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Chapter 1

Introduction

During my master internship, I worked at the Jefferson Laboratory Hall A. I
was in charge of the monitoring of the beam polarization during the A} (E99-
117)[1][2] and g5 (E97-103)[3][4] experiments. I also translated all the automatic
logbook of the Compton polarimeter in the ROOT/C++ framework.

Jefferson Laboratory’s accelerator can deliver up to 6 GeV highly polarized
electrons in a continuous beam at high current. The first beam came in 1997
(for Hall A) and since has provided a unique probe to study hadrons.

In this report, we are going to describe the Jefferson Laboratory and the
target the experiment were using. Then we will explain the theoretical frame-
work of the Compton Polarimeter. Afterwards, we will discuss the measurement
of the polarization asymmetry and eventually we will show the results we got
during the two experiments E99-117 and E97-103.

1.1 What is Jefferson Laboratory ?

In this section we will deal with the elements composing the accelerator. We will
also explain briefly how it delivers polarized electrons to the three end stations
(Halls A, B and C).

1.1.1 Elements of the accelerator

JLab is basically made of three parts : the injector, the linear accelerators (linac)
and the three end stations where we can simultaneously run three different
experiments.

The electron beam begins its first orbit at the injector and proceeds through
the two linear accelerators (linac) joined by recirculation arcs. The accelerator
uses super-conducting cavities to accelerate electrons. A cooling plant, called
the Central Helium Liquefier provides liquid helium for ultra-low-temperature
(4 K) super-conducting operations.
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The electron beam can be split to be used by the three end stations. They
are circular domed chambers called Hall A, B and C. Special equipments in each
hall record the interactions between incoming electrons and a target.

Each linear accelerator uses s tasr the &i ;
superconducting technology to gnets In the arcs steer the alactro

drive electrons to higher and - :}eamlftrnrtrrl‘one slrfaight sacﬁion ‘:;.?e
Hihar &riangias. unnel to the next for up to five orbits,

The electron beam begins its first i
orbit at the injector. At nearly the
spead of light, the electron beam
circulates the 7/8 mile track in
20 millionths of a second ;
i A refrigeration plant  provides liguid
helium for ultra-low-temperature,
superconducting operation.

U \’ The electron beam is delivered to the

experimental halls for simultaneous
research by three teams of physicists.

Figure 1.2: An overview of the JLab accelerator site.

1.1.2 The electron path

The electrons are extracted from a photo-cathode by illuminating it with a
polarized laser light and are accelerated to about 45 Mev by an injector. They
are then injected in the first linac, bent by 180° in a recirculation arc, accelerated
by the second linac and re-injected in the first linac by a second arc or sent to
the halls. This cycle is called a pass and JLab can go up to 5 passes, each pass
increasing the energy by the same amount. Each linac accelerates the beam by
400 to 500 MeV.

1.1.3 The electron source

The source of polarized electrons used is, in the current experiment, a strained
GaAs crystal photo-cathode with theoretically 100% maximum polarization
achievable. With this kind of source, the accelerator can deliver beam of around
80% polarization. We first took data with a 10 A current then at 12-15 uA
which is a good compromise between the target depolarization due to the beam,
the radiation damage and the luminosity. Random 30 Hz flips of the beam he-
licity cancel most of the systematics errors in asymmetry measurements that
arise, for example, from beam current drifts, beam position drifts,...

A half-wave plate was periodically inserted at the source in the laser stream
to reverse the helicity of the electron beam. This is used to check systematics
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errors arising from helicity correlated electronic noise: the data taken with half-
wave plate in and out must be consistent. In fact, when we insert or remove the
beam half-wave plate, the polarization of the beam flips its sign but, in theory,
not the systematic errors. Hence it is a way to check the systematic errors by
subtracting the data with half-wave plate IN and OUT.

1.2 The Helium-3 polarized target

Both experiments of the summer 2001 were using polarized 3He targets. We
will explain such a choice and describe the geometry of those cells.

The main challenge when one wants to study neutrons is that free neutrons
aren’t stable (lifetime ~ 15 min). On the top of that, we can’t build a target of
neutrons with a high luminosity. However we can use polarized > He as effective
polarized free neutron target.

3He is made of a neutron and two protons. If the nucleus is in its ground
state (S state), the Pauli principle forces the protons to have spins of opposite
signs and, as a matter of fact, the proton spin contribution to the 3He one is
cancelled. As a result, polarized 3 He targets can be seen as polarized neutron
targets diluted in by two unpolarized protons. Protons will contribute to the
nucleus’ spin at second order due to the D-wave and S’-wave components of the
ground state.

pumping chamber

“\h‘
targetchambar
transfer tube B
—~r/

elecirons {_’

.
Figure 2: the Helium 3 polarized target.

Let us now discuss of the geometry of the cell.
A cell is made of two chambers (see Figure 2):

e The upper chamber, also called pumping chamber.

e The lower chamber (or target chamber), through which the beam will
pass.

The cells we use at JLab are filled basically with 3He and Rb. We use 25 cm
and 40 cm target cells (resp for E99-117 and for E97-103) at approximately 10
atm to achieve a high luminosity.

An important feature is the creation of a strong temperature gradient be-
tween the upper and the lower chamber. This gradient confines the Rb in the
upper chamber. Otherwise, the data we are interested in would be diluted by
the Rubidium. To this end the upper chamber is placed in an oven heated to a
temperature of 170 — 200°. We optically pump the Rb gas thanks to 7 lasers of
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30 W (3 for longitudinal pumping and 4 for transverse pumping). The transfer
of the polarization of the Rb to the 3 He happens in the upper chamber, by spin
exchange collision [5].

More than 40% target polarization was achieved with 10-15 yA beam cur-
rent. This polarization represents an equilibrium between the polarization effi-
ciency (optical pumping) and depolarization processes (exposure to the beam,
He-He, He-Rb and He-Cell interactions). The target can be polarized and kept
polarized either into parallel or transverse mode thanks to the two sets of lasers
and Helmholtz coils.

After this brief introduction of JLab, we will describe the Compton polarime-
ter apparatus in the next chapter.



Chapter 2

The Compton Polarimeter of
JLab

2.1 Introduction

This chapter presents the Compton polarimeter of JLab and its components. We
will see why it is useful to have an online measurement of the beam polarization.
Furthermore, we will briefly explain the theory of the Compton scattering and
how it can be used to yield to a polarization measurement. Afterwards we will
explain the requirements to reach a good accuracy on the measurement.

The first polarimetry measurement of an electron beam have been performed
in the early fifties after the first measurement of parity violation by C.S. Wu[6].
It is only in the 80’s that some polarimeters based on Moeller or Compton
scattering have been installed on linear accelerators.

The Compton polarimeter of JLab have been built by DAPNIA at Saclay,
IN2P3/LPC of Clermont-Ferrand and Jefferson Laboratory. Its goal is to mea-
sure the longitudinal polarization of the electron beam delivered at JLab. It has
been set up and installed in 1999 for the HAPPEX experiment.

2.2 The Compton polarimetry

In this section we will discuss the theory of Compton scattering. We will thus
define all the useful parameters which are involved in the polarization measure-
ment and how to extract polarization from the raw events.

The longitudinal polarization of an electron beam is defined as :

NT - N
T NT4+ NI

where N1 (resp. N1) is the number of electrons whose spin is aligned (resp.
anti-aligned) with the beam direction.
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At JLab, there are 5 polarimeters :

e 1 Mott polarimeter (located at the injector)
e 3 Moeller polarimeters (Hall A, B and C)

e 1 Compton polarimeter (Hall A)

2.2.1 Measurement principle

The Quantum Electrodynamic theory (QED) has been developed in 1950’s.
Klein and Nishina have been able to calculate the probability of the Compton
scattering using QED. This process is now well known and may be used to
measure other quantities such as the electron beam polarization.

For a Compton polarimetry measurement, we use the Compton scattering
between a polarized electron beam and a circularly polarized photon beam in
order to determine the polarization of the electron beam P. :

oM _ it

_ Nt-N— _ —
A NN — At}LPePA/ where Ath = m

exp = NFFN-

Ayp, is the Compton cross section asymmetry of the calculated polarized
processes.
P, is the photon beam polarization.

o' and o' are the cross sections for an anti-aligned (resp. aligned) electron
scattering off an aligned (resp anti-aligned) target. Spins are projected on the
the beam direction.

N7 is the number of detected electrons with a spin aligned with the beam
direction.

Let us notice that we have to use a polarized target because there is no
asymmetry in QED for a polarized electron scattering off a non polarized target.

2.2.2 Compton scattering kinematic

In this two-body kinematic where the initial state is known, only one parameter
is necessary to determine the whole kinematic (the angle ® between the incident
and scattered planes is not relevant at first order).
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Figure 2.1: Compton scattering.

_ N2
Applying the 4-momentum conservation in the lab frame (1_) + k) P = (ﬁ' + k/) ,

we can deduce the scattered photon energy which is linked to its scattering angle

6, by [8]:

k/

E + pcosa,

% E+k—pcosb, + kcos(ae — 0-)

The small crossing angle approximation («. = 0) yields

Ky

ko 1+a03y?

where a = — (2.2.2) and v = E/m.

e The maximal energy of the scattered photons &

!/
max

(the “Compton edge”)

is reached when 6, = 0 and corresponds to the minimum of energy of the

electrons F,,;y:

2

k/ = 4(lkﬁ

max

E;nin =FE- ]{:TL(IT +k = Emin

L in > B — dakE
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e The minimum of energy of the photons &/,

the electron) is reached when 0, == : k], =k and E], ..

(and the maximal energy of
=FE.

Due to the large Lorentz boost along the beam direction, the photons will be
emitted in a very small angle (eg: 300 prad for E. = 3.355GeV ). Thus we
need a magnetic device to sort the incident and scattered beams of electrons
and photons. This will be discussed in section 2.3.1.

2.2.3 Luminosity

One of the main parameter we have to care about is the luminosity. Indeed it
drives the counting rates we can expect from the Compton interaction. Thus
we will see in section 3.1.1 that a variation of this parameter induce a false
asymmetry.

The total luminosity for the interaction of the laser and electron beam is :

t= [ [ [vapepzdsay

where v,.¢; is the relative velocity of the two beams, v,..; = ¢(1 + cosa.) and p,
and p,, are the electron and photon beams’ densities.

When the angular divergences of the electron and photon beams are small
with regard to the crossing angle a., the total luminosity can be approximated
by integrating the differential luminosity over z. We get [8]:

L ~c¢(l+cosa )N‘EN“O’ 1 1
~ SCc) ™5 \/a§+03/ sin ¢
L ~ l+cosa. I PL) 1 1

- V2r e hc? /0§+”’2Y sin a.

where I. is the electron beam current, P; the laser power and )\ the laser
wavelength.

A high luminosity for non zero crossing angle depends on the ability to obtain
small and comparable beam spot sizes and small crossing angle. At JLab, the
electron beam spot size is usually around 100 um and we can see it with the so
called “Bell curve” (see section 3.2).

2.2.4 Cross section

Let p be the ratio of momentum carried by the photon over the maximal energy:

%
p= %

max
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Figure 2.2: On the left is plotted the cross section of the Compton scattering
for different electron energies. The right graph shows the theoretical
asymmetry for different incident electron energies. (Solid line for E=8 GeV,
dashed line for E=4 GeV and dotted line for E=1 GeV)

The cross section for a. = 0 and each electron polarization state is [7]:

d’c* d?oq d?o,q d?os
c _ 0 inf )
dpdd dpdd * o8 dd Henbeos T e

——— ———

non polarized
Compton cross section

longitudinal Compton
cross section

0 = angle between the polarization vector and beam axis
® = azimuthal angle

d2o 2(1-a)? 1 p(ita))?
£ —ano | £0525 41+ (E2E)

2

is = aro |(L=p(1+a)) (1 T P(i_fa))2):|
oy _ g | PAZ0)VAap(1-p)

dpdd® — %0 1—p(l—a)

where ry = 2,82.10 '3 ¢m is the classical radius of the electron and a is

defined page 11.
Due to the Lorentz boost, all the events are detected in the same element
of detection. As a consequence, our detector setup covers the whole azimuthal

angle:

2.2.5 Relative cross section asymmetry

o (10'0
= dp

+
do;

—— cosf
IpdD F cos

dp

Cross section asymmetries are convenient to get a polarization measurement
because they are easier to measure than absolute cross sections.
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Let Ayp, be the relative asymmetry of the longitudinal Compton cross section:

da:r _do_ do1
dp dp dp

A = — =
th dot + dog dog
dp d dp

The Compton asymmetry flips its sign for:
1 11+ %
l+a 21+ 2E

po =

and its maximal value goes from 1% to 10% at the JLab energies:

1—a?

/ —
AT = Au(Knae) = {03

max

The Compton asymmetry is negative for low-energetic scattered photons and

positive for energetic photons. This detail will be important for the minimization

of the measurement time. Indeed if put a very low threshold it decreases the

asymmetry because of the negative part of the asymmetry. Hence it decreases
the statistical accuracy on the error.

2.2.6 Getting a polarization measurement

The asymmetry counting rate measured in our detector depends on the lumi-
nosity, the Compton cross section, the measurement duration and the efficiency
of our detector at given energy, as follow :

NE(E) = L¥oF (BE)TH et

where T is the time of measurement and ¢ is the detector efficiency.

If the parameters are independent of the beam polarization state, then the
experimental asymmetry measurement of the counting rate A.., allows us to
determine the electron longitudinal polarization :

NT - N~

deer = NF ¥ N-

— PP, (Au)

where PeH is the longitudinal polarization of the electron, P, is the photon
polarization and (Ayp,) is the analyzing power of the longitudinal Compton cross
section.

Analyzing power

The analyzing power is the convolution of the detector efficiency (the smeared
function of our detector) and the physics of the process.

The average value of the experimental asymmetry weighted by the total
non-polarized cross section is:

fl

) G(P)dd_( )Awn(p)dp
At = : min p
) SEe(p)endp

min
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where pp,in is the detection threshold of the Compton photons and €(p) is the
detector efficiency. Ay, is perfectly determined from QED once the kinemat-
ics parameters of the process are known (eg energy of the electrons and the
photons).

If pmin = 0, < Ay, > is the theoretical cross section asymmetry. We will
now refer to this quantity by analyzing power of the polarimeter.

2.3 The experimental device

First of all, let us notice that the beam characteristics at JLab makes polarimetry
measurement by Compton scattering challenging:

e the asymmetry is low compared to other accelerators : SLAC reach ~ 75%
with regard to ~ 1.5% at JLab for a beam energy of 4 GeV and a photon
beam energy of 1.165 eV.

As a consequence we need more time or higher photon flux to reach the
same relative statistical accuracy as SLAC.

e the intensity delivered at JLab is “low” (< 100 uA), compared to the avail-
able current in a storage ring (~ mA).

Therefore we have to increase the luminosity by maximizing the power of the
laser using an optical cavity and the laser polarization.

o

Electron
beam

Electron
Detector
I

qp ( _ S ] - Photon
D2 L D3 Detector
Cavity
Figure 2.3: The complete device of the Compton polarimeter. We can notice
the four coupled dipoles, the optical Fabry-Perot cavity and the electron and
photon detectors. Let us notice that it was the first time a cavity was coupled

with an accelerator.

2.3.1 Magnetic chicane

As noticed previously, the electrons and photons are emitted in a very small
opening angle (< 300 urad).

Consequently we need to sort the incident and scattered beams. It is per-
formed by a magnetic chicane composed of 4 identical dipoles: the dipoles have
the same field integral (£107°7T). Tt allows us to perform non destructive
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sorting because the total field integral equals zero. Hence it is a non invasive
measurement.

Each magnet generates a magnetic field of amplitude up to 1.5 T. This allows
to pass an electron beam of maximal energy of 8 GeV. The supply of each dipole
is coupled in series. Therefore, changing the current in the current supply results
in modifying the vertical position of the electron beam between the Dy and Ds
dipoles. This allow us to perform a vertical sweep of the beam at the Compton
interaction point (CIP) without modifying the position and the angles of the
beam on the main experiment target. That way we can optimize the crossing
between the electron and photon beams in order to maximize the luminosity at
the CIP and also reduce our sensibility to false asymmetries which could arise
(see section 3.1.1).

2.3.2 The vacuum

One of the main factor contributing to the background in the electron and
photon detectors is due to the residual vacuum. The electron of the beam can
do Bremsstrahlung on a molecule of the gas and hence simulate a photon and
an electron coming from a Compton interaction. That is why a good vacuum is
required.

The vacuum is established thanks to 5 pumps :

e a primary pump which decreases the pressure down to 10~* Torr

e 4 ionic pumps of 1201.s~! which decrease the pressure down to 10~8 Torr
in the central section, between the second and the third dipoles (D> and
D3)

The residual vacuum is mainly composed of molecules of hydrogen (74%), water
(19%), nitrogen (5%) and helium (2%).

With such vacuum, we can limit the Bremsstrahlung background to lower
than 1 kHz for an electron beam intensity of 100 A and an energy of 4 GeV. This
background corresponds to 1% of the counting rates (without the background
due to the halo).

2.3.3 The beam diagnostic scintillators

During the first use of the Compton polarimeter, the background measured in
the detectors was a thousand timer higher than expected (~ M Hz instead of
~ kHz). It appeared that it was due to the electrons of the halo which were
scrapping onto the mechanical supports of the cavity mirrors which have an
apparture of ~ 5mm along the x axis and around 5 ¢m along the y axis. Hence
the focusing and the position of the electron beam upstream the CIP is very
important.
Four sets of scintillators have been installed to monitor the beam tuning:

e one upstream the chicane.
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e one before D>.
e on both sides of the optical table, between Dy and Ds.

When the beam is mistuned, the counting rates in these scintillators increase.
Therefore, the optimization of the beam tune is done by minimizing these sig-
nals. Moreover, we can also check this tune by monitoring the counting rates in
the photon detector when the cavity is OFF.

2.3.4 The photon source
In order to minimize the time of measurement, we have to :
e maximize the laser power,
e maximize the photon polarization (£100%),
e maximize the overlap of the transverse sections laser beam - electron beam,
e minimize the crossing angle a..

During a run, we have also to measure the polarization (cf page 14) of the laser
inside the cavity as well as its power. Indeed, if we increase the power of the
laser, we increase the counting rates too. So, this parameter comes into the
calculation of the statistical error bar.

The principle of the Fabry-Perot cavity

Because of the lack of room near the chicane, it is not possible to use large power
laser. As a consequence, a low power laser (200 mW) amplified by a resonant
Fabry-Perot cavity have been installed.

We couple a photon source with a cavity composed of two ultra-reflecting
mirrors. The distance between the two mirrors (L) defines the resonant fre-

quency of the cavity:
c

Veav = ﬁ

If the incident wave has a wavelength equal to a multiple of v, , constructive
interferences between incident and resonant waves are built inside the cavity.
As a result, the intra-cavity power is being increased.

The mirrors presently in use have been built by the “Service des Matériaux
avancés” of the IPN Lyon. They are made of several layers of SiOs, T'a3O5 and
Si. They reach a reflectivity R = 99,988% and a transmitivity 7" = 95 ppm.

Hence, the maximum gain G, defined as [7]:

T
(1—-R)?
can be as great as 7500. So, for a IR laser beam of 200 mW, we can reach a
power of 1500 W at the CIP with new mirrors. Indeed, because of radiation

damage, mirrors are being altered (ionization of the different layers composing
them resulting in a lifetime of a few years).

Gmax =
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2.3.5 The photon detector

Constraints on the detector

With an electron beam of 4 GeV and 100 uA and a laser power of 1500 W, the
photon detector runs at a counting rate[8] of 100 kHz.

The measurement of the energy E, of the scattered photon must be done
in less than 100 ns to avoid the pile-up which could skew our measurement.
Moreover, the detector is located downstream the third dipole D3 where there
is room constraint: the crystal must have the smaller Moliere radius in order
to contain the whole shower and allow a measurement of the total energy Eio;
of the photons. These conditions are filled by the PbW O, crystal making the
calorimeter[11]. The photon detector is composed of a 5 x 5 matrix of crystals of
2 x 2 x 23 cm3. The generated light is read by small photo-multipliers Philipps
XP1911.

Let us notice that the radiation length of the PbW Oy is 0.92 e¢m[12]. Hence
all the shower is detected in the longitudinal direction.

But, even if the PbW Oy crystal has high detection performances, it can be
blind by the synchrotron radiations induced by the chicane.

Background for the photon detector

The radiations to be considered here are the synchrotron photons emitted by
the Dy and D3 dipoles.

A thick collimator is mounted on the calorimeter. It consists in a big plate
of lead with a hole of radius r, = 7. + 2mm where 7. is the spot size of the
scattered photons at the calorimeter position. This shields the detector from
undirectional and low energy bremsstrahlung. A thin absorber made of inox
is put in front of the hole. Therefore it decreases the synchrotron background
because the cross section of the synchrotron radiation is high at low energy.

2.3.6 The electron detector

Since the Compton scattering is a two-body interaction, the knowledge of the
parameters of only one scattered particle is enough to determine the whole
kinematics. However, the electron detector allows us to calibrate the photon
detector and also to perform an independent measurement.

The electron detector allows us to reduce the systematic error on the polar-
ization measurement by determining the momentum of the scattered electron
and hence the scattered photon: we measure its deviation through the third
dipole magnet. Let us notice that the electron detector has a really good energy
resolution because of its ability to reconstruct the path of the incoming electron.

Therefore, we will be able to take data with the electron detector only, with
the photon detector only or with the two in coincidence (for intercalibration of
the two detectors).
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Principle of the measurement

To reduce radiation damage due to synchrotron radiation, the detector is located
between D3 and Dy.

The final position (41 cm after D3) is a compromise between the maximum
dispersion and the space left for the vacuum pipe used when the magnetic chi-
cane is not used. Let L3 be the length of D3 and [, the distance between the
end of that dipole and the electron detector. For an electron of momentum p’,
the transverse deviation d’ at the electron detector location is [8]:

d = R(1—cos®) + [, tan 6

with sin§ = L3B@).Ls(m) 4 R(m) = p'(GeV)

p'(GeV) 0.3B(T)"

The electron detector must be kept out of the main beam with a minimum
safety gap Yget ~ 5—6 mm. The corresponding energy Fy,, will be the maximal
measured energy of the scattered electron and fix the energy threshold on the
scattered Compton photon.

Description of the detector

The electron detector consists of 4 planes of silicon strips in order to have a high
efficiency with a good rejection of accidental coincidences and non-directional
background. The main feature of coupling a microstrips based detector to a
dipole is to measure the energy of the particle detected, knowing its path. The
path of the scattered electron is known using a tracking algorithm.

Each plane is composed of 48 strips of 600 um width and 200 pum thickness.
The gap between 2 strips is 50 um. The size of a plane in the dispersive direction
is 3.2cm.

The useful size of the detector is dynin — Yaer and decreases with low energies.
This size is thus maximal for £ = 8 GeV.

The effects of the smearing due to the finite resolution have to be corrected
and the errors on the different parameters governing this resolution (beams
interaction size and resolution on the magnetic dispersion) are propagated into
systematic errors.



20 CHAPTER 2. THE COMPTON POLARIMETER OF JLAB
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Figure 2.4: A closer view on the electron detector. The strip number is
increasing with the dispersion direction.

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 [8]:

d =R(1—cosf)+Il.tanfd = Rsinftan § + [ tand
o L {
=sinf (1+Cos€ + cos @

where 6 is the deviation angle and R the radius curvature of the scattered
electron trajectory. For a small deviation angle 0, the transverse deviation can
be approximated by:

d’:sin@(é—i—l) ~ 0.3 BL <£+l> ~ é
p

/ 2 pl
The displacement Ay for an electron of momentum p’ from one of the beam
of momentum p is given by:

/ /
Ay=d—a=5 -2 (P20) o2
p p p p p

and depends on the dispersion «. Let us notice that the displacement depends
on the energy of the scattered electron. The displacement Ay can be known
with a high accuracy because of the thin width of the strips and the little gap
between each one.

The energy k' of the scattered photon is then measured by the displacement

Ay of the scattered electron (momentum p’ = p — k’, with the incident photon
Ap? with Ap' =p' —p=—k":
E = Ay

_pAy—a

energy neglected) through Ay = «
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Thus the resolution on the photon energy &’ is given by :

(p— k) p— K
apk’ ®o(a) ap

o) _ op)
TS 2o

It is due to :

e the energy resolution of the beam o(p) .

e the transverse size of the interaction between the laser beam and the
electron beam o(Ay). This size is close to 100 um and has to be known
with an accuracy of 50 um .

e the resolution on the dispersion o («) which includes higher order magnetic
effects neglected in the parameterization of the dispersion and the angu-
lar divergence of the electron beam and scattering angle of the Compton
electron.

Note : The energy resolution of the beam o (p) can be neglected here.

Bremsstrahlung for the electron detector

The bremsstrahlung seen by the electron detector is due to [§]:

e bremsstrahlung photons generated between the end of D3 and the electron
detector. The useful length is only L ~ 3.6 m and the photons are seen un-
der an angle 6 > 1.4 mrad larger than the characteristics bremsstrahlung
angle Oprem ~ m/E < 0.25 mrad. So this background is very weak com-
pared to the Compton rate.

e electrons having emitted a bremsstrahlung photon between the dipoles 2
and 3 and with an energy in the energy range [pmin, Pmaz] cOvered by
the electron detector. The useful length for bremsstrahlung is the same
(L ~ 2.5m) than for the photon detector.

Outgoing bremsstrahlung electrons are emitted with angles 6 ~ }/ = m/E.
These angles are small (§ < 0.25 mrad) and can be neglected: the corresponding
deviation at the electron detector is lower than 1 mm. So the electron detector
will see the bremsstrahlung electron in the energy range covered by the sensitive
area.
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Chapter 3

The measurement of the
experimental asymmetry

In this chapter we will explain the method used to measure the experimental
asymmetry A..p and how we extract it from the data.

Furthermore, we will explain how the systematic errors are reduced by taking
data of left and right events of photon polarization states. We will also see how
to measure the dilution of our Compton signal by taking data when the cavity
isn’t locked. And finally, the data taking procedure will be described.

3.1 Principle of the experimental asymmetry ex-
traction

The number of events for each electron polarization state is defined by :
N* =r*T*  with ¥ = LEoF + LEoE

where, for each helicity gate, »* is the rate of events, 7" the duration of a
polarization state (~ 30 ms for a 30 Hz beam helicity flip), Lib is the luminosity
at the CIP for the Compton signal (Cavity locked) and the background (Cavity
OFF) and a;t’b the correspondent cross sections.

The raw asymmetry for the number of events is thus :
NT—N—  ¢tTt — =T~

AN — =
raws S Nt 4+ N—- ptTH 4T

Let us define the time A7 and rate A, asymmetries :

_rt-7" _ ot~
Ar = Ty Ar =75

It yields:
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AN o AT+AT
raw - ]-+ATAT

However if the time of data taking is different between the two beam helicity
states, the raw asymmetry will be biased by the time asymmetry Ap. It is the
same way for the charge asymmetry of the electron beam.

So those two parameters have to be measured during the run for each state
of polarization. In order to avoid to introduce false asymmetries and dilution of
our experimental asymmetry, we must normalize the number of events detected
to the time of acquisition and to the beam intensity.

Hence, we will introduce the normalized rates (in kHz/uA) r* = %and
the corresponding raw asymmetry :

Nt N—

A _ THI+ T—1—
raw = T+ -

v Yt

However, the signal we get is diluted by the background. So the experimental
asymmetry is given by :
Acap = dil. Ay

and this for each state of the photon beam polarization.

The dilution is defined as follows : dil = (1 4 p) where p = b/s and b is the
background and s the pure signal.

But we don’t have access to the pure signal s, we only know B and S

where B = b = 1 (% + TJY%) when the cavity is OFF and S = s + b =

%(% + TQ’%) when the cavity is ON. So p = b/s = % and then
. 1
dll = m

Thus, for each state of the cavity and if we neglect the false asymmetries of
position we can calculate the polarization of the electron beam by :

LR __ ; L,R
A = leL;RAexp

3.1.1 False asymmetries

Now we will study the false asymmetry induced by a helicity correlated variation
of the Y position of the electron beam in the cavity.

If the vertical position of the beam is drifting, the counting rates seen in the
two detectors will vary. This is due to the variation of the luminosity at the
CIP.

The asymmetry without dead time and current corrections is:

Nt =LA (NT + N7) = No(1+ A)
N~ =152 (NT +N7) = No(1 - 4)

where Ny is the average counting rates between two states of electron beam
helicity.



3.2. DATA TAKING PROCEDURE 25

For example, the counting rates of helicity — will pass from N~ to N~ +AN
where AN = g—J;AY and AN < NT, N, if the vertical position of the electron
beam changes between two states of helicity.

Thus the asymmetry becomes:

Nt — (N~ +AN) AN
N*+N-+AN 79N,
So we can deduce the false asymmetry of position Fjy :

g LAYON
ATN, 2 Y

Aemp =

where :

° % is the difference of position correlated to the flip of helicity.

) % is the sensibility efficiency of the detector to the asymmetry of position

(cf Figure 3.1).
e Ny is the counting rate corresponding to the average position between the
two states.

All these quantities can be determined with the so called “bell curve” (See Sec-
tion 3.2).

3.2 Data taking procedure

This section explains the procedure to take runs with the Compton polarimeter.

The very first step is to check if the laser is ON, if the photon detector is in
the data taking position and if the electron detector is in the so called “beam
stream” position, that is on the path of the scattered electrons.

Then we have to a get a good crossing of the photon and electron beams.
For this, we remind that the cavity can not be moved. As a consequence,
we have to move the electron beam vertically to optimize the luminosity: this
procedure is called a vertical scan. This is performed by modifying the field in
the four coupled dipoles. The table below shows the correspondence between
field variations in the dipoles and vertical position variations of the electron
beam and this for different energies of the electron beam. In other words, if we
want to scan the luminosity by steps of 25 pm with an incident beam energy of
4 GeV, we have to modify the field in the dipoles by steps of 50 G.cm.

| Step 25 pum | Step 100 pm | Energy |
10 G.em 40 G.cm 0.8 GeV
20 G.cm 80 G.cm 1.6 GeV
30 G.cm 120 G.cm 2.4 GeV
40 G.cm 160 G.cm 3.2 GeV
50 G.cm 200 G.cm 4.0 GeV
60 G.cm 240 G.cm 4.8 GeV
70 G.cm 280 G.cm 5.6 GeV
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Hence we can scan over a few millimeters without any noticeable modification
of the beam position on the Hall A target. During this scan, the counting
rates increase, reach a maximum and then decrease, following the “bell curve”
distribution. The maximum of the curve is the optimal crossing between the
two beams. After activating a magnetic feedback procedure to lock the vertical
position of the electron beam, we can finally take data.

hEpmY¥Time hCloche

Tl Nert = 89606 B Nent = 57652

B r 0

A0 E

= | Mean =5.322e+03 ], Mean = 92.49

IS L

T w |
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Figure 3.1: On the left graph is plotted the vertical position of the electron
beam during the run. On the right is shown the normalized counting rates
versus the vertical position: the so called “bell curve”. The red line represents
the mean position of the beam during the data taking and the green one the
sensibility to the false asymmetries induced by the helicity correlated
variations of the vertical position. When the beam is at a position
corresponding to the top of the “bell curve”’, we are less sensitive to false
asymmetries of position. Let us notice that we can also measure the spot size
of the electron beam: it is twice the RMS of the “bell curve”.

A run of the Compton polarimeter is composed in 4 sequences:

e Cavity OFF (~30 sec) for background measurement.



3.3. ANALYSIS PROGRAM OF THE ELECTRON DETECTOR 27

e Cavity ON with RIGHT circularly polarized photons (~100 sec) for asym-
metry measurement.

e Cavity OFF (~30 sec) for background measurement.

e Cavity ON with LEFT circularly polarized photons (~100 sec) for asym-
metry measurement.

This pattern is repeated during all the run and automated by the data acquisi-
tion.

3.3 Analysis program of the electron detector

In this section we will see details of the electron detector analysis program.
We will first explain the use of each program and then explicitly explain what
do each one. All the programs of the analysis of the electron detector data
are written in C++/ROOT[9]. The old program based on the analysis of the
photon detector was sensitive to the threshold determination (“Compton edge”)
as well as the resolution efficiency. I wrote programs which generate control
histograms in order to implement more easily this important improvement.

3.3.1 Event selection

The first program characterizes the data :
e check if the cavity is ON or OFF.

e cut each 60 first events of each gate of cavity status (ON or OFF) because
the state of the cavity may be undetermined.

e cut on the helicity status of the electron beam because the state of the
charge is undetermined during the spin flip.

e cut on the current with a threshold of 4 pA.
e cut on the vertical position of the electron beam.

The cut on the position is made using the distribution of the vertical position.
For RIGHT and LEFT photon polarization, the Y position has to be within 20
pm around the mean of the distribution. Hence, we should have the same false
asymmetry for RIGHT and LEFT.

3.3.2 Asymmetry calculation

The second program allows us to extract the polarization from the calculation of
the experimental asymmetry. It performs this on the events previously selected.
First it determines the live time of the acquisition. To do so, it divides
the number of events stored by the scalers (not dead time sensitive). Then it
normalizes the number of good electron events to the beam intensity.
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In the next step, the strip maps of each plane are filled. For each strip
we store the normalized counting rate acquired for each laser helicity gate (see
Figure 3.2):

1 (NT+N°)
LT 2
where I and T are the average of respectively beam intensity and lifetime for
each electron beam helicity status.

| Wiremap of the Electron Detector at 5.7 GeV|
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Figure 3.2: Here is the plot of the normalized counting rates versus the strip
number of the plane. We get this plot for each of the three planes actually in
use of the electron detector.

Then, it calculates the asymmetry between the normalized counting rates
for each strip of each plane, in other words :

Nt N—
AL’R _ ItT+ I—T—
raw — N+ N—

T T T

Afterwards, it uses informations on the cavity status (ON/OFF) to correct
for dilution effects in each strip of the plane. So, it can retrieve the experimental
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asymmetry:
AL’R = dilLyRAL’R

exp raw

BL’R

—1
where dily p = (1 - sLﬁ) and the error on this dilution is [10]:

dil} 1

SL,R L 2
\/(dBLﬂ)2 + (&%) (dsmry?

d(dily,r) =

Then it fills a same histogram (the so called “Wide Plane”) with the asym-
metries left and right (cavity status) of each plane successively. The program
fits this histogram with the theoretical asymmetry to determine the energy cal-
ibration (Yy.; and “Compton edge”) and the beam polarization (see Figure 3.3).

Wide Plane Fit Chi2/NDF= 258.7 / 200
Palar= -0.786 +/- 0.003
0.08 | Bdl= 1.073% +-0.0
: Beam= 5739 +/- 0.0
0.06 Ydet= 6,824 +/- 0.002
0.04
0.02} ds
-
5 - | .| F. H 4
B b ] 9
-0.02— .
-0.04[ .
-0.06
_0 08: | ‘ | ‘ L ‘ ‘ } | ‘
0 50 100 150 200 250

Figure 3.3: This plot shows the fit of the experimental asymmetries. The
asymmetry is in ordinate and the cumulate strip number in X-coordinate. We
filled this histogram with, for each plane the right and left asymmetries
(corresponding to the right and left photon helicity).

We plotted on the graph below the experimental asymmetry versus the strip
number for the plane B.
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Experimental Asymmetry at 5.7 GeV
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Figure 3.4: Experimental asymmetry versus the strip number. There is also
the fit by the Ay, (p) function.



Chapter 4

Preliminary results of
polarization measurement

In this chapter, we will give the results of the beam polarization measurement
during the summer 2001. We will first approach the data retrieved during A}
and then those of ¢ (at least until I was at JLab).

4.1 Polarization during E99-117

The histogram below show the polarization measurements I took from June 7th
to July 31st.

Preliminary Results of Polarization Measurement for Aln
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Figure 4.1: The polarization of the electron beam during the A} experiment.
The systematic error on the Moeller measurement is errsys; = 2.4%.
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4.2 Polarization during E97-103

The histogram below summarizes the polarization measurements I took from
August 1st to August 30th. The data taken during the two first parts of the
experiment (E = 3.4 GeV and E = 4.6 GeV) are not shown because the electron
detector received Compton signal on only the eight first strips at £ = 3.4 GeV.
As a consequence, the fit on this data isn’t reliable because of the lack of con-
straints on it.

For the kinematic £ = 4.6 GeV, the beam was mistuned after the dipole D3,
resulting in a huge background in the detector. Hence, the Compton signal was
completely diluted by this background.

Preliminary Results for g2n E=5.7GeV
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Figure 4.2: The polarization of the beam during the kinematic £ = 5.7 GeV of
the g% experiment. The Compton measurement are in red circles and Moeller
in blue squares.



Conclusion

We described in the second chapter all the main components of the Compton
polarimeter and the constraints on it in order to retrieve a polarization mea-
surement. We then explained how to get the polarization measurement from
the raw asymmetries. Hence we noticed that to be able to get a measurement, a
good tune of the beam is required (halo of the beam, vertical position inside the
chicane) as well as a beam stability during the data taking. So the Compton
operator has a lot of parameters to take into account in order to insure a reliable
measurement of the beam polarization.

Therefore, during A7} the beam was quite good most of the time. For g7,
the kinematics (at E = 3.4 GeV) didn’t favor a measurement of the polarization
with the electron detector, but we have the data of the photon detector. For ¥ =
4.6 GeV, the electron detector was flooded by a huge background maybe induced
by a mistune of the beam after the third dipole or a non-optimal vacuum.
Nevertheless, we will be able to retrieve data with the electron detector until
the end of this experiment.

To conclude, the automatic analysis program of the electron detector gener-
ates now histograms to control the quality of the data we are taking and is faster
than the one written in the FORTRAN framework. Moreover, this program is
not sensitive to the threshold determination neither to the resolution efficiency.
Hence it is an important improvement for the on-line monitoring of the beam
polarization.
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