +\ = — tan

£ 7T

L

2
(199)

so that one gets for the interaction length

(200)

B.2 Luminosity for non zero beam crossing angle

When the crossing angle QC between the electron and Laser beams differs from zero, we define the xz
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 = a c /2 (resp. -a). Thus the differential
luminosity is given by

dC

dz dx dy
c (1 + cosac) NOe

(xcosa—zaina)*
2*?

(201)

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

2 2/n\ ( (—xsina + zcosa)2\ 2 2 / (xsina + zcosa)2
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The integration over y gives

dC
dzdx

dC
dz dx

dC
dzdx

c (1 + cosac) NOe NOl ~-^

[ (xcosa+zsina)2 "| (xcosa—zaina)3 \
exP[— 2ap ^J exP\ 2^*3 I '

c (1 + cosac) NOe NOy -z-

1 1

+ ^ -xzcosasina (202)

We assume now that the beam sizes ax>y are constant over the crossing length (i.e. the beam an-
gular divergences are small wrt to the crossing angle ac). This is the case in our experiment where
the beam angular divergences are < 100 fj,rad (See appendix A) while the crossing angle is equal to
ac = 20 mrad.

The integration over the transverse coordinate x gives the differential luminosity along the beam
axisf:

dC
— = c (1 + cosac) iVoe
dz

^ exp [-

2*
P

where we have used

/
exp (—ax2) exp(—26x) rfx = J— exp I —v ' V a \a

Finally one gets for the differential luminosity along the beam axis

dC
dz = c

1 + cosac

cosa <?r +

2z2sin2a

>?.
(203)
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The total luminosity is given by the integration over z

°ii« y^H
^Hcrf2

C = ATTOe

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

r
L, —

h
e

PL A(
/ I C 2

1 + cosac) 1
yfht V

1 l
sinac'

(204)

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

1 + cosac . . ,

cosa '2ir
1

? \
1

a? + a?
exp\-

where the gaussian width a/, related to the interaction length I , n t , is given by

Lint
a i =

Tx2

2sina
(205)

Without the previous assumptions about the z evolution of the beam sizes, the differential luminos-
ity ^j was obtained by the numerical integration of j ^ given by equation (202). A second numerical
integration over z gives in this case the total luminosity. 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.I Total Power

For an electron of energy E and mass m on a circular trajectory of bending radius R(m) = p(eV)/cB(T),
the total power radiated by the electron is :

2rocm^ £ V
(206)x o ~ 3 R? '

corresponding to a number of gamma per second dn^/dt of mean energy < e > given by

dn7 _ Pp _ 5romec
2 2TT /34*f

- - - — — "•• ••••• — j— —— — ~ ~ — , ^^U / J

at < c > e 2y3 he R

< £ > = J_*£ l! (aog)

We can also define the critical energy as:

ec = — — < e > . (209)

C.2 Full Angular Power Density

The full angular power density radiated by the electron is:

d<t>dcos6 ° 8TT 7
4 ( 1 - ^ c o s ^ ) 3 [ 72(1 -72(1 3cos^)2J ' l ;

where 0 and </> are the polar angles wit beam direction. The total power radiated by the electron Po,
the mean energy < e > and the critical energy ec are given by equations 206,208 and 209.

For the ultra relativistic case, we get approximatively:

d2P 3 7
2 [ (1 + 27

202(1 -
d<t>dcOS0 TC [ ( l

The figure 39 presents power densities for various <f> range and the figures 40 and 41 for various #7
range.
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Figure 39: Full Power Density (nW/sr) at 4 GeVfor various azimuthal angles 4> (from 0 to n/2.).
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Figure 40: Full Power Density (nW/sr) at 4 GeVfor various polar angles By (from 0. to 1.9).
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Figure 41: Full Power Density (nW/sr) at 4 GeVfor various polar angles d-y (from 0. to 20.).
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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 V7 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:

Po

where

(212)

(213)

[(1 A'2
2

/3(f V)3/2).]
K are the modified Bessel functions.
The total power radiated by the electron the mean energy < e > and the critical energy ec 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 ipi and t/ec, the power density is only modu-
lated by a factor ft4*/2/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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1O

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 )

or

ft 21
27T 32

dp 21
= P o 3 2

7 1 +
(214)

(215)

The total power radiated by the electron Po 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 ifi angle, we obtain the
partial spectral power density (Fig. 46)

dp _ h slL
Tc~ ec

 5 (e c

(216)

or

± tc f
(217)

with

S(x) = K5/3(u)du. (218)

K are the modified Bessel functions.
The total power radiated by the electron
209.

and the critical energy ec axe given by equations 206 and
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D Bremsstrahlung generalities

D.I Tsai cross section

According to Y.S. TSAI[42], the bremsstrahlung cross section <7(, 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):

l l A o o / \ \ d / V 6 J J

+1 (i - y) (z2 (Mm) - Mm)) + z (Mm) - Mm) in z))]},
dk' ~ k'

2

where y = ^ and Z is the charge of the medium. Using

7/1 = E{E-k')ZW m = R ' ^ ' 3 1 ^3 = ( « ^ ) 2 (220)

The functions 0i, <̂ 2, V>i > V*2 are given by

= 20.863x - 2In [l + (0.55846z)2] - 4 [l - 0.6e~a9x - 0 .4 e - X 5 x ] , (221)

= 28.340x - 2In [l + (3.621x)2] - 4 [l - 0.7e"8x - 0.3e"29-2x] ,

and the Coulomb correction by

i nnQ-3

+^(ST^ T T r (222)

For a total material with thickness L , with atomic number A whose density is /t>0 at normal pressure
Po = 760 Torr, the bremsstrahlung rate n& at pressure P is given by

dhh U( PNa\ dah

-dv = ~e r ft x ) ̂ - (223)

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 k' by an
electron of energy E in the field of an atom of charge Z integrated above an energy cut off k'c has the
form

where

= ln(—) Y = m{-j^r) r[Z,A,Y)= 2_, C - - A r •* + Z Gt-
7 7 7 C t=0,5 ; j=0,5
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The parameters £, a, u, C,° and C}j have been fitted for

Z = 6; 13; 29; 47; 74; 92 10 tfeV < (E-m) < lOTeV 10 KeV < k'c < (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 k' to the incident energy E. Plotted as the function of the radiated photon energy k' normalized
to the incident energy E, these cross section do not depend on the incident energy.

The angular dependence is contained mainly in the variable u = *y8 with 7 = E/m. For a given
value of u, the dependence of the shape of da/dk'/dCt is very weak. Thus the distribution is approxi-
mated by

{iri) ( ) ( 2 2 5 )

with

a = 0.625 d = 0.13 (0.8 + ±§) (lOO + | ) (l + g ) .

Figure 48 gives the angular distribution and shows the weak dependence on Z,E and k'. The angular
distribution is peaked around u = j$ ~ 0.5.
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Figure 47: Bremsstrahlung TSAI cross section for Z=l andZ=6. The upper curves give the differen-
tial cross section da /dp where p is the radiated photon energy k' normalized to the incident energy E.
The lower curves give the total cross section a integrated from the energy threshold k'c = 0.1 MeV
to the maximum energy E. For each curve, results for E = 8,6,4,2 GeV are superposed.

135



600 -

§500

400

300

200

100

0

§600

_• • • , 1 , , ,

-A z=i

.
.

.
. 

i
.

.
.

. 
i... 

.•

i i i i

E=4

• i | < ' > •

GeV :

• 
i 

i •
 I

 i
 i

 i
 •

 I
 i

 i
 i

 
i

§500 -

400

300

200 -

100

0 2.5 5 7.5 10
Photon Angle 67

2.5 5 7.5 10
Photon Angle Oy

0

1 5 0 0

1̂
400

300

200 -

100 -

0

0 2.5 5 7.5 10
Photon Angle 9y

2.5 5 7.5 10
Photon Angle 87

Figure 48: Bremsstrahlung angular distribution for Z=l ,6 andE=4,8 GeV. Each curve shows results
far k' = 0.1 MeV (solid line) and for k' — 1 GeV (dashed line) as a function ofO-y where 7 = 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 pt on the scat-
tered Compton 7 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 pt.

E.1 Polarization measurement

E.I.I Experimental asymmetry and polarization

The electron polarization P\x measured in the scattered 7 energy p bin i of range [pi, p,+i] is deduced
from the experimental asymmetry A\x by

PL = -TT^p- (226)

In this equation
• p is the energy of the scattered gamma normalized to the maximum energy: p = k/kmax-

• P-y is the Laser beam polarization.

• A\x the experimental asymmetry is a function of the normalized number of Compton events Nl
±

(measured number of Compton events divided by the luminosity N± = nl
±IC±).

?
~=W7W aith N*=L ~td> (227)

where da± / dp is the measured polarized Compton cross section.

• A\h the theoretical asymmetry is a function of the longitudinal asymmetry A{ and of the unpo-
larized Compton cross section dac f dp. The expression of A\h will be derived later.

These experimental polarizations P*x 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 : pmax] and the final
experimental electron polarization P™ is given by

pIM _ Aex
P Ath

( 2 2 8 )

For the differential method, the energy range [pmin : pmax] is divided into N bins [pi : pi+i] and
the final experimental electron polarization P£.M is the weighted mean of the bin polarization
P1 ± dPx

1 ex -1- U J ex
N pi N

= 2 /
t = l
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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 am

is equal to the polarized Compton cross section

^ (/?) = -j—(p) (1 i P-yPe Ai(p)) with Pe = electron polarization
dp dp ( 2 3 0 )

Using equation 226, the experimental asymmetry leads to the electron polarization

pi *- 1 K-Nl 1 ppS?l*%dp Pe f^A^dp
ex A1 P A* P M1 -4- /V» A1 P ft+i age J 41

provided that the theoretical asymmetry A\h be defined by

In fact, the energy distribution of Compton events dcrc/dp is first smeared with a resolution a(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

da. r1 da, 1 (*>-<>»)2

~r = -rip) ^=- r r e ^ d p (233)

dp, Jo dp y/2ira(p)where the mean value of the smeared energy p3 is equal to the incident energy p .
Moreover, the energy calibration of the detector gives the relation between the measured energy pm

and the smeared energy p s , which at first order can be written
P» = Po + s Pm (234)

and the measured energy spectrum dam / dpm taking into account the detector resolution and
calibration is given in this case by

dam dam das

-7— {Pm) = S -J-(pm) = S -j-(Ps) (235)
dpm dps dps

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 reproduce for given electron and gamma polarizations ( P / and P^) the distribution
of the number of events N± and the experimental polarization P*x of equation 226 becomes

Ath M

with the smeared theoretical asymmetry A\£ defined by

.,• s _ i v | - NE I
th - N$ + N? PjpJ (237)

We use now the smeared theoretical asymmetry A\£ instead of the theoretical asymmetry A\h of equa-
tion 232 to extract the electron polarization Pe.
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E.13 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 Pe measurement induced by these errors on
the knowledge of the resolution or of the calibration of the detector, we

• try to reproduce the experimental asymmetry Al
ex for given electron and gamma polarizations

(Pe and P7). For this, we use a simulation of the detector resolution to obtain the smeared Comp-
ton cross section a±. This simulation depends on a set of parameters P = [a, 6, , . . . ] .
Using now the calibration equation 234, we determine the measured Compton cross section a±
by equation 235 and the number of events

p+l
Ario ["' dal , fp~- da? , / # M o v

N+ = - r ^ - dp = —T^- <i/9 (238)
•A>i OP •'Pin «P

from which we deduce the experimental asymmetry A'ex by equation 227.

compute the smeared t
ber of events given by

• compute the smeared theoretical asymmetry A\h
s following equation 237 with simulated num-

^ 5 = /-^+l ^ ^ ( 2 3 9 )

•'Pjn « P

which depends only of the smeared Compton cross section a± where we have used an estimated
set of the resolution parameters Ps = [as, 65, , ...]

• deduce the experimental polarization Px
ex with equation 236 and the measured electron po-

larizations P/X
M and P°M with equations 228 and 229.

• compare the measured electron polarizations Pj™ and P£M with the initial electron polar-
ization Pe.

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

dp dp

P'm — Ps ( perfect 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 7 and electron detectors).
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E.2 Effect of the Gamma detector resolution and calibration

E.2.1 Simulation of the 7 detector resolution

In order to study the effect of the detector resolution and calibration on the electron polarization mea-
surement, the Compton cross section dcrc/dk has first to be smeared to give the smeared energy dis-
tribution das I dks. The usual parametrization of the overall resolution <r'{k) for an electromagnetic
calorimeter has the standard form

or using p = k/kmax

W e ^ ' e ^ i e i e i (241)
P y/Kmax y/P kmax p \/p P

To simulate the response of the 7 detector, we have used here a three 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
7 detector used in this experiment will be available.

• For the deposited energy or light output in the crystal, the scattered 7 energy was distributed
according to a Gaussian law with a resolution o-J(fc). 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 cr[{k) = a[ k, i.e. only
a contribution to the constant a' term of the resolution. We neglect the irrelevant conversion
factors (7 energy - deposited energy - light output) and express the distribution in term of de-
posited energy kd, i.e. we assume that the mean deposited energy was equal to the incident
energy kd = k. After integration over the scattered 7 energy spectrum given by the Compton
cross section dac/dk (Fig 49a), we obtain the deposited energy distribution (Fig 49b):

daa /•*"•«* da 1 N ?

- = / -it , , e ^ ^ dkdkd Jo dk i

This light output or deposited energy kd was then converted into a number of photoelectrons
distributed according to a Poisson law of mean value N^e(kd) proportional to the energy de-
posited in the crystal. These conversion contribute to the statistical term of the resolution b' and
can be written

kd 1
N^e(kd) = —2 with —j = Number of photoelectrons/GeV (243)

After integration over the deposited energy spectrum, we obtain the distribution of the number
of photoelectrons Ne (Fig 49c):

dNl r da% N,e(kd)
N< e-^<*')

ITT ~ / "JI rfi dkd (244)
dNe Jo dkd Ne\
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• We have now to take into account the smearing due to the electronic noise contributing to the
linear term of the resolution d. 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 7 energy. A Gaussian
law was used with a resolution

<?'3(kd = b'\Ne) = J(c?3kmax¥ + (b>3b>2)
2kd (245)

where

- the electronic noise c3 (photo detector and ADC noise,ADC non linearities, pedestals vari-
ations,..) was taken proportional to kmax

- the one photoelectron resolution was given by b'3.

This resolution, expressed in term of number of photoelectrons becomes

^ (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):

(247)

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 da3 / dka independent of the calibration of the detector, we
have only to convert this smeared number of photoelectrons into smeared energy ka with the
same conversion law of equation 243. In this case, the mean value of the smeared energy ka is
equal to the energy k of the incident 7. Figure 50 gives the cross section at 1,2,4 and 8 GeV

For this study, we have used conservative values for the different terms of the resolution (equation
240) for a PbWO* crystal viewed by a photomultiplicator i.e.

a[ = 1% b'2 = 3% c3 = 1% 63 = 50% ( k in GeV ) (248)

The statistical term b'2 = 3% corresponds to a number of collected photoelectrons of iV7e = 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
u
""max

(?{Pmax)

<r(Pmax/2)
"(0)

a
b
c

GeV
MeV

%
%
%
%
%
%

1.00
17.5
25.4
17.9
1.0
1.0

25.3
1.0

2.00
68.9
12.9
9.1
1.0
1.0
12.8
1.0

3.00
152.4
8.7
6.2
1.0
1.0
8.6
1.0

4.00
266.5
6.6
4.7
1.0
1.0
6.5
1.0

5.00
409.6
5.4
3.9
1.0
1.0
5.2
1.0

6.00
580.3

4.6
3.3
1.0
1.0
4.4
1.0

7.00
777.3
4.1
2.9
1.0
1.0
3.8
1.0

8.00
999.4

3.6
2.6
1.0
1.0
3.4
1.0

Table 37: 7 detector resolution for the maximum, half and minimum energy p = pmax , pmaxl2 and
0. Contributions of the different terms ofEq. 241.
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142



1

0.75

0.5

0.25

0

1

0.75

0.5

0.25 \-

0

1

0.75

0.5

0.25

0

. . . . . . . . .

\ E=1GeV /

. . . . i . . . .

—

0.75

0.5

0.25

0

0

0

0

0

0.5

. . . . . . . . .

V E=2GeV /

0.5

0.5

0.5

. . . . 1 . . . .

V E=4GeV /

i i i i 1 i i i i

I I I I I I I I I

V E=8GeV I

Pt

2

1.5

1

0.5

0

1

0.75

0.5

0.25 h

0

0.8

0.6

0.4

0.2

0

0.8

0.6

0.4

0.2

0

h
 . , . , i . . , . i . , . . i . . . ."

. . . . i . . . .

0 0.5 ]
F

.... I.... I.... I... .1
L 1.5

• 
..

. 1
 

i 
i.

 
1

1 
. 

. 
i 

. 
1 

i 
i.

 
.

0

0

0

0.5

0.5

0.5

1.5

—

. . . . 1 . . . .

l l l t l l f l l f l

. , . , -

1.5

1
.1

...i... i... i.. A

. . , . i , , . , 1 . • . • .

1.5

Ps

Figure 50: Compton cross section (left) and smeared Compton cross section (right) for incident elec-
tron energy E = 1 , 2 , 3 , 4 GeV. Laser and electron polarizations are P7 = 1. and Pe = +0.5

143



E.2.2 Energy bining, variation of threshold, calibration simulation

For the differential method, we have used 10 scattered 7 energy p bins of width wb = 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 pm ,n follows the previous bining i.e.

• 10 values [-00 ,0.1 ,0.2 ,0.3 ,0.4,0.5 ,0.6,0.7 ,0.8 ,0.9] for Einc > 2 GeV

• 5 values [-00 ,0 .2 ,0 .4 ,0 .6 ,0 .8] for Einc = 1 GeV

The calibration of the detector was parametrized following equation 234

P» = PO + S Pm

where pm and pa are the measured and smeared energy. Having neglected the irrelevant conversion
factors (7 energy - deposited energy - light output - electronic chain gain), a perfect calibration would
givepo = Oands = 1.
In order to have the same absolute error p t on the measured energy for all energy thresholds t, i.e.
Ps — Pm — p<, the parameter po of the previous equation varies with the threshold according to

po = Pt + (1 - s) t (249)

E.23 Results and discussion

1. Error on the resolution

As expected for low 7 energies, the resolution of the 7 detector is dominated by the quadratic
term b' (see table 37).

The main systematic effect on Pe measurement due to the finite resolution comes from the knowl-
edge of this statistical term. The relative error on the electron polarization A Pe / Pe for a ± 10 %
relative error on the knowledge of the statistical term b'2 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 Pe 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 (c'3) terms. An error of
±10 % on these terms gives an relative error on the polarization below ^- < 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 7 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 Pe -0.500 quadratic term(%) - 2.70
E(GeV)

fcm(MeV)
P

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

1.00
17.5
A%

1.66±0.72
* * * * • _ ( - * • * *

1.68±0.72

1.46±0.73
*****±****

1.86±0.74
*****±****
2.00±0.85

2.00
68.9
A%

0.56±0.34
0.56±0.34
0.57±0.34
0.56±0.34
0.53±0.34
0.51 ±0.34
0.58±0.34
0.79±0.35
0.99±0.39
0.96±0.49

3.00
152.4
A%

0.23±0.22
0.23±0.22
0.24±0.23
0.24±0.23
0.22±0.23
0.21 ±0.23
0.23±0.23
0.32±0.24
0.50±0.26
0.59±0.33

4.00
266.5
A%

0.12±0.17
0.12±0.17
0.12±0.17
0.12±0.17
0.11±0.17
0.10±0.17
0.11 ±0.17
0.16±0.18
0.28±0.19
0.40±0.25

5.00
409.6
A%

0.07±0.14
0.07±0.14
0.07±0.14
0.07±0.14
0.06±0.14
0.06±0.14
0.06±0.14
0.09±0.15
0.17±0.16
0.29±0.20

6.00
580.3
A%

0.04±0.12
0.04±0.12
0.04±0.12
0.04±0.12
0.04±0.12
0.03±0.12
0.04±0.12
0.06±0.12
0.11±0.13
0.21±0.17

7.00
777.3
A%

0.03±0.10
0.03±0.10
0.03±0.10
0.03±0.10
0.03±0.11
0.02±0.11
0.03±0.11
0.04±0.11
0.08±0.12
0.16±0.15

8.00
999.4
A%

0.02±0.09
0.02±0.09
0.02±0.09
0.02±0.09
0.02±0.09
0.02±0.09
0.02±0.09
0.03±0.10
0.06±0.10
0.13±0.13

Table 38: Relative error A on the electron polarization due to a— 10 % error on the quadratic term
of the resolution (b2 = 3% , b'2

s = 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
En - 1.17eV Pe -0.500 quadratic term(%) - 2.70
E(GeV)

*m(MeV)
9

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

1.00
17.5
A%

0.00±1.27

-0.76±0.99
*•***-)-*•**

0.39±0.80

1.49±0.75
• * * * * ^ * * * *

2.00±0.85

2.00
68.9
A%

0.00±0.66
-0.31 ±0.59
-0.26±0.52
-0.15±0.46
0.00±0.41
0.18±0.37
0.38±0.36
0.61 ±0.36
0.83±0.39
0.96±0.49

3.00
152.4
A%

0.00±0.46
-0.14±0.41
-0.13±0.36
-0.08±0.31
-0.01±0.28
0.07±0.25
0.16±0.24
0.27±0.24
0.42±0.26
0.59±0.33

4.00
266.5
A%

0.00±0.35
-0.08±0.32
-0.08±0.28
-0.05±0.24
-0.01 ±0.21
0.04±0.19
0.09±0.18
0.15±0.18
0.25±0.19
0.40±0.25

5.00
409.6
A%

0.00±0.29
-0.05±0.26
-0.05±0.23
-0.03±0.20
-0.01±0.18
0.02±0.16
0.06±0.15
0.10±0.15
0.16±0.16
0.29±0.20

6.00
580.3
A%

0.00±0.25
-0.04±0.23
-0.04±0.20
-0.02±0.17
-0.01 ±0.15
0.02±0.14
0.04±0.13
0.07±0.13
0.11±0.13
0.21±0.17

7.00
777.3
A%

0.00±0.22
-0.03±0.20
-0.03±0.18
-0.02±0.15
-0.01 ±0.13
0.01±0.12
0.03±0.11
0.05±0.11
0.08±0.12
0.16±0.15

8.00
999.4
A%

0.00±0.20
-0.02±0.18
-0.02±0.16
-0.02±0.14
0.00±0.12
0.01 ±0.11
0.02±0.10
0.04±0.10
0.07±0.10
0.13±0.13

Table 39: Relative error A on the electron polarization due to a— 10 % error on the quadratic term
of the resolution (b'2 = 3% , b'2

s = 2.1%). 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 Pe -0.500 quadratic term(%) - 3.30
E(GeV)

*m(MeV)
P

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

1.00
17.5
A%

-1.64±0.74
*****±****
-1.65±0.75

-1.50±0.75

-1.97±0.77

-2.O5dbO.88

2.00
68.9
A%

-0.61 ±0.34
-0.61 ±0.34
-0.63±0.34
-0.61 ±0.34
-0.57±0.35
-0.56±0.35
-0.66±0.35
-0.88±0.36
-1.05±0.40
-0.99±0.49

3.00
152.4
A%

-0.26±0.23
-0.26±0.23
-0.27±0.23
-0.27±0.23
-0.25±0.23
-0.23±0.23
-0.26±0.23
-0.37±0.24
-0.56±0.26
-0.61±0.33

4.00
266.5
A%

-0.14±0.17
-0.14±0.17
-0.14±0.17
-0.14±0.17
-0.13±0.17
-0.12±0.17
-0.13±0.18
-0.19±0.18
-0.32±0.20
-0.42±0.25

5.00
409.6
A%

-0.08±0.14
-0.08±0.14
-0.08±0.14
-0.08±0.14
-0.08±0.14
-0.07±0.14
-0.08±0.14
-0.11±0.15
-0.19±0.16
-0.31 ±0.20

6.00
580.3
A%

-0.05±0.12
-0.05±0.12
-0.05±0.12
-0.05±0.12
-0.05±0.12
-0.04±0.12
-0.05±0.12
-0.07±0.12
-0.13±0.13
-0.23±0.17

7.00
777.3
A%

-0.03±0.10
-0.04±0.10
-0.04±0.10
-0.04±0.10
-0.03±0.11
-0.03±0.11
-0.03±0.11
-0.05±0.11
-0.09±0.12
-0.18±0.15

8.00
999.4
A%

-0.03±0.09
-0.03±0.09
-0.03±0.09
-0.03±0.09
-0.02±0.09
-0.02±0.09
-0.02±0.09
-0.04±0.10
-0.07±0.10
-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'2 = 3% , b'2

s = 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
£ 7 - 1.17eV Pe -0.500 quadratic term(%) - 3.30
E(GeV)

*m(MeV)
P

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

1.00
17.5
A%

0.00±1.27

0.75±0.97

-0.50±0.81

-1.58±0.78
*****±**«*
-2.05±0.88

2.00
68.9
A%

0.00±0.66
0.33±0.59
0.29±0.52
0.16±0.45
-0.01 ±0.41
-0.21 ±0.37
-0.43±0.36
-0.68±0.36
-0.89±0.40
-0.99±0.49

3.00
152.4
A%

0.00±0.46
0.16±0.41
0.14±0.36
0.09±0.31
0.01±0.28
-0.08±0.25
-0.18±0.24
-0.30±0.24
-0.47±0.26
-0.61±0.33

4.00
266.5
A%

0.00±0.35
0.09±0.32
0.08±0.28
0.05±0.24
0.01±0.21
-0.04±0.19
-0.10±0.18
-0.17±0.18
-0.27±0.20
-0.42±0.25

5.00
409.6
A%

0.00±0.29
0.06±0.26
0.06±0.23
0.04±0.20
0.01±0.18
-0.02±0.16
-0.06±0.15
-0.11±0.15
-0.18±0.16
-0.31 ±0.20

6.00
5803
A%

0.00±0.25
0.04±0.23
0.04±0.20
0.03±0.17
0.01±0.15
-0.02±0.14
-0.04±0.13
-0.08±0.13
-0.13±0.13
-0.23±0.17

7.00
777.3
A%

0.00±0.22
0.03±0.20
0.03±0.18
0.02±0.15
0.01 ±0.13
-0.01±0.12
-0.03±0.11
-0.06±0.11
-0.09±0.12
-0.18±0.15

8.00
999.4
A%

0.00±0.20
0.03±0.18
0.02±0.16
0.02±0.14
0.01 ±0.12
-0.01±0.11
-0.03±0.10
-0.04±0.10
-0.07±0.10
-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'2 = 3% b'2

S = 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
£y - 1.17eV Pe -0.500 constant term(%) - 1.10
E(GeV)

*m(MeV)
P

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

1.00
17.5
A%

0.00±0.73
*****±****
0.00±0.73

*****_(.****
0.00±0.74

0.00±0.75
****•-(-*•**

0.00±0.86

2.00
68.9
A%

0.00±0.34
0.00±0.34
0.00±0.34
0.00±0.34
0.00±0.34
0.00±0.34
0.00±0.35
0.00±0.36
-0.01 ±0.40
-0.01±0.49

3.00
152.4
A%

0.00±0.22
0.00±0.23
0.00±0.23
0.00±0.23
0.00±0.23
0.00±0.23
0.00±0.23
0.00±0.24
-0.01±0.26
-0.01±0.33

4.00
266.5
A%

0.00±0.17
0.00±0.17
0.00±0.17
0.00±0.17
0.00±0.17
0.00±0.17
0.00±0.18
0.00±0.18
-0.01±0.19
-0.01±0.25

5.00
409.6
A%

0.00±0.14
0.00±0.14
0.00±0.14
0.00±0.14
0.00±0.14
0.00±0.14
0.00±0.14
0.00±0.15
-0.01±0.16
-0.01±0.20

6.00
580.3
A%

0.00±0.12
0.00±0.12
0.00±0.12
0.00±0.12

L 0.00±0.12
0.00±0.12
0.00±0.12
0.00±0.12
0.00±0.13
-0.01±0.17

7.00
777.3
A%

0.00±0.10
0.00±0.10
0.00±0.10
0.00±0.10
0.00±0.11
0.00±0.11
0.00±0.11
0.00±0.11
0.00±0.12
-0.01±0.15

8.00
999.4
A%

0.00±0.09
0.00±0.09
0.00±0.09
0.00±0.09
0.00±0.09
0.00±0.09
0.00±0.09
0.00±0.10
0.00±0.10
-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 (a\ — 1% , a[s = 1.1% j . For the differential method, incident energies ranging from
1 GeV to 8 GeV and thresholds from 0.0 to 0.9

Integrated Method Smeared
Ey - 1.17eV Pe -0.500 constant term(%) - 1.10
E(GeV)

*m(MeV)
P

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

1.00
17.5
A%

0.00±1.27
* * * * • - ) . * * * *

0.00±0.98
* * * * * . { . * * * *

0.00±0.81

0.00±0.76

0.00±0.86

2.00
68.9
A%

0.00±0.66
0.00±0.59
0.00±0.52
0.00±0.45
0.00±0.41
0.00±0.37
0.00±0.36
0.00±0.36
0.00±0.40
-0.01 ±0.49

3.00
152.4
A%

0.00±0.46
0.00±0.41
0.00±0.36
0.00±0.31
0.00±0.28
0.00±0.25
0.00±0.24
0.00±0.24
0.00±0.26
-0.01 ±0.33

4.00
266.5
A%

0.00±0.35
0.00±0.32
0.00±0.28
0.00±0.24
0.00±0.21
0.00±0.19
0.00±0.18
0.00±0.18
-0.01±0.20
-0.01 ±0.25

5.00
409.6
A%

0.00±0.29
0.00±0.26
0.00±0.23
0.00±0.20
0.00±0.18
0.00±0.16
0.00±0.15
0.00±0.15
0.00±0.16
-0.01 ±0.20

6.00
580.3
A%

0.00±0.25
0.00±0.23
0.00±0.20
0.00±0.17
0.00±0.15
0.00±0.14
0.00±0.13
0.00±0.13
0.00±0.13
-0.01±0.17

7.00
777.3
A%

0.00±0.22
0.00±0.20
0.00±0.18
0.00±0.15
0.00±0.13
0.00±0.12
0.00±0.11
0.00±0.11
0.00±0.12
-0.01±0.15

8.00
999.4
A%

0.00±0.20
0.00±0.18
0.00±0.16
0.00±0.14
0.00±0.12
0.00±0.11
0.00±0.10
0.00±0.10
0.00±0.10
-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 (a[ = 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
£ 7 - 1.17eV Pe -0.500 linear term(%) -1 .10
E(GeV)

fcm(MeV)
P

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

1.00
17.5
A%

-0.01 ±0.73

*****±****
-0.01 ±0.73
*****±****
-0.01±0.74

-0.01 ±0.75
*****.±****
-0.01±0.86

****•-(_****

2.00
68.9

Afc
-0.01±0.34
-0.01±0.34
-0.01 ±0.34
-0.01±0.34
-0.01 ±0.34
-0.01 ±0.34
-0.01±0.35
-0.01 ±0.36
-0.01±0.40
-0.01 ±0.49

3.00
152.4
A%

-0.01±0.22
-0.01±0.23
-0.01 ±0.23
-0.01 ±0.23
-0.01 ±0.23
-0.01±0.23
-0.01±0.23
-0.01 ±0.24
-0.01 ±0.26
-0.01±0.33

4.00
266.5
A%

-0.01 ±0.17
-0.01 ±0.17
-0.01±0.17
-0.01±0.17
-0.01 ±0.17
-0.01±0.17
-0.01 ±0.18
-0.01 ±0.18
-0.01±0.19
-0.01 ±0.25

5.00
409.6
A%

-0.01±0.14
-0.01±0.14
-0.01±0.14
-0.01±0.14
-0.01±0.14
-0.01±0.14
-0.01±0.14
-0.01±0.15
-0.01±0.16
-0.01 ±0.20

6.00
580.3
A%

-0.01±0.12
-0.01±0.12
-0.01 ±0.12
-0.01±0.12
-0.01±0.12
-0.01±0.12
-0.01±0.12
-0.01 ±0.12
-0.01 ±0.13
-0.01 ±0.17

7.00
777.3
A%

-0.01 ±0.10
-0.01±0.10
-0.01 ±0.10
-0.01±0.10
-0.01±0.11
-0.01 ±0.11
-0.01±0.11
-0.01 ±0.11
-0.01±0.12
-0.01±0.15

8.00
999.4
A%

-0.01 ±0.09
-0.01±0.09
-0.01 ±0.09
-0.01 ±0.09
-0.01 ±0.09
-0.01 ±0.09
-0.01±0.09
-0.01 ±0.10
-0.01 ±0.10
-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 (d$ = 1% , c^s = 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
Ey - 1.17eV Pe -0.500 linear term(%) - 1.10
E(GeV)

Am(McV)
P

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

1.00
17.5
A%

0.00±1.27
*****£****
0.00±0.98

*****±***«
-0.01 ±0.81

-0.01±0.76

-0.01±0.86
*****±**«*

2.00
68.9
A%

0.00±0.66
0.00±0.59
0.0O±0.52
0.00±0.45
0.00±0.41
-0.01 ±0.37
-0.01 ±0.36
-0.01 ±0.36
-0.01±0.40
-0.01±0.49

3.00
152.4
A%

0.00±0.46
0.00±0.41
0.00±0.36
0.00±0.31
0.00±0.28
-0.01 ±0.25
-0.01±0.24
-0.01 ±0.24
-0.01 ±0.26
-0.01 ±0.33

4.00
266.5
A%

0.00±0.35
0.00±0.32
0.00±0.28
0.00±0.24
0.00±0.21
-0.01±0.19
-0.01±0.18
-0.01 ±0.18
-0.01 ±0.20
-0.01 ±0.25

5.00
409.6
A%

0.00±0.29
0.00±0.26
0.00±0.23
0.00±0.20
0.00±0.18
-0.01±0.16
-0.01±0.15
-0.01±0.15
-0.01±0.16
-0.01 ±0.20

6.00
580.3
A%

0.00±0.25
0.00±0.23
0.00±0.20
0.00±0.17
0.00±0.15
-0.01 ±0.14
-0.01±0.13
-0.01±0.13
-0.01±0.13
-0.01±0.17

7.00
777.3
A%

0.00±0.22
0.00±0.20
0.00±0.18
0.00±0.15
0.00±0.13
-0.01±0.12
-0.01±0.11
-0.01 ±0.11
-0.01 ±0.12
-0.01 ±0.15

8.00
999.4
A%

0.00±0.20
0.00±0.18
0.00±0.16
0.00±0.14
0.00±0.12
-0.01±0.11
-0.01±0.10
-0.01±0.10
-0.01±0.10
-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 (c^ = 1% , c'3

s = 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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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 APe/Pe for a ±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 pt 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 7 energy.

Such precisions in the calibration seem achievable thanks to the electron detector.
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Differential Method Smeared
E1 = 1.17eV Pe =0.500 slope term = 0.99
E(GeV)

*m(MeV)
P

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

1.00
17.5
A%

0.84±0.72
*****.£.****
0.61 ±0.73

0.36±0.73
* * * * * - ( - • * * *

0.14±0.75
* * * * * - ) - * * * *

0.00±0.86

2.00
68.9
A%

1.16±0.33
1.00±0.33
0.86±0.34
0.72±0.34
0.57±0.34
0.41 ±0.34
0.26±0.34
0.13±0.36
0.05±0.40
0.00±0.49

3.00
152.4
A%

1.28±0.22
1.11 ±0.22
0.96±0.22
0.81 ±0.23
0.65±0.23
0.48±0.23
0.30±0.23
0.16±0.24
0.06±0.26
O.OO±O.33

4.00
266.5
A%

1.35±0.17
1.18±0.17
1.01±0.17
0.86±0.17
0.69±0.17
0.52±0.17
0.34±0.17
0.18±0.18
0.07±0.19
0.00±0.25

5.00
409.6
A%

1.39±0.14
1.22±0.14
1.05±0.14
0.89±0.14
0.72±0.14
0.54±0.14
0.36±0.14
0.19±0.15
0.07±0.16
0.00±0.20

6.00
580.3
A%

1.43±0.12
1.24±0.12
1.08±0.12
0.91 ±0.12
0.74±0.12
0.56±0.12
0.37±0.12
0.20±0.12
O.O8±O.13
0.00±0.17

7.00
777.3
A%

1.45±0.10
1.27±0.10
1.09±0.10
O.93±O.1O
0.76±0.10
0.57±0.11
0.38±0.11
0.21 ±0.11
0.08±0.12
0.00±0.15

8.00
999.4
A%

1.47±0.09
1.28±0.09
1.11 ±0.09
0.94±0.09
0.77±0.09
0.59±0.09
0.39±0.09
0.22±0.10
0.09±0.10
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
£y = 1.17eV Pe =0.500 slope term =1.01
E(GeV)

frm(MeV)

P
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

1.00
17.5
A%

-0.85±0.74
*****±**«*
-0.61 ±0.74

*****±****
-0.36±0.74

*****-£****
-0.14±0.75

0.00±0.86
*****±**«*

2.00
68.9
A%

-1.18±0.34
-1.02±0.34
-0.87±0.34
-0.73±0.34
-0.58±0.35
-0.41 ±0.35
-0.26±0.35
-0.13±0.36
-0.05±0.40
0.00±0.49

3.00
152.4
A%

-1.31 ±0.23
-1.14±0.23
-0.98±0.23
-0.82±0.23
-0.66±0.23
-0.48±0.23
-0.31 ±0.23
-0.16±0.24
-0.06±0.26
0.00±0.33

4.00
266.5
A%

-1.39±0.17
-1.21±0.17
-1.04±0.17
-0.88±0.17
-0.71 ±0.18
-0.52±0.18
-0.34±0.18
-0.18±0.18
-0.07±0.19
0.00±0.25

5.00
409.6
A%

-1.44±0.14
-1.26±0.14
-1.08±0.14
-0.91 ±0.14
-0.74±0.14
-0.55±0.14
-0.36±0.14
-0.20±0.15
-0.08±0.16
0.00±0.20

6.00
580.3
A%

-1.48±0.12
-1.29±0.12
-l . l l±0.12
-0.94±0.12
-0.76±0.12
-0.57±0.12
-0.38±0.12
-0.21 ±0.12
-0.08±0.13
0.00±0.17

7.00
777.3
A%

-1.51±0.10
-1.31±0.10
-1.13±0.11
-0.96±0.11
-0.78±0.11
-0.59±0.11
-0.39±0.11
-0.21 ±0.11
-0.08±0.12
0.00±0.15

8.00
999.4
A%

-1.53±0.09
-1.33±O.O9
-1.15±0.09
-0.97±0.09
-0.79±0.09
-0.60±0.10
-0.40±0.09
-0.22±0.10
-0.09±0.10
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 j . 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
£ 7 = 1.17eV Pe =0.500 threshold term =-1.00
E(GeV)

fcm(MeV)

P
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

1.00
17.5
A%

1.23±0.72
*****.£.****

1.23±0.73
*****.{ .****

1.30±0.73
**•**.£*•**

1.03±0.74

0.56±0.85
•*• •*_) .**•*

2.00
68.9
A%

1.58±0.33
1.57±0.33
1.53±0.33
1.54±0.34
1.59±0.34
1.62±0.34
1.50±0.34
1.20±0.35
0.81 ±0.39
0.45±0.47

3.00
152.4
A%

.70±0.22

.69±0.22

.66±0.22

.66±0.22

.71 ±0.23

.75±0.23

.67±0.23

.40±0.23
0.97±0.25
0.48±0.32

4.00
266.5
A%

1.77±0.17
1.76±0.17
1.73±0.17
1.72±0.17
1.77±0.17
1.83±0.17
1.76±0.17
1.51±0.18
1.09±0.19
0.53±0.24

5.00
409.6
A%

1.82±0.14
1.81±0.14
1.77±0.14
1.77±0.14
1.82±0.14
1.87±0.14
1.82±0.14
1.58±0.14
1.17±0.15
0.56±0.19

6.00
580.3
A%

1.85±0.12
1.84±0.12
1.80±0.12
1.80±0.12
1.85±0.12
1.91±0.12
1.86±0.12
1.63±0.12
1.22±0.13
0.60±0.16

7.00
777.3
A%

.87±0.10

.86±0.10

.82±0.10

.82±0.10

.87±0.10

.93±0.10

.89±0.10

.66±0.11
1.26±0.11
0.63±0.14

8.00
999.4
A%

1.89±0.09
l.88±0.09
I.84±0.09
.83±0.09
.88±0.09
.95±0.09
.92±0.09
.69±0.09
.29±0.10

0.65±0.12

Table 48: Relative error A on the electron polarization due to a — 0.01 error on the threshold of the
calibration (pt — 0.01 j . For the differential method, incident energies ranging from 1 GeV to 8GeV
and thresholds from 0.0 to 0.9

Integrated Method Smeared
E1 = 1.17eV Pe =0.500 threshold term =-1.00
E(GeV)

*m(MeV)
P

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

1.00
17.5
A%

0.00±1.27
* * * * * . { - * * * *

1.83±0.97
*****-(-***•

1.43±0.80

0.94±0.76
*****_)_****
0.56±0.85

2.00
68.9
A%

0.00±0.66
1.89±0.59
2.00±0.51
1.91 ±0.45
1.71 ±0.40
1.46±0.37
1.19±0.35
0.92±0.36
0.66±0.39
0.45±0.47

3.00
152.4
A%

0.00±0.46
1.90±0.41
2.04±0.36
1.97±0.31
1.78±0.28
1.54±0.25
1.27±0.24
1.01 ±0.24
0.75±0.25
0.48±0.32

4.00
266.5
A%

0.00±0.35
1.90±0.32
2.06±0.28
2.01 ±0.24
1.83±0.21
1.58±0.19
1.31±0.18
1.06±0.18
0.80±0.19
0.53±0.24

5.00
409.6
A%

0.00±0.29
1.91 ±0.26
2.08±0.23
2.04±0.20
1.86±0.18
1.61±0.16
1.35±0.15
1.09±0.15
0.84±0.15
0.56±0.19

6.00
580.3
A%

0.00±0.25
1.92±0.23
2.10±0.20
2.07±0.17
1.89±0.15
1.64±0.14
1.37±0.13
l.ll±0.12
0.87±0.13
0.60±0.16

7.00
777.3
A%

0.00±0.22
1.93±0.20
2.12±0.17
2.09±0.15
1.92±0.13
1.67±0.12
1.40±0.11
1.13±0.11
0.89±0.11
0.63±0.14

8.00
999.4
A%

0.00±0.20
1.93±0.18
2.14±0.16
2.12±0.14
1.95±0.12
1.70±0.11
1.42±0.10
1.15±0.10
0.91 ±0.10
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 (pt — 0.01 j . 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 7 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 p0 and
so to the 7 energy k = pa — p.

E J.I 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

d = R(l — cos6) -f / tan# = .ftsin0 tan(- ) + / tan# = sin# I —
2 \ 1 -

where the characteristics of the helix describing the electron trajectory in the dipole, deviation angle
9 and radius of curvature R, are

sin0 = L ; R = —£— ; Rsin6 = L (251)
p 0.3 fj

For small deviation angle 6, the transverse deviation can be approximated by

d ~ sin0 f- + l) ~ — L (*L + i)~A wzth A = 0.WL (- + l)
V2 ) p \2 ) p \2 )

The displacement Ax for an electron of momentum p from the beam of momentum p0 is given

^ = ^ ^ (253)
Po P P

and depends on the dispersion a

Ax A 0.3 B T (L A ,^CAS
a = — — ~ - - = L Ij + l) (254)

Ap/p po po \2 J

The energy k of the scattered photon is then measured by the displacement Ax of the scattered
electron (momentum p = p0 — k) through equation 253 with Ap = p — p0 = — k

k = Po A
 A X (255)

Ax — Q

The resolution on the 7 energy k, given by

is due to

• the energy resolution of the beam <r(po) which can be neglected here: o(p0) - 0.

• the transverse size of the interaction between the Laser beam and the electron beam a( Ax). This
size will be close to <r( Ax) = 100 yu.

• the resolution on the dispersion a(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 taken a (a) / a = 1%
a very conservative value for magnetic system.
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E
B
a

h
"'max
L.
Kend

<7{Pmax)

<Tx(Pmax)

Va(Pmax)
a(pg«p)

<Tx(pgap)

Vaipgap)
< Ap >

GeV
Tesla
cm/%
MeV
MeV
MeV

%
%
%
%
%
%
%

1.00
0.19

0.230
17.5
21.2
131.8
2.58
2.39
0.98
2.65
2.37
1.19
0.00

2.00
0.37

0.230
68.9
42.5
263.7
1.52
1.17
0.97
1.35
1.21
0.60
2.97

3.00
0.56
0.230
152.4
63.7
395.5
1.22
0.77
0.95
0.91
0.82
0.41
1.98

4.00
0.75

0.230
266.5
84.9
527.4
1.09
0.57
0.93
0.70
0.62
0.31
1.49

5.00
0.94

0.230
409.6
106.2
659.2
1.02
0.45
0.92
0.57
0.51
0.25
1.19

6.00
1.12

0.230
580.3
127.4
791.1
0.97
0.37
0.90
0.48
0.43
0.21
0.99

7.00
1.31

0.230
777.3
148.6
922.9
0.94
0.31
0.89
0.42
0.37
0.19
0.85

8.00
1.50

0.230
999.4
169.9

1054.8
0.91
0.27
0.88
0.37
0.33
0.17
0.74

Table 50: Contribution to the electron detector resolution for an electron detector of size De = 3 cm
with a safety gap ofdg = 5 mm after a dipole (L = 1 m, B) and a drift length (I = 3.6 m). Maximal
Compton 7 energy kmax. 7 energy range [ kgap , kend ] covered by the electron detector. Resolution
a(p) on p = k/kmax for scattered 7 energy kmax and kgap. ax gives the contribution coming from the
beam position resolution a(Ax) = 100 \i while aa gives the contribution coming from the resolution
on the dispersion a(a)/a = 1%. Bin width Apfor the mean energy (kgap + kmax)/2. and for a silicon
detector pitch of '250 /i.

The scattered 7 energy was distributed according to a Gaussian law with a resolution cr{k) given
by equation 256. After integration over the scattered 7 energy spectrum given by the Compton cross
section dac/dk, we obtain the smeared energy distribution :

daa rkmax dcrc

dks Jo dk 7T <r(k) k
(257)

The electron detector of size De = 3 cm has to be set out of the electron beam. A safety gap of
dg = 5mm prevents the detector from the beam. The energy range covered by the electron detector
[kgap; kend ] is given in table 50 for incident electron energies E ranging from 1 to 8 GeV. These ener-
gies have been deduced from equation 255 with Ax = dg and Arc = dg + De. The magnetic dispersion
(Eq. 254) stands for a L = 1 m dipole, a drift length Z = 3.6 m and the magnetic field given in the
second line of table 50.

The gap energy kgap has to be lower than the maximal Compton 7 energy kmax to allow Compton
cross section measurements. From the table, we see that polarization measurements with this electron
detector are only feasible for E > 2 GeV.

This table gives also the resolution on p = k/kmax for kmax and kgap with the contributions coming
from the beam size cr(Ax) = 150 n and from the resolution on the dispersion a(a)/a = 1 %.

Finally, the bin energy width Ap for the mean detected energy is quoted for a silicon detector pitch
of 250 n. This width is about twice the resolution.

The figure 51 gives the smeared cross section das / dks for incident energies E = 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-
tron energy E = 2 , 4 , 6 , 8 , GeV. Laser and electron polarizations are Py = 1. and Pe = + 0.5
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E (GeV)
Number of bins

Ps(D
Ps(2)

P.(3)
Ps{4)
Ps(5)
ps(Q)

Ps(7)
IJ _ 1 Q 1

P*(9)
Ps(lO)
Ps(H)
/>s(12)
/9S(13)

/)3(l4)
ps{lb)
/9S(16)
ps(17)
/>s(18)
ps(19)
P.(20)

E
Number of thresholds

Pt

Pt

Pt

Pt

Pt

Pt

Pt

Pt

1.00
0

*****
*****
*****
*****
*****
*****
*****
*****
*****
*****
*****
*****
*****
*****
*****
*****
*****
*****
*****
*****
*****

GeV

~ 0.200
~ 0.300
~ 0.400
~ 0.500
~ 0.600
~ 0.700
~ 0.800
~ 0.900

2.00
13

0.616
0.646
0.676
0.706
0.736
0.766
0.796
0.826
0.855
0.885
0.915
0.944
0.974
3.826
*****
*****
*****
*****
*****
*****
*****

1.00
0

*****
*****
*****
*****
*****
*****
*****
*****

3.00
15

0.418
0.459
0.499
0.540
0.580
0.620
0.660
0.700
0.740
0.779
0.818
0.858
0.897
0.935
0.974
2.595
*****
*****
*****
*****
*****

2.00
4

*****
*****
*****
*****
0.616
0.706
0.796
0.915

4.00
16

0.319
0.365
0.412
0.458
0.504
0.549
0.594
0.639
0.684
0.728
0.772
0.816
0.860
0.903
0.946
0.989
1.979
*****
*****
*****
*****

3.00
6

*****
*****
0.418
0.499
0.580
0.700
0.818
0.897

5.00
16

0.259
0.310
0.360
0.410
0.459
0.508
0.556
0.604
0.652
0.699
0.746
0.793
0.839
0.884
0.930
0.975
1.610
*****
*****
*****
*****

4.00
7

*****
0.319
0.412
0.504
0.594
0.684
0.816
0.903

6.00
16

0.220
0.273
0.326
0.378
0.430
0.481
0.532
0.582
0.632
0.681
0.730
0.778
0.826
0.873
0.920
0.966
1.363
*****
*****
*****
*****

5.00
7

*****
0.259
0.410
0.508
0.604
0.699
0.793
0.884

7.00
20

0.191
0.238
0.284
0.329
0.375
0.419
0.463
0.507
0.550
0.593
0.636
0.678
0.719
0.760
0.801
0.841
0.881
0.921
0.960
0.999
1.187

6.00
8

0.220
0.326
0.378
0.481
0.582
0.681
0.778
0.920

8.00
19

0.170
0.220
0.269
0.317
0.365
0.412
0.458
0.504
0.550
0.595
0.639
0.683
0.726
0.769
0.812
0.853
0.895
0.936
0.976
1.055
*****

7.00
8

0.191
0.284
0.419
0.507
0.593
0.719
0.801
0.881

8.00
8

0.170
0.317
0.412
0.504
0.595
0.683
0.812
0.895

Table 51: Energy bin range. Energy threshold values.

E.3.2 Energy bining, variation of threshold, calibration simulation

The energy bins are fixed by the safety gap d9 = 5 mm and the width of the silicon strips ds = 250 fi.
We have in fact used larger bins d\, = nr ds in order to have energy bins of order dk* ~ .05 kmax. All
bins above kmax have been also grouped. The smeared energy ks corresponding to a perfect calibra-
tion is then (Eq. 255)

Ax'
kl

s = PO-T—- with A'x = dg + (i - 1 ) 4 (258)

The perfect calibration means that the safety gap and the dispersion are perfectly known.
Due to the errors dx on the measured safety gap dm — dg-\-dx and da/a on the measured dispersion

am = a (1 + da/a), the measured energy km is

Axi, - an

l
m = dg

da ̂
i — 1)<4 and am = a(l -\

Q (259)

The energy thresholds are the bin energy closest to some predefined values pt:
pt ~ [0 . , 0.1 , 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9]
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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 ps independent of the calibration.

E.3.3 Results and discussion

1. Error on the resolution
We have seen that the resolution on the 7 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 :

• the transverse size of the interaction between the Laser beam and the electron beam a( Ax)
whose expected value has been taken as cr(Ax) = 100 fi.
The relative error on the electron polarization APe/Pe 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 Pe measurement at a
level less than 0.25 % for all thresholds and all energies.

• the resolution on the dispersion a{a) taken as a{a) / a = 1 %
The relative error on the electron polarization APe/Pe 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 Pe 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 :

• the error dx on the measured safety gap dm = dg + dx which differs from the real one
dg = 5 mm.
The relative error on the electron polarization APe/Pe for a dx = ±50 fi error on the safety
gap is given in tables 56, 57,58 and 59 for respectively dx = - 50 // (differential and inte-
grated method) and dx = 50 \x (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 p. Beam position monitors associated
to the electron detector will have to give this precision.

• the error da on the estimated dispersion am = a + da which differs from the true disper-
sion a.
The relative error on the electron polarization APe/Pe 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.

156



Differential Method Smeared : E7 - 1.17eV Pe -0.500 ax = 150.0^
E(GeV)

km(MeV)
P

0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

2.00
68.9
A%

*****.£**•*
*•***_)_**•*

-0.06±0.33
-0.06±0.34
-0.08±0.36
-0.15±0.49

3.00
152.4
A%

-0.02±0.22
-0.02±0.22
-0.02±0.22
-0.03±0.23
-0.04±0.25
-0.05±0.31

4.00
266.5
A%

-0.02±0.17
-0.02±0.17
-0.02±0.17
-0.02±0.17
-0.02±0.17
-0.03±0.19
-0.04±0.24

5.00
409.6
A%

*****_!_****
-0.01 ±0.14
-0.01 ±0.14
-0.01 ±0.14
-0.01 ±0.14
-0.01 ±0.14
-0.01 ±0.15
-0.02±0.18

6.00
580.3
A%

-0.01 ±0.12
-0.01 ±0.12
-0.01 ±0.12
-0.01 ±0.12
-0.01±0.12
-0.01 ±0.12
-0.01 ±0.13
-0.01 ±0.18

7.00
777.3
A%

-0.01 ±0.10
-0.01 ±0.10
-0.01 ±0.10
-0.01 ±0.10
-0.01 ±0.11
-0.01 ±0.11
-0.01 ±0.11
-0.01 ±0.13

8.00
999.4
A%

0.00±0.09
0.00±0.09
0.00±0.09
0.00±0.09
0.00±0.09
0.00±0.09
0.00±0.10
-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 (cr(Ax) — 100 n , (a(Ax)) = 150 \x).

Integrated Method Smeared: E^ - 1.17eV Pe =0.500 ax - 150.0/i
E{GeV)

km(MeV)
P

0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

2.00
68.9
A%

* * * * * ± * * * *
* * * * * - ) . * * * *

*****-( .****
-0.05±0.34
-0.06±0.34
-0.07±0.36
-0.13±0.49

3.00
152.4
A%

***•*;£****
• • * * * ^ * * * *

-0.02±0.27
-0.02±0.25
-0.02±0.24
-0.03±0.23
-0.03±0.26
-0.05±0.31

4.00
266.5
A%

****#.£***•

-0.01 ±0.24
-0.01 ±0.21
-0.01 ±0.19
-0.01 ±0.18
-0.01 ±0.18
-0.02±0.19
-0.03±0.24

5.00
409.6
A%

••***±****
0.00±0.21
-0.01 ±0.17
-0.01 ±0.16
-0.01 ±0.15
-0.01 ±0.15
-0.01 ±0.15
-0.02±0.18

6.00
580.3
A%

0.00±0.19
0.00±0.17
0.00±0.16
-0.01 ±0.14
-0.01 ±0.13
-0.01 ±0.12
-0.01 ±0.13
-0.01±0.18

7.00
777.3
A%

0.00±0.18
0.00±0.16
0.00±0.13
0.00±0.12
0.00±0.11
-0.01 ±0.11
-0.01 ±0.12
-0.01±0.13

8.00
999.4
A%

0.00±0.17
0.00±0.13
0.00±0.12
0.00±0.11
0.00±0.10
0.00±0.10
0.00±0.10
-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 (cr(Az) = 100 // , (cr(Ai))5 = 150 \i).

Differential Method Smeared: £ 7 = 1.17eV Pe -0.500 aa /a - 1.5%

E(GeV)
km{MeV)

P
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

2.00
68.9
A%

*****±****

*****_!_****
0.00±0.33
-0.01 ±0.34
-0.02±0.36
-0.08±0.49

3.00
152.4
A%

0.00±0.22
0.00±0.22
0.00±0.22
-0.01 ±0.23
-0.02±0.25
-0.06±0.31

4.00
266.5
A%

-0.01 ±0.17
-0.01 ±0.17
-0.01 ±0.17
-0.01 ±0.17
-0.02±0.17
-0.04±0.19
-0.08±0.24

5.00
409.6
A%

*****_!_****
0.00±0.14
0.00±0.14
0.00±0.14
0.00±0.14
0.00±0.14
-0.02±0.15
-0.05±0.18

6.00
580.3
A%

0.00±0.12
0.00±0.12
0.00±0.12
0.01 ±0.12
0.00±0.12
0.00±0.12
-0.01 ±0.13
-0.06±0.18

7.00
777.3
A%

-0.02±0.10
-0.02±0.10
-0.02±0.10
-0.01 ±0.10
-0.02±0.11
-0.02±0.11
-0.04±0.12
-0.07±0.13

8.00
999.4
A%

0.00±0.09
0.00±0.09
0.00±0.09
0.00±0.09
0.00±0.09
0.00±0.09
-0.02±0.10
-0.05±0.13

Table 54: Relative error A on the electron polarization (differential method) due to a+ 50% relative
error on the dispersion (a(a)/a = 1 % , (cr(a)/a)s = 1.5 %).

\ Integrated
E(GeV)

km(MeV)
P

0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

Method Smeared: E-, =
2.00
68.9
A%

* * * * * - J J - * * * *

• *•**;£****

0.00±0.34
-0.01 ±0.34
-0.02±0.36
-0.07±0.49

3.00
152.4
A%

0.00±0.27
0.00±0.25
0.00±0.24
-0.01 ±0.23
-0.03±0.26
-0.05±0.31

= 1.17eVPe =0.500 trQ/a =
4.00
266.5
A%

0.01 ±0.24
0.00±0.21
0.00±0.19
0.00±0.18
-0.01 ±0.18
-0.03±0.19
-0.06±0.24

5.00
409.6
A%

*****-).****
0.01 ±0.21
0.00±0.17
0.00±0.16
0.00±0.15
-0.01 ±0.15
-0.02±0.15
-0.04±0.18

•1.5%J
6.00
580.3
A%

0.01 ±0.19
0.01 ±0.17
0.01±0.16
0.00±0.14
0.00±0.13
-0.01 ±0.12
-0.02±0.13
-0.07±0.18

7.00
777.3
A%

0.00±0.18
0.01 ±0.16
0.00±0.13
0.00±0.l2
0.00±0.11
-0.01 ±0.11
-0.02±0.12
-0.04±0.13

8.00
999.4
A%

0.00±0.17
0.01 ±0.13
0.00±0.12
0.00±0.11
0.00±0.10
-0.01 ±0.10
-0.02±0.10
-0.05±0.13

Table 55: Relative error A
error on the dispersion (a(

on the electron polarization (integrated method) due to a+ 50% relative
a)/a = 1 % , {(j(a)/a)s - 1.5 %).

157



Differential Method Smeared : E-, = 1.17eV Pe =0.500 dx - - 5 0 %

E(GeV)
km(MeV)

P
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

2.00
68.9
A%

*****-£.****

*****_)-****

1.19±0.33
1.06±0.33
0.87±0.36
0.55±0.49

3.00
152.4
A%

0.79±0.22
0.81 ±0.22
0.79±0.22
0.69±0.23
0.51 ±0.25
0.42±0.31

4.00
266.5
A%

*****_)_****
0.58±0.17
0.60±0.17
0.61 ±0.17
0.60±0.17
0.54±0.17
0.40±0.19
0.32±0.24

5.00
409.6
A%

0.46±0.14
0.47±0.14
0.49±0.14
0.47±0.14
0.42±0.14
0.36±0.15
0.28±0.18

6.00
580.3
A%

0.42±0.12
0.42±0.12
0.42±0.12
0.44±0.12
0.44±0.12
0.40±0.12
0.33±0.13
0.20±0.18

7.00
777.3
A%

0.37±0.10
0.37±0.10
O.38±O.1O
0.39±0.10
O.38±O.1O
0.35±0.11
0.28±0.11
0.20±0.l3

8.00
999.4
A%

0.31 ±0.09
0.31 ±0.09
0.32±0.09
0.33±0.09
0.33±0.09
0.30±0.09
0.20±0.10
0.12±0.13

Table 56: Relative error A
error on the safety gap (dg

on the electron polarization (differential method) due to adx = —50
= 5 mm , dg

s = 4.95 mm).

Integrated Method Smeared : £ 7 = 1.17eV Pe =0.500 dx = -SO.Ofi
E{GeV)

km(MeV)
P

0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

2.00
68.9
A%

* * * * • _ ) _ * * * *

***#*_£.****
0.74±0.34
0.61 ±0.34
0.50±0.36
0.37±0.49

3.00
152.4
A%

*****±***«
*****.£****
0.71 ±0.27
0.63±0.25
0J4±0.24
0.42±0.23
0.32±0.25
0.20±0.31

4.00
266.5
A%

0.60±0.24
0.55±0.21
0.48±0.19
0.40±0.18
0.34±0.18
0.25±0.19
0.20±0.24

5.00
409.6
A%

*****±****
0.63±0.21
0.37±0.17
0.32±0.16
0.40±0.15
0.22±0.15
0.18±0.15
0.21 ±0.18

6.00
580.3
A%

0.43±0.19
0.41±0.17
0.39±0.15
0.34±0.14
0.29±0.13
0.23±0.12
0.19±0.13
0.13±0.18

7.00
777.3
A%

0.43±0.18
0.43±0.16
0.38±0.13
0.33±0.12
0.28±0.11
0.22±0.11
0.18±0.12
0.15±0.13

8.00
999.4
A%

0.43±0.17
0.42±0.13
0.19±0.12
0.34±0.11
0.14±0.10
0.24±0.10
0.09±0.10
0.07±0.13

Table 57: Relative error A on the electron polarization (integrated method) due to adx = — 50
error on the safety gap (d3 = 5 mm , dg

s — 4.95 mm).

Differential Method Smeared: £ 7 = 1.17eV Pe =0.500 dx = 50.0/x

E{GeV)
km(MeV)

P
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

2.00
68.9
A%

ft****-).****

*****±****
* * * * * _ £ . * * * *
-1.22±0.33
-1.09±0.34
-0.90±0.37
-0.62±0.49

3.00
152.4
A%

-0.85±0.23
-0.87±0.23
-0.86±0.23
-0.76±0.23
-0.60±0.26
-0.46±0.31

4.00
266.5
A%

-0.63±0.17
-0.65±0.17
-0.67±0.17
-0.65±0.17
-0.60±0.18
-0.46±0.19
-0.35±0.24

5.00
409.6
A%

*****_)_****
-0.48±0.14
-0.50±0.14
-0.52±0.14
-0.51 ±0.14
-0.46±0.14
-0.38±0.15
-0.25±0.18

6.00
580.3
A%

-0.42±0.12
-0.42±0.12
-0.43±0.12
-0.44±0.12
-0.44±0.12
-0.40±0.12
-0.34±0.13
-0.21 ±0.18

7.00
777.3
A%

-0.35±0.10
-0.35±0.10
-0.36±0.11
-0.37±0.11
-0.37±0.11
-0.31 ±0.11
-0.26±0.12
-0.24±0.13

8.00
999.4
A%

-0.31 ±0.09
-0.31 ±0.09
-0.32±0.09
-O.33±O.O9
-0.32±0.09
-0.30±0.10
-0.26±0.10
-0.21 ±0.13

Table 58: Relative error A on the electron polarization (differential method) due to a dx = 50 fi error
on the safety gap (d9 = 5 mm , dg

s = 5.05 mm).

Integrated

E(GeV)
km(MeV)

P
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

Method Smeared: £ 7 - 1.17eV Pe =0.500 dx = 50.0^
2.00
68.9

A%
*****.£****

*****_£_****

*****±****
-0.76±0.35
-0.63±0.35
-0.51 ±0.37
-0.37±0.49

3.00
152.4
A%

-0.72±0.27
-0.64±0.25
-0.55±0.24
-0.43±0.23
-0.33±0.26
-0.27±0.31

4.00
266.5
A%

*****±**«*
-0.61 ±0.24
-0.55±0.21
-0.48±0.19
-0.41 ±0.18

L -0.34±0.18
-0.25±0.20
-0.20±0.24

5.00
409.6
A%

-0.42±0.21
-0.56±0.18
-0.48±0.16
-0.27±0.15
-0.22±0.15
-0.27±0.15
-0.14±0.18

6.00
580.3
A%

-0.64±0.19
-0.41 ±0.17
-0.39±0.16
-0.34±0.14
-0.29±0.13
-0.23±0.12
-0.19±0.13
-0.13±0.18

7.00
777.3
A%

-0.43±0.18
-0.43±0.16
-0.38±0.13
-0.33±0.12
-0.29±0.11
-0.22±0.11
-0.18±0.12
-0.07±0.13

8.00
999.4
A%

-0.43±0.17
-0.42±0.13
-0.39±0.12
-0.17±0.11
-0.29±0.10
-0.12±0.10
-0.18±0.10
-0.14±0.13

Table 59: Relative error A on the electron polarization (integrated method) due to a dx = 50 fj, error
on the safety gap (dg = 5 mm , dg

s = 5.05 mm).
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Differential Method Smeared : £ 7 - 1.17eV Pe -0.500 da/a - -0.5% |
E{GeV)

km(MeV)
P

0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

2.00
68.9
A%

* * * * • _ ) - * * * *

**•**-£.****
****• - ( -****

0.84±0.33
0.76±0.34
0.64±0.36
0.44±0.49

3.00
152.4
A%

0.82±0.22
0.83±0.22
0.82±0.22
0.76±0.23
0.64±0.25
0.53±0.31

4.00
266.5
A%

*****.[.****

0.80±0.17
0.82±0.17
0.83±0.17
0.82±0.17
0.77±0.17
0.60±0.19
0.45±0.24

5.00
409.6
A%

0.80±0.14
0.82±0.14
0.83±0.14
0.82±0.14
0.76±0.14
0.66±0.15
0.52±0.18

6.00
580.3
A%

0.74±0.12
0.75±0.12
0.76±0.12
0.78±0.12
0.78±0.12
0.72±0.12
0.62±0.13
0.40±0.18

7.00
777.3
A%,

0.80±0.10
0.80±0.10
O.83±O.1O
0.84±0.10
O.83±O.1O
0.75±0.11
0.64±0.11
0.51 ±0.13

8.00
999.4
A%

0.79±0.09
0.81 ±0.09
0.82±0.09
0.84±0.09
O.83±O.O9
0.78±0.09
0.62±0.10
0.49±0.12

Table 60: Relative error
—0.5 % relative error on

A on the electron polarization (differential method) due to a da/alpha =
the dispersion.

Integrated Method Smeared : £ 7 = 1.17eV Pe =0.500 da/a = -0.5%
E(GeV)

km(MeV)
P

0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

2.00
68.9
A%

0.37±0.34
0.41 ±0.34
0.33±0.36
0.24±0.49

3.00
152.4
A%

0.36±0.27
0.47±0.25
0.41 ±0.24
0.32±0.23
0.32±0.25
0.26±0.31

4.00
266.5
A%

0.20±0.24
0.36±0.21
0.32±0.19
0.40±0.18
0.34±0.18
0.33±0.19
0.26±0.24

5.00
409.6
A%

0.42±0.21
0.37±0.17
0.32±0.16
0.40±0.15
0.33±0.15
0.27±0.15
0.35±0.18

6.00
580.3
A%

0.21±0.19
0.21±0.17
0.39±0.15
0.51 ±0.14
0.43±0.13
0.35±0.12
0.37±0.13
0.26±0.18

7.00
777.3
A%

0.21 ±0.18
0.21 ±0.16
0.38±0.13
0.33±0.12
0.43±0.11
O.33±O.ll
0.36±0.12
0.29±0.13

8.00
999.4
A%

0.21 ±0.17
0.21 ±0.13
0.39±0.12
0.51 ±0.11
0.43±0.10
0.36±0.10
0.27±0.10
0.28±0.13

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 Pe =0.500 da/a = 0.5%
E(GeV)

km(MeV)
P

0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

2.00
68.9
A%

*****.£****
*****.£.****
*****.£_**#*
*****_£.**#*
-0.79±0.33
-0.74±0.34
-0.66±0.37
-0.47±0.49

3.00
152.4
A%

* * * * * . { - * * * *

* * * * * _ ! _ * * * *

-0.87±0.23
-0.88±0.23
-0.87±0.23
-0.80±0.23
-0.68±0.26
-0.53±0.31

4.00
266.5
A%

*****±****
-0.82±0.17
-0.84±0.17
-0.85±0.17
-0.84±0.17
-0.79±0.18
-0.68±0.20
-0.57±0.24

5.00
409.6
A%

*****±****
-0.81 ±0.14
-0.83±0.14
-0.85±0.14
-0.83±0.14
-0.78±0.14
-0.69±0.15
-0.55±0.18

6.00
580.3
A%

-0.81 ±0.12
-0.82±0.12
-0.83±0.12
-0.85±0.12
-0.85±0.12
-0.80±0.12
-0.68±0.13
-0.41 ±0.18

7.00
777.3
A%

-0.79±0.10
-0.80±0.10
-0.82±0.11
-0.83±0.11
-O.83drO.il
-0.74±0.11
-0.65±0.12
-0.55±0.14

8.00
999.4
A%

-0.79±0.09
-0.81 ±0.09
-0.82±0.09
-0.84±0.09
-O.83±O.O9
-0.79±0.10
-0.66±0.10
-0.57±0.13

Table 62: Relative error
+0.5 % relative error on

A on the electron polarization (differential method) due to a da/alpha =
the dispersion.

Integrated Method Smeared : Ey - 1.17eV Pe =0.500 da /a = 0.5%
E(GeV)

km(MeV)
P

0.20
0.30

0.40
0.50
0.60
0.70

0.80
0.90

2.00
68.9
A%

*****.£.****
*****. ) -****

*****±****

-0.38±0.35
-0.31 ±0.34
-0.34±0.37
-0.31 ±0.49

3.00
152.4
A%

*****±****
-0.36±0.27
-0.32±0.25
-0.41 ±0.24
-0.32±0.23
-0.24±0.26
-0.33±0.31

4.00
266.5
A%

*****±****
-0.40±0.24
-0.37±0.21
-0.48±0.19
-0.41 ±0.18
-0.34±0.18
-0.33±0.20
-0.27±0.24

5.00
409.6
A%

*****±****
-0.21 ±0.21
-0.37±0.17
-0.48±0.16
-0.41 ±0.15
-0.33±0.15
-0.36±0.15
-0.29±0.18

6.00
580.3
A%

-0.43±0.19
-0.41 ±0.17
-0.39±0.16
-0.34±0.14
-0.43±0.13
-0.35±0.12
-0.38±0.13
-0.26±0.18

7.00
777.3
A%

-0.21 ±0.18
-0.43±0.16
-0.38±0.13
-0.33±0.12
-0.43±0.11
-O.33±O.ll
-0.36±0.12
-O.3O±O.13

8.00
999.4
A%

-0.21±0.17
-0.42±0.13
-0.39±0.12
-0.34±0.11
-0.43±0.10
-0.36±0.10
-0.36±0.10
-0.29±0.13

Table 63: Relative error
+0.5 % relative error on

A on the electron polarization (integrated method) due to a da/alpha =
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 7 detector resolution at the 5 % level.
Tests of a 5*5 matrix of PbWO4 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 7 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 /x 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.

• 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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SETUP
OPTICAL CAVITY

MAGNETIC CHICANE

7 DETECTOR

e" DETECTOR

ELEMENT

Mirror 1
Mirror 2

Dipole 1
Dipole 2

BPM
Dipole 3
Dipole 4

Thick absorber
Thin absorber

Crystal

Z(m)

-40.5
-41.
-40.

-31.5
-36.85
-32.25
-31.5

-30.75
-26.15
-33.15

-33.375
-33.35125
-33.235

-33.15

Length(m)
2.

12.0
1.
1.

0.2
1.
1.

0.5
0.05

0.0025
0.23

0.05

X(cm)

0.
0.
0.

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

0.

Y(cm)

0.
1.

-1.

0.
0.

-25.89
-25.89
-25.89

0.
0.
0.
0.
0.

[-21.33;-24.33]

Table 64: Alternative Compton polarimeterpositioning wrtHallA 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.I Magnetic Chicane

For the 2 setups, the magnetic chicane consists of 4 identical dipole magnets with magnetic length
Li — \m running with a magnetic field .£?,. The field scales with incident energy up to 8 GeV where
the saturation field of 1.5T is reached. This gives bending angles 0, = 3.222 deg = 0.056/W, bending
radii /?, = 17.79m and transverse deviation hi — 2.81cm. 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
D12 = D34 = 3.6m are smaller than for the chosen setup (resp. Dn = D34 = 4.4m) as well as
the transverse deviation Hi2 = #34 = 20.27cm (resp. #12 = #34 = 24.77cm) and the maximal
deviation dmax — 25.89 cm (resp. dmax = 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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\ __ __ __ ^̂  ___ _̂ __ ̂ _

Figure 52: Alternative setup (Side View). From Left to right: 1 magnets (I m); electron and 7 detec-
tors; 1 magnet (\ m); Beam position monitor; 2 magnets (1 m). The gap between Dipole 1 and 2 or
dipole 3 and 4 is 3.6 m. The gap between Dipole 2 and 3 is 0.5m.
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Lead Crystal

Dipol

Figure 53: Alternative Setup: Useful angle A0 of the electron trajectory for the synchrotron radi-
ation seen by the photon detector of radius r7 at a distance d-, from entrance ofDipole Dl.

D12=3.60 m D1 = 7.15m

E

k
"'max

k0

Po
rfmni
rc mm
rc mm
rc mm
rc mm
rc mm

GeV
Tesla
MeV

MeV

"•0/"max

Pmin = P0

pmin =0.10
p m m =0.20
y9mm = 0 . 3 0

pmin =0.40
/>mm =0.50

1.0
0.187
17.5

8.8
0.504
3.654
11.058
7.372
5.631
4.515
3.686

A =
2.0

0.375
68.9

35.1
0.509
1.827
5.577
3.718
2.840
2.277
1.859

1064.2nm
3.0

0.562
152.4

78.2
0.513
1.218

3.750
2.500
1.909
1.531
1.250

4.0
0.750
266.5

137.8
0.517
0.913

2.836
1.891
1.444
1.158
0.945

5.0
0.937
409.6

213.5
0.521
0.731
2.288
1.525
1.165
0.934
0.763

6.0
1.125
580.3

304.9
0.525
0.609
1.922
1.281
0.979
0.785
0.641

7.0
1.312
777.3

411.5
0.529
0.522
1.661
1.107
0.846
0.678
0.554

8.0
1.500
999.4

533.0
0.533
0.457

1.465
0.976
0.746
0.598
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 D7 ~ 5.80m to Z)7 ~ 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 r7 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
2.5 mm 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 13 for the
alternative setup.

The new values of the number ^ and mean energy < t > of synchrotron photon corresponding
to the power P-, for a hole radius r7 corresponding to A0 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

• 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 ~ 15.25 m.

• for the chosen setup, between the dipole 2 and 3 of the magnetic chicane. The useful length for
bremsstrahlung is then of order L ~ 2.5 m.

Bremsstrahlung photons are emitted with angles 6 ~ 1/7 = m/E 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.I) with a conservative threshold of k'c = 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
GeV

1.
2.
3.
4.
5.
6.
7.
8.

B
T

0.19
0.37
0.56
0.75
0.94
1.12
1.31
1.50

r7

cm
1.306
0.758
0.575
0.484
0.429
0.392
0.366
0.346

A0
mrad
3.26
1.89
1.44
1.21
1.07
0.98
0.92
0.87

P
W

0.258E-03
0.240E-02
0.922E-02
0.245E-01
0.530E-01
0.101E+00
0.174E+00
0.281E+00

dn/dt
s~l

0.418E+14
0.485E+14
0.552E+14
0.620E+14
0.687E+14
0.754E+14
0.821E+14
0.888E+14

< e >
KeV

0.386E-01
0.308E+00
0.104E+01
0.247E+01
0.482E+01
O.833E+O1
0.132E+02
0.197E+02

in

0.639E+01
0.741 E+01
0.844E+01
0.946E+01
0.105E+02
0.115E+02
0.125E+02
0.136E+02

E/lOOns
GeV/100ns
0.161E+00
0.150E+01
0.575E+01
0.153E+02
0.331E+02
0.628E+02
0.109E+03
0.175E+03

Table 66: Alternative Setup: Synchrotron radiation without absorber. For various beam energies
and magnetic field at 100\xA. The power and rate seen by the 7 detector located at d7 = 400 cm from
Dipole Dl entrance,are given for a collimator radius r7 i.e. for Ad . The column V>7 indicates the
angular range seen by the detector.

E
GeV

1.
2.
3.
4.
5.
6.
7.
8.

B
T

0.19
0.37
0.56
0.75
0.94
1.12
1.31
1.50

r7

cm
1.306
0.758
0.575
0.484
0.429
0.392
0.366
0.346

A9
mrad
3.26
1.89
1.44
1.21
1.07
0.98
0.92
0.87

P
W

0.225-131
0.196E-32
0.839E-14
0.534E-08
0.830E-06
0.307E-04
0.603E-03
0.481E-02

dn/dt
s-1

0.108-116
0.230E-18
0.697E+00
0.408E+06
0.570E+08
0.118E+10
0.161E+11
0.107E+12

< e >
KeV

0.130E+02
0.532E+02
0.752E+02
0.818E+02
0.909E+02
0.163E+03
0.234E+03
0.281E+03

^ 7

0.639E+01
0.741 E+01
0.844E+01
0.946E+01
0.105E+02
0.115E+02
0.125E+02
0.136E+02

E/lOOns
GeV/100ns
0.140-128
0.122E-29
0.524E-11
0.334E-05
0.518E-03
0.192E-01
0.376E+00
0.300E+01

Table 67: Alternative Setup: Synchrotron radiation with a 2.5 mm lead absorber. For various beam
energies and magnetic field at 100fj,A. The power and rate seen by the 7 detector located at d7 =
400 cm from Dipole Dl entrance are given for a collimator radius r7 i.e. for A0 . The column ^7
indicates the angular range seen by the detector.

E
GeV

1.
2.
3.
4.
5.
6.
7.
8.

B
T

0.19
0.37
0.56
0.75
0.94
1.12
1.31
1.50

r7

cm
1.306
0.758
0.575
0.484
0.429
0.392
0.366
0.346

AS
mrad
3.26
1.89
1.44
1.21
1.07
0.98
0.92
0.87

P
W

0.298-211
0.159E-47
0.439E-22
0.139E-15
0.56 IE-10
0.132E-06
0.135E-04
0.268E-03

dn/dt
s-1

0.453-197
0.123E-33
0.319E-08
0.789E-02
0.134E+04
0.262E+07
0.233E+09
0.408E+10

< e >
KeV

0.410E+02
0.807E+02
0.858E+02
0.110E+03
0.261 E+03
0.314E+03
0.361 E+03
0.410E+03

V>7

0.639E+01
0.741 E+01
0.844E+01
0.946E+01
0.105E+02
0.115E+02
0.125E+02
0.136E+02

E/lOOns
GeV/100ns
0.186-208
0.994E-45
0.274E-19
0.869E-13
0.350E-07
0.823E-04
0.840E-02
0.167E+00

Table 68: Alternative Setup: Synchrotron radiation with al cm lead absorber. For various beam
energies and magnetic field at 100\iA. The power and rate seen by the 7 detector located at c/7 =
400 cm from Dipole Dl entrance are given for a collimator radius r7 i.e. for AO . The column ^ 7
indicates the angular range seen by the detector.
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Figure 54: Alternative Setup: Synchrotron rate in the photon detector. For 100fj, 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).
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y = L2- 1.00 m |[ Z}i2=3.60m [

E
"'•max

B
Useful size

<D>
<D>
8k/k

dd/(dB/B)

[ A = 1064.2nm
GeV
MeV
Tesla
cm

mm/%
mm/MeV

%/mm

/i/10"3

1.0
17.5

0.187
-0.127

2.178
0.218

26.194

212.7

|J /e = :
2.0

68.9
0.375
0.246

2.216
0.111

13.096

216.5

J.20m
3.0

152.4
0.562

0.619
2.254
0.075

8.730

220.3

Gap dg

4.0
266.5
0.750
0.992

2.293
0.057

6.547

224.2

= 5.0mm
5.0

409.6
0.937
1.365

2.331
0.047

5.237

228.1

6.0
580.3
1.125

1.738

2.369
0.039
4.364

232.0

7.0
777.3
1.312
2.111

2.408
0.034

3.740

235.9

8.0
999.4
1.500
2.484

2.446
0.031

3.272

239.9

E
u
""maxB

Useful size

<D>
<D>

8k/k
dd/{dB/B)

A =
GeV
MeV
Tesla
cm

mm/%
mm/MeV

%/mm

/x/10-3

532.1nm
1.0

34.5
0.187
0.246

2.216
0.222

13.096

216.5

|| /. =
2.0

133.2
0.375
0.992

2.293
0.115
6.547

224.2

3.20m
3.0

290.1
0.562
1.738

2.369
0.079

4.364

232.0

Gap
4.0

499.7
0.750
2.484

2.446
0.061

3.272

239.9

d9 = 5
5.0

757.1
0.937

3.23J_
2.523
0.050
2.617

248.0

.0mm |
6.0

1058.2
1.125
3.978

2.600
0.043

2.181

256.3

7.0
1399.2
1.312
4.725

2.677
0.038

1.869

264.7

8.0
1776.8
1.500
5.473
2.754
0.034

1.635

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 to d.gap-

F.3 Scattered electron detector

To reduce radiation damage from synchrotron radiation (see section 7.4), the detector will be located

• 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.

• 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 E,E0, Emin and Egap and the corresponding deviations
d, d0, dmin and dgap) are given in Tables 69 and 70. Transverse deviations between dipoles 2 and 3
are also given in Table 70. The deviations d23 and d™Jn 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, k0 point measurement,
effects of the resolution and of the calibration on the Pe 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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Lx = L2=1.00m
le = 3.20m

D12=3.60 m
Gap dg = 5.0mm

E
B
Eo

J-'min

Egap

d
do

"mtn

dgap

dmin ~ dgap

do — dgap

^ 2 3
Jmtn
"23

E
B
Eo

'-Jmin

Egap

d
do

Qmin

dgap

" m m dgap

do - dgap

d23
Jmtn
"23

GeV
Tesla

GeV
GeV
GeV
cm
cm
cm
cm
cm
cm
cm
cm

GeV
Tesla

GeV
GeV
GeV

cm
cm
cm
cm
cm

cm

cm
cm

1.0
0.187

0.991
0.982
0.977

-20.829
-21.015
-21.202
-21.329

0.127

0.314

-25.894
-26.357

1.0
0.187

0.982
0.966
0.977

-20.829
-21.202
-21.574
-21.329
-0.246

0.127

-25.894
-26.820

2.0
0.375

1.965
1.931
1.953

-20.829
-21.202
-21.574
-21.329

-0.246

0.127
-25.894
-26.820

\ = 1064
3.0

0.562
2.922
2.848
2.930

-20.829
-21.388
-21.947
-21.329

-0.619

-0.059 j
-25.894
-27.284

A = 532.
2.0

0.375

1.931
1.867
1.953

-20.829
-21.574
-22.320
-21.329
-0.992

-0.246

-25.894
-27.748

3.0
0.562

2.848
2.710
2.930

-20.829
-21.947
-23.067
-21.329
-1.738

-0.619
-25.894
-28.675

.2nm
4.0

0.750
3.862
3.734
3.907

-20.829
-21.574
-22.320
-21.329

-0.992

-0.246
-25.894
-27.748

lnm
4.0

0.750
3.734
3.500
3.907

-20.829
-22.320
-23.813
-21.329
-2.484

-0.992

-25.894
-29.603

5.0
0.937
4.786
4.590
4.883

-20.829
-21.761
-22.693
-21.329

-1.365
-0.432

-25.894
-28.211

5.0
0.937
4.590
4.243
4.883

-20.829
-22.693
-24.560
-21.329
-3.231

-1.365

-25.894
-30.531

6.0
1.125

5.695
5.420
5.860

-20.829
-21.947
-23.067
-21.329

-1.738

-0.619

-25.894
-28.675

6.0
1.125

5.420
4.942
5.860

-20.829
-23.067
-25.307
-21.329
-3.978

-1.738

-25.894
-31.459

7.0
1.312

6.589
6.223
6.836

-20.829
-22.134
-23.440
-21.329

-2.111

-0.805

-25.894
-29.139

7.0
1.312

6.223
5.601
6.836

-20.829
-23.440
-26.054
-21.329
-4.725

-2.111

-25.894
-32.388

8.0
1.500

7.467
7.001
7.813

-20.829
-22.320
-23.813
-21.329

-2.484

-0.992

-25.894
-29.603

8.0
1.500

7.001
6.223
7.813

-20.829
-23.813
-26.802
-21.329

-5.473

-2.484

-25.894
-33.317

Table 70: Alternative Setup ; Transverse deviations at electron detector location. For different beam
energy E and Laser wavelength A. The transverse deviations for the incident energy E and for the min-
imum scattered energy Emin are given by d and dmin. The deviation d0 stands for the scattered energy
Eo where the longitudinal asymmetry vanishes. The deviation dgap = d — dg is the beam deviation
with a security gap dg and corresponds to a scattered energy Egap. The useful size of the detector is
given by dgap — dmin. The Eo point can be measured ifd0 — dgap is negative. Between the dipole 2
and the dipole 3, the transverse deviations for the incident energy E and for the minimum scattered
energy Emin are given by </23 and d%3'

n.

168



EGeV
rate Khz

1.0
0.0

2.0
308.8

A =

3.0
458.1

1064.2nm
4.0

516.5
5.0

561.4
6.0

585.4
7.0

599.6
8.0

611.7

EGeV
rate Khz

1.0
171.7

2.0
282.3

A = 532.1nm
3.0

317.5
4.0

327.3
5.0

301.9
6.0

241.7
7.0

208.8
8.0

187.4

Table 71: Alternative Setup ; Compton rate in the electron detector. For various beam energies E at
WOfiA . The rate is given for the energy range ([pmin>Pmax]) 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
B

Power Xc =-2.0cm
0 7

PowerXc =-2. lcm
0 7

GeV
Tesla

nW

nW

1.0
0.19

102.02
6.72

61.70
7.75 ,

2.0
0.37

120.42
12.92

69.58
15.10

3.0
0.56

124.40
19.23

71.21
22.53

4.0
0.75

125.84
25.57

71.79
29.98

5.0
0.94

126.51
31.92

72.06
37.44

6.0
1.12

126.87
38.26

72.20
44.88

7.0
1.31

127.08
44.60

72.28
52.31

8.0
1.50

127.21
50.92

72.32
59.72

Table 72: Alternative Setup ; Synchrotron power in the electron detector. For a beam of '100 p-A and
an electron detector of size 3.cm * 3.cm located at a distance from downstream ofDipole 1 of'3.2m.
The detector center is at —2.0cm or — 2.1cm wrt the beam axis. #7 is the mean polar angle weighted
by the power.

E3.1 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 A$ of

• for the alternative setup, the end of the first dipole of the magnetic chicane.

• 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 nW 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 07 seen by the electron detector. But
these bigger angles give also a higher energy threshold and lower Compton rate (Table 71).

169



E
Pmin

Pmax
rate Z= 1.
rate Z= 6.

GeV
GeV
GeV
Khz
Khz

1.0
0.857
0.977
0.045
0.739

2.0
1.713
1.953
0.045
0.735

3.0
2.570
2.930
0.045
0.734

4.0
3.426
3.907
0.045
0.734

5.0
4.283
4.883
0.045
0.733

6.0
5.140
5.860
0.045
0.733

7.0
5.996
6.836
0.045
0.733

8.0
6.853
7.813
0.045
0.733

Table 73: Alternative Setup; Bremsstrahlung rate in the electron detector. For various beam ener-
gies E at lOOfiAfor a 15.25 m residual vacuum oflO~8Torr. The rate dn/dt (kHz) is given for the
energy range ([pmin,Pmax]) covered by the electron detector of size 3 cm with a safety gap of 5 mm
wrt beam. The mean Z of the residual vacuum is also given.

E3.2 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 9 > 1.6 (1.4) mrad
larger than the characteristics bremsstrahlung angle 6̂rem — rn/E < 0.25 mrad. 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.

• 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,Pmax]) 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).

Outgoing bremsstrahlung electrons are emitted with angles 6 ~ 1/7• = m/E (see section D.2).
These angles are small (0 < 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
from k'c = E- pmax to k'max = E - pmin. The energy threshold due to the safety gap Egap - pmax is
given in Table 70 (23). For pmin, we have used an electron detector size of 3 cm.

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
B

Power
N,

<e>

GeV
Tesla

nW
I O 1 2 * - 1

eV

1.0
0.08

0.7872
0.575
8.548

2.0
0.17

1.9497
0.811
15.007

3.0
0.25

2.4384
0.879
17.307

4.0
0.33

2.6538
0.906
18.282

5.0
0.42

2.7634
0.919
18.776

6.0
0.50

2.8258
0.925
19.060

7.0
0.58

2.8645
0.929
19.240

8.0
0.67

2.8901
0.932
19.363

Table 74: Alternative Setup ; Synchrotron radiation seen by the first mirror. For a beam of 100 n A
and a mirror of diameter 8.0mm located at a distance from downstream of last arc dipole of II Am.
The mirror center is at 1.0cm wrt the beam axis (A0 — O.Zhmrad).

E
B

Power

< e >

GeV
Tesla

I O 1 2 * - 1

eV

1.0
0.08

0.8529
0.537
9.908

2.0
0.17 A

2.3428
0.791
18.495

3.0
0.25

3.0320
0.869
21.786

4.0
0.33

3.3468
0.900
23.219

5.0
0.42

3.5094
0.915
23.951

6.0
0.50

3.6028
0.923
24.374

7.0
0.58

3.6610
0.927
24.642

8.0
0.67

3.6995
0.930
24.823

Table 75: Alternative Setup ; Synchrotron radiation seen by the second mirror. For a beam of
100 fiA and a mirror of diameter 8.0mm located at a distance from downstream of last arc dipole
of 12Am. The mirror center is at —1.0cm wrt the beam axis (AO = 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 = 3 m ) instead of the synchrotron photons emitted by
the end of the dipole 2 of the magnetic chicane (B = 0.75T at 4 GeV and L = 1 m ).
The first (resp. second) mirror will be located at a distance D\ — 11.4m (resp. Z)2 = 12.4 m) from
the end of the arc, which corresponds to a ^ 7 > 4.1 at 4 GeV (resp. ^7 > 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 3.7JU 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. D2 =
1.65 m) from the end of the dipole, which corresponds to a ^7 > 72.2 at 4 GeV (resp. ^ 7 > 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.I Gaussian Beams and Resonators

G.I.I Gaussian Beams

Electromagnetic fields in free space (or in any uniform and isotropic medium) obey the scalar wave
equation:

[A2 + k2] E(x, y, z) = 0,
where E is the complex electric field. For wave propagating along z, we look for solution
E = u(x,y,z)e-ikz, e.g

d2u d2u d2u du
+ + ~ ~*~ =

In the paraxial approximation (valid for field description close to the z axis),

,d2u. du.

fei<<|2%!'
i i i i

«

this equation becomes
d2u d2u ^., du

+ + 2k
dy2

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", q(z), following the simple propagation law

q{z) = qo + z ; q0 = izR,

_L-_L • A

q(z) ~ R{z) + \d2(z)'

In term of intensity, the field of Eq. (93) gives (r2 = x2 + y2):

T(r\ — P Y r i / _ O I C7f\(W
\ / IO / \ ^ " K I JO / \ I * \4i\J\J)

Since
/•27T fOO[ITS too

/ d<t> rdrl(r) = l,
Jo Jo
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• Free space region index n0 length L :

L_
"•0

• Thin lens with focal f:

• Curved mirror with radius R :

For a Gaussian beam incident on a optical device with initial complex curvature radius g, and final
complex curvature radius qj, it can be shown that [21]:

1

• - 7

" 1 2

. ~R

0
1

0 '
1

Aqt + B
(268)

where „ „ is the ray matrix of the optical device. Consider now our cavity, the ray matrix cor-

responding to a round trip is :

A B
C D ^ 0

and for N round trips, the ray matrix H will be

1 L
0 1

A B
C D

1 0] f 1 L
o j [ o i

(269)

N

so that the ray displacement r^ and slope r'N after N round trips are given by

requesting that rN and r'N stay finite gives the stability condition given in equation (100):

0 < gig2 < 1. (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
Nrt. 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 Ei be the amplitude of the incident electric field £/ on a mirror with incident angle 0i at fre-
quency u.

£j = Eie
l(wt-kz].

The mirror extends from z = 0 to z = z\, and ER and Ej 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 nx = ,/C^JH (resp. n; =
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this is a normalized intensity. If we compare with the usual Gaussian distribution

we see that the beam diameter d(z) is related to the standard a(z) via

d(z) = 2a(z). (261)

G.I.2 Gaussian beam inside a Resonator

To trap a Gaussian beam in a resonator consisting of two mirrors with radius of curvature Ri and R2,
located at zx and z2, with a separation length L = z2 — zx (See Fig. 26), we have to fulfill the boundary
conditions: R(z = zx) = —J?i and i?(z = 22) = R2, where /2(z) is given by equation (96). Defining

L .
# = 1 - ^ 7 , 1 = 1,2, (262)

these boundary conditions lead to [23]

(263)
9i+ gi — z>g\g2 gx + g2 -

for the mirror location;

-9192)

gx + gi - 2

for the Rayleigh range;

2 _ A \Jgig2Ji -9\92)
«o — ; 7, L,

7T g + # ^ ^

(265)

for the beam waist; and finally for the beam size on each mirror

^ V 9\(1 ~~ 9\g2) 7T Y ̂ 2(1 — S ^ ) (266^

G.l-3 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)j- follows linear evolution with 2:

r(z2)= AR(Zl) + B

r'(z2)= CR(zl) + Dr'(zl);

or in matrix notation

[ r(z2) ] _ \ A B ] \ r(Zl) ]
[ r'(z2) \ - [ c D\[ r'(Zl) J • (26?)

This matrix is called ABCD matrix or ray matrix. For the following standard optical device we have:

174



Using the formalism of characteristic matrices one can show [22] that if

r mn ml2M =
m21 m22

(271)

is the characteristic matrix of the mirror evaluated at 2 = z\, the reflection and transmission coeffi-
cients of that mirror can be expressed as:

v ==

t =

(m ix + ml2qi) qt - (m21 + m22qi)

(mn + rnuqi) q\ + {m21 + m22qi)'

2ft
( m u + rnuqi) q\ + (m21 + m22qi)'

where qi and qi 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 h2 = ~ and h3 — ~ and indices n2 and n3, the
characteristic matrix, for normal incidence is [22]:

M =1
0

2

0 -
n3

(-5)" °

so that the reflectivity of our mirror with a layer structure (n2, n3, n2, n3,..., n2, n3) is :

^?2AT =

(272)

(273)

One can also have mirrors of the type (n2 , n3 , n2 , «3, • ••, "2, «3, ̂ 2), where the reflectivity is given by:

R2N+1 =
"2.22. fniV

,2/V\ 2

1 J . "2.212. ^
ni n, \n3

2N (274)

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):

Ecirc(t) = itEi{t) + grt(u))Ecirc{t - 2 r ) , .

with

L
T = = —

C

Using Laplace transformations, this equation becomes

Ecirc{s) = rt

(275)

(276)
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Figure 55: A mirror defined by two planes 2 = 0 and z = zj, *>#/» permeability and susceptibility
fi(z) ande(z).

1 - R
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n.=1.47
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Number of pairs of layers HL

Figure 56: Transmission 8r = 1 — R = Trfor (HL)N and {HL)^H versus number N of layers
(HL). High index dielectric is Ta2O5 and low index dielectric is SiO2
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Thus the Laplace transforms of the circulating field is given by :

Ectrc(s) = i t E ^ ^ J ^ ^ . (277)

Assuming the Laser is switched on at time t = 0, so that the incident field Ei(t) is a step function of
value Ei starting at time t = 0 i.e. Ei(t) = Eju(t). The Laplace transforms of the incident field is
thus Ei(s) = £t, and Eq. (277) becomes

.(i-».U—)• (278)

Using a Taylor expansion, Eq (278) gives :

oo — 2rns

9rt • (279)
n=0 S

We can now easily perform an inverse Laplace transform, since the inverse Laplace transform of £—-
is a step function starting at time t = 2rn, we get the time evolution of the circulating field

—2rns

Edrc(t) = itEi 22 9?tu(t ~ 2 r n ) - (280)
n=O

Therefore for 2rn < t < 2r (n + 1), the circulating field is

£„•«(*) = itEi [l + 9rt + git + -9rt] = HE! ~J*rt ; for 2rn < t < 2T (n + 1).
(281)

We then get the amplitude ratio of circulating and incident field

- flft ) ; / o r 2rn <t <2r(n + l). (282)

We note G the gain (in intensity) in steady state (introduced in Eq. (112))

G(t = oo) = G = £ — — 5 - — . (283)
(I — Re 2 )2 + ARe 2 sin (ur)

The time evolution of the gain of the cavity is thus

U(t) = U 1 - grt \\L-grt = Gr 1 -

G(t) = C

G(t) = (

G(t) = G 11 - 2/T+ 1e-<n + 1 )^ cos (2 (n + 1) wr) +
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G(t) = G

and with the time t given by t = (n + 1)T,

sin2 ((n + l)ur)

G(<) = G ^ l - e " l *

Using Td (that will be shown to be the decay time of the cavity)

sin2

or equivalently

the evolution of the cavity gain reads

1 r

1

E^-log

Re~ 2

R)

= e
T

Td

1

cos

For the transmitted field, again using Eq. (105)

ET{t) = itie-^e-'"*Ecirc(t - T),

we get for the ratio of transmitted and incident intensities:

- iaT(t) = Te-TG{t - T) = T 1 - 2e"^T cos (2w(< - r)) +

(284)

(285)

(286)

(287)

G.2.2 Emptying time of the cavity

Assuming now that the Laser is switched on at time t = 0, and latter switched off at time t = tc, so
that the incident field is E[(t) = Ei (u(t) — u(t — tc)). The Laplace transforms of the incident field
is thus Ei(s) = £f'"e"'c ', and Eq. (277) becomes

1 - e-tcS

-2TS\ '

whose inverse Laplace transform is

- grt(uj)e

^ tu(< - 2rn) - f ) ^ t t i ( t - 2rn -

(288)

n = 0
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Let tc = 2rp, so that

Ectrc(t) = HE! ( £ <£ u (t - 2rn) - f ] c/r> (t - 2r (n + p))) .
n=O

After the laser has been switched off, i.e, for time t > tc, and 2nr < t < 2(n + l ) r , with n > p, the
circulating field is thus

Thus the gain in intensity is

G(t) = G (gT - gi

Introducing t' — t — tc, so that we start when the laser is switched off,

I t' t' + tr.\*

G(t') = G \ & - grr J \ J

and assuming tc ->• oo, e.g the cavity had sufficient time with laser on to reach a steady state, we then
t'+tr

can get the evolution of the cavity gain after the laser was switched off. Indeed, grt
2T goes to zero

when tc -4 oo and thus
G(t') = ^

(289)G(t') =

with the cavity decay time given by Eq. (284).
Using the definition of the cavity Finesse (Eq. 120), we get

f.j/Z*^* i (290)
•K 1 _ e Td T *§• + 0r

So that measuring the decay time of the cavity is a convenient way to measure the cavity finesse.
For a cavity with mirror reflectivity Sr = lOOppm, in vacuum, 80 = 0, the decay time is Td =

30 fxs.

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 J.I Phase Modulation

The Laser incident field Ei at frequency v = f will be phase modulated by an oscillator at frequency
17 and with phase modulation amplitude m.

= Eo cos (ut + m cos(Q* + $ n ) ) , (291)

Ei = Eoe
iutjm<*~{'Qt+*a). (292)

Using
oo

cos(mcos#) = J0(m) + 2^2(-l)kJ2kcos(2k9),
k=i

oo

sin(m cos 9) = 2 £ ( - 1 ) * J2*+i cos((2fc + 1)0),
Jt=O

oo

cos(msin#) = Jo(m) + 2 ̂  J2k cos(2k9),

oo

sin(m sin 9) = 2 ̂  ^2Jt+i cos((2fc
ife=O

where Jk are the Bessel functions, the modulated incident field can be written

Ei = Eoe*"* \jo{m) + 2 f ; ( - l ) f e J2k cos (2k(tot + * n ) ) + 2» £ ( - l ) f c J2ik+i cos ((2A: + l)(fi* + $«
L k=o

Leading to the following frequency spectrum

J (293)

In summary a field at frequency u phase modulated at frequency 17 and amplitude m has a frequency
spectrum given by uf = w ± fcfi, each frequency component having a strength given by the kth Bessel
function Jk(m) and a phase given by fc(| ±

; Jk(m) e 'H?+*«) e^+ t + ett(*-*»)C*-»') . (294)
L k=\ ^ ' J

For small value of the amplitude of the phase modulation, one can use

Jk(m) ~ 2
fc, •

G3.2 Reflection by the cavity of the Laser Phase Modulated field

Using the cavity reflection coefficient p = \Zfce'**, the (complex) field reflected by the cavity can be

expressed as

Jo(m)p(u>)eiujt + 2 J Jk{m) ( e' \i n>p(uj'k)e
tWkt + e ' v s ~ n ' 'p(c<;^)e'WfcM

fc=i v y J (295)
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and the real reflected field is

ER = Eo \jo(m)y/il (w) cos (w

OO

E

E Jk(m)]fnfa) cos (uft+*R fa) + k ( | + *o))

The reflected intensity, that will be measured by a photodiode, is thus

/fl = J5Q \jQ(m)\//R.(u})cos(ujt+$R(uj))

cos

+ E Mm

leading to the lengthy sum

cos fa) + k (^ -

IR = El [J2
o{m)n(w) cos2 («*+*« (w))

+ E Mm)Jk>(m)Jnfa)Jnfa)

cos cos
oo

COS fa) cos k ( | -

+2
k=l

fa)
cos cos

cos

Mm)Jk(m)y/n(Z)Jnfa)
k=l v

w<+$fi (w)) cos (u?^f+$fl (wjj") + A; f- - $ nJ J

COS

+2 E Mm)Mm)Jn fa)Jn fa.)
k,k'=i v v

(utt+*R fa) + k ( I + *n)) cos fat+*R fa,) + k' ( I - *o))] .

(296)
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By linearisation, we get

IR = El Uj(ro)ft (w) - [cos (2u)t+2$R (u)) + 1]

| [
k,k'=l

cos

cos

1
- icos

COS

+) *+<!>* (u/jf ) + * « (wit) + (* + *0 I + (* + k')

(fc - tf) | + (fc - k>

+

Jk(m)Jk.(m)Jil
it,Jt'=i v

[^)+(k + k')^-(k + k')<

-#« (a;,") +(k-k')l-(k- k'

+2 £ J0{m)Jk{m)yJn{u)Jn{ut)

i [cos ((w + w+

cos

^ [
+2 f; J0(m)Jk(m)y/n(u)JnL:)

k=i v

cos

cos

1
- icos

COS

+2 f) Jk(m)Jk,(m)Jn(u;t)Jn(u;;,)
k,k'=l

,+)+$« (a;,') + (fc + k') | + (fc - k') * 0

(k-k')^ + (k + k') «0
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Using ujf = u> ± fcft, the reflected intensity reads

IR = El \jl(m)1l{uj) - [cos (2u;f+2$H (w)) + 1]

Jk{m)Jk,{m)yjn(u + kQ)y/n(u; + fc'ft)
M'=i

i [cos ((2w + (fc + A:') 0) <+$« (w + fcft)+$fl (w + fc'ft) + (fc + fc') | + (fc + A:') *

cos (+ (fc - fc') nt+$R (u + kQ)-$R (u + fc'fi) + (fc - *:') | + (fc - fc') * n

^ [cos T(2u; - {k + A:') 0) <+$* (w - A;fi)+$fi (w - Ar'fi) + (fc + A:') ̂  - (A: + k') $

cos ( - (k - k') Slt+$R (w - A;ft)-$fl (w - fc'fi) + (jfe - # ) ! - (jfc - fc')

+2 E J0(m)Jk{m)y/n {u)yjn (w +

| [cos ((2w + fcft) t + $ f l (w)+$fi (w

cos ((-fc«) i+$ f l (w)-$* (w + fcft) - fc ( |

+2 £ J0(m)Jk{m)y/n {uj)s/n (w - fcft)
J k = l

1 r / /?r
- cos I (2w — fcft) £+$fl (o;)+$« (w — fcft) + A; I — —
2 L \ \ 2

cos ((+fcft) ^+$ij (UJ)—$R (u — fcft) — fc ( — —

+2 £ Jk(m)Jkl(m)y/iZ (u + k
ik , fe '= l

| [cos ((2w + (fc - fc1) ft) t+$R {u + fcft)+$fl (w - fc'O) + (fc + fc') | + (fc - fc') )

cos (((fc + fc') ft) t+$R (u> + fcft)-$R (w - fc'ft) + (fc - fc') | + (fc + fc') $ n ) ] ] • (297)

A fraction F(l — F) (F 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 (a;, u> ± fcft) of the reflected intensity IR. Indeed if r is the integration
time of the photodiode, for an intensity i(t) = cos(art + <j>), what will actually be measured is

Id(t) = I / ' + T i(t')dt' = - ft+T cos(ujt' + </>) = — [si
T Jt T Jt UJT

2 UJT UJT

hit) = — cos(—) sin(u;i + 4> + y )
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If the photodiode integration time r is large wrt 1/u; the detected intensity is zero. Thus the reflected
intensity seen by the photodiode will give the following photo current

iR4 =

oo

(w + Hit)
k,k'=l

cos I + (k — k') Q,t+$fi (u> + kQ,)—$R (UJ + k'Vt) + (k — k') — + (k — k'

cos I — (fc — k') Qt+$R (u> — k£l)—$R (u> — k'Q) + (k — k') — — (k — k') $n

+2 f; Jo{m)Jk{m)yJil {u)yjn {u + Arft)
/ f e = l

cos f-fcta+$* (w)-$R (w + fcfi) - k (|

+2 f; J0{m)Jk{m)jn{u)yln{u - kU)
k=\

cos r+fcnt+*B (u;)-$ f i (w - fcfl) - A; (^ -

+2 f; Jk{m)Jk,{m)sjH{uj + kQ)y/il(u; - k'Q)
k,k'=l

cos ((k + k') Slt+$R {u + fcl))-$H (w - k'n) + (k - k') ^ + (k + fc') $ n J ] .

After amplification (gain Gd), the photodiode signal is mixed with the oscillator at frequency Q. Mix-
ing is equivalent to multiplying the amplified photo-current by Vo cos (fit + $nM) . After the mixer,
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one gets the following voltage:

cos ( - (* - V)

cos

COS

k'Q)
k,k'=l

cos ( + (A; - A;') £lt+$R (u> + kti)-$R (u> + Ar'fi) + (A; - A;') ^ + (A; - k')
\ 2

:{u-k'Vt)

- k$l)-$R (u - k'Cl) + (k ~k')'^--(k- k')
oo

+2 2_^ Jo(m)Jk(m)\/'R,(ujfyH(u> + kff)

kQ) - k

Jt=i

cos f-

+2 f; JQ(m)Jk(m)yfn(u)yfn(L> - kQ)

cos - fc ( I -
+2 £ Mrn)Jk'{m)\]il{u + kVt)y/n(u} - Ar'fi)

k,k'=l

((k + k') Slt+$R (u + k£l)-$R (w - k'Q) + (k - k') J + (k + k') $ n ) 1.
V 2 /
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Leading to

VR4 = o - 1)KE* [ J2
Q{m)1l (u) cos (fit +

+1 E Jk{m)Jk'{m)yJn (u + k£l)y/n (u + k'Q)
* k,k>=l

[ cos ((+ (k - k') + 1) nt+$R (u + kQ)-<l>R (w + k'n) + (k-k')^ + {k- k') $ n + $nM) +

cos

- k'Q)
k,k'=l

[ cos ( ( - (fc - k') + 1) m + $ R (w - kn)-$R (w - Ar'fi) + (fc - A:') | - (k - k') $ f i + *

cos ( ( - (jfc - jfc') - 1) flt+*R (w - A:fi)-$H (w - fc'fi) + (A; - k') ̂  - (k - k') $ n -

cos ( ( -

k=i

(w + fcft) - fc

cos ( ( - * - )-* f l (w

- kil)

cos

cos

) - * R (w -

- fc ( I -

cos

cos

a;

(((Jb + k' - 1) ft) i+$ f l (w +

+ E
k,k'=l

(u - k'n) + (k-k')^ + (k + k'

w - A/ft) + (fc - A;') | + (fc + A/
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This signal is sent to a low pass filter, cutting all frequencies above ft, therefore

I °°
2 (u + (k

cos ($R (w

^ E - l)ft)

cos ( $# (u + k£l)—$R (u>

1

2 J f c= l
u - (k -

cos ( $ # (a; — fcft)—$R (UJ — (k —

1 OO

cos I $fl (a; — fcft)—$« (a; — (/:

uj + Q)

cos f$H (w)-$fl(w -

+JQ(m)J1(m)y/TZ (oj)y/il (u -

cos ($« (u;)-$ f l (w - ft) - | + $ n - $n

And at first order in the modulation amplitude

^DC

cos ($R {u>)-*R (u + ft) - | -

u)-<f>R(u + ft) - | -

J0(m)

(w - ft) cos

u - ft) cos

) - * R (W - ft)

) - * J J (w - ft)

u + ft)sin($*(U;)-$R(w + ft) - (*n -

-il)sm(9R (u)-9R(u - ft) + (*n

(298)

(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 VL and the cavity resonant frequency uc, 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

Photodiode Voltage
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PL(mW)

Figure 58: Photodiode equivalent circuit.S1123 Hamamatsu PIN photodiode response function

• Photodiode characteristics
We use a SI 123 Hamamatsu PIN photodiode (2.2mm x 2.8 mm), whose equivalent circuit is

represented on figure 58. IL is the current generated by the incident light and is proportional to
the amount of incident light. There is a junction capacity Cj. The diode has a voltage VD and a
current ID (photodiode reverse saturation current Is).

(300)

There is a shunt resistance R3h with current / ' and a serie resistance R3. The output is done on
a load resistance Ri^d and is defined by the voltage Vb and the current Io, given by :

(301)Io = IL-r-ID = IL- I'-Is (e^ - l)

The open circuit voltage is the voltage when the output current is zero Io = 0, thus

The short circuit current is the output current when the load resistance is zero Rioad = 0 and the
output voltage is also zero Vo = 0, thus

ho = h-Is ( e 2 ^ - l) - ^ x h

since R3 is several J) and Rsh is 107 to 1011. 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

tr = 2.2CtRload
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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 5kHz

where Ct 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 20 V reverse voltage, the terminal capacity is Ct = lOpF. At the same voltage,
the dark current is 0.2nA and increases with the reverse voltage. The SI 123 PIN has a short
circuit current of 6.2 /xA for 100 lx2, e.g 12.4^A/(mW/cm2).

The light reflected by the cavity is directed to the photodiode using a beam splitter, generating
a Photodiode current iph, the voltage at the 1 kfi resistance (Rph) is thus Vph =

• 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 RPH resistance a voltage similar to figure 59.

The photodiode current separates throughV'L Derivator and first order passive high pass filter
resistance RL and self L :

= ii -f- ?2 ! VL = RLH'I VL = L—r~ = iLu)i->.
dt

Therefore

i.e

RPh A.

VL RL *"H7
Vph Rph 1 + io

2200 Ix - 1 mW/cm2
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This is thus a derivator in cascade with a first order high pass filter with gain

G = ^ - = 10 (20d£)
Rph

and cut off frequency

t « c = ^ = 333kHz and vc = 53kHz.
When the frequency u <C wc, the amplitude is equivalent to +&dB/Oct with a 90° phase, whereas for
u » u;c, the amplitude is OdB/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:

V.~V+ = VL = Rli ; VL, = (Rt + R2)i = (R1 + R,)^
Hi

VL. ^ (fix + R2)
VL Rt '

This is a pure gain

Mixer Input The signal is then sent to one of the two input channels of the double balanced mixer.
If ZM is the mixer impedance, than

h ZM)i ; i = —

moreover,

VM — 6Nfl — VL< —

Thus

If the mixer input impedance is purely resistive, than this is a passive high pass filter with cut off fre-
quency given by:

1

-

(See Fig. 61-a).

Mixer We use the ZP-10514 Mixer from Mini-circuit. This circuit (See fig. 62) allows a maximum
of Idbm (500mV) for the the LO (local Oscillator) input and Idbm (25mV) 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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Figure61: Various Filters used in error signal builder and Servo: a)SelfVL(u)c — 53kHz) and Mixer
input VM/VLI(UJC =??kHz) ; b) Fast derivative part(uc = 40kHz) ; c) Fast integration part(toc =
Q.lGHz); d) 3 integration levels AB(uc = 1.2kHz),BC(uc = 7.2kHz),CD(ujc = 3.2kHz))
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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 VA After NT the first amplifier is only a "follower". We
than have an inversion with amplification:

The gain is thus

and the phase is <j>A = -180°.

C(p), C(p), C'(p) Three Integral Proportional Correctors VB,VC,VD 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 t = - Rni A — \ i • V = R i
L i J

Thus

- -V ^ fl
— Vtn \l

R L

Vout — Vtn

The resistances are selected so that R3 = R3
C, resulting in an unit Gain G = 1 (OdB). So after an

inversion <f> = —180°, we have an integration, with cut off frequency

1

When the frequency u <S uc, the amplitude is equivalent to —6dB/Oct with a —90° phase, whereas
for u » ujc, the amplitude is OdB and the phase is 0° (See Fig. 61-d). For B and C level the cut off
frequency is

ulc ~ —E7>—7—? = 45fci/z; and vc = 7.2kHz,

whereas for C level

u, = = 20.6kHz; and i/c = 3.2kHz.
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V

APA

AAB

ABC

ACD

ADE

A2DE
A bast

^Servo

[0,0.16 Hz]
OdB/Oct
-6dB/Oct
-6dB/Oct
-6dB/Oct
OdB/Oct
OdB/Oct

-18dB/Oct

[0.16Hz,3.2kHz]
OdB/Oct
-6dB/Oct
-6dB/Oct
-6dB/Oct
-6dB/Oct
OdB/Oct

-24dB/Oct

[3.2 kHz, 7.2 kHz]
OdB/Oct
-6dB/Oct
-6dB/Oct
OdB/Oct
-6dB/Oct
OdB/Oct

-18dB/Oct

[7.2kHz,40 kHz]
OdB/Oct
OdB/Oct
OdB/Oct
OdB/Oct
-6dB/Oct
OdB/Oct
-6dB/oct

[40kHz,oo]
OdB/Oct
OdB/Oct
OdB/Oct
OdB/Oct
-6dB/Oct
+6dB/Oct
OdB/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

VE = -VD

VE = - V b -

Rc + R'
R

This is thus a Gain

G =

1 f . R'Rc
R 1+iRcCu [ R' + Rc

Rc + R1 IMSl + 40.

CUJ\ .

R 4.
= 46dB

and a low pass filter, with cut off frequency

1 1

RcC
= lHz; vc = O.lGHz,

for which, when the frequency w < u;c, the amplitude is equivalent to OdB with a 0° phase, whereas
for u> 3> a;c, 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

ue = -g^— = 250kHz; vc = 40kHz.

When the frequency u> <C u>c, the amplitude is equivalent to OdB with a 0° phase, whereas for u » u>c,
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

VD = Ri and VF = —-

1VF_ =

This is a pure integrator with unit gain and cut off frequency

UJC = RC = lMniuF = \Hz and uc = OASHz

The amplitude is -6dB/oct and the phase is -90°. Bode and Nyquist Plots for the Slow output are
given in figures 65 and 66.
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V

<$>PA

<t>°AB
4>\B

4>°BC
4>BC
4>%D
<t>CD
4>DE
<t>DE
<t>DE

Xt'aat
VServo

[0,0.16 Hz]
-180°
-180°
-90°

-180°
-90°

-180°
-90°

-180°
0°
0°

-90°

[0.16Hz,3.2kHz]
-180°
-180°
-90°
-180°
-90°

-180°
-90°
-180°
-90°
0°

-180°

[3.2 kHz, 7.2 kHz]
-180°
-180°
-90°
-180°
-90°
-180°

0°
-180°
-90°
0°

-90°

[7.2kHz,4O kHz]
-180°
-180°

0°
-180°

0°
-180°

0°
-180°
-90°
0°

+90°

[40kHz,oo]
-180°
-180°

0°
-180°

0°
-180°

0°
-180°
-90°
+90°
-180°

Table 77: Phase for the various part of the Fast Servo at the Output of the Mixer

ApA
AAB

ABC

ACD

ADE

^Servo

26.85dB
OdB
OdB
OdB
46dB

72.85dB

ApA

AAB

ABC

ACD

ADF
("ISIOVJ
^ Servo

26.85dB
OdB
OdB
OdB
OdB

26.85dB

Table 78: Amplitude Gain for the various part of the Fast and Slow Servo at the Output of the Mixer

V

APA

AAB

ABC

ACD

ADF
A Slow

^Servo

[0,3.2 kHz]
OdB/Oct
-6dB/Oct
-6dB/Oct
-6dB/Oct
-6dB/0ct
-24dB/Oct

[3.2 kHz, 7.2 kHz]
OdB/Oct
-6dB/0ct
-6dB/0ct
OdB/Oct
-6dB/Oct
-18dB/0ct

[7.2kHz,oo]
OdB/Oct
OdB/Oct
OdB/Oct
OdB/Oct
-6dB/0ct
-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)

198



Servo Fast

0

-1

-2

-3

-4

-5

-6

—•

1 — • —

1 , A . x

-X

•2

0

•50

-100

-150

-200

-250

-1

-400 -350 •300 -250 -200 -150 -100

j -

x
"N:

h^.

cx
Jy

>

-50
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Figure 66: Nyquistplot (dB)for the Slow output of the Servo (Starting at the Mixer output)

201



V

<f>PA

<t>%
4>\B

<t>BC
4>BC
&CD

4>CD
<t>°DF
<t>DF

PServo

[0,3.2 kHz]
-180"
-180°
-90"

-180°
-90°

-180°
-90°

-180°
-90°

-180"

[3.2 kHz, 7.2 kHz]
-180°
-180°
-90"

-180°
-90°

-180°
0°

-180°
-90"
-90°

[7.2kHz,oo]
-180°
-180°

0°
-180"

0°
-180°

0°
-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
kf) 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 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 5kHz. The piezo can operates at frequencies greater than 30
kHz, but the tuning coefficient can vary substantially above 30 kHz.

G.43 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

{u) ;GS
OL(") = %(")

where jf- is the slope of the error signal, the gain of the servo is given by

(302)

) ; Gs
servM = KC(u)C(u)C'(u)S(u;), (303)

and Ap and As are the fast and slow actuator of the Laser. The system will be stable if the open loop
gain GQL^) reaches OdB at a frequency where the phase is <j>(u) < -180°.

The response of the closed loop feedback to a step function e(t) = vcu(t) being given by

lim uc - vL = , . , . ,

one wants to work with the highest possible static gain |(?OL(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 1.710~8 O/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 psi ~ 0.69
Mpa) and flow (30 gallons/min) is adequate for the proposed magnet (0.6 Mpa and 13 l/s ~ 3.5
gallon Imin) 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

1000 mm

580 mm

10 cm 540 mm *L. 10 cm L.
Figure 67: Dimensions for a C type Dipole Magnet. Entrefer 25.4 mm

Main Trajectory Radius (m)
Deviation angle (o)
Entrance face inclination angle (o)
Exit face inclination angle (o)
Rectangular pole shape
Air gap length (mm)
Pole width excluding the desaturating profile (mm)
Pole width including the desaturating profile (mm)
Maximum magnetic induction (T)
Pole length (mm)
Effective length dispersion between dipoles(%)
Maximum fault of parallelism of the air gap(mm)
Homogeneous radial width(mm)
Fault of homogeneity in this width(%)
Maximum current intensity(A)
Maximum voltage drop per dipole(V)
Water flow rate per dipole(//mm)
Water pressure drop (Mpa)
Approximate Mass (kg)

17.79
3.2
0
3.2
yes
25.4
150
180
1.5
1000
<0.1
±0.02
40
±0.01
365
24
13
0.6
2400

Table 81: Dipole magnet specifications
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Figure 68: Magnetic permeability of the proposed magnetic circuit, as measured by SIGMAPHI

Output Voltage
Output Current
Current intensity adjustment by
Current reading by
Voltage reading by
Current stability at maximum current
for a ±10% line variation

0 to 115 V
4 to 375 A
10 turns potentiometer
3.5 digit DVM
3.5 digit DVM
210"4

Table 82: Dipole magnet Power Supply specifications

205



I Consideration on the light collection for PbWO4 crystal

We recall that for light falling on a boundary between two homogeneous media, the laws of reflection
and refraction led to:

• The angle of reflection 0r wrt the direction normal to the boundary is related to the incident angle
Oi by

6r = ir- 0i. (304)

• The angle of the transmitted light 9t from the incident medium, with index n i to the transmission
medium with index n2 is

ni sin $i = n-i sin 0t. (305)

• The reflectivity H (resp. transmitivity T)» defined as the ratio of the incident and reflected (resp.
transmitted) intensity are

_ tan2 (0, - 6t)

« s i n

At normal incidence, this becomes

sin2 (fl, - 9t)

'(*• + *) ' 7> ! - 1" 7 e"- ( 3 ° 7 )

n = )—-f , r = 1 - ft, (308)
\(n + l)J

where n = ^-. For PbWO4, the refractive index is n2 ~ 2.2, thus the reflectivity between air
and the crystal is TZ ~ 14%.
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